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This study assesses precipitation and flow frequencies in two Finnish catchments, Pyhénta
and Ounasjarvi-luusua, using the Generalized Extreme Value (GEV) distribution applied
to annual and monthly maxima over two 30-year periods. In Pyhanté, annual precipitation
extremes increased by 42% in the second period, while in Ounasjérvi-luusua, the increase
was limited to return periods < 5 years (11%). Conversely, annual flow return levels rose
by 48% in Ounasjdrvi-luusua, but only for 2—13-year return periods in Pyhantd. Monthly
results showed unclear impacts of summer precipitation extremes and intensive drainage
on corresponding flow extremes. A new index (¢) was introduced to describe the linear
relationship between precipitation and flow return levels. 8 for May—July closely matched
annual 6, suggesting summer flows are influenced by snowmelt in Nordic regions. The
study highlights that frequency analysis with limited data entails increasing uncertainty
with higher return periods, particularly those exceeding the observational record.

Introduction

Due to the unique climate of the Nordic envi-
ronment, river regimes in Nordic watersheds
are affected by unique seasonality consisting of
two snow and rainfall-dominant seasons (Matti
et al. 2017; Ul Hassan et al. 2019; Veijalainen et
al. 2010; Wilson et al. 2010). This seasonality,
coupled with climate variation (IPCC 2022) and
extensive anthropogenic activities such as forest
harvesting, may have impacted the severity and
frequency of extreme events over time (Gohari
et al. 2022; Lundin 1994; Walsh et al. 2020; Wei
et al. 2022). On the one hand, global warming
has caused more intense precipitation, runoff
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regime alteration, and shifting snow melt season-
ality at higher latitudes. On the other hand, local
human activities in catchment areas, like forest
management, have increased the frequency of
such events (Dyrrdal et al. 2013; Schnorbus &
Alila 2013). Such variation in extreme events
may cause severe damage to connected societies
and the environment, affecting erosion and sed-
iment transport regimes, water quality, harming
aquatic habitats, increasing infrastructure vulner-
ability, disrupting forestry practices, threatening
energy production, and adding uncertainties to
adaptation and mitigation plans (Albrecht 2023;
Gohari et al. 2022; Kundzewicz 2019; Lintunen
et al. 2023). Hence, conducting frequency anal-
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ysis under changing climate and land cover,
considering different non-stationarity drivers, is
a crucial step toward taking mitigative and adap-
tive actions and policies against the consequent
damages of intensifying hydrological extremes.

The frequency of extreme flows in cold cli-
mate and snow-dominated regions has been
addressed for different purposes such as evalu-
ating long-term variation of floods and summer
droughts (Hisdal et al. 2006; Matti et al. 2016),
assessing the impact of climate change on design
floods (Lawrence 2020; Lawrence et al. 2012;
Veijalainen & Vehvildinen 2008), and analyzing
flood damage (Hailemariam & Alfredsen 2023).
Many studies have found that the frequency of
large rainfall and flood events increased over
the past decades in the subarctic, especially
over Norway, Sweden, and Finland (Lawrence
et al. 2012; Lehner et al. 2006; Matti et al. 2016
2017; Vormoor et al. 2016; Walsh et al. 2020),
however, these changes significantly varied
between regions. Vormoor et al. (2016) observed
an increase in flood frequency in the southern
and western parts of Norway due to increased
rainfall extremes, while snow-dominant floods
decreased in northern parts. Matti et al. (2016)
detected increasing trends in high return periods
in Ovre Abiskojakk catchment in Norway. Walsh
et al. (2020) reported an increase in the fre-
quency of extreme rainfalls of the 95th percentile
over Finland and northern Russia. Some studies
have also predicted more frequent large floods in
the future, with climate models projecting that
the typical 100-year floods could become more
common in northern Europe, including Finland
and Sweden (Lehner et al. 2000).

River flow regimes in Northern Europe and
the subarctic region are mainly featured by
snow-driven seasonality in which annual peak
flows occur in early spring and a second but
lower peak in the late summer (Arheimer &
Lindstrom 2015; Gohari et al. 2022; Osuch et al.
2022; Veijalainen et al. 2010). In some cases like
southern Finland catchments, a rainfall-domi-
nated annual maximum flood is also common
(Lintunen et al. 2023). In addition to changes in
magnitude and frequency, climate change can
cause interannual shifts in extreme flows, tran-
sitioning from snow-dominant to rainfall-domi-
nant flows (Brunner & Fischer 2022; Gohari et
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al. 2022; Matti et al. 2016; Veijalainen 2012).
While many studies have addressed the seasonal
shifts in peak flows, fewer have addressed the
impact of such shifts on the return periods.
Dahlke et al. (2012) observed earlier and larger
peak flow occurrences in two sub-arctic catch-
ments in Sweden. Gohari et al. (2022) found
complexity in annual peak flows due to earlier
and slower snowmelt. In another study, peak
flows in March—June and July—September were
separated todistinguish long-term flood altera-
tion (Arheimer& Lindstrom 2015).

For catchments or unregulated headwaters,
design flood estimates are frequently required
for hydraulic infrastructure design (Instanes et
al. 2016). Although the flood frequency in the
Nordic climate has been studied in different
scales, including national (Kobierska ef al. 2018)
and regional or large basin scales (Engeland et
al. 2020; Thorarinsdottir ef al. 2018), few studies
like Koskela & Linjama (2015) and Johnson &
Alila (2023) addressed the issue at catchment
level. Moreover, as most of the boreal catch-
ments are covered by forests, the impact of man-
agement practices like drainage systems and the
related harvesting activities, which are expected
to increase the return levels (Kura et al. 2012),
are not well addressed, especially in Nordic
region. Koskela & Linjama (2015) conducted a
flood frequency analysis in small forested and
agricultural catchments to estimate the design
of floods with a return period of 20, 100, and
250 years. Kura et al. (2012) aimed to exam-
ine the isolated and combined impact of forest
management activities (roads and harvesting) on
extreme flows in a snow-dominated catchment
and found that large events become 5-6.7 times
more frequent after harvesting. Johnson & Alila
(2023) presented a nonstationary paired water-
shed approach to analyze the impact of forest
harvesting on floods in two nested watersheds
and found that forest harvesting can lead to an
increase in flood magnitudes, particularly for
smaller, more frequent events. Besided the fre-
quency alteration of extreme events, few studies
have addressed the relationship between rainfall
and flood return levels. This relationship has
been explored in large catchments in Greece
(Vangelis et al. 2022) and Austria (Breinl et al.
2021), it has not been applied to small-scale
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Fig. 1. The location of the two selected catchments, Pyhanta and Ounasjarvi-luusua in Finland.

catchments in cold climate regions with snow
melt dominant flows.

The primary motivation for this study is the
combined impact of the unique climate in the
Nordic region and northern Scandinavia, along
with anthropogenic activities, on river regime
components, particularly extreme flow events.
The goal is to assess the frequency changes of
flow and precipitation extremes in two Finn-
ish catchments: one pristine and one heavily
drained. The possible alterations are discussed
based on the drainage development decadal
milestones from the 60s, considering the obser-
vations, assumptions, and data availability in this
study. Therefore, the time series of annual and
monthly flow and precipitation extremes were
divided in two periods of 30 (1961-1990) and

31 (1991-2021) years. Then, the frequency of
these extremes is estimated by fitting the Gen-
eralized Extreme Value (GEV) distribution and
maximum likelihood parameter estimator to the
annual and monthly maximums. Moreover, the
possible shifts in the precipitation- flow return
levels relationships are addressed by defining a
new index, called 6, to introduce a new point of
view toward the frequency variation.

Material and methods
Study area

The cases for this study (Fig. 1) were selected
based on available flow and precipitation record
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length in two case studies with similar dis-
charge magnitude range, lake area percentage,
and catchment area, also different land use and
geographical zones. Considering all of these
criteria, Pyhdntd and Ounasjirvi-luusua were
selected based on the flow station and catchment
information obtained from national environmen-
tal information database HERTTA (https://www.
syke.fi/fi-FI/Avoin_tieto/Ymparistotietojarjestel-
mat) and the Peatland Drainage Status map from
the national environmental institute's (Syke)
spatial datasets for the current situation of the
catchments in terms of drainage development.
Pyhéntd gauging station has an upstream catch-
ment area of 539 km? and is located between
28°10" and 29° East and 64°19” to 64°30” North.
This catchment is one of the headwaters of the
Oulujoki watershed and the station is based on
the Hyrynsalmen Reitin Alaosa watercourse. In
the northern part of Finland, the other catchment
is Ounasjdrvi-luusua, which is extended around
363 km?, located between 23°15" and 23°45 East
and 68°16" to 68°35" North. Ounasjarvi-luusua
is one of the most upstream catchments of Kemi-
joki and its outlet gauging station is located on
the Yld-Ounasjoen Alue watercourse (Fig. 1).
Based on the Corine Land Cover (CLC) 2018
(Version 2020 20ul), the main land cover of
both catchments is forest and wetlands. In addi-
tion, according to the topographic database of
the National Land Survey of Finland, the drain-
age density (open ditches with 2—5-meter width
(group 19, class 36311)), Pyhéntd catchment has
been covered by a dense ditch network with the
density of 9 km km? which is far more intensive
than in Ounasjdrvi-luusua with 0.7 km km™.
This has been one of the main criteria for select-
ing these two catchments. Both catchments
have subarctic climate, based on Kd&ppen cli-
mate classification, including long cold winters
and short cool summers. The long-term annual
mean temperature in Pyhdntd is 1.5°C rang-
ing between -11.4 and 15.5 °C in January and
July, respectively. Ounasjérvi-luusua, however
is 3.3°C colder with -1.8°C long-term annual
mean temperature ranging from -14.7°C in Jan-
uary to 13°C in July. On the other hand, Pyhéanti
receives 664 mm of annual precipitation on a
long-term average, 212 mm more than Ounas-
jéarvi-luusua (452 mm). Based on the long-term
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records from the gauging stations, the discharge
in Pyhédntd ranges from 0 to 100 m*® s' and
in Ounasjirvi-luusua between 0.3 to 66 m® s
(Table 1). The very low (0 and 0.3 m?® s™') dis-
charge usually happens in winter due to the
freezing of the river, and the highest flow is in
May due to the snow melt.

Data sources and preparation

In order to conduct the frequency analysis, the
long-term annual and monthly maximums are
extracted from the daily flow and precipitation
datasets for the period 1961 to 2021. This period
is selected due to limitations in the available his-
torical daily climatology data, which is available
from 1961 in the Finnish Meteorological Insti-
tute (FMI) ClimGrid dataset (described in (Aalto
et al. 2016)). This dataset includes gridded daily
climatology data with a spatial resolution of
10x10 km in Netcdf format. The historical time
series of river flow is also acquired from the
national environmental information database
HERTTA. This data is available in daily time
steps. Other spatial datasets used in this study
are obtained from the Syke's spatial datasets.
In order to consider the intensive development
of drainage networks in Finland from the early
60s (Peltomaa 2007) (as a possible source of
non-stationarity other than climatic variations),
the annual and monthly maximums of precip-
itation and flow are split into two periods of
almost the same size, 1961-1990 (30 years) and
1991-2021 (31 years) which from now on are
called P-I and P-II respectively.

Generalized extreme value distribution
(GEV)

Many combinations of different distributions are
introduced for the best predictive fit to extremes
time series, such as Gumble, Log-normal, Pear-
son type 3, Log Pearson type 3, Generalized
extreme value, Generalized logistic, and etc
(Bezak et al. 2014; Kobierska et al. 2018).
However, there is no prior distribution and esti-
mation method as they can be case-based and
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their performance varies in different climates
and regions. Therefore, the selection of the most
suitable distribution is always challenging and
requires more extensive studies. In this study,
we used stationary Generalized extreme value
(GEV) (Coles 2001) since it showed better per-
formance in the Nordic climate (Kobierska et
al. 2018) and is widely accepted and suggested
by many studies (Drissia et al. 2019; Haddad
& Rahman 2008; Kysely et al. 2007; Saf 2010;
Ul Hassan ef al. 2019). The GEV distribution is
developed based on the Extreme Values theory
(Haan & Ana 2006), combining the Gumbel,
Fréchet and Weibull distribution families into
one single distribution. The GEV is characterized
by three parameters, a shape parameter (u), loca-
tion parameter () and scale parameter (o) (Equa-
tion (1)), which satisfy {x: 1+ &x—u) />0 },
—0<p<ow,>0,and -0 <¢<ow. The £>0, ¢
<0, and &= 0 correspond to Fréchet, Weibull and
Gumbel family distributions, respectively. The
cumulative distribution and the return level esti-
mator functions are presented in Egs. (1) and (2):

F(x;u,0,8)=

—(1+5(x_”)j§,
exp o E#0

e M
e}

exp {—exp {—u}},é =0
o

u—%[l—{—log(l—p)}’é], for & #0

.(2)

Zp:

p—olog{-log(l-p)}, for&=0

where x is the annual maximum, p is the exceed-
ance probability (return period = 1 / p), and
F(z) =1 — p. This means that considering a
reasonable degree of accuracy, it is expected that
the return level zZ, is exceeded every 1 / p years
averagely. All the calculations, including the
Netcdf data opening, annual and monthly-annual
maximum extraction, and GEV method, were
programmed in MATLAB. For fitting the GEV
and extracting the return levels, the gevfit(x,a)
and gevinv(p, &, o, ) functions were used where

Flow return level

Precipitation return level

Fig. 2. The precipitation-flow return levels relation-
ship and the @ index, illustrating their shifts in different
periods.

100(1 — alpha)% is the confidence interval for
the estimated parameters. Matlab uses Maximum
Likelihood (ML) as the parameter estimator in
gevfit.

Flow-Precipitation return levels
relationship

To assess the possible shifts in the precipi-
tation-flow return levels (RLs) relationship in
different periods, a new index called Theta ()
is defined, which is the slope of the linear rela-
tionship between precipitation-flow RLs (Fig. 2).
Similar approach was used in (Saft et al. 2016)
to evaluate interdecadal shifts in linear rain-
fall-runoff relationship. In real cases, the flood
and storm frequencies of annual extremes can
be noncorrelated due to numerous factors such
as the climatological condition of the catch-
ment, climate mode (El Nifio-Southern Oscilla-
tion (ENSO) and the Pacific Oscillation (IPO)),
catchment wetness, and etc (Sivapalan et al.
2005; Webster 2000). However, as the river flow
is more sensitive to precipitation alteration in dry
catchments, especially in sub-daily time scale
(Wilusz et al. 2017), it is worthy to investigate if
significant alterations are observed in wet cases
in cold climate snow-dominant catchments. Sim-
ilar to (Vangelis et al. 2022) and (Breinl et
al. 2021), which aimed to compare different
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distribution models, here we aim to propose
this approach to compare the return periods of
different periods based on annual and monthly
extremes and if this relationship has changed in
different periods.

Results
Frequency analysis of annual extremes

The flow and precipitation return levels (RL) for
the return periods (RP) of 2 to 100 for annual
maximums were estimated for the two peri-
ods of 30 years, 1961 to 1990 (Period I (P-1))
and 1991 to 2021 (Period II (P-1I)) (Fig. 3). At
Pyhénti station, precipitation extremes increase
from 22.2 (RP 2 yrs) to 40.3 (RP 100 yrs) mm
d! for P-I and from 27.4 (RP 2yrs) to 64.31 (RP
100 yrs) mm d' for P-II (Fig. 3a). In Ounasjér-
vi-luusua station, by increasing the RP from 2 to
100 years, the extreme precipitation rises from
21.5 (RP 2yrs) to 49.6 (RP 100yrs) mm d' and
for P-I and 23.9 (RP 2yrs) to 39.5 (RP 100yrs)
mm d' for P-II (Fig. 3c). The results show that
the precipitation RLs are higher in P-II than in
P-1 in Pyhédntd station, increased between 23.8
and 59.5 percent (Fig. 3a), while at Ounasjarvi

RP (Years)

in two periods of 30 years, 1961 to 1990
(P-I) and 1991 to 2021 (P-II).

10

station, only the RPs of 2 to 5 years exhibited a
higher frequency of up to 11% in P-II than in the
P-1 (Fig. 3c). The results for extreme flows are
presented in Fig. 3b and 3d. These results show
that for both periods in Pyhéntd, the flow RLs of
the RPs increase from 46 to 116.8 m* s™! (in P-I)
and from 34.2 to 227.5 m® s7! (in P-II) (Fig. 3b).
Similarly, in Ounasjdrvi-luusua, the flow RLs
increase from 25.7 to 51.6 m* s™' in P-I and from
33.5to 78.9 m* s! (in P-II) for the RPs of 2 and
100 years respectively (Fig. 3d). Comparing the
two periods in Pyhéntd, the severity of the floods
with RPs of 2 to 13 years are predicted to be
more in P-I based on the annual maximums. On
the other hand, by increasing the RPs from 13 to
100 years, the RLs become higher in P-II within
a range of 2.6 to 94.8% more than P-I (Fig. 3b).
Similar comparison for Ounasjarvi-luusua shows
that the extreme flows for all RPs are higher in
P-1I than P-I by an average of 48% (22.8 m® s™')
over all RPs (Fig. 3d).

Monthly extreme frequency
Here, an overview of monthly extreme frequen-

cies presented in Fig. 4 shows that most of
the extreme flows, snow depth, precipitation,
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ture, and mean temperature occurred in May,
March, August, July, January, and July, respec-
tively, in both watersheds. The large number
of annual extreme flows occurring in May are
clearly attributed to snow depth declining from
April. Most of the annual extreme precipita-
tions happen in July—September. Regarding the
number of flow and precipitation extreme events,
in Ounasjarvi-luusua, the extreme flow (precipi-
tation) happened 49 (21) times in May (August)
over the whole period of 61 years (Fig. 4a).
Similarly, Pyhédntd experienced 37 (21) times of
extreme flows (precipitation) in May (August)
over the entire period (Fig. 4b). The results also
show that the monthly scatter of extremes does
not significantly change over the two periods
P-1 (Figs. 4c and 4e) and P-II (Figs. 4d and 4f)
and the only obvious change is observed in pre-
cipitation extremes in Ounasjdrvi-luusua where
the extreme frequency shifted to June from P-I
(Fig. 4c) to P-II (Fig. 4d). Overall, these results
indicate that to assess the rainfall-dominated
flows, autumn and winter flows should be con-
sidered (Matti et al. 2017c). Therefore, in the
next sections, only the results of frequency anal-
ysis of monthly extremes are presented.

Frequency analysis of monthly extremes

The flow and precipitation RLs based on monthly
maximums of full, P-I, and P-II periods in July,

and 6 for Pyhdntd and Ounasjérvi-luusua stations,
respectively. The precipitation RLs of the full
period in Pyhdntd catchment (Fig. 5a—) range
from 154 mm d' (RP = 2 years) in July to
47.8 mm d™' (RP = 100 years) in September. The
highest precipitation RL belongs to September
(RP = 100 years) by 63.4 mm d' for P-II, and the
lowest precipitation RLs in July (RP = 2 years) by
12.3 mm d' for P-I extremes. The precipitation
RLs of different periods ranged from almost 0 to
35.1 mm d' in August and September accordingly.
It is also shown in Fig. 5a-c that the RLs of P-II
become higher than the full period and P-I follow-
ing the incremental increase in RPs. The flow RLs
of the full period (Fig. 5d—f) range between 9.9 m?
s (RP = 2 years) to 57.1 m* s' (RP = 100 years),
which happened in July and September respec-
tively. Comparing the two P-I and P-II periods,
the results show that the highest and lowest flow
RLs both belong to P-I extremes by 70.7 m® s
(RP = 100 years) and 8.1 m* s' (RP = 2 years) in
September and July, respectively.

The results of Ounasjarvi-luusua station (Fig. 6)
show that the precipitation RLs (Fig. 6a—c) of the
full period range from 10.7 mm d™' (RP = 2 years)
in September to 49.6 mm d' (RP = 100 years) in
August. Comparing the P-I and P-II periods, both
the highest and lowest RLs occurred in period P-I
by 55.9 mm d™' in August (RP = 100 years) and
10.2 mm d! in September (RP = 2 years). Overall
three months, the difference between the precip-
itation RLs of different periods varies between
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Fig. 5. The frequency analysis of monthly precipitation and flow extremes for Pyhéanté watershed in two periods of

30 years, 1961 to 1990 (P-1) and 1991 to 2021 (P-II).

0.1 and 9.3 mm d' in July and September in
order. As presented in Fig. 6a-c, these differences
increase in higher RPs. Following the increment
in RPs, the RLs of P-II are higher than the full
period and P-I in September, unlike July and
August, in which the RLs of P-I are higher than the
full period and P-II. Regarding the flow extremes
(Fig. 6d-f), the RLs of the full period range
between 4.8 m® s (RP = 2 years) to 32.9 m’ s™!
(RP =100 years), which both happened in August.
By splitting the annual extreme flows into P-I and
P-II periods, the results show that the highest and

lowest RLs belong to P-I and happened in August
by 45.9 m® s' (RP = 100 years) and 4.22 m* s
(RP =2 years) respectively. Figure 6d—f also shows
that the difference between the precipitation RLs of
different periods range from 0.03 and 17.1 m* s
both of which occurred in August. Moreover, the
RLs of P-II for all RPs are higher than P-II and full
period in all months except August, where the mar-
ginal differences happened. In the August case, the
resulted RLs of 2 to 5 years are slightly higher in
P-II than P-I in the other months; however, the RLs
of P-I pass P-II after the RP of 6 years (Fig. 6¢).
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Fig. 6. The frequency analysis of monthly precipitation (left) and flow (right panels) extremes for Ounasjarvi-luusua
watershed in two periods of 30 years, 1961 to 1990 (P-I) and 1991 to 2021 (P-II).

Watershed precipitation-flow extreme
ratio

The linear relationship between precipitation and
flow RLs based on annual (Fig. 7) and monthly
(Fig. 8) maximums in P-I and P-II periods were
estimated for Pyhéntd (Fig. 7 and Fig. 8a—c) and
Ounasjérvi-luusua (Fig. 7 and Fig. 8d-f) catch-
ments. Over the RLs of annual maximums, the 6
index of P-I and P-II periods in Pyhénti catchment

is estimated to be 74.6° and 80.5° respectively,
showing a difference (Af) of 5.9° between the two
periods (Fig. 7a). Similar to Pyhéntd catchment,
6 in Ounasjarvi-luusua is higher in P-II (71.9°)
than in P-I (40.8°) by a difference of 31.1° (Fig.
7b). In the monthly maximums case, the differ-
ence between the 8 index of P-I and P-II periods
in Pyhdntd catchment is —25.4° (Fig. 8a), —3.8°
(Fig. 8b), and —48.5° (Fig. 8c) for the linear lines
models of July, August, and September respec-
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tively. This means that in Pyhénti catchment, the
6 index of P-I is higher than P-II and higher flow
RLs are explained by the same precipitation RLs
in the P-I period than in P-II. Similar negative Ag
are observed in the Ounasjarvi-luusua catchment
in August and September by —10.2° (Fig. 8¢) and
—5.9° (Fig. 8f) as well, while Af is positive in July
by 21.3° (Fig. 8d).

Discussion
Frequency alteration in annual extremes

The frequency analysis of annual precipitation
extremes in the Pyhédntéd catchment shows that the
return levels increased by an average of 50% in
the second period following the 21.1% increase
in the observed extremes (see Fig. Sla in Sup-
plementary Information). This increase can be
explained by the almost 20% increase in the
average annual precipitation and 27.8% increase
in the magnitude of average annual extreme pre-
cipitation (Table 2). On the other hand, the flow
frequency analysis in this station shows that the
magnitude of flow return levels decreased by an
average of 14% for the return periods of below
14 years but increased for higher return levels by
an average of 55% (see Fig. Sla in Supplemen-
tary Information). Almost 93% of the observed
flow extremes in Pyhéntd stations have a return
period of below 14 years, decreased by an aver-
age of 8%, which explains the return level decline
and also the 12.8% decrease in the average of
annual extreme flow (Table 2). For Ounasjirvi-
luusua annual extremes, the precipitation return
levels and observed extremes of below 5 years
return periods increased by an average of 5 and

35
Precipitation RL (mm/d)

Linear model (P-II) e

Ghadimi et al. + BOREAL ENV. RES. Vol. 30

Ounasjarvi- luusua (b)

Fig. 7. The linear relationship and 6
variation between precipitation and flow
return levels for Pyhanta (a) and Ounas-
jarvi-luusua (b) watersheds of annual
extremes of P-l (1961 to 1990, blue line
and markers) and P-Il (1991 to 2021, red
line and markers).

40 a5 50

15.1%, respectively, while for higher return peri-
ods, decreased by 15.1% and 9.3% (see Figs.
4a and S1b in Supplementary Information). This
shows that the increase of 10.7% in the long-term
annual average and 6% in the average of annual
extreme in Ounasjirvi-luusua mainly impacted
less rare precipitation events. This could be the
main reason why only the return period of the
events smaller than five years exhibits an increase
in the second period (Table 2). The results also
indicate that the flow return levels (see Fig. S1b
in Supplementary Information) and observed
extremes (Fig. 4d) increased by an average of
48.5% and 9.7%, respectively, which is attributed
to the increase in the long-term annual average
and the average of annual extremes by 20.2% and
33.7% respectively. The frequency analysis of
annual extremes also shows that the changes in
the observed flow extremes and estimated return
levels are not clearly attributed to the precipita-
tion extremes as the variation pattern of the return
levels and observed extremes of different periods
are different for flow and precipitation in both sta-
tions (Fig. 3). For example, in Pyhént, the precip-
itation extremes and return levels are higher in the
second period while sequences of the periods are
different for the flow extremes in which the return
levels and observed extremes are higher in first
period for the return periods of below 14 years but
lower in the return periods of above 14 years (see
Fig. Sla in Supplementary Information).

Frequency alteration in monthly
extremes

The unique seasonality of the hydrologic and cli-
matic extreme (Figs. 4a and b) could be a reason
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for the lack of a clear relationship between
annual precipitation and flow extremes. The
substantial impact of temperature increase (see
Fig. S2 in Supplementary Information) and the
consequent faster snow melt in the snow melt
season (April and May) highly impact the annual
extremes frequency and magnitude. Frequency
analysis for monthly maximums of the Pyhéanti

catchment shows that during the precipitation
dominant months (July-September), the precip-
itation return levels increased in the second
period (Fig. 5a—c) following an increase in the
frequency of observed extremes. In the other
catchment, Ounasjérvi-luusua experienced dif-
ferent alterations in precipitation return levels
compared to Pyhédntd, which decreased in the
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second period for July and August (Fig. 6a—c)
and only increased in September. The flow
return levels of monthly maximums (Fig. 5d-f)
are not clearly attributed to the increases in pre-
cipitation return levels, although the observed
flow extremes increased for all return periods
in July and high return periods (> 10 years) in
August. On the other hand, the flow return levels
of September decreased in the second period
despite the increase in precipitation return levels.
According to the return levels and observed
extreme variation (Fig. 5d—f), the differences
between the two periods seem to be highly sensi-
tive to large extremes, especially if the differ-
ences are low in low return periods (> 10 years).
Here, the large extremes (highest return periods),
which their magnitudes are significantly higher
than the more frequent extremes, play a signifi-
cant role in return level estimation by increasing
the uncertainties. Example events can be given
like the first and second highest extremes (31 and
16 years return period in order) in August with
47 (2004) and 45 (2012) m*® s magnitude,
respectively, which were the only events in the
second period with higher magnitude than in the
first period (34.2 (1971) and 32.5 (1961) m* s™")
(Fig. 5e). Similar condition is observed in Sep-
tember in which the very large extreme flows of
6 to 31 years return periods (37.5, 65.3, 74, and
77.5 m*® s7') in the second period posed the big
differences with the extremes in the first period
(21,22.4,28.9,30.4, and 39 m® s') (Fig. 51).

In the other station, Ounasjérvi-luusua, the
observed flow extremes averagely changed for
1.4, 0.3, and 1 m® s in the second period for
July, August, and September extremes, respec-
tively, overall return periods (1 to 31 years). The
flow return level changes were different from the
precipitation return levels only in July (Fig. 6d),
while both flow and precipitation return levels
in August (decreasing) (Fig. 6¢) and September
(increasing) (Fig. 6f) changed similarly in the
second period. However, the magnitude of these
changes is not large as their average for observed
precipitation extremes are 0.2, 0.3, and 2 mm d-',
and for flow 1.4, 0.3, and 1 m* s in July, August,
and September, respectively. Such periodic vari-
ation in the frequency of extreme events, as
well as the obscure relation of historical flows
and precipitation events, require to be investi-
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gated by more comprehensive and systematic
approaches like hydrological modeling. This will
help to address the main factors involved in
such variations. Many factors can be listed for
the lack of hydrological response to the climatic
variations like physical catchment characteris-
tics, hydrologic seasonality, landcover change,
and anthropogenic activities (C. Teutschbein, T.
Grabs, R. H. Karlsen, H. Laudon 2015; Schelker
et al. 2013; Zhang et al. 2017). For example,
lakes can play a regulative role (like reservoirs)
and capture extreme flows so that the impact
of extreme precipitation is less observed in the
catchment outlets. Moreover, forest cover natu-
rally decreases the sensitivity of the flows to
precipitation by acting as a natural buffer and
absorbing excess precipitation. For example, in
this study, considering the climate type of the
catchments (cold region) and their main land
cover (dense forest), the lack of relationship
between precipitation and flow extremes and
return levels can be due to the high snow melt
discharge in spring and increased forest canopy
interception in summer which plays a retaining
role against precipitation.

Comparison between the two
catchments

The different periodic changes of precipita-
tion frequencies between the two catchments
(Figs. 5 and 6) can be due to their different
climatic conditions. The increase in all return
periods of precipitation extremes in Pyhéntd and
the decrease in these values only in high return
periods in Ounasjirvi- unusual can possibly be
impacted by regional climate variability. This
needs to be investigated using regional climate
analysis and evaluating different climate indi-
ces. Regarding the flows, the reasons behind
the shifts in extremes and return levels from
one period to another are different for the two
catchments. In Ounasjarvi-luusua station, these
shifts seem to be more uniform and impacted by
climate variations like the collective impact of
increased snow depth in winter (January—April)
by 3.6% and increased average temperature in
spring (April-June) by 19.4%. In Pyhdntd, many
other factors, such as catchment characteristics,



BOREAL ENV. RES. Vol. 30 * Precipitation-Flow Frequency Analysis 175

land cover change, and human activities, might
contribute. In forested catchment cases like in
this study, it is suggested that the return period
could increase by the impact of forest harvest-
ing and related management practices (drainage
systems). Similar increases in the second period
were expected for Pyhénti as this catchment has
been under drainage since the mid-first period.
However, these impacts are not clearly observed
in the results of this study, and the return levels
showed more sensitivity to large, rare events.

Theta ¢ variation

The highest values of 6 at the beginning of
spring in Pyhdntd (April and May (Fig. 9a))
and Ounasjarvi-luusua (May and June (Fig. 9b))
show that these values are more impacted by
snow melt-induced return levels. Moreover, the
proximity of # values in these months to the
annual values shows that these months con-
tribute more to the annual values than the other
months. This observation also confirms the high
impact of snowmelt on annual extreme levels.
In some other months, the # values are close to
the annual ones as well, such as the s in the first
period for September, October, and December
in Pyhéntd. For example, the 6 in September
for the return levels of the first period is esti-
mated to be higher than the second period with
a large margin (48.5°). This probably happened
due to the very large events that occurred in the
first period of this month, like 77.5 (in 1962),
74 (in 1983), and 65.3 (in 1967) m® s™! for the
return periods of 31, 15, and 10 years. These
events were 49.7%, 59%, and 55.9% higher than
the floods with the same return periods in the
second period which consequently impacted the
estimated return levels. From physical insight,
Shifts in 6 between different periods and/or
catchments are expected due to the varied cli-
matological and hydrological characteristics of
the catchments. These include differences in
precipitation regimes, antecedent soil moisture,
evapotranspiration, and runoff generation effi-
ciency. The variability in Af across summer
months in Fig. 8 likely reflects such non-uni-
form seasonal shifts between the two periods.
For instance, in Ounasjirvi (d), July shows a

positive A, indicating a steeper precipitation—
flow return level relationship in the later period
(P-II). This may result from more frequent or
intense precipitation events during July in P-II
in Ounasjarvi-luusua, coupled with wetter later
conditions, enhancing runoff. In contrast, August
and September (e and f) show negative Aé, pos-
sibly due to smaller changes in precipitation
characteristics or already saturated catchments,
leading to a reduced marginal response of flow
to precipitation.

Uncertainties

Estimating return levels in flood frequency anal-
ysis are subject to various sources of uncertainty
like inadequate data records, data errors (in col-
lection, recording, or entry), different sources
of non-stationarity, and distribution parameters
estimation. One source can be the utilization
of gridded data (Arheimer & Lindstrom 2015),
which might have failed to capture local extreme
precipitation. Most of the uncertainties in short-
length data records arise from large, rare events
compared to normal floods (Yan et al. 2021).
Such events impact the parameter estimation
for extreme value distributions. The parameter
estimation can be particularly prone to bias when
there are only a few data points in the tail of the
distribution, pulling the tail in the direction of
the outliers. This can result in wider confidence
intervals and less reliable predictions of extreme
events (see Figs. S3 and S4 in Supplementary
Information), especially for the return periods
higher than the length of the data (e.g., 100-year
return period). Such uncertainties are intensified
when shorter periods are considered and include
those large events. For instance, the largest flood
in Pyhéntd station over the entire period of
records (61 years) is 100 m® s™' with the return
period of 62 years (1.6% exceedance probability)
(see Fig. S3a in Supplementary Information),
while the return period of this event decreases to
31-years (becomes more likely with 3% exceed-
ance probability) when the data records are split
to two periods (see Fig. S3c in Supplementary
Information). Similarly, the return period for this
event could be possibly higher in longer data
length (> 61 years). To reduce the uncertainties
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Fig. 9. The monthly variation of ¢ index in two periods of 1961-1990 and 1991-2021 for (a) Pyhantd and

(b) Ounasijarvi-luusua stations.

associated with the short length data, the use of
a regional frequency analysis is recommended.
Moreover, the accuracy of the estimated return
levels and confidence intervals are influenced by
the parameter estimator as well and testing dif-
ferent estimators are recommended.

Conclusion

Nordic climate is characterized by snow and rain-
fall-dominated seasons, uniquely influencing river
regimes in Nordic watersheds. Moreover, this
region's unique landscape consists of lakes and dif-
ferent forest covers. Over the past decades, these
distinct characteristics, combined with climate
variability and extended human activities, have
affected the frequency and intensity of extreme
events in this region. This study focused on evalu-
ating the frequency alteration of precipitation and
flow extremes between two periods of 30 years in
two catchments with different characteristics in
Finland. The results show that the hydrological
and meteorological time series are varied, affected
by the non-stationarities arising from climate vari-
ability, increased annual average temperature, and
the development and maintenance of drainage
systems. The frequency behaviors from one period
to another were different in the two catchments.
The impact of climatic variability is also different
in the two catchments, where the increased annual

temperature and precipitation increased the pre-
cipitation frequencies of all return periods. In the
other, it only impacted the less rare events. More-
over, the annual flow frequencies are ruled by
snow melt rather than the precipitation; even the
summer extremes can be still impacted by spring
extremes (snow melt induced flows). The results
also showed that compared to normal extremes,
rare large events in any period of assessment can
significantly alter the frequency estimations and
increase the associated uncertainties. The com-
bination of such events with the remaining flows
from spring snow melt could disturbed the associ-
ation of precipitation and flow frequencies. These
findings highlight the complexity of extreme event
behavior in Nordic catchments, as well as the
limitations of analyzing changes using stationary
methods over limited observation periods. Given
the observed spatial and temporal variability, par-
ticularly in response to climatic and hydrologi-
cal factors, further studies incorporating seasonal,
regional, and nonstationary frequency analyses are
warranted to improve the understanding and pre-
diction of extreme events in similar environments.
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