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ARTICLE INFO ABSTRACT

Keywords: A notable increase in heavy precipitation has been observed over the Netherlands in recent decades. The aim of
Precipitation extremes this study was to assess the influences of urban land use on these extreme precipitation patterns. Significant
Indices

differences between an earlier multi-decadal period and a recent period were found in the Netherlands between
1961 and 2014. The significant changes in different indices indicate that severe precipitation events were not
distributed homogeneously across the study area. The precipitation probability and distribution were assessed
using the block maxima approach by comparing observations from urban and rural areas at different timescales.
The possible effects of land use on extreme precipitation were assessed by quantifying the differences between
urban and rural rain gauge stations according to the spatial gridding method. This study shows that urban land
use may have affected the extreme precipitation patterns across the Netherlands. The data from all the categorized
stations show that urban areas receive more intense extreme precipitation than do rural areas. Relative to other
areas in the Netherlands, the urban areas in the western populated regions of the country exhibit prominent urban
land use influences on the extreme precipitation patterns.
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1. Introduction

Human life is more directly affected by precipitation than any other
atmospheric phenomenon (Levizzani et al.,, 2002); thus, detecting
changes in precipitation has become a critical research focus in recent
decades (Hanel and Buishand, 2010). Extensive work has been dedicated
to studying extreme precipitation events (Aguilar et al., 2009; Chen et al.,
2012; Griffiths et al., 2005; Gutowski et al., 2010; Trenberth et al., 2007,
van den Besselaar et al., 2012; Wang and Zhang, 2008; Westra et al.,
2013; Willems, 2013a,b). Studies above have shown that precipitation
and extreme events have increased at higher latitudes and that the in-
tensity and frequency of extreme precipitation events have intensified.
Physically, changes in the North Atlantic Oscillation (NAO) and the sea
surface temperature (SST) are the major sources of precipitation changes
in the Northern Hemisphere (Hurrell, 1995; Jones et al., 1997; Lenderink
et al., 2009). In addition, several studies have shown that land use and
topography can affect regional climates. Thus, extreme precipitation
patterns can be influenced by the type of land use in
high-latitude regions.

The Netherlands is located along the North Sea. Recent studies have

revealed that the total precipitation and frequency of extreme events
have increased over a large part of the Netherlands (Burauskaite-Harju
et al., 2012; van Haren et al., 2013; Daniels et al., 2014; Rahimpour
Golroudbary et al., 2016). Buishand et al. (2013) concluded that pre-
cipitation over the Netherlands increased by approximately 26% during
the period from 1910 to 2013. Furthermore, Ter Maat et al. (2013)
investigated the combined effects of forestation and topography on the
maximum rainfall in the Netherlands and found that elevated forest areas
(with a maximum elevation of 100 m) in the middle of the country
received more precipitation than did the surrounding areas. Hurk et al.
(2014) reported that the intensity of extreme precipitation in the western
regions (including the most urbanised areas) was greater than that in the
other regions of the Netherlands. The various physical and chemical
processes (such as the Bowen ratio, heat storage capacity, and surface
roughness) could be responsible for the effects of urban areas on pre-
cipitation (Oke, 1982; Shepherd, 2006; Mitra et al., 2012). Further
studies also concluded that urbanisation effects on precipitation should
be considered in the Netherlands (Daniels et al., 2015a,b).

This study investigates the variability in extreme daily precipitation
and its spatial patterns across the Netherlands. The main objective is to
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analyse variations in extreme precipitation in three climatological pe-
riods and identify the likely discrepancy in extreme precipitation be-
tween urban and nonurban (rural) areas in the Netherlands. The link
between the land use types and the monthly daily precipitation maxima
was found by categorising stations in the Netherlands as urban or rural
according to their local environmental characteristics (land use and
surface features). This method is based on high-quality, historically
observed precipitation data and the calculation of extreme precipitation
indices and individual time series of the monthly daily precipitation
maximum across the country.

In the following section, the precipitation data, precipitation indices,
methods used in statistical analysis, and urban and rural stations are
introduced. In section 3, the results and analysis of the trends in the
observed indices are presented; the monthly amounts and trends during
the different climatological periods are compared, and the regional dif-
ferences in extreme precipitation are investigated. In section 4, the dis-
cussion is presented, and the conclusions are in section 5.

2. Materials and methods
2.1. Precipitation data

Long-term precipitation data from manual rain gauges in the
Netherlands were quality controlled and validated (Buishand et al.,
2013). These rain gauges reported daily precipitation (more details are
provided at http://www.knmi.nl). The homogenised dataset was statis-
tically tested and described by Buishand et al. (2013), and only a negli-
gible difference in the detection of trends in extreme indices was
observed between the homogenised dataset and the original
quality-controlled dataset. A total of 231 rain gauges were used in this
study, and the record length was 54 years (1961-2014). Complete data
were available for 80% of the gauges, and missing data represented less
than 1% of the data from the remaining gauges for this period. The
missing data were replaced by values from ECAD (European Climate
Assessment & Dataset) datasets (Klein Tank et al., 2002). The rain gauges
have reasonable spatial coverage (with a spacing of approximately
10 km), and ordinary kriging was used to grid the precipitation data at a
1 km resolution (for a more detailed discussion, see Sluiter (2009,
2012, 2014)).

2.2. Definition of the precipitation indices

Extreme precipitation indices were defined to provide a true
perspective of the observed changes based on the characteristics of the
extreme events, including their frequency, amplitude, and persistence
(Klein Tank et al., 2009). Extreme precipitation indices have been
comprehensively described and classified into two groups (Zhang and
Yang, 2004; Zhang et al., 2005; De Lima et al., 2010; Tian et al., 2011;
Maragatham, 2012). The first group defines absolute thresholds and
enumerates the number of days exceeding a certain absolute precipita-
tion value, whereas the second group is based on percentile thresholds.
The number of days exceeding a certain percentile threshold (repre-
senting the frequency of threshold crossing) is fixed for the World
Meteorological Organization (WMO) base period (1961-1990). The
specific indices used for this study are shown in Table 1. The details of the
index definitions and calculations are described in Klein Tank et al.
(2009). The extreme precipitation indices were calculated by using
RClimDex (Zhang and Yang, 2004) software package in the R environ-
ment (R Foundation for Statistical Computing, Vienna, 2011).

2.3. Statistical analysis

This study investigated long-term time series data (period L from
year 1961-2014):

€9)

X =Xiy Xiy1, o0y Xp
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Table 1
Definition of the extreme indices for precipitation (P).

Indices Indicator description (units)

Px1 Monthly maximum 1-day precipitation (mm)
Px5 Monthly maximum consecutive 5-day precipitation (mm)
Ptot Annual total precipitation in wet days P > 1 mm (mm)
SDII Average daily precipitation amount on wet days (mm/day)
P10 Annual count of days when P > 10 mm (days)

mm
P20 Annual count of days when P > 20 mm (days)

mm
P30 Annual count of days when P > 30 mm (days)

mm
CWD  Maximum number of consecutive wet days with P > 1 mm (days)

P95Ptot Annual total P (between 1961 and 2014) when P > 95th percentile of
precipitation for the 1961-1990 period (%)

P99Ptot Annual total P (between 1961 and 2014) when P > 99th percentile of
precipitation for the 1961-1990 period (%)

where i = 1961, p = 2014, and k =1, 2, ..., 231.  The time series of
extreme values for each station (X;) was divided into two multi-decadal
periods as follows:

Xk,A = Xiy Xitly - Xm and Xng = Xm+1y Xmt2, ---Xp (2)

p

where m = ( 5 ), and the two multi-decadal periods in this study are

defined as period II (from 1961 to 1987) and period III (from 1988 to
2014). The calculated value for m is rounded down to the nearest integer
(i.e., 1987.5 rounded down to 1987).

The time series anomalies (Dy;) are calculated by considering the
climatological average (Xj) relative to the WMO base period
(1961-1990) (Xx_wmo) for each station (k) as follows:

1o (x0) 1o (x0)
54 30

Dy = (ﬂw)*wo
X

X = 3)

) Xi_wmo =

4

where x; is defined as in Equation (1) and PDy; is the percentage anomaly
for each station (k) and year (1961 < i < 2014). The overall percentage
anomaly (PD;) over the country (i.e. 231 stations) for each year i is
defined as follows:

231
_ k:lei

PDi="31 ®)
The variation in precipitation could be observed visually or investi-
gated using statistical methods (i.e., the hypothesis test). A broad range
of parametric and non-parametric methods have been used to investigate
trends in extreme precipitation in previous studies (Arnbjerg-Nielsen
et al., 2013). In this study, the variations in precipitation observations
were investigated using the Mann-Kendall test (Kendall, 1948; Mann,
1945) because of the non-Gaussian distributions of the observations.

In the Mann-Kendall test, the null and alternate hypotheses (Hy and
Hj) of the trend test are that no trend exists and that a monotonic trend
exists in the time series, respectively. The Mann-Kendall statistical test is
expressed as follows:

p—1 )4

S = Z ngn(Xjf

i=1961 j=i+1

X ) (6)

where X; and X; are sequential data. The term sgn (X; — X; ) is defined
as follows:
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+1if (X — X)>0
sgn (X — X )=<0 if (X —X)=0 %)
—-1 if (X — X;)<0

When n > 8 , the mean of S (E(s) = 0) and variance is normally
distributed:

MRG%:% nn = 1)@+ 5) = Sy (1 — 1) (2 +5) ®)

where n is the length of the time series and t; is the number of occur-
rences of the qth value, (q =1, 2, ..., 54). The normalized statistic test Zg
can be expressed as follows:

_Ss-1 if $>0
VAR(S)
Ze =40 if $S=0 )
1
S+ if $<0

VVAR(S)

In a two-tailed test, when |Zs| > Z;_,/2, the HO hypothesis (no trend)
can be rejected because the |Zs| value is larger than the critical value at
the chosen significance level of the test (for this study a = 0.05
and Z_,/2 = £1.96.).

The strength of the trend was calculated based on the Theil-Sen's
slope (Theil, 1950; Sen, 1968), which is known as a nonparametric linear
regression slope (). This method calculates the overall slope using the
median of the slopes of all the pairs of sequential data (Xj and X;). The
nonparametric estimate is expressed as following:

X — X; C .
B = Median [’71} forall j>i (10)
ji—

The autocorrelation in time series can affect the result of the Man-
n-Kendall test (von Storch, 1995). The Yue et al. (2002) approach
(FTPW) proposed a modified pre-whitening for the Mann-Kendall trend
to reduce effectively the impact of autocorrelation. In the FTPW
approach, if the slope (estimated with the Theil-Sen's slope) differs from
0, the data are detrended by the slope as follows:
an

Xdetrend_n = original _n ﬁn

where Xyriginal_n and Xgerrend_n are the original and detrended time series at
time n, respectively. Subsequently, the noise from the detrended time
series is removed by a lag 1 autoregressive (AR (1)) coefficient:

X/

detrend _n

= Xdetrend_n - I. Xderrend_n—l (12)
where X, .. . is the residual and r; is the autocorrelation coefficient.
The trend is then added back to the time series values. The X}, .. .
demonstrates the linear trend without the autocorrelation noise.

=X

detrend _n

XN

detrend _n

+ pn (13)

Finally, the Mann-Kendall test is applied to the adjusted time series to
measure the significance of the trend (Yue et al., 2003).

The magnitude of daily precipitation varies from one station to
another. Therefore, the temporal variability of spatial averages of Px1
may be dominated by the stations with large Px1 variations. To reduce
this effect we used the standardized data for Px1 at each station by
transforming the data to the probability-based index (PI). To detect the
monthly maximum daily precipitation (Px1) differences between urban
and rural areas, the observed values are normalized to the PI index be-
tween zero to one by the fitting of a generalized extreme value (GEV)
(Min et al., 2009). The study assumes that the Px1 for an individual
month follows the GEV distribution function as follows:

38
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Pl = F(P; p, o, €) as
exp<f {lJer_p} a), €40 pe R
F(x; p, 0, €) = ¢ >0
exp<fexp<fx_p)>, €=0 EeR

(15)

where the monthly maximum precipitation in year i (P;) is defined by
location (p), scale (¢) and shape parameters (€). The GEV parameters
were estimated via the maximum likelihood estimation (Jenkinson,
1955) and bootstrap method (10* replicate sample sizes).

2.4. Classification of station types

A clear, unified definition is not available for determining the land
use extents. Specifically, for mapping the urban extent, different ap-
proaches are available based on population density, satellite images and
other maps (Schneider et al., 2009). Different datasets can lead to
different boundaries between urban and rural areas, resulting in different
station classifications. Therefore, we used the Co-ORdination of INfor-
mation on the Environment (CORINE) database, which was used in the
previous studies of Chrysanthou et al. (2014) and Daniels et al. (2014) to
distinguish between urban and rural areas in the Netherlands. In this
study, the CORINE land cover at 100*100-m resolution for the year 2012
(EEA, 2014) was applied to classify the stations into urban and rural
subsets. The urban extent was defined by six land cover categories, i.e., i)
discontinuous urban fabric; ii) industrial or commercial units and public
facilities; iii) road and rail networks and associated land; iv) port areas
and airports; v) mineral extraction sites, dump sites, and construction
sites; and vi) green urban areas and sport and leisure facilities. Suomi
et al. (2012) concluded the footprint of the urban heat island (UHI) effect
is approximately 5 km. Therefore, the area within a 5 km radius of the
rain gauge stations was extracted to identify the land cover types. The
stations where the six urban land cover categories represented more than
a quarter of the surrounding area were classified as urban stations, and
the others were defined as rural stations (Daniels et al., 2014). The urban
and rural station subsets were created via spatial gridding, which is also
employed in climate monitoring by NOAA/NCDC (Hausfather
et al., 2013).

Daniels et al. (2014) found that the distance from the coast had a
greater effect on precipitation changes than did other surface charac-
teristics in the Netherlands. They concluded that the SST influence on
extreme summer precipitation in the Netherlands is confined to within
25 km of the coast. Lenderink et al. (2009) showed that SSTs have a
strong influence on regions within 50 km of the coast. To account for the
effect of distance from the coast on precipitation, four regions were
classified to investigate the differences among the subsets of urban and
rural stations. The stations were considered in four regions: A, B, C, and
D, which are located 0-25 km, 25-50 km, 50-100 km, and 100-200 km
from the coast, respectively (Daniels et al., 2014). Each defined region
contained a sizeable fraction (between 20% and 30%) of the total stations
in the Netherlands. Accordingly, the four regions were used to classify
the individual urban and rural station subsets for each region (Table 2).
Fig. 1 shows the distributions of urban and rural stations with respect to
the defined regions.

As shown in Table 2, the mean elevations of the rain gauges in the
defined urban and rural subsets are similar. Therefore, similar topo-
graphic effects on precipitation are expected for the urban and rural
subsets in a given region. The population of each subset was averaged
based on the extracted population within 5 km of each station on 1
January 2015 (available at the Dutch national statistical institution
website) (CBS, 2015). The average population in the vicinity of the urban
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Table 2
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Number of stations in the urban and rural subsets in different regions. The annual maxima of daily precipitation (mm) averaged for the urban and rural stations in each region during the 54-

year period (I) and two multi-decadal periods (II and III) are also listed.

Region Dominant soil types subset Number of stations I (mm) 1I (mm) III (mm) Mean Population Mean Elevation (m)
A Clay and peat Urban 15 36.3 34.2 38.5 127710 0
Rural 46 35.3 32.8 37.8 17059 1
B Clay Urban 5 35.6 34.4 36.1 102672 0
Rural 46 34.5 32.6 36.3 39349 1
C Sand and loam Urban 10 35 32.8 37.4 57900 10
Rural 62 34.7 33.1 36.2 27342 9
D Sand Urban 12 33.3 32.2 34.4 75205 38
Rural 35 34.4 32.9 35.8 22797 35
Countrywide Urban 42 35 33.3 36.7 93106 13
Rural 189 34.7 32.9 36.5 26920 10
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¥ urban B eo® s °® 1988 to 2014), indicating that most of the index changes occurred during
e® © ® the recent multi-decadal period.
# urban C o® ° o ® P P Fig. 2 presents the spatial pattern of the index changes between the
* » eg ®0 Y two multi-decadal averages (e.g. Period III — Period II) over the
S8 urban D % o : o .O o. ko ® ° ® Netherlands. Fig. 2(a) and (b) show the changes in the monthly maxima
° Rural A & .... ®o o L & ® o ?f l-da}‘r and 5-da}7 PreciPitation (Px1 ar‘ld' Px?), respectively, thereby
e % o o - A %o illustrating the variations in extreme precipitation. The Px1 changes are
° Rural B o *O e OO " @ positive in the recent multi-decadal period (period III) throughout the
°® €] OO @) Netherlands except in the southeast of the country. The Px5 changes are
© Rural C . ® e o positive for most stations, especially in the east of the country.
% Lo ®0 OOO e S 9 Buishand et al. (2013) claimed that the mean annual rainfall amount
©  Rural D, & % %o e % © 0 '%% on the western side of the Netherlands increased over the last century.
*# o o3 5 %OO ® g o o The overall increase in the Ptot data (Fig. 2(c)) confirms this result, and
H_ e o o ® OQ% o © positive changes have been observed, especially for stations in the
? sl *. o 0 © | NSO western part of the country. Moreover, in Fig. 2(d), the simple precipi-
:. ®© ,0® ©°5 a8 tation intensity index (SDII) shows positive changes for a large part of the
® o0 & i ° @ OO o, country in the recent multi-decadal period. The long tail of the frequency
e ® 0 o & sk © distribution of extreme precipitation may be strongly affected by a slight
* % . o0 O ® e 0° increase in the average (Groisman et al., 1999). Therefore, the positive
oy @ L changes in the total annual precipitation are associated with an upward
o Yoo @ o 8 precip p
o &% slope for changes in heavy precipitation events (such as the P10 mm, P20
N mm and P30 mm indices). The changes in heavy precipitation events
01530 60 90 between the two multi-decadal averages are mostly positive throughout
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Fig. 1. Distribution of urban (asterisk) and rural (circles) stations in the Netherlands. The
regions A, B, C and D are represented by symbols coloured blue, red, green, and yellow,
respectively.

stations in region A is greater than those of the other regions. Moreover,
the largest difference in the average population between the urban and
rural stations exists in regions A and B in the western Netherlands.

3. Results

In this section, the results of the analysis of the extreme precipitation
indices across the Netherlands are presented, and the 1-day maximum
precipitation values (Px1) in different individual months are investi-
gated. The influence of urban land use on extreme precipitation is
assessed based on the results for extreme indices and the categorized
stations across the country. The regional features of urban land use ef-
fects on extreme precipitation were assessed via the analysis of urban-
impacted Px1 in the four defined regions (section 3.3).

3.1. Changes in extreme precipitation indices

The results in Fig. 2 show that almost all of the indices have increased
throughout the Netherlands during the last 54 years and the recent multi-

39

the country (Fig. 2(e-g)).

Significant changes are not observed in the consecutive wet day
indices (i.e., CWD) across the Netherlands (Fig. 2(h)). The CWD shows
positive changes clearly larger in the western and southwestern regions
than the rest of the country. P95Ptot and P99Ptot represent the 95th and
99th percentiles of wet days, respectively. Fig. 2(i) and (j) demonstrate
the changes between two multi-decadal averages in percentile exceed-
ance for the very wet days (P95Ptot) and extremely wet days (P99Ptot).
These indices show that the increasing change in extreme precipitation is
more rapid and disproportionate compared with that of the annual total
precipitation across the Netherlands.

In addition to the estimated changes in the indices between the av-
erages of the two multi-decadal periods, the data were assessed to
identify long-term changes in recent years in the Netherlands. The index
time series were averaged spatially over all stations in order to calculate
the differences between each year of the index time series and the WMO
base period (1961-1990). Fig. 3 shows the result of this analysis for each
index. Most of the plots related to extreme precipitation show positive,
statistically significant annual changes. The observed changes in the wet
indices (P10 mm, P20 mm, P30 mm, P95Ptot and P95Ptot) represent
significant positive trends, resulting in larger annual values.

3.2. Assessing the monthly maxima of daily precipitation

The maximum daily precipitation (Px1) index is the most widely used
extreme precipitation index for hydrological applications. The analysis of
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Fig. 2. Spatial distributions of extreme precipitation changes (%) during two multi-decadal periods from 1961 to 2014. The ordinary Kriging interpolated changes for the indices are
shown. The maps from top to bottom, right to left (a—j) represent Px1, Px5, Ptot, SDII, P10 mm, P20 mm, P30 mm, CWD, P95Ptot, and P99Ptot, respectively.

Px1 could provide a better understanding of the impacts of extreme
precipitation on human life, infrastructure, agriculture, and socioeco-
nomic systems (Nicholls and Alexander, 2007; Min et al., 2011). In the
following, the Px1 index, which was considered to be representative of
the extreme precipitation indices, was used to assess the extreme pre-
cipitation variations for individual months (from January to December).

The rain gauge data were separated into monthly blocks of data, and
the maximum daily precipitation values and the associated trend were
determined for each block. The Px1 amount for the periods III and II and
the trends are shown in Fig. 4. It shows that the monthly Px1 amounts are
greater in period III than in period II. The presented differences between

40

periods III and II based on Px1 (hereafter as Ay Px1) indicate that the
largest monthly A Px1 amounts occur in July and August. Moreover,
the smallest (negative) Ay Px1 amounts occur in June. For the trend,
the smallest difference (negative) occurs in March, and the largest Apy.
Px1 trends occur in July and August. The Ay Px1 trends have increased

more in the summer half-year (May—October) than in the winter half-year
(November—April).

3.3. Impact of urban land uses on extreme precipitation

This section investigates the extreme indices for the urban areas in the
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between the average of each extreme index from 1961 to 2014 and the average from 1961 to 1990 supports the pattern of index changes shown in Fig. 2.
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Fig. 5. The slope of extreme precipitation index changes from the 1961-1990 average across the regions A to D (from (a) to (d)) and whole country (e) for urban (blue dashed columns)
and rural (red columns) stations. The slopes were calculated using the Theil-Sen's slope, and the statistical significance was estimated by the Mann-Kendall test. The estimated changes are

statistically significant at « = 0.05 for all indices with some exception (CWD for all regions, P20 mm for rural in region B, Px1 for rural in region B and D, Px5 in urban region B).
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Netherlands with respect to the defined regions (i.e., regions A, B, C and
D). This investigation is then followed by a detailed analysis of the effects
of urban land use on the Px1 index on a monthly basis. Then, the regional
features of the differences in the Px1 index between the urban and rural
areas are investigated.

3.3.1. Overadll features of urban-impacted extreme indices

The slopes of indices changes relative to the 1960-1990 average were
estimated for the urban and rural stations between 1961 and 2014
throughout the Netherlands (Fig. 5). The stations across the country were
divided into two groups, urban stations and rural stations (see section
2.3). The investigated indices exhibited positive trends with respect to
the 1961-1990 average at the urban and rural stations during period 1.
The pattern of index changes for the urban stations was similar to that for
the rural stations. The positive changes in the extreme indices of the
urban stations are relatively higher than those of the rural stations
throughout 54-year period. In Fig. 5, the overall slopes of the index
changes with respect to the 1961-1990 average were steeper for the
urban stations than for the rural stations during the recent multi-
decadal period.
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areas in the Netherlands for the individual months. Owing to the un-
certain estimated means of the monthly Px1 time series and the in-
homogeneity in the Px1 time series for the urban and rural areas, the
values of the monthly Px1 index from each station are standardized
before estimating the urban and rural averages (Min et al., 2011). The
standardized monthly maximum precipitation (PI) values were spatially
averaged for the urban and rural areas in each region. The trend in the PI
changes relative to the WMO base period (1961-1990) mean was esti-
mated for each month over the 54-year time series (Fig. 7).

All regions are characterized by overall greater trends for urban areas
than for rural areas, although there are some exceptions depending on
the selected region and month. The estimated trends in the urban areas
exhibit larger increases than do those in the rural areas during the recent
multi-decadal period.

4. Discussion
4.1. Extreme precipitation indices

This study investigates extreme precipitation events in the
Netherlands over the past 54 years using extreme precipitation indices.

~
=
~

30
Urban

25

- » = Rural

20

15

10

Mean Px1 (mm day-1)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

—~
(=N
N

30
Urban

- » = Rural

25

20

15

10

Mean Px1 (mm day-1)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 6. Panels (a-d) show the mean of Px1 amounts (mm) for the urban stations (blue line) and rural stations (dashed line) across the regions (A, B, C, and D) between 1961 and 2014.

3.3.2. Monthly features of urban-impacted Px1

The results in Fig. 6 show that the regions A and B show similar
patterns of Px1 variations and exhibit relatively high values in August. In
contrast, the Px1 values are higher in June and July in the regions C and
D. The Px1 mean for region A is slightly higher in the urban areas than in
the rural areas between 1961 and 2014. These differences in Fig. 6 are
easier to distinguish for regions A and B due to the greater variation
rather than the rest regions. Between August and November, the Px1
values are higher in the urban areas in region A than in other regions. The
Px1 values are also higher in the urban areas than in the rural areas in
region B between July and November. The urban Px1 is higher than the
rural one in region C for all months but July, and in region D for 7 months
other than January, March, May, July, and December.

The Px1 index trends were further analysed across the urban and rural
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The trends in these indices over the 54-year period are not significant for
all the stations throughout the country. However, certain indices show
statistically significant changes in local areas where heavy precipitation
amounts and intensity have increased over the past 54 years. All of the
extreme precipitation indices indicate that conditions became wetter in
the Netherlands from 1961 to 2014, especially during the recent years.
The changes in indices are probably related to the changes in the atmo-
spheric circulation (such as NAO) and the sea surface temperature (van
Haren et al., 2013). In addition, urban land use can lead to greater pre-
cipitation (Daniels et al., 2015a,b).

4.2. Index changes in recent decades

The calculated changes in the indices during the two multi-decadal
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Fig. 7. The slope of PI changes relative to the 1961-1990 average for the urban (blue dashed columns) and rural (red columns) stations in different regions (A, B, C, and D) between 1961

and 2014. The slopes were calculated using the Theil-Sen's slope.

periods (i.e., IIl and II) can be used to investigate coherent changes in
extreme precipitation. The comparison of the two periods shows that the
recent multi-decadal period generally has relatively stronger trends and
larger values than the earlier period. A prevailing pattern of significant
positive changes in the indices is present in the recent multi-decadal
period in the Netherlands (Fig. 3).

Among the indices, Px1 was used to analyse the details of the extreme
precipitation changes in each month (Fig. 4). The Px1 values revealed
that a greater number of extreme precipitation events occurred in period
III than in period II. Additionally, extreme precipitation events in the
Netherlands occurred most frequently in the summer half-year (espe-
cially July and August) during the recent multi-decadal period (period
I1I). The monthly Px1 amounts and trends increased more dramatically
over the recent multi-decadal period than over the previous one.
Therefore, period II was relatively dry, whereas period IIl was relatively
wet. In other words, the observed discrepancy between the two multi-
decadal periods in this study could be driven by the available low fre-
quency of extreme precipitation in Europe from 1970-1980 and the high
frequency of extreme precipitation from 1990-2000 (Willems, 2013a,b).

The estimated trend during period III are larger than that in period II
in particular for the summer half-year. Similar decadal changes in the
Netherlands have been studied by Lenderink et al. (2009). Their results
showed that the precipitation trends have been closely related to SSTs
since the 1950s. As a natural source of variability, atmospheric circula-
tion could influence the decadal precipitation patterns. Therefore, the
greater increase in index trends during period III may be due to variations
in atmospheric circulation. The link between cyclonic westerly circula-
tion and precipitation found by Attema and Lenderink (2014) represents
a possible physical mechanism for the mentioned periods (August to
November). The smaller change in monthly Px1 in the winter half-year
during the recent multi-decadal period (III), relative to the previous
one (II) may be related to the effects of NAO. The NAO index increased
notably before the early 1990s and decreased strongly in recent decades.
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4.3. Urban-impacted indices

The well-known causes behind the precipitation changes and possible
physical mechanisms (such as circulation, sea and land surface temper-
atures) were investigated in previous studies (such as Attema et al., 2014;
Daniels et al., 2014). In this study, the effects of different land use types
on the variability of the indices are quantified based on the differences
between the urban and rural areas in the Netherlands according to the
CORINE land cover classification. More specifically, Daniels et al. (2014)
found that precipitation changes are more greatly affected by the dis-
tance from the coast than by other surface characteristics in the
Netherlands. To separate this “distance from the coast” effect from the
investigation of the impact of urban land use on extreme precipitation,
the urban and rural stations were divided into the four regions in terms of
their location and distance from the coast. Consequently, the urban and
rural areas in each region are affected by approximately similar external
influences (such as the NAO (Hurrell, 1995), SSTs (Lenderink et al.,
2009), and circulation variability (van Haren et al., 2013)). The changes
in the trends of the extreme precipitation indices relative to the
1961-1990 average are larger in the urban areas than in the rural areas
over the last 54 years (see section 3.3).

The four defined regions were used to disentangle the coast-inland
precipitation gradient from the differences in urban and rural stations.
The results demonstrate that the urban influence might have contributed
to the observed increase in extreme precipitation. The larger significant
changes in most indices and the larger monthly Px1 amounts in the urban
areas relative to the rural areas in the same regions can be attributed to
the urban impacts on precipitation.

Urban area development occurred in the Netherlands during the
recent multi-decadal period (Feranec et al., 2007), and Hazeu and Wit
(2004) detected a 4.76% change in the land surface between 1986 and
2000. Additionally, Daniels et al. (2015) found that the urban land use
along the west coast of the Netherlands increased from 14% in 1960 to
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33% in 2010. This increase in urban land use might have contributed to
influences on the local climate. The patterns of index changes in the
urban and rural areas differ among the four investigated regions. In the
populated western part of the Netherlands, the urban areas were found to
have received more intense extreme precipitation than the rural areas.
The areas with the largest populations lie along the western coast of the
Netherlands (CBS, 2015). This part of the country (region A) exhibits a
large discrepancy between the index changes in urban areas and those in
rural areas.

This discrepancy between urban and rural areas highlights the in-
fluence of urban areas on the extreme precipitation. Previous studies also
observed urban influences on the atmosphere and local climate, such as
temperature (Brandsma and Wolters, 2012) and precipitation (Daniels
et al., 2015a,b, 2016), in the Netherlands. Therefore, in addition to other
external factors, the land use type should be treated as an external signal
that affects extreme precipitation patterns. Future work using high
spatial and temporal resolution data could be performed to determine the
urban influences on extreme precipitation and the possible physical
mechanisms associated with this process.

5. Conclusions

The extreme precipitation analysis shows that frequency and
magnitude of extreme events significantly increased in certain parts of
the country, especially in the western urbanised areas of the country. This
study shows that the slopes of the index changes relative to the
1961-1990 average in the Netherlands were positive. For both urban and
rural areas, the indices follow the same pattern of changes during the two
multi-decadal periods. However, the indices in the urban areas have
changed to a greater degree than have those in the rural areas during the
recent multi-decadal period. The monthly maxima of daily precipitation
indicate that the greatest increases occurred in August. The monthly Px1
events increased more during the recent multi-decadal period than dur-
ing the earlier one for the entire country. In addition, the differences in
the monthly Px1 amounts and trends between the two multi-decadal
periods are higher in the late summer and autumn.

Overall, larger trends are present in the extreme precipitation indices
in urban areas than in those in rural areas. The monthly maxima of daily
precipitation were greater in the urban areas than in the rural areas in the
Netherlands. This study investigated the impacts of urban land use on
Px1 in terms of different regions. The extreme precipitation differences
between the urban and rural areas were persistent but varied from region
to region. In all the regions, the urban areas received more intense
extreme precipitation than did the rural areas, but the observed
discrepancy was rarely significant and depended on the region. The Px1
data indicate that a relatively larger discrepancy between urban and rural
areas was present in the western densely urbanised region relative to the
other regions. The patterns and changes in extreme precipitation, which
are strongly dependent on the selected periods and regions, were clearly
affected by urban land use in the Netherlands.
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