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The characteristic values of climatic actions in current structural design codes are
based on a specified probability of exceedance during the design working life of a
structure. These values are traditionally determined from the past observation data
under a stationary climate assumption. However, this assumption becomes invalid in
the context of climate change, where the frequency and intensity of climatic
extremes varies with respect to time. This paper presents a methodology to
calculate the non-stationary characteristic values using state of the art climate
model projections. The non-stationary characteristic values are calculated in
compliance with the requirements of structural design codes by forming quasi-
stationary windows of the entire bias-corrected climate model data. Three
approaches for the calculation of non-stationary characteristic values considering
the design working life of a structure are compared and their consequences on
exceedance probability are discussed.
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1 Introduction

Climate change refers to the substantial variability of long-term atmospheric
climate. Global warming induced by human activity has raised the global average
temperature by 1°C above pre-industrial levels in 2017, likely to reach to 1.5°C
around 2040 (Allen et al.,, 2018). The change in climate system is consequently
causing variation in the frequency, intensity and, duration of climate extremes (Field
and Christopher, 2012; Hao et al., 2013; Mika, 2013; van der Wiel and Bintanja, 2021).
The anticipated occurrence of more climate extremes will consequently lead to a greater
exposure of the structural reliability, usability, and load carrying capacity (Seneviratne
et al., 2012).

Within the paper “action” refers to “loads” according to European Structural Design codes.
Temporal variability describes the climate variability independently of the duration of the
variation.

The climate change induced variability in climatic actions can potentially affect the
design of new structures, as well as the assessment of existing structures designed in
accordance with the past or current codes. Structural design codes guarantee that a
structure will endure environmental loads to an acceptable risk during the design
working life (Deodatis et al., 2014). It is important to note that the notional design
working life serves only as a reference time period during which the structure is expected to
meet its intended time-dependent performance objectives (Yu and Bull, 2006). However, it
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is evident from common experience that structures typically
exhibit a real life well beyond the notional design working life,
resulting in a greater exposure towards the climate change
implications.

The structural design process is generally governed by
climatic actions such as temperature, snow, and wind etc. The
characteristic values of climatic actions in design codes are
estimated from the extreme value analysis of past observation
data (typically 40-50 years of measurements) under a stationary
climate assumption i.e., no temporal variability in the statistics of
extremes. Since, the estimation is based on limited meteorological
observations, the possible existence of long-term trends is
typically not considered. Recent studies show that climate
extremes usually exhibit non-stationarity in the form of trend,
shifts or a combination of both. Changes in the climate system are
usually associated with the temporal variation of the statistical
properties of climatic variables. While a well-established theory
about the non-stationary extreme value analysis doesn’t exist to
date, a general technique is the definition of non-stationary
extreme value models, where the temporal dependency is
expressed as a trend in the underlying extreme value
distribution parameters (Coles, 2011). Although, many models
exist in the literature, simple linear models are the most popular
ones, where the non-stationarity is only considered in the mean
while keeping the variability constant (Parey et al., 2010; Cooley
et al., 2013; Katz, 2013; Renard et al., 2013; Sura, 2013; Salas and
Obeysekera, 2014; Ragno et al.,, 2019; de Leo et al., 2021).
However, a major drawback of these approaches is the lack of
a physical basis and the difficulty of formulating a representative
trend function (Mentaschi et al., 2016). Also, the temporal
dependency of climate extremes is equally sensitive to the
changes in variability than to the changes in the mean value
(Katz and Brown, 1992).

To eliminate the uncertainty arising from non-stationary trend
models and, to form a sound physical basis for further calculations,
the use of appropriate climate models become inevitable (Croce
et al, 2019). Climate models serves as a major source of
information about the future climate evolution, simulating the
physics of atmosphere and oceans to develop projections of
climate variables (Wang et al., 2004; Rummukainen, 2010). One
key aspect of the climate models is the resolution of a single cell of
the geographical grid used for the simulation. As of today, the
regional climate models produces output at a resolution of
10-12 km, approaching to true local scales with a promising
representation of the spatial detail and extremes (Christensen
and Christensen, 2007; Suklitsch et al., 2008).

The study of climate change impacts on climatic actions is a
key aspect in the future evolution of structural design codes
(CEN/TC 250, 2013). In this paper a general methodology to
calculate the non-stationary characteristic values of climatic
actions is presented. The observation data and regional climate
models are analyzed to determine the climate change influence on
climatic actions, providing a basis for potential amendments in
the current definition of characteristic values in structural design
codes. The influence of non-stationarity is explicitly discussed
with respect to the design working life, quantifying the effects of
climate change, and ensuring the sustainability of civil
engineering infrastructure against potentially variable climatic
loads.
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2 Methodology

The methodology proposed for the calculation of non-stationary
characteristic values of climatic actions can be summarized in the
following steps (shown in Figure 1):

(1) Collection of high-resolution climate model data and extracting
the time series of climate variables for the coordinates
corresponding to the meteorological station.

(2) Bias-correction of the climate model data and aggregation of the
climate extremes by considering seasonal variability of the climate
variables.

(3) Performing non-stationary extreme value analysis and the
calculation of characteristic values of climatic actions.

2.1 Climate data

The characteristic values of climatic actions are traditionally
determined from the extreme value analysis of past observation
data at a point scale spatial resolution. However, the projected
long-term influence of climate change can only be realistically
assessed using the regional climate models. In this study, daily
climate projections of the maximum temperature (Tp,.) in the
calibration period (1951-2005) and the future scenario period
(2006-2100) are extracted from the ReKliEs-De project for two
representative concentration pathway scenarios i.e., RCP26 and
RCP85 as shown in Table 1. The ReKliEs-DE ensemble of regional
climate projections provides evaluations for Germany and the river
catchment areas draining into Germany (Hiibener et al., 2017). The
rationale for using multi-model ensemble is that each climate
model can be considered as an independent realization of the
future climate evolution. The consideration of minimum and
maximum multi-model ensemble improves the reliability of
results by covering a bandwidth of the possible range of
realizations (Tebaldi and Knutti, 2007). Since, the climate model
output is typically available in the form of grids, the data is
remapped to extract the time-series relative to the coordinates
of a meteorological station using climate data operators (CDO)
(Schulzweida et al., 2019).

2.2 Bias-correction

The use of climate model data for the calculation of characteristic
values of climatic actions has two major short comings: 1) the output
produced by climate models (grid) usually do not fit exactly to the
underlying distribution of the relevant observation data (point scale),
and 2) climate models usually produce output at large averaging
duration (e.g., daily mean), while the characteristic values of
climatic actions are computed using climate data at a relatively fine
averaging duration (e.g., 10-min or hourly mean values).

Bias-correction is the process of scaling climate model output to
account for the systematic model errors, improve fitting to the
observation data, and downscaling of the climate variables to an
averaging duration of interest. The correction is usually applied to
the modelled mean, variance, and also to the higher moments of a
distribution, with many methods now applying bias-correction to all
quantiles 2011; 2011;

(Hagemann et al, Hopkinson et al.,
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1. Climate Data

Climate Model Projections
(RCP26; RCP8S)

Observation Data
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2. Bias Correction

Raw climate projection

1. Calibration process

Bias corrected climate p

Historical reference period |

2. Application of bias correction to
the entire climate projection series

Future scenario period

3. Extreme Value Analysis

Non-Stationary Distribution Parameters Cy(n)

FIGURE 1

Overview of the proposed methodology for the calculation of non-stationary characteristic values of climatic actions.

TABLE 1 List of climate models considered for analysis (Hiibener et al., 2017).

Scenario GCM/RCM CCLM4-8-17 REMO2015 WETTREG2013
RCP26 EC-EARTH ECE_CLM ECE_REM
HADGEM2-ES HG2_REM
MPI-ESM-LR MPI_CLM MP1_REM MPI_W13
MP2_REM
MIROC5 MI5_REM
IPSL-CM5-LR IP5_REM
RCP85 MPI-ESM-LR MPI_CLM MP1_REM MPI_W13
MP2_REM
HADGEM2-ES HG2_CLM HG2_REM HG2_REM
EC-EARTH ECE_CLM ECE_REM ECE_W13
CAN-ESM CAN_CLM CAN_REM CAN_W13
MIROC5 MI5_CLM M15_REM MI5_W13

Gudmundsson et al., 2012; Hempel et al., 2013; Gutmann et al., 2014; Li
etal, 2014). In this study, the raw climate model data is corrected using
Quantile Delta Mapping (QDM) (Cannon et al.,, 2015), utilizing the
overlapping time-period between the climate model and observation
data from the German Meteorological Service (DWD).

However, the concept of bias-correction is not undisputed.
Although, these procedures can produce realistic results in certain
situations, bias-correction cannot be expected to produce the
baseline climate perfectly (Ehret et al, 2012). Moreover, the
accuracy of bias-correction procedures relies on the length and
quality of the observation data. Too few data-points and
unrealistic magnitudes in the observation data can lead to the
incorrect representation of the future projected output. Although,
bias-correction is not a substitute of the observation data, it can still
be used in the absence of reliable and long duration meteorological
records. It is important to note that, even though this study uses a
certain set of climate model (ReKliEs-De) and observation data
(DWD) for elaboration, the methodology is independent of the
data source and can be reapplied to any set of data with varying
accuracy.
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2.3 Aggregation of climate extremes

The annual extremes of climate variables are aggregated from
the bias-corrected envelopes of climate models considering their
seasonal variability. The aggregation period is different for each
climate variable under consideration. For example, the annual
extreme values of snow should be aggregated within a period
spanning from summer to summer in two consecutive years. On
the other hand, annual extreme values of maximum temperature
are aggregated between winter to summer of the same year. This
ensures that the resampled extreme values are mutually exclusive
i.e., no two annual extremes are resampled from the same climate
event.

2.4 Non-stationary characteristic values
In general, the characteristic values of climatic actions are defined

for a given probability of exceedance in a certain reference period. To
consider non-stationarity, the time series of annual extremes is divided
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FIGURE 3

Multi-model envelope of the bias-corrected climate model projections for the maximum temperature (Ta). The quasi-stationary windows, each

30 years long are shown by bounding boxes.

into multi-year-quasi-stationary windows (1) of equal length (L-year)
and applying the stationary theory to each window as shown in
Figure 2A. The choice of window length depends on the severity of
trend within a particular time series. The windows are shifted by 1 year
from each other and fitted to a probability distribution function,
leading to the computation of a series of characteristic values (cx(1))
corresponding to the n™ quasi-stationary window.

ce(n) = F;' (1-p) (1)

where, cx(n) is the characteristic value for p% probability of exceedance
corresponding to the n” quasi-stationary window. F' is the inverse
cumulative distribution function of user choice.
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The exceedance probability associated with cx(n) is expected to
change due to non-stationarity during the design working life (T;) of a
structure as shown in Figures 2B, C. This transient nature makes the
application and interpretation of cx(n) in the design process rather
difficult. Therefore, three possible solutions as a function of T; are
compared: a) mean characteristic value (¢ meqn), D) maximum
characteristic value (ckuax), and c) equivalent characteristic value
(Ck,eq)~

Gomean (T) = 7. 30 [F,1 (1= ) @)
Cimax (T) = max [F,' (1-p)] 3)
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ke () = [ |, [Fa (X< o)) = (1-p)" @)

where, n = I is the reference construction year of the structure.

3 Results and discussion

The following section demonstrates the application of the
proposed methodology for climate change assessment on the
characteristic values of maximum temperature (Ty,,,) in Plauen,
Germany. Starting with the climate models summarized in Table 1,
the raw climate model output is remapped to extract the time series
corresponding to the coordinates of the local meteorological station.
Each time series is then bias-corrected with respect to the hourly
maximum of observation data using the quantile delta mapping while
preserving relative change between quantiles (Cannon et al., 2015).
Full observation data is used in order to reduce the uncertainties
arising from bias-correction. The bias-corrected data is then
aggregated into annual extremes considering the seasonal
variability in the period spanning from January to December in
accordance with section 2.3. Figure 3 shows the minimum and
maximum multi-model ensemble of the annual extremes, covering
the full bandwidth of all considered climate model realizations. The
time series of annual extremes is subdivided into 30-year long quasi-
stationary windows, shifted by 1-year from each other. In climate
science, 30-years is frequently considered as a stationary period with
long enough sample size to avoid uncertainty in further statistical
calculations (Hennemuth et al., 2013). Each quasi-stationary window
is fitted by assuming the generalized extreme value distribution (GEV)
to determine the non-stationary location (u), scale (0) and shape ({)
parameters.

The non-stationary characteristic values are calculated in
accordance with Eurocode EN1990, where the characteristic values
are associated with a 2% probability of exceedance (p) of the time
varying part in 1-year, leading to a return period of 50-years (EN 1990/
NA, 2010). Figure 4 shows the characteristic values ci(n) of the
maximum temperature calculated using Equation 1 and the
distribution parameters corresponding to each quasi-stationary
window respectively. The projected temperature is followed by the
increasing trend in cx(n) for RCP85 scenario (shaded red area),

consequently imposing higher temperature loads on structures
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designed in accordance with the DIN EN 1991-1-5/NA require-
ment of 37°C (dashed grey line) in the near future. Additionally, in
comparison to the stationary characteristic value (dotted blue line)
calculated using the observation data (1882-2021), the non-stationary
cx(n) shows a large deviation reaching to approximately +4°C
approaching the year 2100. It emphasizes the need of considering
non-stationarity in the calculation of design climatic loads as well as
for the regularly assessment of critical infrastructures and buildings of
higher importance.

The transient nature of ¢x(n) during design working life of a
structure makes it necessary to derive and adjust the values in
accordance with the code defined exceedance probability of 2% in
I-year. To explain the concept, let us assume a reference
construction year of 2051 for a structure with a design working
life of 50-years.

Now, since, extreme events are mutually exclusive, the equivalent
characteristic value ¢, equal to 39.9°C can be determined for an
exceedance probability of 63.5% in 50-years using Equation 4 and as
shown in Figure 5. It is important to note that in each quasi-stationary
window the exceedance probability associated with ¢4 differs from
2% in l-year because of the non-stationarity in the underlying
distribution parameters. For this reason, although ¢, satisfies the
code defined level of exceedance probability in 50-years, the
corresponding 2% exceedance probability in I-year is not
necessarily satisfied in all 50-years of the design working life as
shown by the red shaded area where the ¢ (n) is larger than
Ceq(50). Figures 5B, C show the range of non-exceedance
probabilities, ie., 0.84 to 1.0, computed for 39.9°C in each year of
the 50-years design working life of the structure respectively. The
smallest non-exceedance probability i.e., 0.84 corresponds to the
last year within the design working life of the structure, implying a
high chance of the occurrence of a load larger than the
computed cx(n).

To deal with the uncertainty arising from the high exceedance
probabilities associated with ¢ ., especially in the later stages of
design working life, two additional methods are explored and
compared. The non-conservative approach defined by Equation
2 i.€., Ck,mean derives the mean characteristic value of 39.4°C from all
50 values of ¢,(n) within the design working life of the structure. On
the other hand, the conservative approach defined by Equation 3
i.e., Cx max takes the maximum of all 50 values of ¢x(n) within the
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Reliability of the non-stationary characteristic values during the design working life of a structure: (A) comparison of the non-stationary characteristic
values c,(n) with the 50-year design working life characteristic values ¢y q: (B) evaluation of 50 distribution functions over the design working life of the
structure for non-stationary analysis; (C) comparison of the non-exceedance probabilities reached by ¢, .4 With the target exceedance probability of 2%.

design working life of a structure as the governing characteristic
value equal to 40.5°C.

The characteristic values derived using the three approaches
for different reference construction years starting from 1911 till
2051 are compared in Figure 6; Table 2. The three approaches
lead to a maximum difference of 3°C in the characteristic values

Frontiers in Built Environment

for scenarios

both RCP but in different vyears. This
difference might be crucial for a temperature sensitive
structure and therefore must be considered in the design
process as well as regular assessment of critical infrastructures
and buildings to minimize the adverse effects of increased

temperature loads.
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Comparison of the non-stationary characteristic values determined using different methods for a design working life of 50-years: (A) Cx mean With
comparatively non-conservative values; (B) i, max With comparatively conservative values; (C) ¢4 satisfying the code defined exceedance probability in
50 years i.e., 1-(1-0.02)*°.

TABLE 2 Non-stationary characteristic values for the presented example using Eqs 1-4.

Construction year

Ck,mean (OC)

2021 37.3 38.7 39.3 38.9
2031 38.9 38.9 39.4 39.2
2041 38.8 39.1 40.2 39.5
2051 38.6 39.4 40.5 39.9

4 Conclusion

This paper presents a general methodology to evaluate the climate
change impacts on characteristic values of climatic actions by using

Frontiers in Built Environment 07

observations together with the climate model data. The idea is relevant
since the representative values of climate actions in current structural
design codes are based on the analysis of past observation data under
the hypothesis of stationary climate which ultimately disregards the
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potential effects of climate change. The annual extremes of climate
variables are extracted from a climate model ensemble and are
corrected with respect to the observation data using state-of-the-
art bias correction procedures. Extreme value analysis is
performed using the GEV distribution and the results are
presented in the form of time varying characteristic values for a
design working life of 50 years. The anticipated increase of most
climate extremes from climate model projections towards the end
of the 21st century will ultimately result in stronger non-stationary
trends especially for longer intended design working life e.g., 100-
years.

Since, the global temperature is on the rise, it is expected that
the characteristic values of T,,,, will increase in the future years.
The overlapping portion of the results between RCP26 and
RCP85 in Figures 4, 6 indicate the uncertainty linked to the
bandwidth of output produced by an envelope of climate
models. The validity of characteristic values employed in the
current structural codes is discussed relative to the non-
stationary characteristic values computed using the proposed
methodology.

The
methodology is highly influenced by the quality of observation and
modelled datasets. The trend in extreme value analysis is directly

reliability of results obtained using the presented

introduced from the climate projections. Therefore, it is necessary to
take into account the uncertainties inherent with using the output
produced by climate models, where too few observation data points
can result in unrealistic bias-correction of the simulated climate
projections. The reliability and confidence in the bias-correction
can be significantly improved by acquiring longer observation
datasets.

The methodology developed provides a general guideline for
the assessment of climatic actions based on climate model
projections. The results indicate that the characteristic values
specified in current structural design codes may not be valid
under the changing climate and may ultimately reduce the
intended design working life of existing and new structures. It
must be mentioned that a wider field of application and
improvements can be foreseen for the proposed methodology,
such as: accounting for the combination factors of correlated
climate variables, and implementation of updated climate
projections and advanced stochastic techniques.
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