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Abstract. Assessment of the influence of human activities on recent, current, and future global and
regional climate conditions and extremes has advanced sufficiently to provide a reasonable measure of its
impact across the globe. The lack of concurrent adaptation of the design base for load bearing structures
results mainly from the absence of a clear signal that climate change will have a significant effect on
the climate actions that are accounted for in the structural design basis. The recent IPCC assessment
of the physical science basis of climate change reports significant advances in observing and projecting
changes in weather and climate extremes due to human influences. This provides an opportunity
to reassess projections of future climate action conditions. Whilst the IPCC assessment confirms
previous indications that, for example extreme wind will respond moderately globally, improvements in
understanding and projecting changes show that trends will be overshadowed by uncertainties. The
implication is that the design base will need to account for increasing uncertainties as climate actions
are projected into the future, over the service life of existing structures, as well as those designed to
current standards. The design base consequently in advance need to reflect continuous changes of
existing structures.

Keywords: Climate actions, climate change, design base, existing structures, projection skills,
structures, uncertainties.

1. Introduction
Since early hypotheses that the use of fossil fuels will
lead to global warming due to increased atmospheric
concentration of CO2 as a greenhouse gas, the more
general version of global warming due to changes in
various greenhouse gases caused by human activities
is now considered to be proven [1], [2]. Furthermore,
the subsequent impact of the additional heat load on
global systems is now investigated extensively, with an
emphasis on the climate, because of the wide exposure
of both human and natural systems, although related
systems such as the ocean and the cryosphere also
play an integral role in the response to human caused
warming [3]. The extensive body of information on
climate change compiled by the IPCC Series of as-
sessment reports on climate change [3] provides an
opportunity to consider the potential impact of an-
thropogenic climate change on any system or activity
exposed to climate and weather conditions.

One such case, considered in this review, is the role
of extreme climate actions, such as wind and snow
loads, or thermal actions, in the design base for load
bearing structures, such as buildings, industrial struc-
tures, and civil engineering infrastructure. Although
this class of human systems have a low profile in the as-
sessment of the impact of climate change, it represents
vast capital investment and play a fundamental role in
the socioeconomic environment. The low profile could
be ascribed to the level of specification of climate ac-
tions with return periods of the order of millennia for
levels of reliability associated with safety, depending

on the reliability class of the structure. Such specifi-
cations are much more severe than the level of event
likelihoods considered in climate change investigations.
There is nevertheless a realisation that extreme events
represent an important component of the impact of
human induced climate change on the natural and
socioeconomic environment [4, 5]. This has led to ex-
tensive consideration of climate and weather extremes
in climate change [6–8].

The design base for load bearing structures evolved
concurrently with the growing attention being paid
to human induced climate change, running in parallel
since around the mid-twentieth century. Notably the
inherent variability of climate actions on structures
made a significant contribution to the application
of risk and reliability in deriving operational semi-
probabilistic design, expressed in limit states format.
Ironically, the potential impact of climate change has
yet to be implemented in general standardized design
practice, as reflected for instance as an explicit class of
risk [9] or as a prominent design situation [10]. This
situation could be the result of climate actions that are
specified at several standard deviations from annual
extremes. Furthermore, pioneering efforts to account
for climate change observe limited trends from either
historic data or projected values, even under severe
scenarios of human caused radiative forcing of global
warming [11, 12]. When the difficulties of extracting
reliable extreme value models from historic data is
considered, such as for wind load in South Africa
[13–15], the opportunity to benefit from the extended
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assessment of climate extremes [7] should be utilised.
Less obvious in the somewhat surprising state of

matters is the acceptance that climate change will have
a relatively mild effect on structural loads, given the
growing body of information on substantial changes in
future conditions coming out of the IPCC assessment
of climate change. Some scrutiny of the relevance of
climate change to structural loads indicate a lack of
credible information on future extreme climate and
weather conditions [16].

The objective of this paper is to review the advances
in developing the physical sciences basis of climate
change as reflected in the latest IPCC assessment
[1] as source of information on climate actions on
structures, specifically considering climate extremes
[7]. Assessment of climate extremes rests on infor-
mation from observations and paleoclimatic histories,
which is applied to the identification of human drivers
of changes, within processes of natural variability,
towards sufficient understanding for attribution to
human influences, to changes in the climate and in ex-
tremes [6, 16], observed changes, and the application
of change indicators and uncertainties [17], projection
of future conditions, and their various sources of uncer-
tainty [18], finally input required for risk assessment
[8].

The review is done at three levels: Firstly, confir-
mation of climate change, its attribution to human
origins, and the current rate of change, provide the
background information for decision-making on the
necessity, even urgency to implement adaptation mea-
sures for the climate action design basis. At the second
level the state of knowledge on changing of climate
extremes relevant to structural actions provides the
background to what information could be extracted
from the climate change knowledge base currently
available for possible decisions on immediate imple-
mentation. Thirdly the ultimate check is to review
the available skills for projection of climate actions to
determine the required resolution of projecting future
trends, and the relative dominance of natural vari-
ability and projection uncertainties, as determined by
projection model resolution. Each of these objectives
could require an exposition on its own, so this review
can only be done at strategic level within the scope of
this paper. A secondary objective is to raise the issue
of the impact of climate change on the design base
for structures and provide an overview of the state of
information. The perspective taken in this review is
significantly biased towards extracting information to
be used in decision-making, see for example [19–21].

2. Climate State And Pathways
Towards Extreme Climate

Based on robust understanding of climate system fun-
damentals, the systematic scientific assessment of cli-
mate change has evolved from theory since the 1970s,
to now be regarded as an established fact. Recent

advancements are based on the integration of multi-
ple lines of evidence consisting of observations that
include the emergence of a climate change signal, pa-
leoclimatic evidence, the identification of natural and
human drivers of the climate, understanding and at-
tributing climate change, and implementation of this
information in model development [1]. This provides
the platform for projecting possible future climate
conditions for representative pathways that depend
on mitigation measures taken on a global scale. Char-
acterization of the current state of the climate, rep-
resentative climate futures, with specific reference to
climate and weather extremes, serve as background
information currently available to inform decisions on
future trajectories for climate actions on structures.

2.1. Current Climate State
Whilst the complexity of climate change emerges from
each successive version of the IPCC series of Assess-
ment Reports, the progression of the process is con-
cisely represented by the metric of global warming
since preindustrial conditions: The observed tempera-
ture increase ∆T of 1.09 [0.95 to 1.20] ◦C above the
1850-1900 baseline for the decade ending 2020 can be
related to CO2 atmospheric concentration, as most
important greenhouse gas, reaching 410 ppm, com-
pared to the 270 ppm baseline, with changes over land
of 1.59 [1.34 to 1.83] ◦C and the ocean of 0.88 [0.68
to 1.01] ◦C respectively [1].

The trend since 1850 is displayed graphically in Fig-
ure 1, reflecting significant achievements in simulation
of the climate change [1], [3]. The range of natural vari-
ability of about 0.5 ◦C is evident, including episodic
perturbations due to natural causes. The overall trend
is to show a steep incline starting at around the 1970’s
towards the ∆T -region of 1 ◦C. Climate simulation
including natural and human drivers follow the trend
remarkably well, though with some lag in the initial in-
crease. The smoother simulated average (brown line)
can be ascribed to the multi-model averaging process,
however the uncertainty range (shading) that exceeds
natural variability, suggests that the observation is
just one ’worldline’ of many possible outcomes of a
highly complex system. Simulation of a counterfactual
world without human influence provides a clear indi-
cation of emergence of climate change above natural
variability at around the 1970s and attribution of the
global temperature rise to human causes as indicated
by the differences between simulations. Attribution
is resolved further to indicate the contribution of all
greenhouse gases [+1.5 ◦C] and other human causes
[−0.4 ◦C], with CO2 as the dominant gas [+0.8 ◦C]
and SO2 as the dominant other cause [−0.5 ◦C].

Scaling global temperature change across the global
climate and down to its regional impact due to climate
extremes is demonstrated by Figure 2, confirming hu-
man influences on extremes in temperature and precip-
itation, as representation of different modes of climate
extremes. This overview of pervasive impact of human
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Figure 1. Observed and simulated history of global surface temperature changes (annual average) and causes of
recent warming, demonstrating model skills [1].

activities on the environment is based on the system-
atic implementation of methodologies that apply also
to resolving the climate extremes central to this pa-
per, consisting of (i) understanding the climatological
processes and drivers of change, (ii) to be able to
observe historic trends, (iii) which are applied to vali-
date simulation models, (iv) using the identification of
emergence and attribution of the phenomenon under
investigation, (v) as basis for establishing confidence
in projection of future changes and conditions. This
methodology is also used to assess climate extremes [7]
and applied here to take measure of extremes relevant
to climate actions on structures.

2.2. Future Climate Pathways
The main future climate drivers caused by human ac-
tivities are represented by five scenarios of combined
shared socioeconomic pathways (SSP) that is com-
bined with the level of radiative forcing by the end of
the century (in W/m2) with trajectories for CO2 as
the most significant greenhouse gas. Global warming
scales almost linearly with accumulated atmospheric
CO2 concentrations (Figure 3(a)), resulting in alter-
native projections of observed warming up to the year
2100 (Figure 3(b)). The range of outcomes depend-
ing on mitigation policies [SSP1-1.9 to SSP5-8.5] can
be compared to the very likely range for simulated
pathways (coloured shading) shown for SSP1-2.6 and
SSP3-7.0. A significant implication of the relationship
between accumulated carbon release and temperature
rise is that every tonne of carbon released contributes
to global warming.

An indication of the geographic distribution of these

changes is provided in Figure 4, showing the compari-
son between observed and simulated changes in surface
temperature at 1 ◦C, and for projected ∆T -values of
{1.5, 2.0.4.0} ◦C. An indication of the regional dis-
tribution of climate change extremes is compiled in
Figure 5, indicating the number of regions for which
climate impact drivers (CID) for the set of climate
extremes are relevant, where a CID is a measure of a
physical climate system condition (mean, event, ex-
treme) that will affect society or an ecosystem, by
either increasing or decreasing. Confidence levels are
indicated by shading. Mixed signals and low confi-
dence levels are notable for severe wind and snow-
storms.

3. Changing Weather And Climate
Extremes

The occurrence of climate and weather extreme events
have a high profile in public interest: it is often con-
nected with climate change and its attribution to
human activities. Information on such a relationship
is therefore of interest to policy decision-making, as
a prime objective of IPCC assessment of human in-
duced climate change [1]. Differentiation of human
related radiative forcing of changes from natural vari-
ability, however, poses stringent challenges to climate
science skills, particularly to determine attribution
for individual events. Successful simulation of climate
extremes provides confidence in its projection skills.
Furthermore, extreme weather and climate events evi-
dently make a significant contribution to the impact
of climate change. Against this background, recent
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Figure 2. Synthesis of assessed observed and attributable regional changes for hot extremes and heavy precipitation,
demonstrating the diversity of regional and modal changes [1].

advancement in the assessment of changes in extremes
is regarded as one of the significant achievements of
climate sciences [3].

Climate extremes provide a logical point of entry for
climate actions on structures. This could be done in
two steps: Projection of climate extremes in general,
and extreme classes associated with extreme wind as
assessed in [7] and [8] are reviewed in this section. The
mode of presentation of the assessment is to aggregate
results to inform general observations on the relevance
of extremes to climate change. Application of this
information to the adaptation of the design base for
wind load is discussed in the next section, based on
extracted information on trends in climate actions
as it is demonstrated by considering wind load from
[7, 8].

This section explores the challenges in observing
and modelling of climate extremes, with the intrinsic
properties of being rare, short-lived, dependent on
local conditions, and inherently highly variable. This
is aggravated by the extensive extrapolation into the
future from an uncertain observation base, particularly
for more extreme events.

3.1. Assessment Methodology for
Extremes

A systematic methodology is employed to relate hu-
man influences to changes in extreme weather and
climate from historic observation to the prediction of

future conditions through validated models [7]. The
first step consists of the identification of mechanisms
and drivers of extreme events, to reflect the knowl-
edge base of the process. Observed trends provide the
baseline against which changes are measured. Model
evaluation considers both the match between mod-
els and observation, and an assessment of projection
uncertainties. Detection of human influences beyond
natural variability is used as measure of the level of
attribution; considered across the dimensions of the
situation under investigation, such as extreme class,
global, regional, or local scale; demonstrated for the
class of extreme climate. Projections ultimately pro-
vide trends and uncertainties in changes to extremes
as climate change progresses.

Assessment of the results is expressed in the custom-
ary levels of confidence and likelihood { low, medium,
high }; in case of high confidence, a likelihood may
be assigned as { likely, very likely, extremely likely,
virtually certain }; based on skills to simulate ob-
served trends, a measure of model uncertainty based
on inter-model comparisons, and judgement on the
scientific basis for dominating processes [6]. Detection
and attribution of human influences are applied at
global warming of ∆T of 2 ◦C; with projected changes
at {1.5, 2.0, 4.0} ◦C [7].

The success of the process is confirmed by the find-
ing that changes in extremes for temperature, precipi-
tation, droughts, tropical cyclones, and compound fire
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(a)

(b)

Figure 3. Pathway dependent global climate futures: (a) Near-linear linear relationship between cumulative
emissions and global surface temperature (b) Global surface temperature changes in ◦C relative to 1850-1900 [1].

weather, would have been extremely unlikely without
human causes [1]. Recent advances include resolving
human influences on individual extreme events, re-
gional scales, and at different warming levels. This is
based on improved knowledge, complementary sources
of evidence, improved models, and accumulating his-
toric data.

3.2. Extreme Climate Classes
The assessment is concerned with occurrence over
land, consisting broadly of temperature related ex-
tremes, the water cycle, storms, and compound events
that are classified as low-likelihood high-impact (LL-
HI) situations. Temperature extremes provide the
yardstick for observing changes in extremes and their
sensitivity to human influences. This results from the
good standing of the state of knowledge, observation,
modelling, attribution, and projection skills. Heavy

precipitation, generally and as associated with ex-
treme storms, demonstrates the implications of more
complex extremes with interacting and feedback pro-
cesses, yet advancing in projection and attribution
skills. Extreme storms, subdivided into tropical cy-
clones (TC), extratropical cyclones (ETC), and severe
convective storms (SCS), include extreme wind as a
component. An extreme climate class dedicated to
extreme wind was introduced recently [7, 8], allowing
for the aggregation of common characteristics from
storm classes; providing for better alignment between
climatology and wind engineering application.

Extension of climate change assessment to extreme
climate provides an additional line of scientific proof of
the process: It is regarded as an integral component of
climate change, manifested by the increased frequency
of climate extremes, particularly hot extremes, on
global and regional scales, on most continents, even
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Figure 4. Geographical distribution of the global climate (a) comparing observation with simulation (b) for simulated
changes in global warming at representative levels [1].

for individual events based on case studies [1], [7].
Observations made on extreme storms range from high
confidence of increases in precipitation rates, average
and peak wind for tropical cyclones globally and severe
convective storms regionally, but low confidence in
past changes of maximum wind speed for extratropical
cyclones [7]. Low-likelihood high-impact events are
assessed primarily from the perspective of concurrent
events. Notably high likelihood is assigned to the
generic observation that historically unprecedented
events and surprises can be caused by the rate of
global warming.

As a general observation on the outcome of the
IPCC review, extreme weather and climate events
are predominantly characterised by precipitation ex-
tremes, (occasionally complemented by wind) as a
measure of frequency, intensity, or by implication by
the impact of human origins on changing conditions.
This approach is used extensively for assessing tropi-
cal cyclones. A significant deviation is the conclusion
that an increase in the proportion of high intensity
tropical cyclones will very likely lead to an increase
in average peak wind speed, as well as an increase in
rain-rates, despite a decrease in global frequencies of
such events [7].

A similar low profile for strong wind can be observed
for SCS, as opposed to using precipitation as indicator.
It is concluded for example with high confidence that
average and maximum rain rates associated with such
storms will increase with global warming in some
regions [7]. Yet, wind and tornadoes are included as
an outcome of projecting an increase in frequency and
intensity of severe thunderstorms with high confidence.

An exception to the subdued role of severe wind
in extreme storms is the use of near-surface wind
speed, together with precipitation, as extreme value
indicator of the severity of ETCs. Still, extreme pre-
cipitation events are well established in the identifica-
tion of extratropical storm conditions. Indication of
past changes in maximum wind speed associated with
ETCs is regarded to be observed with low confidence,
with medium confidence that projected changes will
be small, and with high confidence that precipitation
rates will increase with warming. Notably, there is
medium confidence that the projection of wind speed
and precipitation associated with ETCs depend on
the resolution and formulation of climate models.

The aggregated conclusion, made with low confi-
dence, is that the intensity of observed extreme winds
is becoming less severe in the lower to mid-latitudes,
while becoming more severe in poleward latitudes be-
yond 60 degrees. There is medium confidence that
the frequency and intensity of extreme winds will be
associated with the projected changes in the frequency
and intensity of associated tropical and extratropical
cyclones. Although no explicit mention is made of
SCSs in the summary, high confidence is indicated
that convective available potential energy increases in
response to global warming in the tropics and subtrop-
ics, suggesting more favourable environment for SCSs;
though with high confidence that limited application
of convection-permitting models lead to significant
uncertainty about projected regional changes.
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Figure 5. Synthesis of the number of regions where climate impact drivers (CID) are projected to change, increasing
(top) and decreasing (bottom) with high/medium confidence levels (shading) [1].

4. Adaptation Of Design Base For
Wind Actions

The difference between the scientific approach followed
in the IPCC assessment of climate change to provide
best estimates of the process, even including climate
extremes, and the information required for risk-based
decision-making that includes the consequences of tail-
end events, is appreciated by assessors and researchers
[22, 23]. Conversion of the information on extreme
wind, as summarised above, to information serving as
background to the adaptation of the design base for
wind load, requires best estimates of both trends and
their uncertainties.

4.1. Assessment of Projected Wind
Actions

In the absence of any reported observation related to
extreme wind changes in [7], expressed at likelihood
levels as indicated in the previous section, confidence
levels are applied in an inverse manner to reflect un-
certainty in the projection qualitatively, as opposed
to its intended scientific qualifier, as applied in [7].
Climate systems associated with extreme wind for
South Africa are synoptic scale frontal systems and
mesoscale convective storms [24], which are related to

ETCs and SCSs respectively. Confidence levels for the
components of assessment (see Section 3.1) for these
two extreme storm classes are therefore utilised as
basis for qualifying changes in trend and uncertainty
of wind load projections.

Significantly, there is no review of the mechanisms
and drivers used for the identification, modelling, and
projection of changes due to human causes for ETC’s
(compare Section 2.1). Accordingly, it is not surprising
that there is low confidence in observed changes re-
cently, and over the past century. This is due to large
interannual and decadal variability. Ironically, high
confidence is assigned to model underestimation of
dynamical intensity of events (related to surface wind
speed), similarly for linking systematic bias between
ETC events and rainfall intensity to model limitations.
Furthermore, there is low confidence in attribution
of events to human influence resulting from limited
observations. Projections of dynamic intensity de-
pend, with medium confidence, to the resolution and
formulation of the representation of convection in cli-
mate models. Given the limited information on trends
in ETC intensity, also for extreme wind projections,
the poor rating obtained for all components of the
assessment methodology leads to the conclusion that
the current state of information does not provide any
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guidance on future changes, rather than to indicate
small changes. This situation arises from limitations
in observation, attribution to human influences, and
modelling that reflects drivers of change in ETC wind
extremes.

A rather complex situation emerges from the assess-
ment of SCS, or mesoscale convective systems (MCS),
with highly skewed information provided across all ele-
ments of the assessment steps, ranging from noticeable
advances in mesoscale observation networks, comple-
mented by high resolution modelling, mainly in the
USA, versus low confidence in resolving regional scale
impacts across the balance of regions due to limits in
observation and simulation modelling. The specific
advances in resolving mesoscale extremes could there-
fore serve as benchmark to estimate uncertainties in
other regions, mostly outside the USA. Such com-
parisons should include the identification of regional
climate impact drivers, limits to observed trends due
to insufficient coverage and long-term records, model
deficiencies of resolution and provision for convection
processes, the influence of the fine balance between op-
posing environmental factors that affect severe storm
development.

4.2. Integrated Basis for Design and
Assessment

The adaptation of the design base for wind load on
structures is evidently dominated by uncertainties
of the changes to the extreme wind climate caused
by future climate conditions. An expedient use of
the current design base to enhance the robustness of
structures against such uncertainties, consists of apply-
ing the stipulated wind load in a sensitivity analysis
as an accidental design situation for climate change
[25]. The extension of such an approach to incor-
porate methodologies for the assessment of existing
structures [26] provides the opportunity to reflect the
trajectory of changing wind loads over the service life
of the structure. At the fundamental level, such an
approach explicitly accounts for the significant conver-
sion from treating climate actions under assumptions
of stationarity to transitionary. At an operational
level, the progression of assessment methodologies
from design value, through reliability- and risk-based
approaches, enables more advanced estimates of re-
serve capacity of the structure to changing wind loads.
Strategically, planning for future assessments of the
structure as the changing climate pathways evolve can
be incorporated into the design process. In addition,
performing the first assessment upon completion of
the structure would not only ensure that pertinent in-
formation for subsequent assessments is captured, but
should contribute to proper integration of the bases
for design and assessment of structures in general.

5. Observations And Conclusions
The paper reviews the latest set of assessments on
the physical science basis for climate change due to

human influences from the perspective of its relevance
to climate actions on load bearing structures. Of
particular interest is the advances made in determining
the impact of changing climate extremes on human
and ecological systems. Characterisation of climate
change in general provides the context for decisions
on timing of any adaptation of the design base, whilst
climate extremes inform decisions on climate actions,
which are specified at extreme value fractiles to achieve
required levels of reliability for structures. Both topics
are therefore reviewed in the paper.

It is notable that initial suppositions and pioneer-
ing observations on both climate and extreme changes
are substantiated with advancement of its scientific
bases, with growth of the information base, arguably
over orders of magnitude, predominantly realised as
confirmation, but with an appreciation of the com-
plexity of the process, if not its pervasive nature. This
is demonstrated by the observation that the initial
identification of human caused global warming has
progressed not only to measurable global and regional
warming, but also to the attribution of human influ-
ences on an increasing set of extreme events, and an
extension of the set of human influences.

The main conclusions of this review are thus related
to both the changing climate and extremes. Human
induced climate change has demonstrably advanced
to such an extent that any system that would be
impacted over multidecadal scales, need to implement
adaptation measures, irrespective of the outcomes
of mitigation scenarios. On the question of whether
this includes structures exposed to climate actions,
the conclusion is that such exposure results not so
much from the mild trends observed and projected for
climate actions, but predominantly from uncertainties
of future changes which might be several standard
deviations from expected trend conditions.

Two main lines of action follows: Whilst advances
in climate extreme projections should be followed up,
sufficient robustness and adaptability should in the
meantime (now) be incorporated in design decisions.
The methodologies for the assessment and adaptation
of existing structures provide useful instruments for
the transition from the context of stationarity of the
current design base.

As a final disclaimer, the review considers an issue
which evidently falls within the domain of climate
sciences, rather than engineering sciences. However,
it is essential for engineering considerations to appre-
ciate the impending conversion of climate actions on
structures from an empirical base under stationary
conditions, to one requiring at least a reflection of the
transient future climate and its impact on an adapted
design base that is intimately related to climate sci-
ences. The review therefore also demonstrates an
engineer’s perspective of climate change, in preparing
to engage with climatologists in divining the future.
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List of symbols
CID Climate Impact Driver
ETC Extratropical cyclons
IPCC Intergovernmental Panel on Climate Change
LL-HI Low-Likelihood High-Impact situations
MCS Mesoscale convective systems
SCS Severe convective storms
SSP Share Socioeconomic Pathways
TC Tropical cyclones
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