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ABSTRACT
Building professionals’ use of historical weather data in performance analysis and design
is an insufficient response to the impacts of a changing climate. Existing standards, laws
and conventions in the US (and elsewhere) reinforce the use of typical weather files derived
from historical data. Although projected climate data are readily available from reliable
sources, significant barriers prevent adoption. These include a lack of consensus on the
methodology for creating climate data for buildings based on climate models; a lack of
a publicly available platform for providing climate projections for use in a format suitable
for building analysis; a lack of consensus on a standardized framework for communicating
results of simulation with long-term climate data projections; and liability concerns with
using projection data. A coordinated response to these challenges is necessary across
building design disciplines to ensure widespread adoption. Professional institutions, codes
and standards organizations, and national governments have a key role to ensure that
buildings created today are fit for climatic conditions in 20, 50, and 100 years’ time.

POLICY RELEVANCE
Codes and standards for buildings and infrastructure need rethinking to account for
adaptation to climate change, including the protection of real estate investments.
Concerted action from professional and standards-setting bodies is required to
standardize and make available projected climate data that can be used for building
design and analysis. The use of these data and resultant analyses must be standardized
in an industry-wide, sanctioned framework to address concerns around liability, misuse
and transparency.
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1. INTRODUCTION
Architects and engineers have long viewed climate change impacts as potential problems of the
future. However, the impacts of climate change are already present. This changing reality within
which buildings will operate must inform the design process. Changes in climate that have already
occurred—and will plausibly occur in the near future—must be accounted for when designing for
climate change adaptation and mitigation.
Current standard practices in the US and several other parts of the world are insufficient to address
the reality of climate change and its impact on human health and the environment. Although the
subject is complex and any data will include uncertainties, sufficient data are now available for
professionals to be able to take scientifically defensible, repeatable, and rigorous actions based
on projected climatic data. Some jurisdictions around the world, e.g. the UK, have introduced
legislation and guidance mandating the use of projected climate data in analysis.
Given the widespread and accelerating impacts of climate change on building performance,
building owners, occupants, and designers will be at risk. Lack of confidence in the data available,
whether due to uncertainties in modeling the underlying natural mechanisms or the social and
economic (anthropogenic) factors, is often cited as a reason for not using projected climate data.
While this reticence is understandable, the lack of absolute certainty in projected climatic data
should not be a barrier to action in the built environment.

2. THE PROBLEM WITH ‘TYPICAL’
The climate has already changed in a way that is measurable in engineering metrics (Owen 2021,
ch. 14, sect. 6; Crawley & Lawrie 2021), and is changing faster than the scientific community had
anticipated (Wuebbles et al. 2017a; Loeb et al. 2021). Using average climate data from the past
three decades has been generally considered a sufficient representation of a climate (Owen 2021,
ch. 14, sect. 6) and approximately the ideal length of record used to create climate ‘normals’.
However, in a time of rapid change, these historical data poorly characterize the diversity of
weather conditions that a building will experience in a changing climate during its lifetime (Rastogi
& Khan 2022). This is likely to result in buildings that will fail to realize their life-cycle goals for
greenhouse gas (GHG) emissions from operations due to changes in the nature of dominant peak
and average load types, e.g. unequal reduction of heating load and increase in cooling loads (Yang
et al. 2021). These buildings may also fail to maintain indoor comfort and air quality, especially
those that use natural ventilation, mixed-mode ventilation, and passive systems. Building and
heating, ventilation and air-conditioning (HVAC) systems that are already over-designed may not
suffer the same issues, but might instead incur higher operational costs, use more energy, and
emit more GHGs due to higher utilization. Other changes such as those to ambient air temperature
and relative humidity may shift a structure’s actual heating and/or cooling loads beyond the design
loads of its HVAC system. This could lead not only to considerable HVAC performance issues, but
also to unintended changes, e.g. condensation, which can threaten the longevity of the structural
system (Owen 2021, ch. 36).
Various typical or reference year weather files are publicly available around the world and have
become the primary resource for building design teams to analyze a building design’s operational
characteristics. In the US, the Typical Meteorological Year (TMY) dataset produced by the National
Renewable Energy Laboratory (NREL) serves this purpose. The intended use of this dataset is
to represent typical or reference values of specific weather parameters (e.g. solar radiation, air
temperature, and wind speeds) for comparative simulations of the performance of different
systems and designs at a specific location. Datasets such as TMY reflect ‘typical’ or median weather
conditions for a given location over a past multiyear period of historical record and are therefore
not suited for designing for future climatic conditions or extreme weather events.
The problem with a historical record of finite length (5, 10, 30 years) is that while the probability of
covering plausible values increases with the length of record, a changing climate can make such
characterizations much less useful. For example, the TMY3 files for North America released in 2008
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were derived from the time periods 1976–2005 or 1991–2005 (Wilcox & Marion 2008). A building
designed using these in 2008 would have missed the five highest average global air temperature
years on record: 2014–18, i.e. four out of the first 10 years of the building’s life. As ‘typical’ files
deliberately exclude extremes, the now-reasonable extremes seen in these years would not
be reflected in an updated typical year. Although a TMY file created in 2018 would include the
hotter years in its base data, shifting the median year to be hotter, it would not include sub-yearly
extremes, except by chance. One approach to correct this is to use past data for an estimate
of reasonable extremes, such as the Chartered Institution of Building Service Engineers (CIBSE)
Design Summer Years (DSY), available for 14 locations in the UK. These address a specific concern
(summer overheating) by enforcing the use of a plausible extreme condition for testing. Such an
approach is a good starting point for the development of special files that extend the concept of
reference files for meaningful, enforceable design outcomes such as preventing overheating or
ensuring passive survivability during power loss.
The concept of ‘typical’ years is embedded in building performance analysis and performance
analysis-aided design. It is an intuitive concept to check how a building design or system compares
with an alternative against typical weather data. Several recent studies have extended the concept
of a year of typical historical data to create typical data for future decades (Owen 2021, ch. 36).
The most popular techniques involve the use of morphing (Belcher et al. 2005; Crawley 2008;
Eames 2016) or stochastic generation (Rastogi 2016; Grantham et al. 2018). These techniques to
create future estimates of weather time series do not enforce the use of typical historical data and
can instead be used to generate as many samples as are required to fully characterize possible
future climate trajectories.
To make the outputs of climate models available to building performance modelers work in the
US, a systematic effort to create and maintain weather files for simulation is required, such as
that maintained by CIBSE for the UK (www.cibse.org/weatherdata). To be effective, these files require
endorsement by a professional body—e.g. American Society of Heating, Refrigerating and AirConditioning Engineers (ASHRAE) or American Institute of Architects (AIA)—and made widely and
publicly available.

3. DESIGN FOR UNCERTAIN CONDITIONS
A good building is designed to meet current needs at the time of its construction, but also
accommodates future technological and cultural shifts as well as the changing needs of
tenants and owners. The designer is not absolved of the need to plan for the different plausible
scenarios under which a building may be operated. Most designers build adaptability, modularity,
expandability, and flexibility into a building’s capacity or functions in order to provide clients with
the possibilities to grow and change as they use the building over time. This culture of robust
and flexible design must also be extended to designing for a changing climate. This requires a
significant cultural shift from current US design practices where designs are expected to be tested
only against typical, historical climatic conditions.
A changing climate will not only change the ‘typical’ performance of a building, by shifting average
temperatures or relative humidity, for example, but also how frequently a building must operate
under atypical, potentially extreme conditions. For example, while the definition of a heatwave
depends on location and prevailing climate, it is generally understood to mean an extreme and,
more importantly, unusual episode. A building owner or manager can be expected to counter an
episodic heatwave by using the maximum capacity of systems or using administrative measures
such as reducing occupancy. However, if the distribution of temperature shifts due to a changing
climate, then the probability of the same heatwave increases, and the unusual episodes may
become normal. Mechanical equipment will likely reach maximum capacity more frequently than
planned, or the building may suffer loss of function more often, possibly even ‘typically’ every
summer.
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4. BARRIERS TO ADOPTION
High-resolution climate projections have been freely available from US government websites and
international collaborations for some time now, e.g. CORDEX (cordex.org), Cal-Adapt (cal-adapt.
org), and CMIP5 projections (gdo-dcp.ucllnl.org). However, the outputs of climate models are not
formatted to a resolution, scale, or format usable in architectural or engineering design and
analysis tools. Since projected data are modeled, the uncertainties of forecasting are likely to
impede their use by design professionals, especially if climate projection data are less accessible.
Suitable projected data for the US and elsewhere must, therefore, be created and maintained by a
trusted organization (e.g. an industry body).
The four primary technical and policy barriers to broad adoption of climate data projections are
as follows:
•

Lack of consensus on the methodology for creating climate data for buildings
A variety of climate models estimate the extent and impacts of future climate change, which
are summarized in publications such as the ASHRAE Handbook—Fundamentals (Owen 2021,
ch. 36) and the National Climate Assessment (Wuebbles et al. 2017b). These models can vary
widely in their projections since many aspects of the global climate system and trajectories of
influential factors such as economic activity cannot be known exactly. A range of representative
scenarios based on different magnitudes of equivalent GHG emissions, the representative
concentration pathways (RCPs) (van Vuuren et al. 2011), offer a foundation for projecting
climate change plausibly. The ranges of projections offered by the various RCPs, however, do
not offer an effective solution for the building design industry. Building design teams cannot
be expected to be conversant with the nuanced interpretation of varying and uncertain future
projections, and their impact on climate normals. If the building design industry is expected to
use climate projection data, there needs to be consensus regarding the acceptable methods
and conditions for systematically projecting climate data using specific pathways. Such a set of
methods may be developed through a systematic analysis of existing techniques, the impact of
data produced using them on design, and their applicability to design decision-making.

•

Lack of a publicly available platform for providing climate projections in a format suitable for
building analysis
Projected climatic data must be presented as a standardized and accessible dataset in
formats suitable for building design and analysis, improving uptake by removing an extra
step that each user must take to incorporate these data into their workflows. This refers to
the provision of data in a rectangular year-long array at a sufficient resolution for building
performance simulation, containing the variables necessary for common calculations. Data
available in file formats suitable for building performance analysis tools (e.g. Energy Plus
Weather) should not be tied to the algorithm used to project the data.
Currently, climate model outputs are available from meteorological agencies—e.g. National
Oceanic and Atmospheric Administration (NOAA) and the UK Met Office—and the onus
of finding these data and transforming them into file(s) that can be used as inputs for
building performance analysis rests entirely on the individual practitioner. Recent efforts
to provide curated projected time series, such as WeatherShift , Indra, and METEONORM,
have not been widely adopted. These resources are not regularly or systematically updated
by a professional body and have not been systematically compared. No standard exists
to compare providers using different models and data sources, especially when blackbox models are used. Neither are the datasets released and updated in a systematic and
traceable manner agreed upon by all actors (Rao & Rastogi 2020).

™

•

Lack of consensus on a standardized framework for communicating the results of simulation
with long-term climate data projections
The use of a single ‘future typical’ file may create a false impression of certainty about
future climate. Responding to the projection of higher summer loads by adding a ‘climate
safety factor’ results in systems that are even more oversized than current practice,
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ignores nonlinear effects and shocks due to climate change, and increases upfront capital
investment in bigger systems. The inherent uncertainty of climate change projections
demands the appropriate quantification of risk in projects and plans to mitigate those risks
according to their severity and probability of occurrence, not multiplication by another fudge
factor. Current providers of future climate projections encourage building energy modelers to
optimize performance over ensembles of plausible scenarios, so buildings perform robustly
under many different types of conditions. To facilitate a risk-based design approach using
these ensembles, a consensus-based, standardized framework must be created to examine
and communicate the results or outputs of calculations performed with these projected
data. This framework would facilitate a common understanding of climate risk as it related
to building design and operation and would allow for wider dissemination.
•

Liability concerns with using projection data
A regulatory framework does not exist in the US to guide building project teams using future
climate projections. As a result, there is inherent risk in making design decisions based on
long-term forecasts. With risk comes liability concerns.
Greater adoption of climate projection data can therefore be facilitated by better codification
of this risk. A standard or model code could alleviate the design professional’s risk by
standardizing and providing an institutional framework to use projected climate data in
building energy simulations and building systems design based on a respective enterprise or
a jurisdiction’s adopted standard or model code. Legislation must direct an agency such as
NOAA to create a federal set of data that models extreme weather events and trends and is
suitable for specified uses, including building codes. This would partially alleviate the issues
described in this paper related to the lack of standardization and codification.

5. CONCLUSIONS
To make the outputs of climate models available to building performance modelers working in the
US, a systematic effort to create and maintain weather files for simulation is required, such as that
maintained by CIBSE for the UK. To be effective, these files require endorsement by a professional
body (e.g. ASHRAE or AIA) and should be made widely and publicly available.
The US building design industry urgently needs the standardization of methods and frameworks to
produce and use climate projection data, promote the widespread availability of those data, and
the codification of their use. The following actions are needed for climate data projections to be
broadly and properly used by design professionals:
•

A consensus on methodology to project historical data using climate models: not necessarily
a single methodology, but rather guidance and a comparison of the pros and cons of a range
of rigorous approaches.

•

The creation of a global repository of regularly updated simulation-ready files accessible for
commercial and research purposes.

•

The standardization of a framework for the dissemination of climate data projections.

•

A model standard using normative language that clarifies these frameworks, methodologies,
and approaches through which project teams may implement climate data projections into
building energy simulations.

Professional institutions, codes and standards organizations, and national governments have a key
role to ensure that buildings created today are fit for climatic conditions in 20, 50, and 100 years’ time.
The development of a consensus is urgently needed on how professionals designing and analyzing
the built environment must act, together with the norms, standards, and codes for doing so.
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