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Abstract

Here, we introduce the concept of “outdoor days” defined as those relatively pleasant days when most people
may enjoy outdoor activities such as walking, jogging, and cycling. Although most climate studies primarily
focus on changes in climate mean and/or extremes, projecting response of outdoor days to climate change
is particularly important given their relevance to quality of life for communities. Here, we project how
climate change reshapes seasonality of US outdoor days: relatively large drops in summer, late spring, and
early fall; and a significant increase in winter. However, despite of global warming, annual outdoor days are
projected to change only slightly, with notable exceptions. Consistent with recent observations, we project
relatively large drops in southeast (-23%), south (-19%), and Ohio Valley (-18%), and a significant increase
in northwest (14%) towards the end of the century. Our findings have implications for quality of life in
different regions, and for nationwide travel and tourism.

Teaser

We provide new evidence of the impact of global warming on the quality of human life, travel, and tourism
in the US.

MAIN TEXT
Introduction

Climate change is a threat multiplier that has significant impacts on all systems and sectors in the world.
Future climate projections suggest that the intensity and frequency of climate extremes will increase dis-
proportionately around the globe (1, 2). For instance, global warming at 1.5 and 2 above pre-industrial
levels is expected to result in spatially non-uniform increases in climate extremes, such as hot days, heavy
rainfalls, and high streamflow (3). Some of these impacts tend to expose disparities in vulnerability between
developing and developed countries (2, 4, §), increasing inequality between countries (6), which is among
the most serious implications of climate change. Disparity imposed by climate change is manifested not only
at a global level but also at local and regional levels. For example, the United States (US), characterized by
various climate regimes (7) (Fig. S1), a wide range of physical and ecological systems (8), and large diversity
in socio-economic conditions (9, 10), is facing different types of climate risks across the regions (11-14).
The disproportionate risks of climate change can, for instance, differentially affect the states’ economies.
Tourism, which is one of the largest and fast-flourishing economic industries in the US, is projected to be
adversely affected by climate change, especially in prominent metropolitan areas and protected areas of the
country (15), triggering shifts in tourist preferences and recreation destinations (16). It is important to note
that this industry is generally susceptible to the number of days with moderate and pleasant temperatures
(with no precipitation) in a given region.

We define outdoor days as those days with pleasant weather allowing for outdoor activities (see Materials and
Methods section). We assumed that an outdoor day can be defined as a day with an average temperature



within the range of 10 to 25 . As shown and discussed later, including in the Supplementary Materials,
our conclusions are not sensitive to this assumption. Although we mainly utilized the range of dry-bulb
temperature from 10 to 25 to define an outdoor day, an online interactive tool is provided at https://
eltahir.mit.edu/globaloutdoordays/ to enable the user to invent their own definition of an outdoor day
using dry-bulb temperature, wet-bulb temperature, and precipitation, which also allows comparison between
various definitions of outdoor days.

The concept of outdoor days is of significant importance to quality of life for communities since a pleasant day
occurs more frequently compared to days with extreme temperature (17-19). Somewhat similar concepts to
outdoor days have been proposed previously at multiple spatial and temporal scales. Examples include global-
scale studies (18, 20), national-scale studies (17,19, 21—23), and local-scale studies (16,24—26). However,
previous studies for the US are limited in their number and largely confined to local scales. A few studies
considered how climate change is likely to increase the number of hot days and reduce the number of days
with mild weather (16).

To mitigate climate change, the participation of the US in global efforts is crucial since the US is a significant
emitter of anthropogenic greenhouse gases - the main drivers of global warming - and consequently in part
responsible for climate change (27). The success of these mitigation policies depends largely on public
opinion, support, and behavior (28, 29). However, there is a large portion of the US population who
considers climate change as a hoax (30). Recent surveys found that more than half of Americans do not
perceive climate change as a threat in their lifetime, with a great variation based on political views (31),
indicating a largely politicized issue. The divide between these two groups may stem from a lack of awareness
regarding the impacts of climate change. For instance, a study by Maibach et al. (32) reported that around
61% of the US population lacks adequate knowledge about the impacts of climate change on human health.
Differences in Americans’ perspectives on climate change are leading to conflicting climate policies (28). The
withdrawal of the US from the Paris Agreement in 2017 was partially a manifestation of these debates and
has its roots in these different political perspectives.

Achieving global climate change mitigation requires a substantial increase in public awareness and subsequent
public support for climate change policies (33). A wealth of theoretical, empirical, and experimental evidence
of climate change processes from various perspectives could improve public understanding of the science of
climate change. To date, studies on the impacts of climate change mostly focus on mean climate conditions
and/or frequency and magnitude of climate extremes (7, 8/—44 ). However, we propose a novel perspective
that highlights the potential impact of climate change on the patterns of outdoor days. This approach has
the capacity to bring the science of climate change closer to human societies, resulting in broader implications
for public awareness and engagement.

Temperature rise associated with climate change might trigger irreversible changes in the spatial and temporal
patterns of outdoor days. Studying the change in patterns of outdoor days — a highly relevant variable to
people’s everyday activities — would provide more convincing evidence as to why we should address climate
change. The spatial-temporal disparity in the intensity of these changes and their impacts across the US
are still understudied. Therefore, the aim of the current research is twofold: (i) investigate, based on
observations, the spatiotemporal variation of outdoor days across the US and their historical trends, and (ii)
project future regional climate change in terms of outdoor days in the US based on multiple climate models.

Results
Observed changes in outdoor days

Here, we use the state-of-the-art ERA5 reanalysis to present a snapshot of outdoor days (Fig. 1). Based on
our analysis, most of the population living in the US enjoyed frequent outdoor days (on average, about 172
days per year in the continental US) over the past several decades, although significant regional differences
exist (Fig 1a). In particular, the southern US areas located south of 40° N, such as Hawaii, California, and
Florida, stand out with more frequent outdoor days, compared to the northern regions. From a seasonal
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perspective, a peak of outdoor days occurs during summer when warm temperatures prevail (on average,
about 56 days per summer in the continental US; Fig. S2). Meanwhile, outdoor activities are highly limited
during winter due to cold conditions (on average, about 1 day per winter in the areas located north of 40°
N).

A trend analysis reveals that the unprecedented recent warming, as a consequence of anthropogenic climate
change, has led to marginal changes in annual outdoor days across the US (Fig. 1b) but a significant shift in
the seasonality (Fig. S3). The results of the trend analysis in annual outdoor days show a weak north-south
gradient (Fig. 1b). Northern regions, including Northeast, Upper Midwest, Northern Rockies and Plains, and
Northwest, show weak increasing trends of outdoor days (Fig. S4), benefiting from recent climate change.
Whereas weak declining trends are found in the South and Southeast. However, it is important to note that
responses of outdoor days to increasing greenhouse gas concentration are likely to vary substantially across
seasons (Fig. S3). The largest reduction is found in boreal summer over the south-eastern US, while the
increasing trend is evident in relatively cold months in the north-western US. These trends in outdoor days
may contribute to the evident disparity in climate impacts between the northwest (e.g., Washington) and
the southeast (e.g., Florida).

Projected changes in temperature and outdoor days

By utilizing NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP-CMIP6), we project
how the climate system in the US responds to externally imposed radiative forcing, in terms of temperature,
assuming low and high emissions scenarios (Fig. 2). It is projected that an increase in temperature will exceed
at least 5 °C across the US by 2100 under the SSP5-8.5 scenario, while the largest increases in temperature
are expected in the northern US (Fig. 2a). Regionally, the Northeast, Upper Midwest, and Northern Rockies
and Plains are likely to experience significant warming of 6 to 7 (Fig. 2b). A similar but relatively weak
warming trend is projected in the Northwest, West, South, and Southeast. The overall trends in temperature
indicate nearly uniform warming across the different climate regions in the country. Note that there is a
high inter-model agreement on the sign of the change across different generations of models (Fig. 2 and Fig.
S5), and the rate of warming is significantly lower under the low emissions scenario compared to the high
emissions scenario (Fig. 2).

The story is different for future anticipated changes in outdoor days. The projected warming is likely to
alter the seasonality of outdoor days significantly, which has important implications for the quality of life
in different communities (Fig. 3). For example, statistically significant and robust decreases in outdoor
days are expected especially in the middle of summer (i.e., days too hot for outdoor activities), while some
more days in early spring and late fall and a significant increase in winter are projected (i.e., “broadening of
the shoulders”; Figs. S6-S7). Interestingly, the balance of annual outdoor days is little changed over most
US climate regions with two notable exceptions. The northwest exhibits higher increases in outdoor days,
by 14 %, driven by small decreases in outdoor days during summer and relatively large increases during
winter. Meanwhile, we project considerable decreases in outdoor days during warm months that exceed the
projected increases during cold months, leading to significant drops of outdoor days in the southeast (-23
%), south (-19 %), and Ohio Valley (-18 %). These findings highlight the varying impacts of climate change
on outdoor days across different regions.

Consequently, the nearly uniform warming translates into a significant northwest-southeast disparity in
the projected change of annual outdoor days (Fig. 4). The Ohio Valley, South, and Southeast, which
are relatively less prosperous by national standards (Fig. S8), could be disproportionately affected by the
negative impacts of climate change, along with reduced annual outdoor days, limiting outdoor activities. At
a local scale, major metropolitan areas like Chicago, Houston, and Charlotte, known for their high tourism
rates, may face a shortage of outdoor days by the end of this century (Fig. S9). Note that people in these
regions are relatively more skeptical about climate change and are less supportive of policies to mitigate
climate change (45,46). Meanwhile, despite of global warming, the overall impact of higher temperatures
leads to more, or no change, in annual outdoor days, especially in relatively wealthy states of the north-



western US (Fig. S8). Achieving net-zero carbon emissions by the century’s second half (i.e., SSP1-2.6
scenario) could significantly address the issue of reduced outdoor days, thereby mitigating the risks of
climate change. Failure to do so could pose a threat to the tourism and recreation industries, especially
in Los Angeles, Houston, New York, Phoenix, Chicago, and Charlotte (Fig. S9). The projected trends in
outdoor days from the NEX-GDDP-CMIP6 Global Climate Models (GCMs) is consistent with the observed
trends (Fig. 1b), and the projected trends from CMIP5 models (Fig. S10), indicating a robust signal of
climate change.

We propose an explanation for these projections. The changes in outdoor days are dictated by the position
of the probability distribution of daily mean temperature relative to the thresholds defining outdoor days
(Fig. S11). For example, the projected probability distributions of temperature especially in the Ohio Valley,
South, and Southeast are likely to be far away from the conditions for thermal comfort, limiting outdoor
activities significantly. On the other hand, the probability distribution of temperature in the northern US; in
relatively cold months of the year, is projected to approach favorable conditions for outdoor days, resulting
in more days.

Discussion and Conclusions

We reviewed several studies that focused on mild weather conditions using various indices such as thermal
comfort (25), good weather (26), comfortable days (23), thermal comfort condition (20, 21), outdoor
thermal comfort (24), mild weather (17-19), and mild days (16). However, these studies are geographically
limited to a few regions, such as Sydney (25), Washington D.C and New York (26), Indiana (16), China (17,
19, 21, 23), and Singapore urban park (24). In addition, there is a limited understanding of how pleasant
weather conditions could respond to anthropogenic climate change. Although a few studies projected a
change in pleasant weather conditions, they applied one or few GCMs, and thus could not address the
uncertainty of future projections (18,19, 21). To the best of our knowledge, our study is the first to
demonstrate the climate change impact on the climate of outdoor days in the US with significant implications
for future quality of life in different climate regions, and for the distribution of the economic potential of
travel and tourism. In addition, the versatility of data (i.e., ERA5 reanalysis, 31 CMIP5 models, 10 CMIP6
models, and 32 NEX-GDDP-CMIP6 models; Table S1), spatial scale, and various ways to define “outdoor
day” (see below for details) are unprecedented in previous studies.

Unlike the nearly uniform warming across seasons and the US, recent accelerated climate change has sig-
nificantly shifted the seasonality of outdoor days with significant reductions of outdoor days during warmer
months and a relatively moderate increase in outdoor days during colder months across all sub-regions. In
particular, anthropogenic climate change negatively affected the Southeast, South, and Ohio Valley, fea-
turing a decrease in outdoor days. A comparable climate change might benefit the Northwest by gaining
more outdoor days, resulting in a significant northwest-southeast disparity and implying disproportionate
risks of climate change. Toward the end of the twenty-first century, high emissions scenarios from CMIP5,
CMIP6, and NEX-GDDP-CMIP6 models consistently point to significant, robust, and disproportionate risks
of climate change in outdoor days. Where we identified the largest reduction in outdoor days such as in the
Southeast, South, and Ohio Valley regions, Howe et al. (28) and Marlon et al. (47) point out that people
largely do not hear about global warming in the media or discuss it at least occasionally compared to other
regions in the US.

Despite the large consistency in the patterns of change in outdoor days, as revealed by the results from various
models (Table S1) used in the current study, our findings based on raw GCMs from the CMIP5/CMIP6
archive must be interpreted with some caution. First, the systematic biases in temperature projections,
especially in GCMs from the CMIP5 archive, could possibly affect the future projections of outdoor days
(Figs. S12-S13). Although the general characteristics of outdoor days are well captured by CMIP models
for the reference period, biases in GCM outputs can bleed into the conclusions. To address this issue, the
bias-corrected NASA NEX-GDDP-CMIP6 dataset was applied.



Second, there is no universal definition of ‘outdoor days’ as defining them is necessarily somewhat subjective
(18). To define mild weather similar to outdoor days presented herein, previous studies have considered
various climate variables, such as temperature (19,22), dew point temperature (18), precipitation (18,26),
relative humidity, wind speed, sunshine duration (17,19), shortwave radiation, diffuse shortwave radiation,
and longwave radiation (25). Nevertheless, there is a consensus in the literature that temperature is the
primary variable (but not always), although the threshold to define mild weather varies considerably.

In our study, we primarily defined an outdoor day as a day with a temperature ranging from 10 to 25 .
However, we find that our analysis and conclusions are robust and not sensitive to the choices of threshold
or the specific variable considered, such as daytime temperature, daily mean dry-bulb temperature, wet-bulb
temperature, and precipitation (Fig. 5). Rather than adhering strictly to a single definition, our study
suggests a more flexible definition of an outdoor day (Fig. 5). To facilitate this, we have developed an online
interactive tool available at https://eltahir.mit.edu/globaloutdoordays/. This tool allows users to
explore different definitions of an outdoor day, which also allows comparison between various definitions of
outdoor days. This operational and flexible definition takes individual differences into account when defining
an outdoor day, providing a more tailored understanding of outdoor day patterns.

Unlike previous studies, wet-bulb temperature is used in “outdoor days” definition. Considering relative
humidity, which is embedded in the wet-bulb temperature, highlights the important role of humidity in
shaping the human’s ability, in physiological terms, to resist hot weather. Similar to the results using dry-
bulb temperature, a significant northwest-southeast disparity is found in the projected change of annual
outdoor days defined using wet-bulb temperature, but its magnitude is smaller (Fig. S14). For instance,
annual outdoor days are likely to decrease by about 10% at the Charlotte city in Southeast (Fig. S15).

The findings reported here have important implications for understanding the regional climate response in the
US to rising greenhouse-gas concentrations. We project that some of the US regions where the populations
are known to be more skeptical about the anthropogenic cause of climate change, and those with attractive
tourism and recreation spots for outdoor activities, are likely to face negative impacts of climate change, in
the form of reduced outdoor days. Life, travel, and tourism in Florida will be very different if and when
the number of outdoor days is cut as projected in this study. Hence, our findings not only identify specific
regional hotspots and better inform communities of future climate change, but can also be interpreted in
terms of future quality of life for those communities, and in terms of the future economic potential of travel
and tourism in different climate regions of the US.

Integrating reliable information on potential climate change impacts from various perspectives, including
those related to pleasant weather conditions (expressed here in terms of outdoor days), will help, from one
side, decision-makers to develop effective adaptation strategies (e.g., adjustments in tourism and outdoor
activity seasons), and on the other side, consolidate more cogent evidence to gather public support to climate
mitigation policies.

Materials and Methods
Observations and CMIP data

Temperature, dew point temperature, and surface pressure data at a spatial resolution of 0.25 and a three-
hourly temporal resolution were taken from the ERA5 reanalysis (48). Daily temperature projections over
the 1976-2100 were obtained from 31 CMIP5 models and 32 bias-corrected NASA Earth Exchange (NEX)
Global Daily Downscaled Projections (NEX-GDDP-CMIP6 models at a spatial resolution of 0.25). The
CMIP5 models are driven by historical forcing and Representative Concentration Pathway 8.5 (RCP8.5)
scenario (49) and the CMIP6 and NEX-GDDP-CMIP6 models are driven by historical forcing, Shared
Socioeconomic Pathway 1-2.6 (SSP1-2.6), and SSP5-8.5 scenarios (50). The radiative forcing in RCP8.5
(referred to as a ‘business as usual scenario’) rises continuously to reach 8.5 Wm™ by the year 2100. RCP8.5
is approximately equivalent to SSP5-8.5 (51). As an optimistic climate change scenario, SSP1-2.6 was applied
(51). Only one ensemble member was used for each model run. The list of GCMs used in this study was
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provided in Table S1 with more details. Wet-bulb temperature (TW) was computed using 3-hourly surface
temperature, humidity, and pressure derived from the CMIP outputs and the ERA5 reanalysis based on the
Davies-Jones method (52). Outputs from CMIP5 and CMIP6 models were re-gridded to 1.5deg x 1.5deg
grid and ldeg x 1deg grid, respectively.

Definition of ‘Outdoor days’

The concept of an “outdoor day” in this study was defined as a day with thermal comfort conditions enabling
most people to do outdoor activities. Specifically, it is determined based on the daily dry-bulb temperature
falling in the range of 10 to 25 , or alternatively, the daily wet-bulb temperature lying within the range of 8 to
15 (Fig. S16). While our study primarily reported results on the range of dry-bulb temperature from 10 to
25 as the one possible defining criterion for outdoor days, we introduced a more flexible definition compared
to previous works (Fig. 5; refer to https://eltahir.mit.edu/globaloutdoordays/). This flexibility in
defining outdoor days is a novel contribution, making the concept more advanced and applicable in the field
for investigating pleasant weather conditions. By considering dry-bulb and wet-bulb temperature ranges in
addition to precipitation and providing a more adaptable definition, this study enhances the understanding
and assessment of outdoor days in relation to thermal comfort, allowing for a more comprehensive evaluation
of weather conditions suitable for outdoor activities.
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Fig. 1. Spatial distribution of outdoor days in the United States. a) Climatology of annual outdoor
days for the period 1959-2021. b) Normalized change in annual outdoor days in 1991-2020 with respect to
1961-1990. The changes are normalized by the 1961-1990 mean. These maps are derived from ERAS5.
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Fig. 2. Projected change in temperature in the United States. a) Spatial distribution of change
in annual mean temperature in 2071-2100 with respect to 1976-2005, derived from 30 NEX-GDDP-CMIP6
GCMs under SSP1-2.6 scenario (top left) and 32 NEX-GDDP-CMIP6 GCMs under SSP5-8.5 scenario (top
right). Superimposed hatching in a) indicates that more than 80% of the models agree on the sign of the
change. b) Time series of temperature for nine sub-regions derived from NEX-GDDP-CMIP6 GCMs under
SSP1-2.6 (blue lines) and SSP5-8.5 (red lines) scenarios. Thick solid line in b) indicates an ensemble mean
of NEX-GDDP-CMIP6 models. Difference (2071-2100 minus 1976-2005) in temperature is represented in
each plot. The p-value for the linear trend is based on the nonparametric Mann—Kendall test.
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Fig. 4. Projected change in annual outdoor days in the United States. a) Spatial distribution
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of normalized change in annual outdoor days in 2071-2100 with respect to 1976-2005, derived from 30
NEX-GDDP-CMIP6 GCMs under SSP1-2.6 scenario (top left) and 32 NEX-GDDP-CMIP6 GCMs under
SSP5-8.5 scenario (top right). Superimposed hatching in a) indicates that more than 80% of models agree
on the sign of the change. b) Time series of annual outdoor days for nine sub-regions derived from NEX-
GDDP-CMIP6 GCMs under SSP1-2.6 (blue lines) and SSP5-8.5 (red lines) scenarios. Thick solid line in b)
indicates an ensemble mean of NEX-GDDP-CMIP6 models. Difference (2071-2100 minus 1976-2005) in the
number of annual outdoor days is represented in each plot. The p-value for the linear trend is based on the
nonparametric Mann—Kendall test.
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Fig. 5. Projected change in annual outdoor days at Charlotte city in Southeast, United
States. Trends in normalized annual outdoor days for Charlotte city for the period 1976-2100 derived from
an ensemble mean of 32 NEX-GDDP-CMIP6 GCMs (top and middle) and MPI-ESM1-2-LR of the CMIP6
archive (bottom) under the historical and SSP5-8.5 scenarios using various definitions of outdoor days. The
best-fit linear regression lines are shown. The number of annual outdoor days is normalized by the 1976-2005
mean. Various definitions and variables are indicated in each plot. Dry-bulb temperature is used to define
outdoor days in top and middle plots.
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