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ABSTRACT 

Here, we introduce the concept of “outdoor days” to describe how climate change can 

affect quality of life for different communities and individuals. An outdoor day is 

characterized by moderate temperature, neither too cold nor too hot, allowing most people to 

enjoy outdoor activities. The number of “outdoor days” is a non-linear function of the daily 

surface air temperature. If the latter falls within a specific range describing assumed thermal 

comfort conditions, then we assign that day as an “outdoor day”. Using this function, we 

describe climate change impacts on temperature differently compared to other studies which 

often describe these impacts in terms of the linear averaging of daily surface air temperature. 

The introduction of this new concept offers another way for communicating how climate 

change may impact the quality of life for individuals who usually plan their outdoor activities 

based on how local weather conditions compare to their preferred levels of thermal comfort. 

Based on our analysis of regional variations in “outdoor days”, we present observational 

and modeling evidence of a north-south disparity in climate change impacts. Under high-

emission scenarios, CMIP5 and CMIP6 models project fewer “outdoor days” for people 

living in developing countries, primarily located in low-latitude regions. Meanwhile, 

developed countries in middle- and high-latitude regions could gain more “outdoor days”, 

redistributed across seasons.  

SIGNIFICANCE STATEMENT 

We introduce a novel concept: outdoor days – characterizing surface air temperature 

conditions that allow for outdoor activities, such as walking, jogging, cycling, etc., by most 

people. We project that under high emissions scenarios of anthropogenic greenhouse gases, a 

north-south disparity of climate change risk will be enhanced considerably towards the end of 

this century due to more frequent outdoor days in the wealthy global north and less frequent 

outdoor days in the deprived global south.  
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1. Introduction

Climate change has potentially severe and far-reaching impacts that affect nearly every

Earth’s system and industry, putting the lives and livelihoods of millions of people at risk 

(Rising et al. 2022; Schewe et al. 2019). The potential risk of climate change is defined by the 

interaction of climate hazards with the vulnerability and exposure of human and natural 

systems (IPCC 2022) (Fig. 1; see Fig. S1 for definitions of the three components of climate 

risk). Since countries exhibit substantial differences in these elements (Shiogama et al. 2019), 

especially vulnerability and exposure, there are considerable variations in the potential risks 

from changing climate between regions and countries (Diffenbaugh and Burke 2019). Many 

previous studies revealed that while some regions may experience severe negative impacts 

from climate change, others may potentially gain some benefits in some sectors (Kalkuhl and 

Wenz 2020; Mendelsohn et al. 2006; Tol 2009).  
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Fig. 1. Climate risk defined by three elements: vulnerability, exposure, and hazard. 

Vulnerability and exposure to climate change show clear disparities between the global north 

and the global south (left and middle panels). The level of certainty for these disparities is 

high. Meanwhile, the evidence for north-south disparities in climate hazard is inconclusive 

(right panel). Examples of disparities in climate hazard are few, and the contrast between the 

global north and south shown by these examples is often not particularly pronounced. 

The disproportionate impacts of climate change are not limited to a specific sector but 

emerge in various fields. Some examples of disparities caused by climate change include 

differences in impacts on economic production (Burke et al. 2015; Callahan and Mankin 

2022; Diffenbaugh and Burke 2019; King and Harrington 2018), disparities in how people 

allocate their time between work and leisure (Zivin and Neidell 2014), effects on poverty, 

urbanization, and migration (Burzyński et al. 2022), disparities in climate change impacts on 

gender-based and age-based health (Sorensen et al. 2018; Carleton et al. 2022), and 
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contrasting consequences on income in urban and rural regions within countries (Paglialunga 

et al. 2022). 

Compensating for disproportionate loss and damage imposed by climate change is one of 

the most highly debated topics in international forums (e.g., the 27th Conference of Parties 

(COP27), held in Egypt in November 2022) that discuss climate change policies (Dorkenoo 

et al. 2022) (see text in the online supplementary material regarding the concept of loss and 

damage imposed by climate change). This topic is especially relevant considering the debate 

about the distribution of responsibility for causing climate change and who should bear the 

costs (Farber 2007), which are difficult to quantify (Rising et al. 2022). Industrial and 

relatively rich countries (thereafter, the global north) have historically been the main emitters 

of greenhouse gases (GHGs) (Althor et al. 2016; Wei et al. 2016). Ironically, the relatively 

poor developing countries (thereafter, the global south), which have contributed less to the 

problem, are disproportionately impacted by climate change (IPCC 2022).  

In the current research, we emphasize that discussions over differential climate risk have 

widely been tackled from the lens of disparities between the global north and global south in 

terms of vulnerability and exposure. This is mainly because vulnerability and exposure 

display clear differences between these two groups of countries and the evidence for these 

disparities is compelling, highly certain, and well-established (Fig. 1). But when it comes to 

climate hazard - the third component that defines climate risk - there are only a few 

significant evidence of sharp disparities between the global north and the global south. 

Additionally, evidence for such a differential pattern is either based on variables with 

relatively less significance to society or the contrast between the global north and south is not 

sharp. This area of research regarding north-south disparities in climate hazard has received 

relatively little attention (IPCC 2014) despite its centrality in shaping risks from climate 

change impacts. 

This study takes a fresh look at global disparities in climate hazard by employing the 

innovative concept of outdoor days – days with moderate temperature, neither too cold nor 

too hot, allowing most people to enjoy outdoor activities. There are several studies that 

investigated impacts of climate on mild weather. However, these are limited to local and 

regional scales (Gao et al. 2018; Hanlon et al. 2021; Heng and Chow 2019; Lin et al. 2019; 

Spagnolo and de Dear 2003; Wu et al. 2017; Zhang et al. 2022; Zhang 2016). The studies of 

van der Wiel et al. (2017) and Zhang et al. (2023) are the only ones that investigated mild 
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weather conditions on a global scale. These studies show a clear contrast in the change of 

mild weather between the global north and the global south. However, both studies 

considered applying only one or a few Global Climate Models (GCMs). Disparities between 

the global north and global south were not the main focus of van der Wiel et al. (2017).  

The primary goal of this study is to introduce “outdoor days” and then present regional 

variations in this newly introduced variable. We use state-of-the-art reanalysis data and 

simulations from CMIP5 and CMIP6 models to project future climate conditions as 

characterized by the distribution of outdoor days.  

2. Data and Methods

a. Observations and CMIP data

The observed 3-hourly dry-bulb temperature, dew point temperature, and surface pressure

data with a spatial resolution of 0.25° covering the 1959-2021 period were from the ERA5 

reanalysis (Hersbach et al. 2020) (available at http://apps.ecmwf.int/datasets/). In this paper, 

except when we added “wet-bulb” and “dew point” in front of the word temperature, we used 

the word temperature to mean dry-bulb surface air temperature. We used statistically bias-

corrected and downscaled daily temperature and precipitation data over the 1976–2100 

period from the NASA Earth Exchange Global Daily Downscaled Projections (NEX-GDDP) 

(Thrasher et al. 2012; Thrasher et al. 2022). A detailed description of the NEX-GDDP data 

set are available online (https://www.nccs.nasa.gov/services/data-collections/land-based-

products/nex-gddp; https://www.nccs.nasa.gov/services/data-collections/land-based-

products/nex-gddp-cmip6). Twenty-one NEX-GDDP-CMIP5 GCMs were used, which were 

forced by historical forcing until 2005 and Representative Concentration Pathway 8.5 

(RCP8.5) scenario thereafter (Taylor et al. 2012). Thirty-two NEX-GDDP-CMIP6 GCMs 

were applied, which were forced by historical forcing up to 2014 and Shared Socioeconomic 

Pathway 5-8.5 (SSP5–8.5) scenario thereafter (O’Neill et al. 2016). The RCP 8.5 scenario has 

an identical radiative forcing level to SSP5–8.5 (8.5 W m−2 at 2100). Although the two high-

emissions scenarios are similar, there are significant differences between them (Hausfather 

2019). For example, the SSP5-8.5 scenario is characterized by very high economic growth 

and relatively low population growth, while the opposite is the case for the RCP8.5. Note that 

controversy remains as to whether these high-emissions scenarios are realistically feasible in 
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the future (Hasfather and Peters 2020). For each model, one ensemble member was used. The 

list of global climate models and their details are provided in Table S1. The anomalies in the 

model outputs are obtained for the period 1976-2005. The observed global pattern of outdoor 

days was well captured by the NEX-GDDP-CMIP5 and NEX-GDDP-CMIP6 climate models 

(Fig. S2). This extensive dataset fortifies the robustness of our evidence on the impacts of 

climate change on outdoor days. 

The gridded global GDP was provided by Kummu et al. (2018). The gridded population 

density for the year 2020 was from the Gridded Population of the World (CIESIN 2018). We 

used the gridded global population projection for 2000–2100 under the SSP5 scenario 

(O’Neill et al. 2016), which is available at 

https://sedac.ciesin.columbia.edu/data/set/popdynamics-1-8th-pop-base-year-projection-ssp-

2000-2100-rev01/data-download. The annual population numbers for 2000–2100 were 

estimated at each grid point using the decadal population projection of the SSP5 scenario by 

applying linear interpolation, with the assumption that there are no abrupt population changes 

during the ten-year periods. To calculate population exposure to outdoor days, the population 

at each grid point is multiplied by the projected outdoor days for each year. The total 

exposure for a country is calculated by aggregating all grid points that fall within the country 

boundary. In earlier studies, a similar approach has been utilized to estimate the exposure of 

populations to climate extremes (Saeed et al. 2021). 

b. Derivation of wet-bulb temperature

Wet-bulb temperature (TW) was computed by adopting a method developed by Davies-

Jones (Davies-Jones 2008) using dry-bulb surface air temperature, humidity, and pressure, 

derived from the 3-hourly CMIP6 outputs (available at https://esgf-

node.llnl.gov/projects/cmip6/) and the ERA5 reanalysis. The TW outputs derived from 

CMIP6 data were re-gridded to a common 1° × 1° grid and their biases were statistically 

corrected using the quantile mapping approach (Thrasher et al. 2022). 

c. Outdoor days

The novel concept of outdoor days is defined as the number of days with moderate

temperature, neither too cold nor too hot, that allows most people to enjoy outdoor activities. 

Here, we estimate outdoor days based on dry-bulb and wet-bulb temperature. That is, the 

range of dry-bulb temperature from 10 ℃ (corresponding to the 10th percentile of daily 
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temperature) to 25 ℃ (corresponding to the 90th percentile of daily temperature) is assumed 

to be suitable for outdoor activity (Fig. S3). Note that the upper temperature limit used here is 

lower than the heat stress criteria defined by the National Weather Service (Fig. S4). This 

range of temperature is comparable to a wet‐ bulb temperature ranging from 8 ℃ to 17 ℃. 

We assume this definition is valid for all locations on Earth. However, the exact range of 

temperature defining an outdoor day may, in general, vary slightly depending on 

geographical location, tolerance levels of the local population, and what exact fraction of the 

population is assumed in defining “most people”. Our definition of an outdoor day is 

discussed further below, where it is demonstrated that our results are not sensitive to the exact 

range of temperature we assume in this analysis. To explore this sensitivity, please visit 

https://eltahir.mit.edu/globaloutdoordays/. 

Climate variables used in previous studies to analyze changes in the characteristics of 

mild weather (similar to outdoor days presented herein) include temperature (Hanlon et al. 

2021; Zhang et al. 2022), dew point temperature (van der Wiel et al. 2017), precipitation (van 

der Wiel et al. 2017; Zhang 2016), sunshine duration (Lin et al. 2019; Zhang et al. 2022), 

relative humidity, wind speed, shortwave radiation, diffuse shortwave radiation, and 

longwave radiation (Spagnolo and de Dear 2003). Temperature is the primary and common 

variable used in most, if not all, of the previous studies that investigated the impact of climate 

change on concepts like outdoor days. However, the optimum ranges used for the daily 

maximum temperature to define mild weather vary considerably. The optimum daily 

temperature considered in these studies ranges between 18 ℃ and 31.6 ℃. A summary of 

these literatures can be found in the online supplementary material (Table S2). 

3. Results

In the current climate, outdoor days occur frequently in populated regions of the world

(Fig. 2). In the mean sense, most people across the land areas of the world may enjoy, on 

average, 91 outdoor days per year (about 25% of the days of a year) with suitable conditions 

for their outdoor activities (Fig. 2a), although seasonal and/or regional differences are evident 

(Fig. 2b-e). If we restrict ourselves to residential areas (assumed, areas with a population 

density above 1 person per square kilometer), more outdoor days are found (165 days per 

year; i.e., about 45% of the days of a year). Particularly, the global south stands out due to 
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more frequent annual outdoor days, compared to the global north. On a regional scale, high-

latitude countries, such as Canada and Russia, are too cold, resulting in fewer outdoor days, 

especially during cold months (not accounting for skiing days), whereas countries such as 

Angola and regions like the southern parts of Brazil show frequent outdoor days regardless of 

season (Fig. 2). The transition from winter to spring and from summer to autumn typically 

brings more outdoor days as temperatures become milder, especially in temperate regions 

around 30 degrees North where most people live (Fig. 2b-e and Fig. S5).  

Fig. 2. Global distribution of the number of outdoor days. The long-term average (i.e., 

climatology) of the number of outdoor days for (a) annual (unit: days per year), (b) spring 

(unit: days per season), (c) summer (unit: days per season), (d) autumn (unit: days per 

season), and (e) winter (unit: days per season) during the period 1959-2021. The four boreal 

seasons are considered (b-e). Darker colors represent a higher number of outdoor days, while 
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lighter colors signify fewer outdoor days. The range of surface air temperature used to define 

an outdoor day is indicated in each plot. These global maps are derived from ERA5. 

The recent global warming due to climate change has disproportionately affected outdoor 

days in the global north and south (Fig. 3). Based on the modern climate record, annual 

outdoor days show a decreasing trend in the global land areas, while exhibiting an 

asymmetric pattern between developing countries in the south and developed countries in the 

north (Fig. 3). The enhanced risk of a climate hazard, in the form of reduced outdoor days, is 

particularly significant in the tropical regions. In these regions, outdoor days have decreased 

by about 13% in the last three decades compared to the period 1961-1990, showing a 

significant downward trend (p-value < 0.01). Meanwhile, high-latitude countries have 

experienced a 13% increase in the number of outdoor days. Furthermore, on a seasonal time 

scale, outdoor days in the tropical regions show sharp reductions of outdoor days in the 

relatively warm season (Fig. 4). Meanwhile, the net change of outdoor days in middle-

latitude countries is mostly positive but small because of cancellation between increasing and 

decreasing trends during the winter and summer, respectively (Fig. 4). 
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Fig. 3. Trend of the number of outdoor days. Time series of the number of annual outdoor 

days (unit: days per year) for the (a) global, (b) low-latitude, (c) mid-latitude, and (d) high-

latitude residential areas for the period 1959-2021. Residential areas are defined as having a 

population density above 1 person per square kilometer. Horizontal black lines denote the 

1961-1990 mean and the 1991-2020 mean. Difference (1991-2020 minus 1961-1990) in the 

number of outdoor days is represented in each plot. These time series are derived from 

ERA5. 
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Fig. 4. Observed change in the number of outdoor days. Normalized change in the 

number of outdoor days in 1991–2020 with respect to 1961-1990. The changes are 

normalized by the 1961-1990 mean. The four boreal seasons are considered (b-e). The range 

of surface air temperature used to define an outdoor day is indicated in each plot. These 

global maps are derived from ERA5. 

Based on climate model projections, the observed warming trend is projected to continue 

towards the end of the 21st century (Fig. 5 and Fig. S6). For the period 2071-2100, most land 

areas in the globe will likely experience significant warming by an average dry-bulb 

temperature of 5 ℃ from CMIP5 models and by an average dry-bulb temperature of 6 ℃ from 

CMIP6 models under high-emissions scenarios, though with some spatial variability. 

Similarly, climate change could increase global land average TW by 4.9 ℃. The consistency 

between the CMIP5 and CMIP6 models is robust, suggesting reliability of future projections. 
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Although high latitudes may warm more significantly, warming is indeed occurring 

everywhere. This suggests that there is no strong contrast between the global north and the 

global south in terms of the sign of the changes in temperatures.  
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Fig. 5. Projected changes in temperatures. Spatial distribution of change in annual mean 

dry-bulb surface air temperature in 2071-2100 with respect to 1976-2005, derived from (a) 21 

NEX-GDDP-CMIP5 GCMs and (b) 32 NEX-GDDP-CMIP6 GCMs. (c) Same as (b), but for 

wet-bulb temperature using 10 CMIP6 GCMs. Superimposed hatching indicates that more 

than 80% of models agree on the sign of the change. Zonal-mean changes are indicated by 

the right corner for each panel. Thick solid blue line in each panel indicates an ensemble 

mean of models. 

The projected warming due to elevated greenhouse gas concentrations in the atmosphere 

could result in a significant north-south disparity in the impact of climate change on number 

of outdoor days (Fig. 6). Consistent with observed trends in the historical record, we project 

relatively large drops in the tropical regions and significant increases in the northern high-

latitude regions towards the end of the century. It implies that countries in the global south 

(for example, Colombia, Ivory Coast, Sudan, Indonesia, and Bangladesh), that are 

contributing less to the emissions of greenhouse gases (Fig. S7), are disproportionately 

affected by the negative impacts of climate change through reduced outdoor days (Fig. 7 and 

Fig. S8 derived from CMIP5 models). Meanwhile, developed countries, such as Canada, 

France, the United Kingdom, Germany, and Japan, are marginally affected or benefit from 

climate change by gaining more outdoor days (Fig. 7 and Fig. S8 derived from CMIP5 

models). Using wet-bulb temperature to define outdoor days (see Data and Methods) results 

in a similar conclusion, albeit with a smaller magnitude. 
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Fig. 6. Projected change in outdoor days. Spatial distribution of normalized change in the 

number of annual outdoor days in 2071-2100 with respect to 1976-2005, derived from (a) 21 

NEX-GDDP-CMIP5 GCMs and (b) 32 NEX-GDDP-CMIP6 GCMs. (c) Same as (b), but for 

outdoor days defined using wet-bulb temperature derived from 10 CMIP6 GCMs. The 

changes in (a-c) are normalized by the 1976-2005 mean. Superimposed hatching indicates 

that more than 80% of models agree on the sign of the change. Zonal-mean changes (not 

normalized) are indicated by the right corner for each panel. Thick solid blue line in each 

panel indicates an ensemble mean of models. 

Fig. 7. Temporal evolution of the number of annual outdoor days derived from NEX-

GDDP-CMIP6 models. Time series of the number of annual outdoor days (unit: days per 

year) over residential areas (assumed, areas with a population density above 1 person per 

square kilometer) derived from 32 NEX-GDDP-CMIP6 GCMs under the historical and 

SSP5-8.5 scenarios. Thick solid blue line indicates an ensemble mean of models. Horizontal 

black and blue lines denote the 1976-2005 mean and the 2071-2100 mean, respectively. 

Difference (2071–2100 minus 1976–2005) in the number of outdoor days is represented in 

each plot. The background image was obtained from NASA Visible Earth. 

Underlying mechanisms responsible for the north-south disparity in the projected climate 

hazard are investigated by studying changes in the probability distribution of temperature 

over six selected countries across all climate zones (Fig. 8). Modeling results show an evident 

shift of the probability distribution of temperature toward warmer temperature across the 

countries (Fig. 8a). The warming shift of the probability distribution of temperature induces a 

significant increase in outdoor days in the European Union. In this region, climate change 
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causes fewer outdoor days during the warm season. However, an increase in outdoor days in 

the cold season compensates for this decreasing trend (Fig. 9). In a similar way, a large 

fraction of the population in the northern high-latitude regions, such as Russia and Canada, 

will likely see large increases in outdoor days. In contrast, the projected probability 

distribution of temperature in Brazil, Nigeria, and India, are likely to move away from the 

conditions of thermal comfort, limiting outdoor activities significantly in these large 

population centers of the South (Fig. 8). The results of Figure 8 show clearly that the north-

south disparity is rooted in the background climatology of temperature, mainly the position of 

the probability distribution of temperature relative to the range of values used to define an 

outdoor day.  

Fig. 8. Probability Mass Function (PMF) of daily mean temperature (℃) and temporal 

evolution of the number of annual outdoor days (unit: days per year) derived from NEX-
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GDDP-CMIP6 models. a) The PMFs are generated for two groups of countries – developing 

countries (Brazil, Nigeria, and India) and developed countries (the United States, the EU, and 

Russia) – for each GHG scenario: historical (black) and SSP5-8.5 (blue). The bin interval is 

1 ℃. The vertical dashed red line in a) indicates the range of temperature (from 10 ℃ to 

25 ℃), defined in this study for outdoor days. The background image in a) was obtained from 

NASA Visible Earth. b) Time series of the number of annual outdoor days (days per year) 

derived from 32 NEX-GDDP-CMIP6 GCMs under the historical and SSP5-8.5 scenarios. 

Thick solid blue line in b) indicates an ensemble mean of models. Horizontal black and blue 

lines denote the 1976-2005 mean and the 2071-2100 mean, respectively. Difference (2071–

2100 minus 1976–2005) in the number of outdoor days is represented in each plot. Values in 

a) and b) are estimated over residential areas (assumed, areas with a population density above

1 person per square kilometer).

Fig. 9. Projected changes in outdoor days for four seasons. Normalized change in outdoor 

days in 2071–2100 with respect to 1976-2005 for the four boreal seasons. The changes are 

normalized by the 1976-2005 mean. Superimposed hatching indicates that more than 80% of 

models agree on the sign of the change. These global maps are derived from 32 NEX-GDDP-

CMIP6 GCMs. 

We expanded our analysis to include exposure and vulnerability to changes in outdoor 

days (Fig. 10 and Fig. S7). The SSP5-8.5 scenario shows an increasing trend of population 

exposure in the global north and a decreasing trend in the global south (Fig. 10). Specifically, 

more outdoor days are simulated in countries of the global north characterized by high GDP 

per capita (i.e., low vulnerability; Fig. S7a), high CO2 emissions (responsibility for causing 
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climate change; Fig. S7b), and population growth (i.e., high exposure; Fig. S9) by the end of 

this century and vice versa in the global south. It highlights the importance of considering 

hazards alongside exposure and vulnerability to comprehensively understand the evolving 

landscape of climate risk, particularly in the context of the global north-south divide. Among 

all countries considered, Bangladesh stands out with a particularly striking reduction of 

exposure to outdoor days, which may decrease quality of life and cause substantial loss of 

labor productivity in this country where most of the population primarily depend on 

agriculture for their livelihood, in line with previous studies (e.g., Shiogama et al. 2019) 

Fig. 10. Temporal evolution of population exposure to annual outdoor days. Time series 

of population exposure to the number of annual outdoor days (million person-days) over 

residential areas (assumed, areas with a population density above 1 person per square 

kilometer) derived from 32 NEX-GDDP-CMIP6 GCMs under the historical and SSP5-8.5 

scenarios. Thick solid blue line indicates an ensemble mean of models. Horizontal black and 

blue lines denote the 2000-2029 mean and the 2071-2100 mean, respectively. Difference 

(2071–2100 minus 2000–2029) in population exposure is represented in each plot. The 

background image was obtained from NASA Visible Earth. 

4. Discussion
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Climate change studies have traditionally placed substantial emphasis on projected 

changes in mean climate conditions, and changes in climate extremes that have significant 

negative impacts among populations (Choi et al. 2021, 2022; Choi and Eltahir 2022, 2023; 

Fischer and Knutti 2015; Pfahl et al. 2017; Zhao et al. 2021). Despite the importance of 

investigating changes in mild and pleasant weather (Lin et al. 2019; van der Wiel et al. 2017; 

Zhang et al. 2022), this research topic has received relatively little attention from the climate 

change research community. As revealed in this study, climate hazard associated with change 

in outdoor days could result in significant differences in risk of climate change between the 

global north and the global south. In comparison, future changes in rainfall and temperature – 

the two main climate variables – show no clear north-south disparity in climate risk (Fig. 5 

and Fig. S10). According to IPCC (2022), the overall trend for temperatures is to increase 

almost uniformly in the future across the globe. An overall wetting trend in precipitation is 

expected, except for a few regions, such as the Mediterranean (Tuel and Eltahir, 2020). 

Therefore, future changes in rainfall and temperature do not provide significant evidence for 

a north-south disparity in climate risk.  

Although substantial scientific and public attention has focused on the asymmetric 

distribution of vulnerability and exposure to climate change (Diffenbaugh and Burke 2019), 

until recently, north-south disparities induced by climate hazards seem to receive relatively 

little attention in research, with a few exceptions such as van der Wiel et al. (2017) and 

Zhang (2016) described in the introduction. In a recent study, Shiogama et al. (2019) 

suggested that the regions with relatively large increases in several hazard indicators (i.e., 

extremely hot days, heavy rainfalls, and high stream flow) coincide with countries 

characterized by small CO2 emissions, low income, and high vulnerability. However, the 

north-south contrasting pattern in Shiogama et al. (2019) is not particularly pronounced, 

compared to the disparity revealed by changes in the number of outdoor days, as described in 

this study.  

Our results present some important caveats: 

First, the human feeling of weather is complex and a widely subjective matter, and therefore, 

the general definition of an outdoor day is non-trivial (like the difficulty in defining mild 

weather discussed by van der Wiel et al. 2017). Rainy or snowy weather can limit outdoor 

activities and reduce the number of outdoor days. Snow is also an important tourism resource 

in northern countries (Steiger et al. 2019), which might be adversely affected by the impact of 
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climate change. Although we defined outdoor days assuming a range of dry-bulb temperature 

from 10 ℃ to 25 ℃, considering other variables, such as wet-bulb temperature (Fig. 6) and 

precipitation (Fig. S11) resulted in a broadly similar pattern, supporting the north-south 

disparity. Note that the exact range of temperature used does not significantly affect the 

global distribution of the climate risk induced by changes in outdoor days (Fig. S11; Table 

S3; see interactive visualization at https://eltahir.mit.edu/globaloutdoordays/).  

Second, although we present our results sorted by country, analysis for some specific 

countries might show variable responses of outdoor days to climate change within the same 

country.  

Third, while variation in outdoor days is underscored as a prominent factor accentuating the 

north-south disparity, this variation is not the only relevant factor. We emphasize that outdoor 

days should serve as one of several potential indicators in describing how climate hazards 

exacerbate disparities.  

A central question remains unanswered concerning how to define outdoor days that 

would satisfy most people across diverse climatic regions. In this study, we address that 

question by incorporating input from the reader using an online interactive tool. We 

developed a flexible approach that enables users to customize their own definition of an 

outdoor day using our online interactive tool (available at 

https://eltahir.mit.edu/globaloutdoordays/) (see text in the online supplementary material for 

more detailed information on the online interactive tool). 

While existing literature often focuses on climate risks posed by climate extremes, 

projecting changes in outdoor days are tangible and essential for well-being and societal 

functioning. Our analysis provides robust evidence of how climate hazards contribute to 

climate inequality, disproportionately affecting regions in the global south, which are less 

responsible for emissions. Conversely, regions in the global north may gain, or experience 

marginal losses, in outdoor days, highlighting the differences in climate impacts.  

5. Conclusions

Here, we introduced the concept of outdoor days (the number of days with pleasant

weather that allows for outdoor activities by most people) to study impacts of climate change 

on quality of life from a new perspective. In this regard, this new concept offers another way 

for communicating how climate change may impact the quality of life of individuals who 
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usually plan their outdoor activities by comparing local weather conditions to their preferred 

levels of thermal comfort.  

While studying the regional variations of outdoor days, we discovered how these 

variations may enhance north-south disparities in global climate risk between the wealthy 

global north and the deprived global south. We used the state-of-the-art reanalysis data and 

various climate model projections to provide empirical evidence that the climate hazard 

associated with the change in outdoor days could contribute to the north-south disparity of 

climate change impacts. We project that this disparity will increase considerably in the future, 

assuming high emissions scenarios. 

We assumed a universal definition of outdoor days based on a daily dry-bulb surface air 

temperature falling in the range of 10 ℃ to 25 ℃. Although we primarily used this definition 

in our analyses, one of the innovative aspects of our study is in providing a flexible and 

intuitive tool to allow readers/users to customize their own definition of outdoor days using 

our online interactive platform (https://eltahir.mit.edu/globaloutdoordays/) and in doing so we 

acknowledge the potential diversity of definitions of outdoor days. 

Our results have important implications for the climate debate. That is, the negative 

impacts of climate change accompanied by the decreased outdoor days will significantly 

affect tropical countries, including Colombia, Brazil, Ivory Coast, Nigeria, Sudan, Indonesia, 

Bangladesh, and India. These are developing countries with large populations but relatively 

minor emitters of carbon dioxide (Figs. S7 and S12). Meanwhile, some of the historically 

largest emitters of carbon dioxide, including Canada, the European Union, Russia, and Japan 

may benefit to varying degrees from the increased outdoor days. It is important to note that 

climate risk inferred from the existing literature may be underestimated, especially in tropical 

regions since they do not consider risk caused by the climate hazard related to outdoor days, 

as evident from our analysis. 

The findings reported here are not only important from the point of view of climate risk 

and how it varies spatially and temporally, but future research on this topic may better inform 

the ongoing and related debate regarding compensations for loss and damage imposed by 

climate change. Also, future research on this topic may provide new insights into the 

potential effects of climate change on tourism, and related economic activities. We plan to 

explore how the tourism industry in tropical developing countries may face adverse effects 

due to the projected decrease in outdoor days resulting from higher temperatures.  

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-23-0346.1.
Brought to you by MIT LIBRARIES | Unauthenticated | Downloaded 03/20/24 09:36 PM UTC

https://eltahir.mit.edu/globaloutdoordays/


24 

File generated with AMS Word template 2.0 

Acknowledgments. 

We acknowledge support from the Abdul Latif Jameel Water and Food Systems Lab (J-

WAFS) at MIT, and the MIT Climate Grand Challenges project: Jameel Observatory- 

Climate Resilience Early Warning System Network (CREWSnet). 

Data Availability Statement. 

All original CMIP6 GCMs and the ERA5 reanalysis used in this study are publicly 

available at https://esgf-node.llnl.gov/projects/cmip6/ and 

https://doi.org/10.24381/cds.adbb2d47, respectively. NEX-GDDP-CMIP5 and NEX-GDDP-

CMIP6 are from https://www.nccs.nasa.gov/services/data-collections/land-based-

products/nex-gddp and https://www.nccs.nasa.gov/services/data-collections/land-based-

products/nex-gddp-cmip6, respectively. All models used in this study are listed in Table S1. 

The gridded population density of the world is from the Center for International Earth 

Science Information Network (CIESIN 2018). The gridded global datasets for GDP are 

available from Kummu et al. (2018). GDP per capita is from 

https://ourworldindata.org/grapher/gdp-per-capita-maddison-2020. CO2 emissions per capita 

is from https://ourworldindata.org/grapher/co-emissions-per-capita. The gridded global 

population projection under the SSP5 scenario is available at 

https://sedac.ciesin.columbia.edu/data/set/popdynamics-1-8th-pop-base-year-projection-ssp-

2000-2100-rev01/data-download. 

REFERENCES 

Althor, G., J. E. M. Watson, and R. A. Fuller, 2016: Global mismatch between greenhouse 

gas emissions and the burden of climate change. Sci. Rep., 6, 20281, 

https://doi.org/10.1038/srep20281. 

Burke, M., S. M. Hsiang, and E. Miguel, 2015: Global non-linear effect of temperature on 

economic production. Nature, 527, 235–239, https://doi.org/10.1038/nature15725. 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-23-0346.1.
Brought to you by MIT LIBRARIES | Unauthenticated | Downloaded 03/20/24 09:36 PM UTC

https://esgf-node.llnl.gov/projects/cmip6/
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-cmip6
https://doi.org/10.1038/srep20281
https://doi.org/10.1038/nature15725


25 

File generated with AMS Word template 2.0 

Burzyński, M., C. Deuster, F. Docquier, and J. de Melo, 2022: Climate Change, Inequality, 

and Human Migration. Journal of the European Economic Association, 20, 1145–1197, 

https://doi.org/10.1093/jeea/jvab054. 

Callahan, C. W., and J. S. Mankin, 2022: Globally unequal effect of extreme heat on 

economic growth. Sci. Adv., 8, eadd3726, https://doi.org/10.1126/sciadv.add3726. 

Carleton, T., and Coauthors, 2022: Valuing the Global Mortality Consequences of Climate 

Change Accounting for Adaptation Costs and Benefits. The Quarterly Journal of 

Economics, 137, 2037–2105, https://doi.org/10.1093/qje/qjac020. 

CIESIN, 2018: Documentation for the Gridded Population of the World, Version 4 (GPWv4), 

Revision 11 Data Sets. NASA Socioeconomic Data and Applications Center, accessed 15 

May 2023, https://doi.org/10.7927/H45Q4T5F. 

Choi, Y.-W., and E. A. B. Eltahir, 2022: Heat Stress During Arba’een Foot‐ Pilgrimage 

(World’s Largest Gathering) Projected to Reach “Dangerous” Levels Due To Climate 

Change. Geophysical Research Letters, 49, https://doi.org/10.1029/2022GL099755. 

Choi, Y.-W., and E. A. B. Eltahir, 2023: Uncertainty in Future Projections of Precipitation 

Decline over Mesopotamia. Journal of Climate, 36, 1213–1228, 

https://doi.org/10.1175/JCLI-D-22-0268.1. 

Choi, Y.-W., D. J. Campbell, J. C. Aldridge, and E. A. B. Eltahir, 2021: Near-term regional 

climate change over Bangladesh. Clim. Dyn., 57, 3055–3073, 

https://doi.org/10.1007/s00382-021-05856-z. 

Choi, Y.-W., D. J. Campbell, and E. A. B. Eltahir, 2022: Near-term regional climate change 

in East Africa. Clim. Dyn., https://doi.org/10.1007/s00382-022-06591-9. 

Davies-Jones, R., 2008: An Efficient and Accurate Method for Computing the Wet-Bulb 

Temperature along Pseudoadiabats. Monthly Weather Review, 136, 2764–2785, 

https://doi.org/10.1175/2007MWR2224.1. 

Diffenbaugh, N. S., and M. Burke, 2019: Global warming has increased global economic 

inequality. Proceedings of the National Academy of Sciences, 116, 9808–9813, 

https://doi.org/10.1073/pnas.1816020116. 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-23-0346.1.
Brought to you by MIT LIBRARIES | Unauthenticated | Downloaded 03/20/24 09:36 PM UTC

https://doi.org/10.1093/jeea/jvab054
https://doi.org/10.1126/sciadv.add3726
https://doi.org/10.1093/qje/qjac020
https://doi.org/10.7927/H45Q4T5F
https://doi.org/10.1029/2022GL099755
https://doi.org/10.1175/JCLI-D-22-0268.1
https://doi.org/10.1007/s00382-021-05856-z
https://doi.org/10.1007/s00382-022-06591-9
https://doi.org/10.1175/2007MWR2224.1
https://doi.org/10.1073/pnas.1816020116


26 

File generated with AMS Word template 2.0 

Dorkenoo, K., M. Scown, and E. Boyd, 2022: A critical review of disproportionality in loss 

and damage from climate change. WIREs Climate Change, 13, 

https://doi.org/10.1002/wcc.770. 

Farber, D. A., 2007: Adapting to Climate Change: Who Should Pay. Journal of Land Use & 

Environmental Law, 23, 1–37. 

Fischer, E. M., and R. Knutti, 2015: Anthropogenic contribution to global occurrence of 

heavy-precipitation and high-temperature extremes. Nature Clim Change, 5, 560–564, 

https://doi.org/10.1038/nclimate2617. 

Gao, X.-J., and Coauthors, 2018: Future changes in thermal comfort conditions over China 

based on multi-RegCM4 simulations. Atmospheric and Oceanic Science Letters, 11, 291–

299, https://doi.org/10.1080/16742834.2018.1471578. 

Hanlon, H. M., D. Bernie, G. Carigi, and J. A. Lowe, 2021: Future changes to high impact 

weather in the UK. Climatic Change, 166, 50, https://doi.org/10.1007/s10584-021-03100-

5. 

Hausfather, Z. Explainer: the high-emissions ‘RCP8.5′ global warming scenario. Carbon 

Brief https://www.carbonbrief.org/explainer-the-high-emissions-rcp8-5-global-warming-

scenario (2019). 

Hausfather, Z., and G. P. Peters, 2020: Emissions—The “business as usual” story is 

misleading. Nature, 577, 618–620, https://doi.org/10.1038/d41586-020-00177-3. 

Heng, S. L., and W. T. L. Chow, 2019: How ‘hot’ is too hot? Evaluating acceptable outdoor 

thermal comfort ranges in an equatorial urban park. Int J Biometeorol, 63, 801–816, 

https://doi.org/10.1007/s00484-019-01694-1. 

Hersbach, H., and Coauthors, 2020: The ERA5 global reanalysis. Q.J.R. Meteorol. Soc., 146, 

1999–2049, https://doi.org/10.1002/qj.3803. 

IPCC, 2014: Climate Change 2014: Impacts, Adaptation, and Vulnerability—Part A: Global 

and Sectoral Aspects. Cambridge University Press, 1132 pp., 

https://doi:10.1017/CBO9781107415379.001. 

IPCC, 2022: Climate Change 2022: Impacts, Adaptation, and Vulnerability. H.-O. Pörtner et 

al., eds., Cambridge University Press, 3056 pp., https://doi.org/10.1017/9781009325844. 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-23-0346.1.
Brought to you by MIT LIBRARIES | Unauthenticated | Downloaded 03/20/24 09:36 PM UTC

https://doi.org/10.1002/wcc.770
https://doi.org/10.1038/nclimate2617
https://doi.org/10.1080/16742834.2018.1471578
https://doi.org/10.1007/s10584-021-03100-5
https://doi.org/10.1007/s10584-021-03100-5
https://doi.org/10.1007/s00484-019-01694-1
https://doi.org/10.1002/qj.3803
about:blank
https://doi.org/10.1017/9781009325844


27 

File generated with AMS Word template 2.0 

Kalkuhl, M., and L. Wenz, 2020: The impact of climate conditions on economic production. 

Evidence from a global panel of regions. Journal of Environmental Economics and 

Management, 103, 102360, https://doi.org/10.1016/j.jeem.2020.102360. 

King, A. D., and L. J. Harrington, 2018: The Inequality of Climate Change From 1.5 to 2°C 

of Global Warming. Geophysical Research Letters, 45, 5030–5033, 

https://doi.org/10.1029/2018GL078430. 

Kummu, M., M. Taka, and J. H. A. Guillaume, 2018: Gridded global datasets for Gross 

Domestic Product and Human Development Index over 1990–2015. Sci Data, 5, 180004, 

https://doi.org/10.1038/sdata.2018.4. 

Lin, L., E. Ge, C. Chen, and M. Luo, 2019: Mild weather changes over China during 1971–

2014: Climatology, trends, and interannual variability. Sci Rep, 9, 2419, 

https://doi.org/10.1038/s41598-019-38845-8. 

Mendelsohn, R., A. Dinar, and L. Williams, 2006: The distributional impact of climate 

change on rich and poor countries. Environment and Development Economics, 11, 159–

178. 

O’Neill, B. C., and Coauthors, 2016: The Scenario Model Intercomparison Project 

(ScenarioMIP) for CMIP6. Geosci. Model Dev., 9, 3461–3482, 

https://doi.org/10.5194/gmd-9-3461-2016. 

Paglialunga, E., A. Coveri, and A. Zanfei, 2022: Climate change and within-country 

inequality: New evidence from a global perspective. World Development, 159, 106030, 

https://doi.org/10.1016/j.worlddev.2022.106030. 

Pfahl, S., P. A. O’Gorman, and E. M. Fischer, 2017: Understanding the regional pattern of 

projected future changes in extreme precipitation. Nature Clim Change, 7, 423–427, 

https://doi.org/10.1038/nclimate3287. 

Rising, J., M. Tedesco, F. Piontek, and D. A. Stainforth, 2022: The missing risks of climate 

change. Nature, 610, 643–651, https://doi.org/10.1038/s41586-022-05243-6. 

Saeed, F., C.-F. Schleussner, and M. Ashfaq, 2021: Deadly heat stress to become 

commonplace across South Asia already at 1.5°C of global warming. Geophys. Res. Lett., 

48, e2020GL091191, https://doi.org/10.1029/2020GL091191. 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-23-0346.1.
Brought to you by MIT LIBRARIES | Unauthenticated | Downloaded 03/20/24 09:36 PM UTC

https://doi.org/10.1016/j.jeem.2020.102360
https://doi.org/10.1029/2018GL078430
https://doi.org/10.1038/sdata.2018.4
https://doi.org/10.1038/s41598-019-38845-8
https://doi.org/10.1016/j.worlddev.2022.106030
https://doi.org/10.1038/nclimate3287
https://doi.org/10.1038/s41586-022-05243-6


28 

File generated with AMS Word template 2.0 

Schewe, J., and Coauthors, 2019: State-of-the-art global models underestimate impacts from 

climate extremes. Nat Commun, 10, 1005, https://doi.org/10.1038/s41467-019-08745-6. 

Shiogama, H., and Coauthors, 2019: Limiting global warming to 1.5 °C will lower increases 

in inequalities of four hazard indicators of climate change. Environ. Res. Lett., 14, 

124022, https://doi.org/10.1088/1748-9326/ab5256. 

Sorensen, C., V. Murray, J. Lemery, and J. Balbus, 2018: Climate change and women’s 

health: Impacts and policy directions. PLOS Medicine, 15, e1002603, 

https://doi.org/10.1371/journal.pmed.1002603. 

Spagnolo, J., and R. de Dear, 2003: A field study of thermal comfort in outdoor and semi-

outdoor environments in subtropical Sydney Australia. Building and Environment, 38, 

721–738, https://doi.org/10.1016/S0360-1323(02)00209-3. 

Steiger, R., D. Scott, B. Abegg, M. Pons, and C. Aall, 2019: A critical review of climate 

change risk for ski tourism. Current Issues in Tourism, 22, 1343–1379, 

https://doi.org/10.1080/13683500.2017.1410110. 

Taylor, K. E., R. J. Stouffer, and G. A. Meehl, 2012: An Overview of CMIP5 and the 

Experiment Design. Bulletin of the American Meteorological Society, 93, 485–498, 

https://doi.org/10.1175/BAMS-D-11-00094.1. 

Thrasher, B., E. P. Maurer, C. McKellar, and P. B. Duffy, 2012: Technical note: Bias 

correcting climate model simulated daily temperature extremes with quantile mapping. 

Hydrol. Earth Syst. Sci., 16, 3309–3314, https://doi.org/10.5194/hess-16-3309-2012. 

Thrasher, B., and Coauthors, 2022: NASA Global Daily Downscaled Projections, CMIP6. Sci 

Data, 9, 262, https://doi.org/10.1038/s41597-022-01393-4. 

Tol, R. S. J., 2009: The Economic Effects of Climate Change. Journal of Economic 

Perspectives, 23, 29–51, https://doi.org/10.1257/jep.23.2.29. 

Tuel, A., and E. A. B. Eltahir, 2020: Why Is the Mediterranean a Climate Change Hot Spot? 

Journal of Climate, 33, 5829–5843, https://doi.org/10.1175/JCLI-D-19-0910.1. 

van der Wiel, K., S. B. Kapnick, and G. A. Vecchi, 2017: Shifting patterns of mild weather in 

response to projected radiative forcing. Climatic Change, 140, 649–658, 

https://doi.org/10.1007/s10584-016-1885-9. 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-23-0346.1.
Brought to you by MIT LIBRARIES | Unauthenticated | Downloaded 03/20/24 09:36 PM UTC

https://doi.org/10.1038/s41467-019-08745-6
https://doi.org/10.1088/1748-9326/ab5256
https://doi.org/10.1371/journal.pmed.1002603
https://doi.org/10.1016/S0360-1323(02)00209-3
https://doi.org/10.1080/13683500.2017.1410110
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.5194/hess-16-3309-2012
https://doi.org/10.1257/jep.23.2.29
https://doi.org/10.1175/JCLI-D-19-0910.1
https://doi.org/10.1007/s10584-016-1885-9


29 

File generated with AMS Word template 2.0 

Wei, T., W. Dong, Q. Yan, J. Chou, Z. Yang, and D. Tian, 2016: Developed and developing 

world contributions to climate system change based on carbon dioxide, methane and 

nitrous oxide emissions. Adv. Atmos. Sci., 33, 632–643, https://doi.org/10.1007/s00376-

015-5141-4.

Wu, J., X. Gao, F. Giorgi, and D. Chen, 2017: Changes of effective temperature and cold/hot 

days in late decades over China based on a high resolution gridded observation dataset. 

International Journal of Climatology, 37, 788–800, https://doi.org/10.1002/joc.5038. 

Zhang, J., Q. You, G. Ren, and S. Ullah, 2022: Projected changes in mild weather frequency 

over China under a warmer climate. Environ. Res. Lett., 17, 114042, 

https://doi.org/10.1088/1748-9326/ac9c70. 

Zhang, J., Q. You, G. Ren, S. Ullah, I. Normatov, and D. Chen, 2023: Inequality of Global 

Thermal Comfort Conditions Changes in a Warmer World. Earth’s Future, 11, 

https://doi.org/10.1029/2022EF003109. 

Zhang, T. H., 2016: Weather Effects on Social Movements: Evidence from Washington, 

D.C., and New York City, 1960–95. Weather, Climate, and Society, 8, 299–311,

https://doi.org/10.1175/WCAS-D-15-0072.1. 

Zhao, Q., and Coauthors, 2021: Global, regional, and national burden of mortality associated 

with non-optimal ambient temperatures from 2000 to 2019: a three-stage modelling study. 

The Lancet Planetary Health, 5, e415–e425, https://doi.org/10.1016/S2542-

5196(21)00081-4. 

Zivin, J. G., and M. Neidell, 2014: Temperature and the Allocation of Time: Implications for 

Climate Change. Journal of Labor Economics, 32, 1–26, https://doi.org/10.1086/671766. 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-23-0346.1.
Brought to you by MIT LIBRARIES | Unauthenticated | Downloaded 03/20/24 09:36 PM UTC

https://doi.org/10.1007/s00376-015-5141-4
https://doi.org/10.1007/s00376-015-5141-4
https://doi.org/10.1002/joc.5038
https://doi.org/10.1088/1748-9326/ac9c70
https://doi.org/10.1029/2022EF003109
https://doi.org/10.1175/WCAS-D-15-0072.1
https://doi.org/10.1016/S2542-5196(21)00081-4
https://doi.org/10.1016/S2542-5196(21)00081-4
https://doi.org/10.1086/671766

