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Abstract Constraining an increase in global mean temperature below 2°C compared to pre-industrial levels
is critical to limiting dangerous and cascading impacts of anthropogenic climate change. Understanding future
climatic changes and their spatial heterogeneity at 2°C warming is thus important for policy makers to prepare
actionable adaptation and mitigation plans by identifying where and to what extent lives and livelihoods will be
impacted. This study uses the recently released NASA Earth eXchange Global Daily Downscaled Projections
(NEX-GDDP) CMIP6 data to provide a broad overview of projected changes in six key climate variables and
two climate impact indicators at a time when warming exceeds 2°C. Analysis of global mean temperature
changes indicates the 2040s as the decade when most CMIP6 models reach 2°C warming with respect to a
pre-industrial period (1850-1900). During the 2040s, we find that global mean temperature, precipitation,
relative humidity, downwelling shortwave and longwave radiation, and wind speed over land under the high
emission scenario are projected to change by +2.8°C, +22.4 mm/year, —0.73%, —2.23 , +15.9 W/m?, and
—0.04 m/s, respectively. Many of the future changes are expected to exacerbate climate impacts including heat
stress and fire danger. Our analysis shows geographic patterns of policy-relevant climatic changes, as parts

of the globe will experience significant climate impacts even if the goal to keep warming below 2°C goal is
achieved. Our results highlight the urgent need for further studies focused on identifying key hotspots and
advancing region-specific actionable adaptation and mitigation plans.

Plain Language Summary Robust understanding of the spatial patterns of climatic change as the
world approaches 2°C warming is a priority for policy makers preparing actionable adaptation and mitigation
plans. The recently released NASA Earth eXchange Global Daily Downscaled Projections (NEX-GDDP) data
is a unique tool for assessing these changes with unbiased projections at 16-64 times finer spatial scale than
the ones originally available. Our work uses the NEX-GDDP data to answer a simple but important question,
“What does global land climate look like at 2°C warming?”” We find that the Earth will likely reach 2°C of
global warming by the 2040s. In the 2040s, our analysis shows significant changes in six key climate variables
(mean air temperature, precipitation, relative humidity, downwelling shortwave and longwave radiation, and
wind speed) but with geographically varying magnitude and direction of changes. These changes collectively
result in increasing risks of heat stress and fire which already manifest as life-threatening impacts resulting
from climate change. Many of the projected changes are expected to exacerbate climate impacts, and our

fine scale spatial analysis reveals that parts of the globe (e.g., countries in lower latitude) will experience
significant climate impacts even if pledges to limit warming to less than 2°C are achieved. This study provides
a comprehensive assessment of projected climate changes under 2°C warming and highlights the urgent need
for further studies focused on identifying key hotspots and advancing region-specific actionable adaptation and
mitigation plans.

1. Introduction

The Earth’s climate has changed rapidly since the start of the Industrial Revolution, and the role of human
influence on the climate is indisputable (Masson-Delmotte et al., 2018). Human-induced global warming has
already caused observed changes in the climate system. Its consequential impacts on organisms and ecosystems,
as well as on human systems and well-being, are also evident (Barnett et al., 2005; Dunne et al., 2013; Fauchald
et al., 2017; Hsu et al., 2021; Park et al., 2019). In response to the observed impacts and risks from climate
change, the Paris Climate Agreement set a collective goal “fo hold warming well below 2°C, with efforts to limit
warming to 1.5°C” above pre-industrial averages (UNFCCC, 2015). The 2°C of warming is considered a critical
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threshold to limit the dangerous and cascading effects of anthropogenic climate change (Masson-Delmotte
et al., 2018, 2021; Schleussner et al., 2016). Therefore, robust projections and comprehensive understanding
of future climate changes are important to providing reliable information with respect to climate mitigation and
adaptation.

General circulation models (GCMs) have been recognized as the primary tool for past and future climate simula-
tions and impact assessments (Abatzoglou et al., 2019; Deng et al., 2021; Jain et al., 2022; Vautard et al., 2014).
Recent activities associated with the Coupled Model Intercomparison Project (CMIP) have demonstrated that a
multi-model framework contributes to a more robust understanding of the Earth system and its processes. The
CMIP Phase 3 (CMIP3) simulations were used to prepare the fourth assessment report of the Intergovernmental
Panel on Climate Change (IPCC) (Solomon et al., 2007). The CMIP Phase 5 (CMIPS5) simulations included more
than 40 GCMs and used a new set of emission scenarios named Representative Concentration Pathways (RCP).
Substantial improvements of participant GCMs in CMIP5 produced valuable climate information for policymak-
ers and the scientific community (Stocker et al., 2013; Taylor et al., 2012). The latest phase of CMIP, CMIP6,
includes internationally coordinated experiments of global climate modeling designed to provide insight into
different climate responses and mechanisms. The models in CMIP6 generally have finer resolution with improved
dynamic processes, and the new Shared Socioeconomic Pathway (SSP)-based scenarios are applied for future
climate change simulations (O’Neill et al., 2016). CMIP6 plays an important role in international Earth system
science and is a key IPCC assessment activity (Masson-Delmotte et al., 2021).

The scientific community must quantify the spatial heterogeneity of climate change in order to identify where,
and to what extent, lives and livelihoods will be at risk in the future, and to facilitate actionable adaptation and
mitigation plans. The native spatial resolution of the CMIP GCM simulations is too coarse to achieve these
goals, but efforts to downscale climate projections have led to better understanding of finer scale patterns of
change (Navarro-Racines et al., 2020; Pierce et al., 2014; Thrasher et al., 2012; Vandal et al., 2017). Further-
more, systematic biases in GCM simulations often hamper the accurate assessment of climate change projec-
tion (Hempel et al., 2013; Thrasher et al., 2012). NASA Earth eXchange Global Daily Downscaled Projections
(NEX-GDDP, https://www.nasa.gov/nex/gddp) is one of the downscaling and bias-correction efforts, and has
provided a bias-corrected, high-resolution, and seamless daily climate projections from both CMIP5 and CMIP6
(Thrasher et al., 2022).

In this study, we leverage the recent release of the NEX-GDDP-CMIP6 data set (Thrasher et al., 2022) to under-
stand how different regions will be affected by climate at 2°C of global warming. We first identify the time
when global mean temperature reaches +2°C compared to the pre-industrial period (1850-1900), termed the
“crossing year.” Then we investigate how temperature, precipitation, relative humidity, radiation, and wind speed
have changed at the crossing year compared to a baseline period (1950-1979). In addition to the key climate
variables, we also investigate two important climate impact indicators, fire weather index (FWI) (Van Wagner &
Forest, 1987) and wet bulb global temperature (WBGT) (Lemke & Kjellstrom, 2012). These indicators allow us
to gauge risks of fire and heat stress in the crossing year. By doing so, we provide a unique assessment of what
the 2°C goal might mean for the global land climate, overall and across regions, and how this compares to the
global average.

2. Materials and Methods
2.1. NEX-GDDP-CMIP6

The NEX-GDDP-CMIP6 data sets contain downscaled climate projections derived from the CMIP6 GCM simu-
lations with four SSP scenarios: SSP1-2.6, SSSP2-4.5, SSP3-7.0, and SSP5-8.5. The spatial resolution of the
data set is 0.25° x 0.25° (~25 X 25 km). These datasets provide a set of global, bias-corrected, high-resolution,
and seamless daily climate projection over land for the period from 1950 through 2014 (retrospective run) and
from 2015 to 2100 (prospective run) by combining ground observations and native GCM results (Thrasher
et al., 2022). It improves CMIP6 simulations from large scale to regional-to-local scales with an unchanged
long-term trend (Thrasher et al., 2012). Each downscaled climate projection includes nine climate variables
(see Thrasher et al. (2022) for details). In this study, we use all 35 NEX-GDDP-CMIP6 GCMs and focus on six
key climate variables: mean near-surface air temperature (fas), precipitation (pr), near-surface relative humidity
(hurs), surface downwelling radiation (shortwave: rsds, longwave: rlds), and near-surface wind speed (sfcWind)
(Table 1). Two future SSP scenarios are considered in this study: SSP2-4.5 and SSP5-8.5 (O’Neill et al., 2016).
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Table 1
Description of NASA Earth eXchange Global Daily Downscaled Projections -CMIP6 Data Used in This Study

NEX-GDDP-CMIP6

Model Total 35 models: ACCESS-CM2, ACCESS-ESM1-5, BCC-CSM2-MR, CanESM5,
CESM2, CESM2-WACCM, MCC-CM2-SR5, CMCC-ESM2, CNRM-CM6-1,
CNRM-ESM2-1, EC-Earth3, EC-Earth3-Veg-LR, FGOALS-g3, GFDL-CM4 (grl),
GFDL-CM4 (gr2), GFDL-ESM4, GISS-E2-1-G, HadGEM3-GC31-LL, HadGEM3-
GC31-MM, IITM-ESM, INM-CM4-8, INM-CMS5-0, IPSL-CM6A-LR, KACE-1-
0-G, KIOST-ESM, MIROC-ES2L, MIROC6, MPI-ESM1-2-HR, PI-ESM1-2-LR,
MRI-ESM2-0, NESM3, NorESM2-LM, NorESM2-MM, TaiESM1, UKESM1-0-LL

Simulation Historical (1950-2014)
SSP2-4.5 (2015-2100)
SSP5-8.5 (2015-2100)

Variable hurs®, pr°, rlds®, rsds®, sfcWind®, tas*
Temporal Coverage 1950-01-01-2100-12-31
Temporal Resolution Daily

Spatial Resolution 0.25° x 0.25°

aNear-surface relative humidity (%). "Precipitation (mm/year). ‘Surface downwelling longwave radiation (W/m?). 9Surface
downwelling shortwave radiation (W/m?). *Near-surface wind speed (m/s). fMean near-surface air temperature (°C).

SSP5-8.5 represents an extreme scenario (also called “Fossil-fueled Development: Taking the Highway”) in
which no policies are applied regarding the emission of greenhouse gasses, that is, with intensive fossil-fuel
consumption resulting in a forcing pathway of 8.5 W/m? in 2100. SSP2-4.5 is an intermediate scenario (also
called “Middle of the Road”), in which current climate change trends continue without substantial deviations,
leading to a forcing pathway of 4.5 W/m? by 2100.

2.2. Detection of the +2°C Crossing Year

This study defines the +2°C crossing year as the time when the running 30-year average global mean near-surface
air temperature reaches +2°C compared to a pre-industrial period (1850-1900). To define the +2°C period, we
analyze past observed and projected temperatures. The following global observational data set has been analyzed
for this purpose: HadCRUT (version 5.0.1.0) covering a period of 1850-2021 (Morice et al., 2021). We choose
HadCRUT as other observational data sets (e.g., NASA GISS and NOAA NCDC) only cover from 1880. We use
the 30 years between 1950 and 1979 as the baseline period in calculating climate changes. The warming from
the preindustrial era to the baseline period is estimated to be 0.25°C based on the HadCRUT data set. We then
use annual mean temperatures from multimodel ensemble median (MME) of native CMIP6 (35 GCMs) datasets
(1950-2100) to detect the year when an additional +1.75°C from the baseline period is reached. This year is
defined as the +2°C crossing year. Note that we use the native CMIP6 data instead of NEX-GDDP-CMIP6 in the
crossing year detection to fully consider temperature changes over ocean and land areas in defining global 2°C
warming. In addition to the global scale crossing year retrieval from MME, we also detect individual GCM based
crossing year retrievals to evaluate the degree of variability in the crossing year among the GCMs.

2.3. Quantification of Projected Changes in Key Climate Variables and Impact Indicators

This study identifies the decade when the detected +2°C crossing year from both individual and MME of native
CMIP6 models mostly falls in. We then use NEX-GDDP-CMIP6 data to quantify changes in climate conditions
of the identified decade with respect to the baseline period (1950-1979). Changes in projected climates under
two different SSP scenarios, SSP2-4.5 and SSP5-8.5, are investigated. Six different climate variables used in this
study include mean near-surface air temperature (fas), precipitation (pr), near-surface relative humidity (hurs),
surface downwelling radiation (shortwave: rsds, longwave: rlds), and near-surface wind speed (sfc Wind). Further-
more, we use two important climate impact indicators, FWI and WBGT, to assess risks of fire and heat stress
under projected climates in the identified decade for +2°C crossing year. For the sake of simplicity, we only
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Figure 1. Map of regions defined by “Giorgi Regions.” These regions are used to compute the regional variation of NASA Earth eXchange Global Daily Downscaled
Projections climate variables. Each abbreviation stands for a region, that is, AUS, Australia; AMZ, Amazon; SSA, Southern South America; CAM, Central America;
WNA, Western North America; CNA, Central North America; ENA, Eastern North America; ALA, Alaska; GRL, Greenland; MED, Mediterranean; NEU, Northern
Europe; WAF, Western Africa; EAF, Eastern Africa; SAF, Southern Africa; SAH, Sahara; SEA, Southeast Asia; EAS, East Asia; SAS, South Asia; CAS, Central Asia;

TIB, Tibet; NAS, North Asia.

provide a short description of each indicator here. Details of calculating FWI (Van Wagner & Forest, 1987) and
WBGT (Lemke & Kjellstrom, 2012) can be found in the corresponding references.

FWI is a meteorologically based index used widely to estimate fire danger under given weather conditions
(Van Wagner & Forest, 1987). The FWI from the Canadian Forest Fire Weather Index System is used in this
study given its widespread usage globally (Abatzoglou et al., 2019; Di Giuseppe et al., 2016). The system was
originally developed as a numerical proxy for fire behavior in evergreen forests of eastern Canada, but has been
shown to be an effective correlate of intraseasonal to interannual fire activity across diverse vegetation types
(Abatzoglou et al., 2019). It consists of various sub-components (fine fuel moisture code, duff moisture code,
drought code, initial spread index, build up index, and fire weather index) that account for the effects of fuel
moisture and wind on fire behavior and spread. Detailed descriptions of the sub-components can be found in
Supporting Information S1 Method. Higher FWI values correspond to more favorable meteorological conditions
for wildfires. To analyze how the distribution of extreme fire weather changes through time, we compute the
annual 95th percentile of the FWI (FWI,,y,, hereafter). We also count the number of days that exceed a critical
daily FWI condition (FWI > 30, Fargeon et al., 2020) throughout a year and use it as another indicator (FWIy;,)
for the annual fire danger index.

We compute sWBGT, a simplified version of WBGT, using the NEX-GDDP-CMIP6 data set (Lemke &
Kjellstrom, 2012). The sWBGT is a combined measure of temperature and humidity effects on thermal comfort that
has been widely used to define heat stress on public health (Alves de Oliveira et al., 2021; Raymond et al., 2020).
According to previous studies and public health guidelines, when sWBGT is greater than 28, the danger of heat
disorders is high so any kinds of daily activities may lead to severe health risk (e.g., Asayama, 2009). We calcu-
late the annual 95th percentile of the SWBGT (sWBGTpys) and the number of days (sWBGT),,) that exceed a
critical daily sSWBGT condition (sSWBGT > 28) throughout a year. We use them as indicators for the annual heat
stress index.

We analyze key results based on NEX-GDDP-CMIP6 SSP2-4.5 with a comparison to SSP5-8.5 and summarize
them by the regions defined in Figure 1 (Giorgi & Francisco, 2000).
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Figure 2. (a) Time series of running 30-year average global mean near-surface air temperature of CMIP6 (blue: SSP2-4.5, red: SSP5-8.5) multi-model ensemble
median. Green horizontal line shows 2°C warming with respect to a baseline period (1950-1979) and detected crossing years are shown in the legend box. (b)
Distribution of year exceeding 2°C degree warming across CMIP6 (SSP2-4.5 & SSP5-8.5) General circulation models (GCMs) under different scenarios. Each green
dot represents individual GCMs of CMIP6. Note that dots greater than 2,100 mean that the models do not project +2°C warming until the end of 21st century.

3. Results and Discussion
3.1. Year Crossing 2°C Warming

Figure 2a illustrates the time that global average near-surface air temperature reaches 2°C warming with respect
to the pre-industrial period (1850-1900). The higher emission scenario (SSP5-8.5) in CMIP6 shows a faster rate
of temperature increase during the 21st century. The detected crossing year of CMIP6 MME under the higher
emission scenarios (SSP5-8.5) is 2041, while simulations under the lower emission scenario (SSP2-4.5) indicate
a later crossing year (2044). The projected crossing year from individual CMIP6 GCMs shows considerable
spread ranging from 2025 to 2071 (median = 2048) and from 2027 to 2058 (median = 2043) under SSP2-4.5 and
SSP5-8.5, respectively (Figure 2a, see Texts and Figure S1 in Supporting Information S1 for the crossing year
retrievals from CMIP5 GCMs). Based on the analysis of crossing year detection, we keep the 2040s as a base
period to demonstrate the projected climate change in the following sections as the central estimates of the time
crossing the 2°C threshold of all CMIP phases and scenarios lie in the 2040s (Figure 2 & Figure S1 in Supporting
Information S1).

3.2. Near-Surface Air Temperature

In the 2040s, global mean near-surface air temperature over land is projected to increase by 2.33°C and 2.79°C
under the SSP2-4.5 and SSP5-8.5 scenarios, respectively (Figure 3a). The projected changes over land are higher
than 2°C as oceans warm less rapidly so that GCMs project more warming over land than the ocean (Sutton
et al., 2007). Divergence of temperature changes between the two scenarios significantly increases after the
2040s, whereas only a small difference exists between the two SSPs in the 2040s, indicating minor scenario
dependence in near-term projections. Significant polar region warming known as “Arctic amplification” is notice-
able in the high latitude regions including Alaska, Canada, Northern Europe, and Russia (Serreze & Barry, 2011)
(Figures 3b and 3c). In particular, Greenland, Alaska, and North Asia are projected to reach a >3°C increase in
annual temperature by the 2040s. South Asia, Eastern and Western Africa, and Southern South America show
a relatively lower rate of temperature change. Relative changes in near-surface air temperature show similar
geographical patterns with the absolute change emphasizing a greater warming in high latitude regions (Figure
S2 in Supporting Information S1). As anticipated, the projected temperature changes under SSP5-8.5 are greater
than those under the SSP2-4.5 scenario. High latitude regions reveal a greater difference in the projected tempera-
ture changes (>0.4°C) between the two SSPs, suggesting an accelerated warming over polar regions with positive
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Figure 3. (a) Multimodel ensemble median (MME) time series of near surface air temperature in historical (1950-2014) and future (2015-2100) scenarios, that is,
SSP2-4.5 (blue) and SSP5-8.5 (red), are shown relative to the baseline period (1950-1979). Shaded area of each scenario shows a range of 25th and 75th percentile
of multi-model projections. (b) Spatial pattern of MME of near surface air temperature anomaly (SSP2-4.5) in the 2040s with respect to the baseline. (c) Regional
summary of changes in the near-surface air temperature anomaly (SSP2-4.5) shown in (b). (d) Regional summary of differences (SSP5-8.5 — SSP2-4.5) between
anomalies of two scenarios. The box stretches from the 25th percentile to the 75th percentile of target regional data. The median and mean values are shown as a solid
line and a hollow dot, respectively.

feedback (e.g., albedo, sea ice, cloud, and water vapor) under the higher emission scenario (Hahn et al., 2021)
(Figure 3d).

3.3. Precipitation

In general, CMIP6 models show consistent increases in global precipitation since the 2000s, and its upward
trend is projected to continue through the 21st century (Figure 4a). In the 2040s, ~13 and 20 mm/year more
precipitation will be observable in the SSP2-4.5 and SSP8-5.8 scenarios respectively. Widespread precipitation
increases over the northern hemisphere >50°N are projected in the near future. Southeastern Greenland shows
a strikingly rapid increase in precipitation (Figures 4b and 4c). This increase over the high latitudes is likely
dominated by rainfall, implying a transition from a snow-to rain-dominated high latitude region, especially in
the summer and fall seasons (McCrystall et al., 2021). However, precipitation changes in the 2040s show a
contrasting pattern in the tropics. Over the Amazon basin, annual precipitation will decrease by ~98 mm/year.
Dry regions, including Southern Africa, Southwest North America, Australia, Sahel, and Mediterranean regions,
also show a widespread decline in precipitation in the 2040s. In contrast, Western (482 mm/year) and East-
ern (+52 mm/year) Africa and South Asia (+64 mm/year) show a remarkable increase in precipitation in the
SSP2-4.5 projection. Significant relative changes in precipitation with respect to the baseline emerge over high
Arctic, Sahel, and Northern Africa (Figure S3 in Supporting Information S1). There is observational evidence
of recent increase in precipitation over southern Sahel (e.g., Panthou et al., 2018) and it is strongly associated
with the surface warming over northern Africa, which favors the displacement of the monsoon northwards (Park
et al., 2015). In the higher emission scenario, the contrasting pattern of precipitation changes over the tropics is
strengthened: more precipitation over Western/Eastern Africa and South/Southeast Asia whereas less precipita-
tion over the Amazon (Figure 4d). The “wer get wetter, dry get drier” paradigm, that has been used to explain
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Figure 4. Same as Figure 3 but for precipitation (pr).

the global precipitation pattern responding to global warming, may not hold, especially over tropical regions in
the Amazon and Southeast Asia where “wet gets drier” patterns are projected (Greve et al., 2014). The projected
rainfall decline in the Amazon has been linked to changes in the tropical Pacific (Parsons, 2020) and the response
of vegetation to elevated CO, (Richardson et al., 2018).

3.4. Relative Humidity

Relative humidity is the amount of moisture in the air (via moisture mass or vapor pressure) divided by the
maximum amount of moisture that could exist in the air at a specific temperature (via max moisture mass or satu-
ration vapor pressure). This quantity is critical in many perspectives such as climate, air quality, human comfort/
health/industry, etc. At the global scale, relative humidity is projected to decrease by 0.62% and 0.73% in the
2040s under SSP2-4.5 and SSP5-8.5 scenarios respectively (Figure 5a). Most global land areas except Western
(+0.65%)/Eastern Africa (+0.68%) and South Asia (+1.83%) where increasing precipitation is projected show
a increasing pattern of relative humidity (Figures 5b and Sc). The most significant decrease of relative humidity
is found in the Amazon (—1.7%), particularly over the southeastern edge of the rainforests called the “Arc of
Deforestation,” where extensive land cover/use changes are happening. Central North America and Mediterra-
nean regions also display significant decreases in relative humidity. The decrease in relative humidity over most
land areas is associated with the larger warming rates over land and is attributable to the last-saturation-temper-
ature constraint (Denson et al., 2021). Similar geographical patterns of relative changes in humidity during the
2040s are projected (Figure S4 in Supporting Information S1). In the SSP5-8.5 scenario, the projected decrease
and increase in regional relative humidity are more dramatic (Figure 5d). For instance, Amazon and Western/East-
ern Africa under SSP5-8.5 will get lower and higher relative humidity than the ones from SSP2-4.5 respectively.

3.5. Radiation

The CMIP6 hindcast for global downwelling shortwave radiation shows a rapid decrease during the period from
1950 to 2014 (Figure 6a), and captures abrupt but transient strong reductions during the 1960, 1980, and 1990s
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Figure 7. Same as Figure 3 but for surface downwelling longwave radiation (rlds).

due to large volcanic eruptions of Mount Agung (March 1963), El Chichén (April 1982), and Mount Pina-
tubo (June 1991) (Kirchner et al., 1999). Projected changes under two scenarios reveal divergent trends during
the rest of the 21st century: a hiatus for four decades (2015-2055), then an upward trend for SSP2-4.5 and a
downward trend for SSP5-8.5. This rebounding pattern is likely due to a reduction in aerosol burden under
the moderate emission scenario (Westervelt et al., 2015). In the 2040s, downwelling shortwave radiation under
SSP2-4.5 scenario is projected to decrease by ~2.1 W/m2. The Sahel (—5.7 W/m?), Western/Eastern Africa
(—6.6 W/m?), and South Asia (—14.1 W/m?) are where the most significant reduction of downwelling shortwave
radiation is projected (Figures 6b and 6¢). The Mediterranean (+3.7 W/m?), Northern Europe (+4.0 W/m?), and
Eastern North America (+3.2 W/m?) show increasing shortwave radiation in the 2040s. The projected relative
changes show a generally consistent pattern with the absolute change (Figure S5 in Supporting Information S1).
Compared to SSP2-4.5, the SSP5-8.5 simulation shows a slight increase generally, but South Asia (+1.7 W/m?)
and Amazon (+0.9 W/m?) show significant increases whereas Western (—1.9 W/m?) and Eastern (—1.8 W/m?)
Africa shows strong decreases (Figure 6d).

In contrast to shortwave radiation, surface downwelling longwave radiation has gradually increased during
the hindcast period (1950-2014) and is projected to continue its upward trend in the rest of the 21st century
(Figure 7a). In the 2040s, ~13.2 and 15.9 W/m? of increase are projected under SSP2-4.5 and SSP5-8.5 scenarios,
and divergence between the two scenarios likely gets larger in the later period of the century. A large increase is
observed over the Sahel (+21.3 W/m?) and Western Africa (+15.3 W/m?) (Figures 7b and 7¢), while relatively
smaller projected changes are observed in the Amazon (+9.1 W/m?), Southeast Asia (+9.2 W/m?), and Southern
South America (+10.1 W/m?). The projected relative changes show a generally consistent pattern with the abso-
lute change but reveal large increases over high latitude regions including Greenland, Northern Asia, and Alaska
(Figure S6 in Supporting Information S1). In the SSP5-8.5 scenario, most regions are expected to experience a
further increase of ~2 W/m? in the 2040s compared to SSP2-4.5 (Figure 7d).
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Figure 8. Same as Figure 3 but for near-surface wind speed (sfcWind).

3.6. Wind Speed

Global wind speed abruptly decreases during the period between the 1990 and 2020s, and this trend is projected
to continue over the rest of the 21st century with a smaller rate of change (Figure 8a). This weakened wind
speed over land is known as “terrestrial stilling”, and it has been reported globally (Deng et al., 2021; McVicar
et al., 2012). There are two major drivers of terrestrial stilling: (a) changes in large scale atmospheric circulation
(Lu et al., 2007), and (b) an increase of surface roughness due to vegetation growth, land use/cover changes, and
urbanization (Vautard et al., 2010). The CMIP6 GCMs are able to reproduce decreasing wind speed patterns
over land during the historical period. In the 2040s, the CMIP6 models project that wind speed will decrease
by 0.04 and 0.03 m/s under the SSP2-4.5 and SSP8-5.8 scenarios respectively. The most northern extratropic
shows decreasing wind speed, whereas an increasing pattern is observable in most of the Southern Hemisphere
(Figures 8b and 8c). A strong decrease of wind speed over Central (—0.13 m/s) and Eastern (—0.11 m/s) North
America, Northern Europe (—0.12 m/s), and Tibet (—0.11 m/s) is noteworthy. We also find that the Amazon
(+0.03 m/s) and Southeast Asia (+0.02 m/s) are projected to experience much windier conditions in the 2040s
compared to the baseline. The projected wind speed decline over the Amazon and Southeast Asia are more
evident when converted to a relative scale (Figure S7 in Supporting Information S1). Compared to SSP2-4.5,
SSP5-8.5 shows less decline of wind speed over most global land areas except Central and Eastern North Amer-
ica, and Northern Europe (Figures 8a and 8d). The projected decreasing trends in wind speed indicate that terres-
trial stilling will continue during the 21st century (Chen et al., 2021). However, there are studies reporting a
reversal of wind speed change in the 2010s from observational records (Zeng et al., 2019), urging a comprehen-
sive evaluation of the climate model projections.

3.7. Heat Stress

Projected key climate variables are expected to lead drastic changes in global heat stress on human health. Our
analysis shows a robust upward trend in global sSWBGT, implying a higher extreme heat level during the 21st
century (Figure 9a). Under the SSP2-4.5 and SSP5-8.5 scenarios, sSWBGT s during the 2040s is projected to
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Figure 9. (a) Multimodel ensemble median (MME) time series of SWBGTp,; in historical (1950-2014) and future (2015-2100) scenarios, that is, SSP2-4.5 (blue)

and SSP5-8.5 (red), are shown relative to the baseline period (1950—-1979). Shaded area of each scenario shows a range of 25th and 75th percentile of multi-model
projections. (b) Spatial pattern of MME of sWBGT,,,; anomaly (SSP2-4.5) in the 2040s with respect to the baseline. (c) Regional summary of changes in the SWBGTy,;
anomaly (SSP2-4.5) shown in (b). (d) Regional summary of differences (SSP5-8.5 minus SSP2-4.5) between anomalies of two scenarios. (e) Same as (c) but for
SWBGT\,;,. (f) Same as (d) but for sWBGTy,,. The box stretches from the 25th percentile to the 75th percentile of target regional data. The median and mean values are
shown as a solid line and a hollow dot, respectively.

change by 2.5°C and 2.9°C with respect to the baseline (1950-1979) respectively. Most global lands will likely
experience at least an increase of 2.0°C sWBGT, in the 2040s (Figures 9b and 9c). Greater increases (>2.5°C)
may happen over the Amazon, Central and Eastern North America, Mediterranean, and Eastern and Northern
Asia, while Australia and South America may experience a lower degree of changes in extreme heat. Further heat
stress under the higher emission scenario (SSP5-8.5) is evident and widespread: about 0.4 —0.5°C of additional
increase in global SWBGT,,; is projected (Figure 9d). Unlike the changing pattern in Figure 9b, relative changes
in sSWBGT,,, with respect to the baseline show significant increases over high latitude (e.g., Greenland and
Alaska) and altitude (e.g., Tibetan plateau) regions (Figure S8 in Supporting Information S1).

Like sWBGTy,;, most global regions are generally expected to have more days with extreme heat stress condi-
tion (i.e., SWBGTy,,) in the 2040s, especially Western North America (+27 days), Eastern Africa (+32 days),
and Sahel (+44 days) (Figure 9¢). However, the spatial patterns of changes in sSWBGT),, are different from
those of sSWBGT,,;. In contrast to the widespread increase in sSWBGT s, the projected increase of sSWBGT\, is
region-specific and mostly occurs in low latitude countries. These low latitude countries have disproportionately
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Figure 10. Same as Figure 9 but for FWIo; and FWI,.

suffered from extreme heat events historically (Figure S2 in Supporting Information S1) and the higher emis-
sion scenario (SSP8-5.8) likely adds more days exceeding the heat stress threshold over most global land areas,
especially over such low latitude regions (e.g., Africa) (Figure 9f). The exception in the high latitudes does not
indicate that heat stress on such regions doesn't increase but it is insufficient for satisfying the higher sSWBGT
threshold condition.

3.8. Fire Weather

Changes in fire weather are functions of changes in temperature, precipitation, relative humidity, radiation, and
wind speed suggesting a complex nature of FWI characterization. Time series of global mean FWI,y, indicate
that the degree of extreme FWI conditions is projected to increase by 3.6 and 4.2 under SSP2-4.5 and SSP5-8.5
scenario compared to the baseline period (Figure 10a). Spatial pattern of FWI,,y5 varies significantly by ecocli-
matic regions. Higher baseline FWI,,,; is mostly observable over semi-arid ecosystems including Australia, West-
ern North America, Northern and Southern Africa, South and Central Asia (Figure S4 in Supporting Infor-
mation S1). The computed changes in FWI,y; under the moderate emission scenario (SSP2-4.5) reveals that
Western and Central North America, Amazon, Mediterranean, and South Africa will be at higher risk of fire in
the 2040s compared to the baseline period, whereas Eastern and Western Africa, and South Asia show a slight
decrease or no change in FWI,,; (Figures 9b and 9c¢). This divergent regional pattern is strongly associated with
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projected changes in precipitation as shown in Figure 4b revealing combined controls of climate variables on
changes in FWI (Abatzoglou et al., 2019). More significant divergence is observable from FWI,. It is worthy
to note that there is an exceptional increase of FWIy,, over Western and Central North America where histor-
ical fire frequency, size, and intensity have significantly increased during the last few decades (Abatzoglou &
Williams, 2016). Another point to note is that northern boreal biomes and tropics are expected to experience
a rapid relative change in FWI,,, and emerge as primary hotspots of future fire risk (Figure S9 in Supporting
Information S1). Though it is highly uncertain whether regional fire activities will increase or not in future due to
complex interactions between fire-human-climate-fuel systems (Riley et al., 2019), our analysis of FWI from 35
CMIP6 GCMs suggests that continued climate change will further elevate extreme fire risks (FWIpos & FWI5))
by the end of this century.

3.9. Other Potential Implications and Discussion

In addition to extreme heat stress, extreme precipitation events can cause substantial socio-economic damage
by bringing cascading disasters (e.g., floods and landslides) (Madsen et al., 2014). The projected annual mean
precipitation in the 2040s continuously increases in both moderate and high emission scenarios during the
21st century. In line with previous CMIP simulations, the CMIP6 simulations continue to project a large-scale
picture of more frequent and more intense precipitation extremes under continued global warming (Almazroui
et al., 2021). Changes in precipitation extremes follow changes in temperature globally at roughly the Clausius—
Clapeyron rate of ~7%-°C~! (C. Li et al., 2021), implying ~14% increase in extreme precipitation events (e.g.,
annual maximum 1-day (or 5-day) precipitation) at the 2°C warming crossing year period. Furthermore, a robust
drought projection is also prominent over the global drylands of more frequent, intense, and longer duration
(H. Li et al., 2021). These collectively reveal that extreme precipitation, heat, and drought events become more
extreme and disastrous as Earth's climate warms, thus leading to escalating impacts of climate extremes.

The projected climate in the 2040s is also expected to change the potential of renewable energy resources such
as wind, solar, and hydropower. Wind power density (P) is a function of wind speed (U) and air density (p),
P=05-p-U> (Martinez & Iglesias, 2022). Due to the nature of the cubic relationship between P and U,
small changes in wind speed result in large changes in wind power density. Our result shows that most mid-
and high-latitude areas of the northern hemisphere, where most wind farms are currently operational or under
construction, will have less wind power resources in near future, whereas the Amazon, Southern South America,
Southeast Asia, and South America tend to get more wind power potential in the 2040s (Figure 8). The higher
emission scenario likely increases the wind power density in the 2040s over most of the globe compared to
the moderate emission scenario, though a large spread of future projections is noticeable. Like wind power
resources, solar power potential for the concentrated Solar Power (CSP) plants or solar photovoltaic (PV) power
also strongly depends on the solar radiation projection presented in Figure 6 (Dutta et al., 2022). Spatially vary-
ing magnitude and sign of anomalies indicate region-specific changes in solar power potential in the 2040s. Our
study also identifies potential region-specific impacts on hydropower production. For instance, greatly reduced
precipitation over the Amazon region in the 2040s may pose an increasing challenge to keep current hydropower
production while finding alternative reliable energy sources. Projected increase in precipitation over African and
South Asia may grant potential opportunities in hydropower production but more precipitation may accompany
with higher variability, that is, extreme rainfall events, further challenges to be prepared for extreme weather
events (Uria Martinez et al., 2021) (Figures 3 and 4). This is particularly critical to some countries, such as
Bhutan and Nepal, where hydropower accounts for over 90% of total electricity generation.

It is obvious that the magnitude and direction of climate change are geographically varying, and its impacts are
regionally disproportionate. Our results present that many of the changes are expected to exacerbate existing
and future climate impacts. For instance, less precipitation is projected over currently arid and semi-arid regions
(Figure 4). Rapid warming in the north will continue its upward trend in the future (Figure 3). Increasing heat stress
is projected over regions already experiencing higher heat stress (Figure 9 and Figure S12 in Supporting Infor-
mation S1). Furthermore, we find that important compounding climate impacts are expected to increase across
global lands. For example, the Amazon will experience severe drought, higher fire risk, and more dangerous heat
stress as the Earth gets warmer. A significant increase of precipitation under warming over South Asia and Eastern
Africa will lead to extreme rainfall events, while higher heat stress will be a serious public health threat. There is
mounting evidence that poorer countries or people have suffered disproportionately from such individual and/or
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compounding climate impacts (e.g., drought, heat stress, flood, etc.), because they either don't have the resources
to mitigate or adapt to climate change, or they live in warmer climates where further warming would have a
detrimental impact on their productivity and health (Diffenbaugh & Burke, 2019; King & Harrington, 2018). Our
results confirm that lower income regions (or countries) will be disproportionately impacted by future climate
change. The United Nations’ Sustainable Development Goals (UN SDGs) include goals to reduce inequality both
within and between nations (Goal 10) and to strengthen action to combat the impacts of climate change (Goal
13) (United Nations, 2015). We anticipate that our analysis of NEX-GDDP-CMIP6 further supports scientific
activities associated with UN SDGs by identifying where, and to what extent, lives and livelihoods will be at risk
in the future.

This study provides a comprehensive analysis of the latest NEX-GDDP-CMIP6 datasets and presents a finer
scale view of future climate change and its impacts on global land at 2°C warming. The NEX-GDDP data which
provides 16—64 times finer spatial information compared to native CMIP6 projections (typically 1° ~ 2° spatial
resolution) can serve the needs of decision makers who require local climate information for various impact
assessments. Our supplementary analysis clearly shows the additional spatial variations the NEX-GDDP data
provide on top of the original CMIP6 GCMs (Figures S10 and S11 in Supporting Information S1). Particularly,
the downscaled information is critical over the regions where spatially significant variations exist. For instance,
a significant increase in precipitation over central Africa is obvious while the northern and southern African
regions are projected to be stable or slightly decreasing (Figure 4b). Spatial variability of the changes is high espe-
cially over the boundaries of the contrasting precipitation changes (Figure S10b in Supporting Information S1).
The spatial variation is also climate variable (or impact indicator) specific (Figure S11 in Supporting Informa-
tion S1). For instance, the projected changes in temperature in the 2040s have lower spatial variability while
precipitation has about 10 times higher spatial variation in the projected changes. These highlight the importance
of finer spatial resolution in the climate projections. As demonstrated in heat stress and fire danger assessment,
we also showcase how high temporal climate projection is critical for assessing future climate impacts. There
are three important reasons why daily climate information is important in climate impact assessment. First, most
climate conditions that cause serious impacts typically occur on a daily time scale rather than the average monthly
condition (e.g., flash floods and heat waves). Second, many climate-related effects are cumulative and cannot be
reliably assessed from monthly data since they are a result of what happens on a daily time scale—for example,
the fire weather index shown in this study needs to be cumulatively computed at daily time scale (Van Wagner &
Forest, 1987). Third, most agricultural, hydrologic, and other climate impact models require daily climate data
to produce results relevant to real-world decision-making. In these regards, by offering a collection of global,
high-resolution, bias-corrected, and seamless daily climate projections, NEX-GDDP-CMIP6 can aid in more
precisely representing regional climate patterns on both the average and variation in climate as well as more
thoroughly assessing future climate impacts.

4. Concluding Remarks

Understanding future climate change and its spatial heterogeneity is critical to identifying where, and to what
extent, lives and livelihoods will be at risk in the future. This is a prerequisite for policy makers to prepare
more actionable adaptation and mitigation plans for future climate change. This study uses the recently released
NEX-GDDP-CMIP6 data set to examine the spatial heterogeneity of six projected climate variables and two
climate impact variables at the point that 2°C of global warming occurs compared to pre-industrial levels. Our
results reveal geographically varying patterns in the magnitude and direction of climate change. We also show
that many of the changes are expected to exacerbate existing and future climate impacts. These geographically
specific patterns are of policy relevance as some of the regions will experience significant climate impacts even
if the 2°C goal is achieved. It naturally urges further work on identifying key hotspots, potential individual
and/or compounding impacts, and advancing region-specific actionable adaptation and mitigation plans. This
NEX-GDDP-based global scale analysis can be replicated at a local and regional scale, and hopefully inspires
other researchers to conduct deeper investigations in their region of interest.
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