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Abstract. Drought poses severe threats to water resources, ecosystems, and socioeconomic well-being worldwide. While 

greenhouse gas (GHG) emissions are the primary driver of global warming and the associated intensification of the 

hydrological cycle, the role of non-methane near-term climate forcers (NTCFs) — encompassing aerosols and their precursors, 

ozone-forming reactive gases, and other short-lived species — in modulating regional drought risk remains poorly constrained, 

particularly in arid and semi-arid regions where aerosol-induced radiative effects and circulation feedbacks interact non-10 

linearly with the water balance. Here we employ seven Earth System Models from the CMIP6 AerChemMIP framework to 

quantify the contribution of NTCF emissions to drought evolution under two future pathways that share identical GHG forcing 

but differ in the stringency of NTCF controls: SSP3-7.0 and SSP3-7.0-lowNTCF. Using the Standardised Precipitation 

Evapotranspiration Index at 3-, 6-, and 12-month timescales, we characterise projected changes in drought frequency, duration, 

intensity, and severity by mid-21st century and identify the large-scale dynamical mechanisms driving regional responses. 15 

NTCF mitigation exerts negligible influence on global-mean drought tendency but produces strongly heterogeneous regional 

responses, with drought conditions worsening substantially across the Sahel, West Asia, Central Asia, and the Mediterranean, 

while Southeast Asia, Australia, and Central America experience significant drought reductions. These findings are robust 

across the majority of models and highlight that air quality policies carry regionally differentiated and sometimes 

counterintuitive hydrological consequences that must be considered alongside their climate and health co-benefits. 20 

1 Introduction 

Droughts are climate anomalies characterised by prolonged (months to years) deficits in precipitation and soil moisture, with 

severe consequences for human health, ecosystems and socio-economic activities (Wilhite and Glantz, 1985; Trenberth et al., 

2014). To capture their multifaceted nature, droughts are commonly classified into four categories: meteorological, 

hydrological, agricultural, and socio-economic (Lynch et al., 2020). In regions already highly-vulnerable to climate change 25 

and hydroclimate variability, recent drought events have caused widespread disruption. The 2011–2017 California drought 

resulted in cumulative economic losses exceeding $3 billion and triggered severe groundwater depletion (Howitt et al., 2015). 

Globally, between 1995 and 2015, approximately 1.1 billion people were affected by droughts (UNISDR and CRED, 2015). 

As global temperatures rise and precipitation patterns shift, the frequency and intensity of drought events are projected to 
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intensify further under continued warming, albeit with strong regional heterogeneity (Ebi et al., 2021). Developing a better 30 

understanding of the drivers of future drought variability, including the respective roles of internal climate variability and 

anthropogenic forcing, and the underpinning physical mechanisms, is therefore critical for informing climate adaptation and 

water resource management (Cook et al., 2018; Diffenbaugh et al., 2015). 

 

Although the continued increase in well-mixed greenhouse gases (GHGs) is recognised as the primary driver of long-term 35 

global warming and associated changes in the hydrological cycle (Held and Soden, 2006; Allen et al., 2020), other factors can 

play an important role, particularly at regional scales and over short- to medium-term time horizons. Near-term climate forcers 

(NTCFs), often co-emitted with GHGs, include aerosols and their precursor gases, such as sulfur dioxide (SO2), organic carbon 

(OC) and black carbon (BC), as well as chemically reactive gases including ozone (O3) and methane (CH4), both of which are 

important but relatively short-lived GHGs. Unlike long-lived GHGs, NTCFs affect climate on timescales of weeks to a decade 40 

(Myhre et al., 2013). Despite their short lifetimes, NTCFs perturb the Earth’s radiative balance with a net radiative forcing on 

climate that is comparable in magnitude to that of CO2 (Myhre et al., 2013; Shindell et al., 2012), though with substantial 

differences in sign and magnitude across individual species (Boucher et al., 2013).  

 

Reductions in non-absorbing aerosols tend to warm the climate system, whereas reductions in absorbing aerosols, tropospheric 45 

ozone, and methane lead to cooling. Beyond their direct radiative effects, changes in NTCFs influence precipitation patterns 

through modifications to atmospheric stability, large-scale circulation, and cloud–precipitation processes. For instance, the 

growth of anthropogenic aerosol emissions during the 20th century has been linked to reduced global mean precipitation, 

partially offsetting GHG-driven increases (Wu et al., 2013; Salzmann, 2016; Richardson et al., 2018). The interhemispheric 

contrast in aerosol forcing has also likely contributed to a southward shift of the tropical rain belt (e.g., Chung and Soden, 50 

2017). At regional scales, aerosols have been identified as key contributors to the weakening of the West African monsoon 

and the Sahel drought in the mid-1980s, as well as to the observed decline in South and East Asian monsoon precipitation 

during the second half of the 20th century (e.g., Bollasina et al., 2011; Polson et al., 2014; Song et al., 2014; Undorf et al., 

2018; Liu et al., 2019; Zhang et al., 2022; Liu et al., 2024). In the case of absorbing aerosols, particularly within the boundary 

layer, atmospheric heating stabilises the lower troposphere, suppresses convection, and reduces precipitation (Ming et al., 55 

2010; Ban-Weiss et al., 2012; Stjern et al., 2017; Allen et al.,2021). Ozone and its precursors can further exacerbate drying by 

enhancing the greenhouse effect and increasing surface temperatures (Naimark et al., 2021; Lei et al., 2022). 

 

In addition to their climatic impacts, NTCFs are major contributors to ambient air pollution, including surface O₃ and fine 

particulate matter (PM₂.₅). Air pollution caused approximately 8.1 million premature deaths globally in 2021, with about half 60 

due to outdoor air pollution (Lelieveld et al., 2023; GBD 2021 Risk Factors Collaborators, 2024). Mitigating NTCFs is 

therefore critical not only for climate but also for advancing the United Nations Sustainable Development Goals and the 
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objectives of the Paris Agreement, with integrated mitigation strategies offering substantial co-benefits for public health, food 

security, and economic welfare (e.g., Shindell et al., 2012; Haines et al., 2017).  

 65 

Currently, NTCF emissions are concentrated in densely populated and industrialised regions, including China, India, eastern 

North America, and Europe (Hoesly et al., 2018), with Africa also a major source of black and organic carbon aerosols due to 

widespread biomass burning. Since around 2000, Eastern and Southern Asia have exhibited the highest NTCF emissions, 

driven by rapid industrialisation (Szopa et al., 2021), while emissions in North America and Europe have declined due to 

stringent air-quality regulations (Aas et al., 2019; Miyazaki et al., 2017). These trends, including a sharp reduction in Chinese 70 

SO₂ emissions from the 2010s (Zheng et al., 2018) and a steady global decline in CO concentrations (Buchholz et al., 2021), 

demonstrate the effectiveness of targeted NTCF mitigation policies. 

 

Numerous studies have explored the climate impacts of NTCF mitigation, with most focusing on aerosol reductions. While 

these yield clear air-quality benefits, they can also induce short-term warming and increases in global mean precipitation (e.g., 75 

Richardson et al., 2018; Samset et al., 2018), accompanied by a northward shift of the tropical rain belt and substantial wetting 

of monsoon regions (e.g., Lelieveld et al., 2019). Model simulations suggest that mid-21st-century NTCF mitigation could 

increase global temperature by ~0.25 K and global precipitation by ~0.3 mm day⁻¹, with aerosol reductions the dominant driver 

(Allen et al., 2020).  

 80 

Despite this progress, most studies have examined individual NTCFs rather than their joint mitigation, and many have relied 

on idealised scenarios, simplified model representations of aerosol–chemistry–climate interactions, or small model ensembles, 

limiting the assessment of structural uncertainty. NTCFs are co-emitted from common sources and regulated through air 

quality policies; isolating a single species therefore misses the compound climatic response that actual mitigation measures 

would produce. Furthermore, previous analyses have largely focused on either global-mean temperature or precipitation or on 85 

specific regional domains, providing limited insight beyond these basic climate variables and their associated large-scale 

spatial patterns. 

 

Here, we address these gaps by analysing state-of-the-art multi-model simulations from the Aerosol and Chemistry Model 

Intercomparison Project (AerChemMIP; Collins et al., 2017) within CMIP6 (Eyring et al., 2016). Using seven Earth System 90 

Models and a paired scenario design that isolates the NTCF signal while holding GHG forcing constant, we quantify robust 

near-term responses of multiple drought characteristics to NTCF mitigation across regions and seasons, and identify the large-

scale dynamical mechanisms driving those responses. 
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The rest of the manuscript is organised as follows: Section 2 describes the model experiments and analysis methods. Section 95 

3 examines the influence of NTCF mitigation on drought characteristics and the underlying mechanisms, while drought 

exposure is described in Section 4. Conclusions follow in Section 5. 

2 Data and methods 

2.1 Model data, experiments, and observations 

To isolate the climate impacts of NTCFs, we analyse a pair of experiments developed along the CMIP6 Shared Socioeconomic 100 

Pathways (SSPs) projections. The baseline pathway, SSP3-7.0, is a high-emissions scenario characterised by limited 

international cooperation, weak air-quality regulation, and the absence of effective climate mitigation, yielding a radiative 

forcing of about 7.0 W m⁻² by 2100 (Eyring et al., 2016). It represents a world with continued fossil fuel dependence and 

persistently high NTCF emissions, and therefore provides a reference state against which the climatic effects of NTCF 

mitigation can be quantified.  105 

 

The companion scenario, SSP3-7.0-lowNTCF, follows the same socioeconomic pathway and GHG trajectory as SSP3-7.0, but 

applies stringent air-pollution controls using emission factors consistent with SSP1. The impact of NTCF mitigation is 

estimated as the difference between SSP3-7.0-lowNTCF and SSP3-7.0 (Allen et al., 2020), assuming approximate linear 

superposition of GHG and NTCF effects, a structural feature of the AerChemMIP framework shared with prior studies using 110 

the same design (Allen et al., 2020; Turnock et al., 2022). This provides an upper-bound estimate of NTCF-driven changes, as 

residual non-linearity, due for example to non-linear aerosol–cloud–radiation interactions, is most likely significant over 

regions of largest emission change, particularly South and East Asia. 

 

We analyse seven CMIP6 Earth System Models (Table S1), each including interactive tropospheric aerosols and atmospheric 115 

chemistry and providing three ensemble members for both experiments (similarly to Allen et al., 2020). Models are analysed 

over 2015–2055, when air-pollution mitigation is strongest in SSP3-7.0-lowNTCF. Historical simulations are used as a 

baseline and to evaluate model skill against observations. Observed temperature and precipitation are taken from the CRU TS 

v4.02 dataset (0.5° × 0.5°; Moseid et al., 2020). Future changes are assessed by comparing 2036–2055 with 1995–2014. 

Population exposure to drought is quantified as the product of drought occurrence (in months) and gridded population count, 120 

aggregated over each region. Present-day population distributions are taken from the Gridded Population of the World version 

4 (GPWv4; CIESIN, 2018) dataset for 2000 at 30 arc-minute resolution, regridded to the common 2.5° × 2.5° analysis grid. 

We use a fixed present-day population rather than scenario-projected population in order to isolate the climatic component of 

exposure change; the use of SSP3-projected mid-century population would amplify exposure estimates substantially, 

particularly over South Asia and sub-Saharan Africa where demographic growth is largest under SSP3. 125 
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Model responses are first averaged across ensemble members and then combined into an equally weighted multi-model 

ensemble (MME). All fields are bilinearly interpolated to a common 2.5° × 2.5° grid prior to analysis, and inter-model 

robustness is assessed from the distribution of individual-model changes and their agreement (5 out of 7). Statistical 

significance of the difference in MME changes between SSP3-7.0 and SSP3-7.0-lowNTCF is evaluated at each grid point 130 

using a two-tailed Student's t-test using individual model differences, with results significant at the 90% confidence level 

indicated on figures by stippling.  

 

The evolution of NTCF and GHG emissions under the two scenarios has been described in detail by Allen et al. (2020), and 

we refer the reader to that study for global mean time series and sub-continental emission trends. Briefly, CO₂ and CH₄ 135 

emissions increase by approximately 65% and 50% respectively by 2055 relative to 2015 and are identical across both 

scenarios, as the AerChemMIP design holds well-mixed GHG forcing constant between experiments. Under SSP3-7.0, 

anthropogenic emissions of most aerosol species and gaseous precursors increase modestly (5–15% by 2055), whereas SSP3-

7.0-lowNTCF applies stringent air-quality controls, yielding global emissions reductions of 40–55% across all non-methane 

NTCFs, with SO₂ and BC showing the largest decreases, particularly over South and East Asia. Here, rather than area-averaged 140 

sub-continental trends, we show in Fig. S1 the spatial distribution of emission changes at the model grid-point level, allowing 

us to link local forcing anomalies directly to the regional drought response patterns described in Section 3.  

2.2 Drought index and computation of drought characteristics 

We use the Standardized Precipitation Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2010) in preference to the 

Palmer Drought Severity Index (PDSI; Wells et al., 2004), whose fixed timescale and strong memory effects limit its 145 

applicability across climates, and the Standardized Precipitation Index (SPI; McKee et al., 1993), which neglects temperature-

driven evaporative demand. 

 

SPEI combines SPI’s multitemporal framework with a PDSI-like physically based water-balance approach by incorporating 

potential evapotranspiration (PET), allowing droughts driven by both precipitation deficits and enhanced evaporative demand 150 

to be captured (Vicente-Serrano et al., 2010). SPEI has proven effective for global and regional drought assessments under 

climate change and remains computationally efficient (Begueria et al., 2013). We therefore adopt SPEI as our drought 

indicator, and we focus primarily on the 3-month timescale (SPEI-3) to capture short-term agricultural stress, and their inter-

seasonal contrasts. We will also examine SPEI-6 and SPEI-12 to assess the sensitivity to temporal aggregation as well as the 

implications for long-term moisture deficits relevant to hydrological and agricultural droughts. 155 

 

The choice of a reference period is critical for calculating drought indices but often receives insufficient attention (Kwon and 

Sung, 2019; Wang et al., 2021), and can lead to substantial discrepancies in evaluating drought severity and spatial extent (Um 

et al. 2017). The SPEI was standardised using 1985–2014 as the reference period, providing a 30-year climatological baseline 
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for estimating the probability distribution of the climatic water balance. This reference period was used only for SPEI 160 

standardisation, and for defining drought anomalies relative to the late historical climate. Drought characteristics were then 

calculated over 1995–2014 for the historical baseline and over 2036–2055 for the future period, so that both periods span 20 

years and are directly comparable. This choice ensures a consistent comparison between the historical period and the future 

period 2036–2055, while retaining a sufficiently long baseline for SPEI calculation. 

 165 

Drought events are identified using the “run theory” (Yevjevich, 1969), whereby a drought event is defined as a continuous 

period during which monthly SPEI values remain below a prescribed threshold. The SPEI at each grid cell and timescale is 

standardised against the reference period climatology such that its values follow a standard normal distribution with zero mean 

and unit variance; a value of −1 therefore corresponds to conditions at approximately the 16th percentile of the historical water-

balance distribution, indicative of moderate drought. This threshold is widely used in the literature to define moderate drought 170 

conditions (McKee et al., 1993; Lloyd-Hughes and Saunders, 2002) and provides a balance between capturing meaningful 

drought episodes and maintaining a sufficient sample size for robust statistical analysis. Drought occurrence is defined as the 

frequency of drought months, duration as the number of consecutive months below the threshold, severity as the cumulative 

SPEI deficit over the event, and intensity as the mean SPEI value during the event. Although drought occurrence, intensity, 

and severity were analysed at both annual and seasonal scales, drought duration is presented only at the annual scale. This is 175 

because the three-month seasonal window constrains the possible duration values and may truncate drought events that extend 

across adjacent seasons. Consequently, seasonal estimates of duration are more sensitive to the choice of the temporal window 

and are less directly comparable with annual estimates of drought persistence. Annual duration therefore provides a more 

robust measure of drought persistence by allowing drought events to be identified over a continuous 12-month period. 

 180 

By definition, computation of the SPEI requires estimates of potential evapotranspiration (PET), the theoretical maximum rate 

at which water would be evaporated from the land surface and transpired by vegetation under conditions of unlimited water 

supply. We adopt the Hargreaves–Samani method (Hargreaves and Samani, 1985), which requires only maximum and 

minimum temperature and extra-terrestrial solar radiation, i.e., incoming solar radiation at the top of the atmosphere. This 

approach offers a physically more realistic representation of evaporative demand than the temperature-only Thornthwaite 185 

method while remaining computationally tractable for large multi-model ensemble analyses (De Sousa Lima et al., 2013; 

Ogunrinde et al., 2021). 
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3 Results 

3.1 Water availability trends 

To place the analysis into context, we first examine the evolution of temperature and precipitation, and the drought-relevant 190 

indicator SPEI-3 under the two scenarios, before turning to a detailed characterisation of drought characteristics in subsequent 

sections.  

 

Global-mean MME SPEI-3 displays an approximately linear and statistically significant (95% confidence level) decrease 

throughout the entire analysis period, with a historical trend of -0.046 decade-1 over 1995-2014 that continues largely 195 

uninterrupted into the future under both scenarios (-0.047 decade-1 and -0.049 decade-1 in SSP3-7.0 and SSP3-7.0-lowNTCF, 

respectively over 2015- 2055; Fig. 1a). Starting from a near-zero baseline mean over 1995-2014, global-mean SPEI-3 reaches 

approximately -0.2 by mid-century, indicative of increasingly drought-prone conditions (Fig. 1a). 
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Figure 1: (a) Time series of global annual mean SPEI-3 for the historical (1995-2014) and future (2015-2055) periods. The solid lines 200 

represent the MME (historical: black; SSP3-7.0: red; SSP3-7.0-lowNTCF: blue), while the shading represents the inter-model range. 

The dotted and dashed lines are the least-square linear fits to the historical and future time series. (b) Spatial pattern of changes in 

MME SPEI-3 under SSP3-7.0 during 2036-2055 relative to 1995-2014. (c) Changes in MME SPEI-3 during 2036-2055 due to NTCF 

mitigation (difference between SSP3-7.0-lowNTCF – SSP3-7.0). Black dots in (b) and (c) indicate grid cells where changes are 

statistically significant at the 95% level based on the two-tailed Student’s t-test.  205 

 

This drying signal is robust and statistically significant across models, though with substantial inter-model spread in the 

magnitude of the signal (ranging from -0.01/-0.01 to -0.11/-0.09 decade-1 across the seven models for SSP3-7.0/SSP3-7.0-
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lowNTCF), and reflects the dominant influence of rising evaporative demand associated with global warming, which 

outweighs the concurrent increase in global-mean precipitation. Differences between SSP3-7.0 and SSP3-7.0-lowNTCF are 210 

negligible and statistically insignificant in the global mean, with the latter showing only a marginally more negative trend. 

This indicates that NTCF mitigation exerts little influence on global-mean drought tendency, a consequence of strong regional 

heterogeneity and partial compensation between temperature- and precipitation-driven contributions to SPEI, particularly 

between the drying signal over the subtropics and the mid-latitudes, and the wetting signal over monsoon regions and high 

northern latitudes. However, global-scale metrics can obscure important spatial structure in the drought response, and studies 215 

focused solely on global or hemispheric means may substantially underestimate, or entirely miss, the regional drought hazards 

that NTCF mitigation can both alleviate and exacerbate (Seneviratne et al., 2012). 

 

The spatial patterns of the SSP3-7.0 2036-2055 annual mean SPEI-3 changes compared to the historical (1995-2014) period 

reveal coherent large-scale structures (Fig. 1b). Under SSP3-7.0, widespread drying emerges across tropical and mid-latitude 220 

regions in both hemispheres, with the strongest decreases over arid and semi-arid regions (northern Africa, the Mediterranean, 

the Middle East, central Asia, and southern Africa). These are regions characterised by low baseline precipitation and high 

evaporative demand, and thus are particularly sensitive to further warming. The projected SPEI-3 decreases in regions such as 

northern Africa, the Middle East, and central Asia, the future SPEI-3 anomaly reach −1 to −1.5 standard deviations of the 

detrended historical SPEI-3 distribution. This implies that future mean SPEI-3 conditions in these regions will fall below what 225 

has recently been experienced during drought years, representing a shift toward unprecedented aridity within the 2036–2055 

timeframe. In contrast, wetter conditions develop over equatorial Africa, South and East Asia, the eastern United States, and 

high northern latitudes.  

 

For reference, the historical mean SPEI-3 (Fig. S2) confirms that much of the projected future drying under SSP3-7.0 occurs 230 

over regions already exhibiting negative SPEI anomalies during 1995–2014, representing a substantial amplification of 

already-emerging tendencies. However, central Europe, the central US, South Africa, and parts of tropical South America 

show near-neutral historical SPEI-3 values yet project strong future drying, suggesting a qualitative shift in their hydroclimate 

rather than simple intensification. 

 235 

An overall similar structure is also displayed under SSP3-7.0-lowNTCF, attesting to the predominant role of GHG increases 

in shaping the large-scale response (Fig. 1c). However, the magnitude of regional anomalies is substantially modulated by 

NTCF mitigation, with the signal robust across the majority of models over the majority of the areas. Drying is amplified over 

northern Africa, the Middle East, Europe, and the western United States, where precipitation decreases are accompanied by 

marked warming and enhanced evaporation. Conversely, wetter conditions intensify over South and East Asia, the Amazon, 240 

Central America, and much of Australia. A pronounced zonal dipole emerges over Eurasia, with enhanced water scarcity over 

already relatively dry western regions and substantially reduced drought-favourable conditions over monsoon-dominated 
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eastern Asia, consistent with aerosol reductions driving a stronger Asian monsoon (Wilcox et al., 2020; Allen et al., 2020). 

Exceptions where NTCF mitigation reverses the GHG-driven drying signal — including parts of Central America, the Amazon, 

southern Africa, and Australia — are associated with significant regional wetting that offsets the evaporative demand increase; 245 

a more detailed attribution of these reversals, including the role of circulation changes, is provided in Section 3.3. 

 

These SPEI-3 responses reflect the underlying changes in effective radiative forcing, temperature, and precipitation induced 

by NTCF mitigation, which are spatially heterogeneous and consistent with Allen et al. (2020) and Turnock et al. (2022). The 

specific dynamical and thermodynamic mechanisms are examined in Section 3.3. 250 

3.2 NTCF mitigation and changes in drought characteristics 

This section examines the projected seasonal changes in drought characteristics due to NTCF mitigation. The spatial patterns 

of the three metrics — occurrence, duration, and intensity — are generally consistent; we therefore focus on drought occurrence 

in the main figures, while changes in duration and intensity are shown in the supplementary material. We focus primarily on 

DJF and JJA to highlight the contrasting impacts of NTCF mitigation between the two peak seasons of the annual cycle; 255 

corresponding patterns for MAM and SON are also shown in the supplementary material and referred to where relevant. 

 

Under SSP3-7.0, drought occurrence increases substantially relative to the historical period across all seasons (Figs. 2a and 

2c).  

 260 
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Figure 2: (a) and (c): Spatial patterns of MME changes in drought occurrence (months season-1) under SSP3-7.0 during 2036-2055 

relative to 1995-2014 for (a) JJA and (c) DJF. (b) and (d): MME changes in future drought occurrence during 2036-2055 due to 

NTCF mitigation for (b) JJA and (d) DJF. Stippling marks grid cells where the difference is statistically significant at the 90% level 

using a two-tailed Student’s t-test. 

 265 

During JJA, widespread increases are projected across the Northern Hemisphere, affecting western and central America, 

Europe, northern Africa, the Middle East, and central Asia. The largest anomalies, exceeding 2 months per season, are 

concentrated over northern Africa and parts of the Middle East — regions where drought occurrence is already elevated in the 

historical climatology (Fig. S3), underscoring that NTCF-driven warming is superimposed on already drought-prone 

backgrounds. Large increases are also seen in the Southern Hemisphere, particularly over southern Africa and the Amazon, 270 

exacerbating water scarcity during the climatological dry season. During DJF, increases over northern Africa, the Middle East, 

and the western US persist but are generally of smaller magnitude than in JJA. Positive anomalies also extend over Pakistan, 

northwestern India, and central China. The SON pattern closely resembles JJA, with the largest Southern Hemisphere increases 

occurring in that season, while MAM closely mirrors DJF, with peak anomalies over the western US and parts of Asia (Fig. 

S4). The timing of peak drought occurrence broadly follows the seasonal cycle of maximum temperature and evaporative 275 

demand in each region, consistent with the thermodynamic control on the water balance. However, a close examination reveals 

some important differences in the timing of the peak values. For example, the largest increases across the southern hemisphere 

are found in SON, while the largest magnitude is in JJA over the US and Europe. 

 

NTCF mitigation (Figs. 2b and 2d) yields a predominantly positive response in drought occurrence — that is, reducing NTCFs 280 

generally increases drought frequency beyond what is projected under SSP3-7.0 alone. During JJA, the largest and most 

statistically significant increases under NTCF mitigation are found over northern Africa and the Middle East (exceeding 0.5 

months per season in the multi-model mean), Europe, western America, and parts of southern Africa and South America. In 

the majority of these regions, the NTCF mitigation signal amplifies drought anomalies that are already positive under SSP3-

7.0, effectively compounding the GHG-driven drying. For example, over the Sahara and West Asia, NTCF mitigation adds 285 

approximately 0.3–0.5 months per season of additional drought occurrence on top of increases of 1.5–2 months per season 

already present under SSP3-7.0. During DJF, the pattern of increases under NTCF mitigation shifts somewhat southward and 

eastward, with notable increases over South Asia, the eastern Mediterranean, and the Middle East. Reductions in drought 

occurrence under NTCF mitigation — indicating a beneficial effect — are confined to limited areas, primarily southeastern 

Asia, eastern Australia, and parts of Central America, consistent with the precipitation increases in those regions. The signal 290 

is robust across models, with at least 5 out of 7 models agreeing on the sign of the change over the main hotspot regions 

(stippling in Fig. 2). Compared to SSP3-7.0, the timing of peak increases under NTCF mitigation is broadly similar, although 

the DJF signal shows a more marked response concentrated over South and Central Asia relative to the JJA pattern, reflecting 

the seasonal modulation of the large-scale circulation response discussed in Section 3.3. 
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 295 

In most regions, drought events under NTCF mitigation tend to cluster in the same seasons where occurrence is already 

elevated under SSP3-7.0 relative to the historical baseline, thus further compounding an already increased drought hazard. The 

seasonal timing of peak drought occurrence is broadly preserved between the two scenarios across most regions, with both 

SSP3-7.0 and SSP3-7.0-lowNTCF showing maximum values during JJA and SON, and comparatively modest changes during 

DJF and MAM. In some areas, however, the largest enhancement due to NTCF mitigation is not during the season of peak 300 

drought occurrence in SSP3-7.0, such as prominently over the Mediterranean and central Europe, where the strongest increases 

in drought occurrence emerge in SON rather than in summer, reflecting a seasonally asymmetric response driven by circulation 

changes and moisture availability. Another notable exception is the Amazon region where NTCF mitigation produces a 

reduction in drought occurrence relative to SSP3-7.0 during DJF and MAM, while an opposite response—an increase in 

drought occurrence—emerges during SON. 305 

 

Changes in drought intensity and duration under NTCF mitigation are broadly spatially consistent with the occurrence signal 

(Figs. S5, S6). Intensity increases — indicating more negative mean SPEI during drought events — are concentrated across 

the Middle East, Central Asia, and northern Africa, with the strongest and most model-robust signal in JJA and SON; the 

Mediterranean also shows notable increases in those seasons. Annual drought duration increases are most coherent across 310 

Central Asia and the Middle East, where anomalies exceed 0.5 months per event, with more modest but significant increases 

across the Sahel and parts of western North America. Modest reductions in both metrics are found over Southeast Asia, Central 

America, and central Africa, consistent with the wetting response in those regions. Broadly, the three metrics are approximately 

aligned, suggesting that NTCF mitigation drives a compound intensification of drought — simultaneously more frequent, 

longer-lasting, and more severe — across much of the Northern Hemisphere dryland belt, particularly in seasons and regions 315 

where GHG-driven drying is already most pronounced. 

3.3 Mechanisms underpinning changes in droughts 

Identifying the physical mechanisms underpinning the drought changes described above is essential for building confidence 

in the projected responses to NTCF mitigation. To this end, we examine changes in key dynamical and thermodynamic 

variables, which collectively establish a physically coherent framework for interpreting future drought changes. Previous 320 

studies have shown that changes in seasonal mean environmental conditions — rather than changes in variability — are the 

primary driver of shifts in climate extremes (Christidis et al., 2015; Diffenbaugh et al., 2017; Seneviratne et al., 2012), as they 

represent the large-scale background state on top of which individual drought events develop. We note, however, that temporal 

changes in the intra-seasonal distribution of precipitation, even in the absence of mean changes, can also modulate drought 

frequency; this possibility is not explored here but warrants future investigation. 325 
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The spatial pattern of changes in drought occurrence bears a marked resemblance to the seasonal anomalies in precipitation 

(P) minus potential evapotranspiration (PET) (Fig. 3), which is physically consistent given that P − PET represents the surface 

water balance and serves as the direct input to the SPEI. 

 330 

 

Figure 3: (Top): Spatial patterns of MME changes in precipitation minus potential evapotranspiration (P − PET) [mm day-1] for 

(left) JJA and (right) DJF due to NTCF mitigation. (Bottom): As (Top) but for near-surface mean temperature (ΔTmean = (Tmax 

+ Tmin)/2) [K]. 335 

 

Regions of increased drought occurrence broadly correspond to negative P−PET anomalies, and vice versa. Note however, 

that the relative magnitudes do not necessarily map straightforwardly onto one another, as the translation from a given P−PET 

anomaly into a change in drought occurrence depends on the underlying climatological mean and variability (e.g., a modest 

negative P−PET anomaly in an already arid region may drive proportionally larger shifts in drought occurrence than a 340 

comparable anomaly in a wetter climatological setting). 

 

The relative contributions of P and PET to the P−PET anomaly are regionally distinct. In some areas, negative P−PET 

anomalies are dominated by precipitation suppression — for example over the southern US and Mexico in DJF, and parts of 

South America during JJA, where precipitation reductions are not compensated by changes in evaporative demand. In many 345 
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regions, however, PET increases play a dominant role, particularly across the Northern Hemisphere midlatitudes during JJA 

(where PET accounts for ~64% of the extratropical Δ(P−PET) signal) and over northern Africa and the Middle East, where 

warming-driven increases in evaporative demand suppress moisture availability even where precipitation is not substantially 

reduced (Fig. S7). In some areas, changes in P and PET oppose each other: over the western US during JJA, enhanced PET 

partially offsets concurrent precipitation increases, resulting in a net drying tendency (Fig. S7, S8). Conversely, over South 350 

and East Asia and the equatorial regions during JJA, reductions in drought occurrence are mainly driven by substantial 

increases in precipitation (Fig. S7), with PET changes playing a secondary role. During DJF, precipitation is the slightly 

dominant contributor globally (~57% of Δ(P−PET)), though over the extra-tropics P and PET contributions are roughly 

balanced, and the two drivers can again act in opposition. During JJA, PET becomes the dominant driver globally, with its role 

particularly pronounced across the Northern Hemisphere midlatitudes and the extra-tropics (~64%). 355 

 

During MAM, negative P−PET anomalies are largely driven by increases in PET, particularly across the Northern Hemisphere 

tropical and midlatitude regions, with precipitation changes playing a secondary role (Fig. S7, S9). During SON, drying in 

parts of the Southern Hemisphere tropics arises from sustained PET increases, while PET anomalies continue to dominate 

Northern Hemisphere drying, only partly offset by concurrent precipitation increases over some regions such as North America 360 

(Fig. S7, S8, S9). 

 

The increase in PET across the Northern Hemisphere midlatitudes is closely associated with marked near-surface warming in 

all seasons (Figs. 3 and S10), particularly during the daytime as indicated by the increases in the diurnal temperature range 

(Fig. S11). In particular, this warming plays a crucial role in driving PET increases over the western US and, even more 365 

markedly, across Eurasia. Yet, changes in NTCF emissions, already relatively low over the Northern Hemisphere extra-tropics, 

are relatively minor, and as such this continental warming cannot be attributed primarily to regional emission unmasking. By 

contrast, the largest emission changes occur over Asia. This points to the potential role of large-scale dynamical adjustments 

in communicating the NTCF forcing signal to remote regions. In the following paragraph, we investigate this mechanism, 

focusing on JJA and DJF as the two seasons that most clearly capture the contrasting atmospheric responses. 370 

 

Examining first the boreal summer circulation anomalies related to NTCFs, the 300-hPa meridional wind (Fig. S12) and 

stream-function fields reveal a pronounced pattern of alternating positive and negative anomalies across the Northern 

Hemisphere midlatitudes (Fig. 4, top), consistent with a quasi-stationary Rossby wave train. The wave activity flux (WAF) 

provides independent support for this interpretation, as it is parallel to the wave group velocity and thus traces the propagation 375 

pathway.  
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Figure 4: (a): Spatial pattern of JJA changes during (2036-2055) in 300-hPa stream function (unit: 106 m2 s-1; shading) and wave 

activity flux (unit: 10 m2 s-2; vectors) due to NTCF mitigation. (b): As (a) but for 150-hPa velocity potential (unit: 106 m2s−1; shading) 

and divergent wind (unit: m s-1; vectors). 380 
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A strong WAF anomaly emanates from northern India and central China, indicating a source of wave activity, and propagates 

north-eastward toward the north-western Pacific, before turning eastward across North America, the north Atlantic, and into 

Europe and the Middle East, where it progressively weakens. The origin of this teleconnection is clarified by the Rossby wave 

source (RWS) diagnostic. A marked RWS dipole coincides with the anomalous convection over South and East Asia (Fig. 385 

S13), where strong upper-level divergent outflow associated with the enhanced precipitation anomaly interacts with the large 

meridional vorticity gradient of the Asian–Pacific jet, generating the primary source of tropical Rossby wave activity. 

Secondary RWS anomalies are also present over the extratropical north-western Pacific, the north Atlantic, and north-eastern 

Europe, collocated with the climatological jet exit regions — well-known nodal points for midlatitude wave–mean flow 

interaction. These can be interpreted as secondary sources arising from the quasi-geostrophic adjustment of the large-scale 390 

flow to the wave generated in the primary source region. An analogous wave train in the Southern Hemisphere originates from 

upper-tropospheric divergence over the Indian Ocean, propagates downstream toward Australia, and progressively weakens 

as it approaches South America. 

 

Mid-tropospheric descent is dynamically linked to upper-tropospheric southward wind anomalies on the eastern flanks of 395 

anomalous upper-level anticyclones. For example, a surface anticyclonic anomaly and widespread mid-tropospheric 

subsidence (Fig. S14, S15) is present over Southern Europe and the Mediterranean, which amplifies surface heating through 

two pathways: reduced cloud cover enhances downwelling shortwave radiation at the surface, and adiabatic warming of 

descending air increases near-surface temperatures. Conversely, in the southern Hemisphere, an anomalous upper-level 

cyclonic circulation over western and central Australia is associated with anomalous ascent, contributing to the modest wetting 400 

and associated reduction in drought occurrence in that region. 

 

In addition to exciting midlatitude Rossby wave responses, the convective anomaly over Asia also drives marked adjustments 

in the tropical zonal overturning circulation, as shown by the anomalous upper-tropospheric velocity potential and divergent 

wind (Fig. 4, bottom). The dominant feature is strong upper-level outflow centred over South Asia, associated with the 405 

enhanced monsoonal precipitation. One branch of this outflow heads north-westward, converging and subsiding over the 

Middle East, northern Africa, and the southern Mediterranean, a response reminiscent of the monsoon-desert mechanism 

(Rodwell and Hoskins, 1996; Cherchi et al., 2016), whereby enhanced monsoon heating drives compensating subsidence over 

adjacent arid regions. A second branch is directed south-westward, inducing convergence and mid-tropospheric subsidence 

over southern Africa. In both cases, the remotely forced descent suppresses precipitation, enhances surface warming and 410 

evapotranspiration, and thereby increases drought occurrence. Further to the west, anomalous wetting over the north equatorial 

Atlantic, associated with a narrowing and intensification of the regional ITCZ linked to the subsidence anomalies described 

above, drives upper-tropospheric divergent flow toward the Amazon basin, generating anomalous descent and drying in that 

region. 
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The DJF teleconnection pattern (Fig. 5) shares structural similarities with JJA but is characterised by a distinct source region 415 

and propagation pathway.  

 

Figure 5: As Figure 4, but for DJF. 
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A marked positive precipitation anomaly extends from the central equatorial Indian Ocean to the Maritime Continent, while 420 

the western equatorial Pacific and the South Pacific Convergence Zone (SPCZ) experience drying, consistent with a westward 

shift of the Pacific Walker circulation. Enhanced precipitation also occurs across south-eastern and eastern Asia, accompanied 

by a weakening of the Siberian High and reduced northerly flow over East Asia, consistent with the well-documented 

sensitivity of the East Asian winter monsoon to aerosol forcing (Liu et al., 2018). One branch of the associated upper-

tropospheric divergent flow heads north-westward, generating widespread subsidence across central and northern Africa, the 425 

Middle East, and southwestern Asia. Another branch propagates northward into the midlatitude westerlies, exciting an 

eastward-propagating Rossby wave train broadly analogous to its JJA counterpart, with alternating cyclonic and anticyclonic 

anomalies crossing North America and the north Atlantic before reaching Europe. The anomalous descent over western North 

America drives land drying and warming over northern Mexico and the southwestern US. In contrast to JJA, the DJF wave 

response in the Southern Hemisphere is negligible, owing to the weaker seasonal baroclinicity of the Southern Hemisphere 430 

during austral summer. 

3.4 Variations of drought characteristics at different time scales 

Examining drought responses across multiple timescales is important because SPEI-3 primarily reflects short-term 

meteorological drought, SPEI-6 is more indicative of agricultural drought, and SPEI-12 captures hydrological drought relevant 

to long-term water resource management (McKee et al., 1993; Vicente-Serrano et al., 2010). Fig. 6 compares the influence of 435 

NTCF mitigation on annual drought occurrence at the three timescales, and the corresponding patterns for duration and 

intensity are provided in Figs. S6 and S16, respectively. 
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Figure 6: Spatial patterns of MME changes in annual drought occurrence (months year-1) due to NTCF mitigation during 2036-

2055 for (a) SPEI-3, (b) SPEI-6, and (c) SPEI-12. Stippling marks grid cells where the difference is statistically significant at the 440 

90% level using a two-tailed Student’s t-test. 
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Across all three timescales, the drought occurrence response patterns share a common geographic footprint, with the largest 

and most extensive increases concentrated over northern Africa, the Middle East and central Asia, parts of Europe, and the 

western US, all located predominantly in the Northern Hemisphere. Weaker and less spatially consistent increases are also 445 

found over southern Argentina and southwestern Africa at short timescales. Decreases are generally modest and spatially 

limited, occurring mainly over southern China, southeastern Australia, and parts of Central and northern South America. 

Changes in duration and intensity show a broadly similar regional structure, including marked increases over the region 

encompassing northern Africa, the Mediterranean, the Middle East and central Asia, and positive anomalies over the 

southwestern US. Decreases in all three characteristics are consistently found over southeastern China, tropical America, and 450 

southeastern Australia. This cross-timescale coherence reflects the common physical pathway by which NTCF mitigation 

reshapes the large-scale distribution of precipitation and evaporation, creating a geographically consistent predisposition for 

drought change. 

 

Despite this overall consistency, systematic differences emerge as the accumulation period lengthens. Drought occurrence 455 

increases become progressively more spatially concentrated with increasing timescale, with anomalies focusing on the main 

hotspots, particularly the Middle East and central Asia, the western US, and southern Europe, while changes in surrounding 

regions diminish toward negligible values. Concurrently, the magnitude of anomalies over these hotspots intensifies. Similar 

behaviour applies to drought duration and, to a lesser extent, intensity. One notable exception occurs over some areas of 

northern Africa, where SPEI-6 and SPEI-12 patterns show an apparent decrease in drought duration accompanied by a 460 

compensating increase in occurrence: as the number of drought events become sufficiently large, the finite sample size leads 

to more frequent but shorter events being identified, so that occurrence and duration changes partially offset each other. Sub-

regional differences across timescales can also lead to sign reversals. For example, NTCF mitigation produces a weak increase 

in drought occurrence and duration over Mexico and parts of northern South America at the 3-month timescale, transitioning 

to a weak decrease at SPEI-6 and a more pronounced reduction at SPEI-12. A similar reversal is seen over southern Africa, 465 

reflecting the growing influence of seasonal precipitation increases at longer integration windows. Also, noteworthy is the 

non-linearity in drought occurrence and duration with the increased timescale that is visible in several regions, such as the 

Middle East and central Asia as well as Europe and the western US, whereby occurrence rapidly increases from SPEI-6 to 

SPEI-12.  

 470 

Drought intensity shows less variation across timescales than frequency or duration, except over parts of northern Africa and 

the Middle East. This is because intensity is primarily governed by short-term extremes in the water balance (P−PET): 

achieving a strongly negative SPEI-12 value requires either an exceptionally severe single dry season or a prolonged succession 

of moderate deficits, both of which are relatively rare and geographically confined. By contrast, SPEI-3 responds rapidly to 

short seasonal deficits, making it more sensitive to month-to-month variability. Accordingly, monthly-scale drying can produce 475 
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pronounced SPEI-3 anomalies that are substantially damped in SPEI-12. In arid and semi-arid regions, where PET dominates 

the water balance and evaporative demand amplifies under warming, longer timescales tend to reinforce and accumulate the 

effects of repeated short-term deficits, leading to progressively larger SPEI-12 anomalies. In more humid regions, by contrast, 

short droughts manifest clearly in SPEI-3 but are dampened in SPEI-12 by the buffering effect of residual soil moisture and 

groundwater storage. 480 

 

In summary, the cross-timescale coherence of the drought response, combined with its progressive concentration and 

intensification at longer accumulation periods, implies that NTCF mitigation carries differentiated implications for agricultural 

drought risk (most visible at SPEI-3 and SPEI-6) and longer-term hydrological stress (most clearly captured by SPEI-12). 

3.5 Changes in drought-affected area 485 

Figure 7 presents the seasonal drought-affected area based on SPEI-3 for JJA and DJF, distinguishing grid cells that are 

drought-affected under both scenarios (grey), only under SSP3-7.0-lowNTCF (red), or only under SSP3-7.0 (blue), with 

robustness defined as agreement among at least five of seven models. Corresponding patterns for MAM and SON are shown 

in Fig. S17. 

 490 

Figure 7: MME changes in seasonal drought area during 2036–2055 for (left) JJA and (right) DJF based on SPEI-3. A grid cell is 

defined as a drought area when at least two months within the season have SPEI ≤ −1 for at least five years during 2036–2055. 

Drought areas are shown only where at least five out of seven models agree on the sign. Blue indicates areas where drought occurs 

only under SSP3-7.0, red indicates areas where drought occurs only under SSP3-7.0-lowNTCF, and grey indicates areas common to 

both scenarios. 495 
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In JJA (and SON), the grey shading dominates the map, covering large contiguous areas across northern Africa, the Sahel, the 

Middle East, central Asia, South Asia, and parts of southern Europe and North America. This pervasive common signal reflects 

the strength of GHG-forced drying in the boreal spring and summer seasons, which is sufficiently robust across models to 500 

emerge regardless of NTCF policy. The implication is striking: across much of the Northern Hemisphere's most drought-

vulnerable regions, the trajectory toward persistent drought is largely locked in by greenhouse gas forcing and related warming, 

and NTCF mitigation does not substantially alter it. In DJF, the grey shading contracts markedly and becomes more spatially 

fragmented, confined mainly to northern Africa, the Middle East, and central Asia, indicating that the common GHG-forced 

drought signal is weaker and less spatially extensive in the boreal winter. In MAM, the grey signal is somewhat similar to DJF, 505 

with coherent common drought areas still present across the Middle East, northern Africa, and Central Asia, but with noticeably 

more coverage over South Asia and southern Europe compared to DJF. SON broadly resembles JJA in the geographic 

distribution of grey shading, with the spatial extent somewhat more extensive particularly over North and South America and 

Australia, suggesting a degree of seasonality in the persistence of the GHG-forced signal even within the warm half of the 

year. Overall, this finding underscores the primacy of CO₂ mitigation for drought risk reduction at the global scale. 510 

 

Red grid cells, where model-robust drought occurs exclusively under SSP3-7.0-lowNTCF, exceed blue ones in spatial extent 

across all seasons, confirming that the net effect of NTCF mitigation is to expand rather than contract the robustly drought-

affected area. In JJA, red shading appears at the margins of the grey-dominated zones, particularly over parts of north America, 

northern Africa, scattered areas across South Asia and Australia. In DJF, red areas are more spatially distinct from the grey 515 

core, appearing over parts of the Middle East and South Asia, the Mediterranean, and portions of South America. In MAM, 

red shading is notably concentrated over the Middle East and parts of Central Asia, broadly consistent with the DJF pattern, 

though with additional red cells appearing over South Asia (a region that shows relatively limited signal in the other seasons). 

SON shares much of this geography but also shows scattered red cells over parts of northern Eurasia and Canada. Blue shading, 

indicating regions where robust drought is suppressed under reduced NTCF emissions, is considerably more limited across all 520 

seasons. The clearest blue signal appears over East Asia, consistent with the strengthened monsoon precipitation discussed in 

Section 3.3, while everywhere else the blue shading is sparse and geographically fragmented. 

 

Across all four seasons, several regions emerge where red shading is present in three or more seasons, implying that NTCF 

mitigation drives a robust expansion of drought area that is not confined to a single season but instead represents a near-525 

persistent shift in drought hazard. The Middle East and parts of Central Asia stand out most clearly in this regard, with red 

cells appearing consistently across DJF, MAM, and JJA, and to a lesser degree in SON. Central Africa and the western/central 

US similarly show red shading across multiple seasons. By contrast, blue cells rarely recur across more than one season in the 

same location, reinforcing the asymmetry of the NTCF mitigation effect: where drought relief occurs, it tends to be seasonally 

confined, while drought expansion under SSP3-7.0-lowNTCF is more persistent through the year. 530 
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The seasonal contrast between JJA and DJF is therefore striking: in JJA the response is dominated by a large common GHG-

forced drought area with NTCF mitigation playing a secondary modulating role at its margins, while in DJF the scenario-

dependent signals become relatively more prominent against a weaker common background. MAM and SON occupy 

intermediate positions, sharing the large grey-dominated structure of JJA while exhibiting some of the more distinct red-cell 

geography characteristic of DJF. Across all seasons, where NTCF mitigation does produce a distinct robust signal across 535 

models, it manifests overwhelmingly as drought expansion rather than relief, with the Middle East, Central Asia, northern 

Africa, the Mediterranean and the southwestern US emerging as the regions of greatest and most seasonally persistent concern. 

3.6 Drought changes across regions and seasons 

Figure 8 summarises projected changes in drought occurrence, duration, intensity, and severity across IPCC AR6 reference 

regions for 2036–2055 (SSP3-7.0-lowNTCF − SSP3-7.0), based on SPEI-3, allowing direct cross-regional and cross-seasonal 540 

comparison. 

 

Figure 8: MME regional changes in drought characteristics across IPCC AR6 regions for the 2036–2055 period under NTCF 

mitigation. The upper panel shows seasonal changes in drought occurrence and severity for DJF, MAM, JJA, and SON; the lower 545 

panel shows annual mean changes in occurrence, duration, intensity, and severity. Regional values are calculated as latitude-

weighted area means over land grid cells within each IPCC reference region. The global value in the annual panel represents the 

area-weighted mean across all land grid cells. Bold values indicate changes that are both statistically significant at the 90% level 

based on a two-tailed Student’s t-test and consistent in sign across at least 5 out of 7 models; italic values indicate changes consistent 

in sign across at least 5 out of 7 models but not meeting the significance threshold. 550 
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The Sahel (SAH), West Asia (WAS), and Central Asia (CAS) constitute the primary hotspot regions. In SAH, drought 

occurrence increases by 4.9–5.8 months per season in MAM and JJA, with significant positive anomalies in all four seasons 

and an annual mean of +0.8 months yr⁻¹; severity reaches ~1.9 annually, among the most negative values across all regions. 

WAS shows similarly large and seasonally consistent increases (2.6–5.5 months per season), with the largest severity signal 

of any region (−0.6 SPEI units in JJA). CAS occurrence increases range from 1.4 months in DJF to 5.2 months in JJA, also 555 

significant year-round. The co-occurrence of robust signals across all metrics and all seasons in these three regions points to a 

near-perennial compounding of already-elevated water stress. The Mediterranean (MED) shows robust annual increases (+0.55 

months yr⁻¹ occurrence, severity −1.60), peaking in SON (4.2 months), consistent with the well-documented tendency toward 

summer and autumn drying in this region. Central Europe (CEU) displays a weaker but coherent signal concentrated in JJA 

and SON. 560 

 

Among regions experiencing significant drought reductions, Southeast Asia (SEA) records the largest annual decrease (−0.37 

months yr⁻¹), with the strongest signal in MAM (−1.8 months) and JJA (−2.4 months), physically consistent with the 

strengthened Asian summer monsoon. Australia (NAU, SAU) shows reductions of −0.19 and −0.36 months yr⁻¹ respectively, 

present across multiple seasons. Central America (CAM) records −0.24 months yr⁻¹ annually, with the largest decreases in JJA 565 

and SON (−2.6 months). In all regions where reductions are significant, the signal extends consistently to severity, reinforcing 

physical consistency. 

 

Seasonally, MAM and JJA dominate as the periods of maximum drought intensification across most land regions, reflecting 

the compound influence of enhanced PET and reduced precipitation during the pre-monsoon and warm seasons. The 570 

prominence of MAM in SAH, WAS, and CAS points to an effective lengthening of the annual dry period in these regions. 

DJF generally shows the weakest response, though WAS and CAS remain significant even in winter. At the global scale, the 

area-weighted annual mean shows small but positive occurrence (+0.16 months yr⁻¹) and severity (+0.58) anomalies, reflecting 

the dominance of drought-intensifying regions in land area over drought-reducing ones. 

4 Seasonal changes in exposure to droughts 575 

Population exposure to drought represents the combined influence of climatic stress and demographic distribution, providing 

an integrated measure of potential human vulnerability to water scarcity. Unlike purely meteorological indices, exposure-based 

metrics account for both the number of people affected and the duration of drought conditions. Figure 9 shows seasonal changes 

in population exposure to drought (in million person-months per decade) under NTCF mitigation relative to SSP3-7.0, for JJA 

and DJF. Increases dominate across most low- and mid-latitude regions in both seasons. 580 
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Figure 9: Seasonal changes in gridded population exposure to drought under NTCF mitigation for (a) JJA and (b) DJF during 2036–

2055. Stippling indicates regions where at least 5 out of 7 models agree on the sign of the change. Values represent total population 

exposure within each 2.5° × 2.5° grid cell. 

 585 

In JJA, the most extensive and robust increases in exposure occur across Europe, the Middle East, and extending eastward into 

Pakistan/north-western India and Central Asia, with widespread values exceeding 1 million person-months per decade and 

locally higher values over densely populated areas. More isolated but robust increases are also found over parts of the western 

United States, southern Brazil, and eastern and south-eastern Africa. By contrast, a coherent and robust reduction in drought 

exposure is found over South-east and East Asia (in excess of 1 million person-months per decade), consistent with the 590 

strengthened monsoon precipitation discussed in previous sections (Fig. S7). 

 

In DJF, the exposure increase over the eastern Mediterranean, Middle East, and western Asia persists, though with somewhat 

weaker magnitudes than in JJA over most of the domain. A notable exception is the Iran–Pakistan corridor, where the largest 

exposure increases in the dataset are found, reflecting the combination of large positive drought occurrence anomalies and 595 

high population density in this region. Additional increases emerge over the Sahel, parts of Mexico and the eastern United 

States, and south-eastern Africa. The reduction over East and Southeast Asia contracts compared to JJA but remains visible, 

with a marked increase over eastern China mostly due to the high population of the region. Increased exposure also spreads 

across South Asia, particularly over the densely populated Indo-Gangetic plain. 

 600 

Across seasons, exposure patterns show notable coherence between JJA and SON over Europe, the Mediterranean, and South 

and East Asia, reflecting the persistence of summer-driven drying into autumn (Fig. S18). MAM and DJF are similarly coherent 

over the Middle East and northern Africa, where limited seasonal recovery in soil moisture carries drought conditions into the 

pre-monsoon period.  
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These pairings indicate that tropical and subtropical exposure is shaped primarily by the persistence of dry-season conditions 605 

into the spring, while European and Mediterranean exposure is driven by summer thermal forcing and its seasonal legacy into 

autumn. A small number of regions stand out as experiencing robust positive exposure anomalies across the majority of the 

seasons, if not year-round, pointing to a near-permanent intensification of drought risk under NTCF mitigation. The Middle 

East and the Iran–Pakistan/northwestern India corridor are the clearest examples with increases visible in every season, 

reflecting the compound effect of large drought occurrence anomalies and high and growing population density. Eastern 610 

Europe and the eastern Mediterranean also display a consistent positive signal across all four seasons, though with somewhat 

lower magnitudes, suggesting that the well-documented summer drying tendency in this region is not confined to the warm 

season but represents a year-round shift in drought exposure under NTCF mitigation. Parts of the western and eastern United 

States show a weaker but recurring positive signal across seasons, though largely without stippling, indicating a tendency 

toward increased exposure that lacks the cross-model robustness seen in the other hotspots.  615 

5 Conclusions 

This study investigates the effects of non-methane near-term climate forcer (NTCF) mitigation on future drought risk using 

multi-model simulations from seven CMIP6 Earth System Models within the AerChemMIP framework. By contrasting the 

SSP3-7.0 and SSP3-7.0-lowNTCF scenarios, which share identical greenhouse gas trajectories but apply contrasting controls 

across the full range of non-methane near-term climate forcers, including aerosols and their precursors gases, we isolate the 620 

climate signal of NTCF reductions on drought frequency, duration, intensity, and severity across regions and seasons over the 

period 2036–2055. The SSP3-7.0 scenario is particularly suited for this purpose given its strong forcing contrast and its 

representativeness of a high-emission; low-mitigation future relevant to near-term impact assessment (Shiogama et al., 2023). 

This paired scenario design, applied to a large multi-model ensemble, addresses key limitations of prior work, which has 

largely relied on single-species perturbations, idealised frameworks, or analyses focused on temperature and precipitation 625 

alone.  

 

Our main finding is that NTCF mitigation exerts negligible influence on global-mean drought tendency, which is dominated 

by greenhouse-gas-driven warming and the associated increase in evaporative demand. This result underscores a critical point: 

global or hemispheric metrics substantially obscure the regional drought hazards that NTCF mitigation can both alleviate and 630 

exacerbate. The regional response is strongly heterogeneous and cannot be characterised by a single narrative. The most robust 

and spatially coherent drought intensification under NTCF mitigation occurs across the Sahel, the Middle East, and Central 

Asia, where drought occurrence, duration, intensity, and severity all increase significantly across all seasons, pointing to a 

near-perennial compounding of already-elevated water stress. The Mediterranean and central Europe display similarly robust 

increases, peaking in boreal summer and autumn. These regions also show the highest population exposure to drought, with 635 
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the Iran–Pakistan–north-western India corridor and the eastern Mediterranean exhibiting year-round increases in drought-

affected population. 

 

The physical mechanisms underpinning these responses are identified through a combination of water balance diagnostics and 

large-scale circulation analysis. The spatial patterns of drought change are closely coherent with anomalies in P−PET, with 640 

PET increases playing the dominant role across the Northern Hemisphere midlatitudes in summer (~64% of the extratropical 

P−PET signal in JJA), and precipitation suppression being relatively more important in winter (~57% globally in DJF). 

Crucially, the drying over remote regions, including the Mediterranean, northern Africa, the Middle East, and the western 

United States, cannot be attributed to local emission changes alone. We suggest that the large aerosol emission reductions 

concentrated over South and East Asia are the primary driver of this remote drying, operating through a chain of dynamical 645 

responses: the removal of local aerosol cooling displaces and strengthens the Asian monsoon convection, generating circulation 

anomalies that propagate well beyond the immediate source region to suppress rainfall and enhance evaporative demand across 

the Mediterranean, northern Africa, the Middle East, and the western United States. In boreal summer, this tropical heating 

anomaly generates a quasi-stationary Rossby wave train propagating across the Northern Hemisphere midlatitudes, inducing 

anomalous subsidence and surface warming over Europe and the Middle East. An additional pathway operates through the 650 

monsoon-desert mechanism, whereby enhanced monsoonal outflow drives compensating descent over adjacent arid regions 

including northern Africa and southern Africa. In boreal winter, an analogous but structurally distinct teleconnection is linked 

to a westward shift of the Walker circulation and changes in the East Asian winter monsoon, with downstream effects on 

drought occurrence across the Middle East, southwestern Asia, and the western United States. These remote influences explain 

the synchronised drying across the western US, southern Europe, and the Middle East, emphasising the global reach of regional 655 

aerosol forcing changes. These findings directly address the call in the introduction for process-based understanding of how 

large-scale circulation changes mediate the regional hydrological response to anthropogenic forcing. 

 

A smaller but consistent set of regions, notably Southeast Asia, eastern Australia, northern Europe, and Central America, 

experience significant reductions in drought occurrence under NTCF mitigation, driven by enhanced precipitation and 660 

associated increases in soil moisture. However, the area of robust drought expansion under the SSP3-7.0-lowNTCF scenario 

exceeds that of drought relief across all seasons, and the beneficial effects tend to be seasonally confined, whereas the drought-

intensifying signal is more persistent through the year. 

 

Our analysis of drought characteristics across multiple SPEI timescales reveals a systematic pattern: the drought response 665 

intensifies and spatially concentrates as the accumulation period lengthens from 3 to 12 months. While short-term 

meteorological drought (SPEI-3) responds rapidly to seasonal water balance anomalies, hydrological drought (SPEI-12) 

accumulates the effects of repeated evaporative and precipitation deficits, producing larger and more spatially coherent 

anomalies over the Middle East, Central Asia, and southwestern United States. This timescale dependence has direct 
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implications for adaptation: near-term air quality policies carry differentiated consequences for agricultural drought risk and 670 

longer-term hydrological stress, with the latter arguably posing greater challenges for water resource management. 

 

These results demonstrate that while NTCF mitigation delivers clear and well-documented benefits for air quality and, in many 

regions, for drought risk, it simultaneously and paradoxically intensifies drought conditions in some of the world's most water-

stressed and vulnerable regions. This regional asymmetry is physically robust across the model ensemble and arises not from 675 

simple thermodynamic responses but from a complex interplay of radiative forcing, land–atmosphere feedbacks, and remote 

dynamical teleconnections. The concentration of robust drought exposure increases across already water-stressed and densely 

populated regions, notably the Middle East, eastern Mediterranean, and parts of South Asia, underscores the need for adaptation 

strategies that are explicitly attentive to vulnerability, and points to an important focus for future work linking NTCF mitigation 

scenarios to health, food security, and water resource outcomes. 680 

 

Several important limitations should be noted. The experimental design holds CO₂ and CH₄ emissions constant between 

scenarios, which isolates the NTCF signal but precludes assessment of synergistic interactions between greenhouse gas and 

NTCF reductions. The use of the Hargreaves–Samani method for PET estimation does not account for all meteorological 

controls on evaporative demand. Structural uncertainty in aerosol–chemistry–cloud interactions remain substantial, and higher-685 

resolution simulations will be needed to resolve regional circulation features and land–atmosphere feedbacks more accurately. 

The assumption of linear superposition of GHG and NTCF forcing merits attention as non-linear aerosol–cloud interactions 

are likely most significant over regions of largest emission change, particularly South and East Asia, where our estimates may 

represent an upper bound on the true forced response.  

 690 

Future research should prioritise joint assessments of greenhouse gas and NTCF mitigation, incorporate higher-resolution 

regional simulations to better constrain circulation feedbacks, and integrate socio-economic pathways to quantify compound 

risks to agriculture, water resources, and public health. Ultimately, this study underscores that near-term climate forcer 

mitigation, while essential for improving air quality and contributing to climate goals, must be coupled with proactive, 

regionally tailored adaptation strategies in areas where its hydrological consequences are most severe. 695 
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Code and data availability 

SPEI-based drought metrics were calculated using the Climpact framework (https://github.com/ARCCSS-extremes/climpact) 

and the SPEI R package following Vicente-Serrano et al. (2010). Analysis scripts are available from the corresponding author 

upon request. 

The CMIP6 model simulations used in this study are available from the Earth System Grid Federation (ESGF; https://esgf-

node.llnl.gov/search/cmip6/). Regional analyses were based on the IPCC reference regions shapefile, available from 

https://github.com/SantanderMetGroup/ATLAS. Population exposure was calculated using the Gridded Population of the 705 

World, Version 4 (GPWv4) population count adjusted to match the 2015 Revision of UN WPP country totals, Revision 11, 

available from NASA SEDAC / Earthdata (https://www.earthdata.nasa.gov/data/catalog/sedac-ciesin-sedac-gpwv4-apct-wpp-

2015-r11-4.11). The land mask was derived from the NASA GPM IMERG land-sea mask NetCDF file 

(https://gpm.nasa.gov/data/directory/imerg-land-sea-mask-netcdf), with land defined as grid cells with water surface coverage 

no greater than 15%. 710 
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