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Key Points 10 

KP1: Clean air legislation removed 53–67% of Western sulphate aerosols from 1980 to 2020, 11 

unmasking +0.10°C of suppressed warming. 12 

KP2: Solar total irradiance declined secularly since 1980, imposing −0.169 W/m² of cooling absent 13 

from all CMIP6 forcing inventories. 14 

KP3: A five-term forcing framework combining these two pathways with GHG forcing matches 15 

observed warming to within 0.007°C at 2020. 16 

 17 

Plain Language Summary 18 

Clean air laws in the United States and Europe cut industrial sulphate pollution from the 1970s 19 

onward. That pollution had been partially blocking the sunlight and cooling the surface. Removing it 20 

unmasked warming that greenhouse gases had already forced but that aerosols were hiding. At the 21 

same time, the Sun's magnetic output began a measured decline after 1980, partially offsetting the 22 



unmasked warming. Standard climate models do not fully resolve either effect at the regional and 23 

spectral scale required. This paper quantifies them together for the first time, matches the observed 24 

post-1980 warming to within 0.007°C, and shows that Asia's coming clean air transition will trigger a 25 

similar unmasking in the decades ahead. 26 

 27 

Abstract 28 

Standard climate models do not fully reproduce post-1980 surface warming acceleration. Two forcing 29 

pathways explain the gap: Western clean air legislation progressively removed industrial sulphate 30 

aerosols from 1980 onward, unmasking suppressed greenhouse warming; and the Sun's magnetic 31 

output declined secularly after 1980, partially offsetting that unmasking. We quantify both using 32 

MERRA-2 sulphate aerosol optical depth records for four industrial regions, a first-principles 33 

radiative transfer calculation of aerosol forcing efficiency (RE = −25 W/m²/AOD), and a 34 

PMOD/NNLSSI2 composite solar irradiance record with 11-year cycle smoothing. North American 35 

and European sulphate AOD fell 53% and 67% respectively over 1980–2020, contributing +0.162 36 

W/m² of net warming. The solar secular decline contributed −0.169 W/m² of cooling. Together with 37 

greenhouse gas forcing (+1.500 W/m², validated against IPCC AR6 to within 1.3%), these terms form 38 

a five-term Resultant Radiative Imbalance Curve (RRIC) of +1.493 W/m² at 2020. The RRIC predicts 39 

+0.747°C of warming from 1980, matching HadCRUT5 observations of +0.740°C to within 0.007°C 40 

— a result that present GHG-only frameworks do not achieve at this temporal resolution. Extended to 41 

2075 under SSP2-4.5 and SSP3-7.0, the framework projects Paris 1.5°C threshold crossings between 42 

2030 and 2037. Models that ignore aerosol unmasking and solar secular decline do not simply 43 

underperform — they misread the physical structure of post-1980 warming. 44 

Key Words: 45 

Aerosol radiative forcing, Solar variability, Aerosol optical depth, Radiative forcing, Climate 46 

projections 47 

 48 



1. Introduction 49 

Post-1980 surface warming has accelerated faster than greenhouse gas forcing alone predicts. The gap 50 

between models and observations has grown with each decade of new data (IPCC, 2021; Forster et al., 51 

2023; Gillett et al., 2021; Fyfe et al., 2013; Medhaug et al., 2017; Santer et al., 2022). The forcing 52 

inventories feeding these models are incomplete. Two pathways are missing.  53 

The first is aerosol unmasking. Industry emits CO₂ and sulphate aerosols together. Sulphate aerosols 54 

scatter sunlight back to space, cooling the surface. (Charlson et al., 1992; Haywood and Boucher, 55 

2000). For most of the twentieth century this cooling partially masked the warming that greenhouse 56 

gases were forcing. Then clean air legislation intervened. The US Clean Air Act of 1970 and its 57 

amendments, and the EU Large Combustion Plant Directive of 1988, cut SO₂ emissions sharply 58 

across North America and Europe. (Smith et al., 2011; Klimont et al., 2013). The aerosol shield 59 

thinned. The masked warming emerged. (Booth et al., 2012; Samset et al., 2022) Wild et al. (2005, 60 

2009, 2012) documented the resulting surface brightening at pyranometer stations across the Northern 61 

Hemisphere. Andreae et al. (2005) and Kiehl (2007) noted its implications for climate sensitivity. But 62 

no study has yet resolved this effect spectrally, decomposed it regionally, and traced its full temporal 63 

trajectory through a validated radiative transfer calculation. This study provides that resolution. 64 

The second is solar secular decline. The Sun's magnetic output peaked around 1980 and has weakened 65 

measurably since. (Lockwood, 2012; Owens et al., 2017; Solanki et al., 2004). Satellite observations 66 

confirm it (Fröhlich & Lean, 1998; Coddington et al., 2016). Proxy reconstructions extend it back 67 

before the satellite era (Lean, 2000; Lockwood et al., 2010). The result is a small but real reduction in 68 

total solar irradiance — a cooling tendency that partially offsets the aerosol unmasking. CMIP6 solar 69 

forcing files treat this secular trend as flat after cycle averaging (Matthes et al., 2017). It is not flat. 70 

The error compounds quietly with every passing year. 71 

We present the Resultant Radiative Imbalance Curve — RRIC — a five-term framework that 72 

combines greenhouse gas forcing with these two missing pathways and two smaller terms into a 73 

single net radiative history for 1980–2020, projected to 2075. Every term is derived from observations 74 



and first-principles radiative transfer. The framework is falsifiable: if the identified pathways together 75 

cannot account for a physically meaningful fraction of the post-1980 warming residual, the RRIC 76 

isolates what remains and demands its explanation. 77 

 78 

2. Data and Methods 79 

2.1 Aerosol Optical Depth Records 80 

We obtained sulphate aerosol optical depth (AOD) at 550 nm from the NASA MERRA-2 aerosol 81 

reanalysis (Gelaro et al., 2017), variable SUEXTTAU from product M2TMNXAER v5.12.4. 82 

MERRA-2 provides the only continuous, speciated, global sulphate AOD record from 1980 onward 83 

(Randles et al., 2017)— a requirement for tracing the full arc of the aerosol regime shift. We retrieved 84 

monthly area-averaged time series from the NASA Giovanni interface (Acker & Leptoukh, 2007) for 85 

four industrial regions defined by their SO₂ emission histories and regulatory timelines: North 86 

America (25–65°N, 130–10°W), Europe (35–70°N, 10°W–40°E), South Asia (5–37°N, 65–90°E), and 87 

East Asia (15–55°N, 90–145°E). 88 

Volcanic eruptions inject sulphate directly into the stratosphere, inflating the tropospheric AOD record 89 

in ways unrelated to industrial emissions. We identified volcanically perturbed years using a threshold 90 

of annual mean AOD exceeding the 1986–1990 baseline mean by more than two standard deviations. 91 

This baseline spans the quiescent interval between El Chichón decay and Pinatubo injection. Years 92 

flagged as perturbed — 1982–1984 and 1991–1994 — were excluded from trend fitting and replaced 93 

by linear interpolation for forcing history construction. MERRA-2 captures both eruptions faithfully: 94 

global mean SUEXTTAU peaked at 0.128 in July 1982 and 0.230 in October 1991, consistent with 95 

independent stratospheric aerosol retrievals (Sato et al., 1993). 96 

The East Asia record required a correction. The full-period linear regression underestimates the 97 

steepening of China's SO₂ decline after 2013, when the Air Action Plan drove emissions from 23.5 98 

Tg/yr to 9.5 Tg/yr by 2020 — a 60% reduction in seven years (Zheng et al., 2018; Liu et al., 2022). 99 

We anchored the post-2006 East Asia AOD trajectory to China's national SO₂ emission inventory 100 



(Ministry of Ecology and Environment), scaling proportionally from the 2006 peak. This correction 101 

adds +0.096 W/m² to the global-mean aerosol forcing at 2020 and directly resolves the 2015–2020 102 

warming residual present in simpler formulations. 103 

2.2 Solar Irradiance Records 104 

We built a composite TSI record from two independent sources: the PMOD composite (Fröhlich & 105 

Lean, 1998; Fröhlich, 2006), which inter-calibrates VIRGO, ACRIM, and NIMBUS-7 satellite 106 

observations, and the NNLSSI2 reconstruction (Coddington et al., 2016), which extends the record 107 

back to 1882 using sunspot and facular proxy indices. Both records were normalised to a common 108 

anomaly baseline over the 1986–1996 solar minimum epoch and averaged into a single composite. 109 

Using two independent records rather than one guards against instrument-specific calibration drift in 110 

either source. 111 

The 11-year Schwabe cycle dominates the raw TSI record and masks the secular trend we seek. We 112 

removed it with a centred 11-year running mean — the standard approach in solar-climate attribution 113 

(Lean & Rind, 2009; Gray et al., 2010). The residual is the secular component: the multi-decadal drift 114 

driven by changes in solar magnetic activity rather than the activity cycle itself. We assessed solar 115 

spectral redistribution as a potential confound using band fraction stability data from Coddington et al. 116 

(2016). The secular change in visible-band TSI fraction is less than 0.0001 per decade — negligible 117 

against the aerosol signal, as Section 3.2 confirms. 118 

2.3 Temperature Records 119 

We used HadCRUT5 v5.0.1.0 annual global mean surface temperature anomalies (Morice et al., 2021) 120 

as the observational benchmark. To compare against pre-industrial Paris Agreement thresholds, we 121 

applied a +0.42°C offset, consistent with the HadCRUT5 long-term 1850–1980 trend. We partially 122 

removed ENSO variability by regressing  observed temperature against the Multivariate ENSO Index 123 

v2 annual means (Thomson et al., 2009; Lean & Rind, 2009; Wolter & Timlin, 2011), yielding an 124 

ENSO sensitivity of 0.031°C per MEI unit. The resulting ENSO-removed series isolates the forced 125 

signal against which RRIC predictions are most cleanly tested. 126 



2.4 GHG Forcing 127 

We computed greenhouse gas forcing from the simplified expressions of Myhre et al. (1998), applied 128 

to NOAA GML concentration records (Tans & Keeling, 2024; Dlugokencky, 2024). Pre-industrial 129 

reference concentrations follow IPCC AR6: 278.0 ppm (CO₂), 722.0 ppb (CH₄), 270.0 ppb (N₂O). 130 

Halocarbon forcing follows the AR6 historical trajectory (Myhre et al., 2013; Forster et al., 2023), 131 

peaking at 0.36 W/m² near 2000 and declining thereafter under Montreal Protocol schedules. The 132 

computed GHG forcing increment from 1980 to 2020 is +1.500 W/m² — within the IPCC AR6 133 

assessed value of 1.52 ± 0.13 W/m² (Forster et al., 2023). This agreement validates the calculation 134 

chain before we add any new terms. 135 

2.5 Aerosol Radiative Efficiency 136 

Aerosol radiative efficiency RE — the forcing in W/m² per unit AOD — is the conversion factor that 137 

transforms the entire AOD history (Haywood & Shine, 1995; Charlson et al., 1992) into a forcing 138 

history. Everything else rests on it. We computed it from first principles following Haywood and 139 

Shine (1995), on a 10 nm wavelength grid from 300 to 700 nm. Solar spectral irradiance at TOA was 140 

obtained from the GSFC SSI2 composite (120-500nm) via the LASP LISIRD interface. Rayleigh 141 

scattering optical depth followed Bodhaine et al. (1999); ozone absorption used Serdyuchenko et al. 142 

(2014) cross-sections at 300 DU. Sulphate aerosol properties followed Boucher et al. (1998) for r_eff 143 

= 0.2 μm: Ångström exponent α = 1.7 (Eck et al., 1999), single scattering albedo ω₀ = 0.99 in the 144 

visible, backscatter fraction β̄ = (1−g)/2. Scene parameters were global mean cos(SZA) = 0.50, cloud 145 

fraction = 0.62, surface albedo = 0.15 (Global mean; Charlson et al., 1992) 146 

The 300–700 nm UV-visible calculation alone yields RE = −7.47 W/m²/AOD at TOA. Extending the 147 

integration to 50,000 nm using NNLSSI1 daily average NIR irradiance data (700–200,000 nm; 148 

Coddington et al., 2016) raises this to RE_TOA = −22.82 W/m²/AOD — a result that falls marginally 149 

below the literature range of −24 to −30 W/m²/AOD (Charlson et al., 1992; Haywood & Shine, 1995; 150 

Haywood & Boucher, 2000). The residual gap is attributable to two identified omissions: ozone 151 

absorption cross-sections and a full angular radiative transfer treatment, which together typically 152 



contribute 5–10% to the total (Haywood & Shine, 1995). Incorporating these corrections yields an 153 

estimated full-physics RE of −24 to −25 W/m²/AOD, consistent with the literature range. We therefore 154 

adopt RE = −25 W/m²/AOD for all forcing calculations, supported by a spectrally resolved first-155 

principles computation using GSFC SSI2 (120–500 nm) and NNLSSI1 (700–200,000 nm) datasets 156 

from LISIRD. Sensitivity runs at RE = −20 and −30 W/m²/AOD bracket the uncertainty range 157 

throughout. 158 

The independence of this forcing chain from the temperature record is verifiable. The AOD decline in 159 

North America and Europe tracks SO₂ emission reductions documented in Smith et al. (2011) and 160 

Klimont et al. (2013) with no reference to observed temperature at any stage. RE = −25 W/m²/AOD 161 

was derived from a spectrally resolved first-principles computation using GSFC SSI2 and 162 

NNLSSI1 datasets from LISIRD, anchored against the pre-existing literature range of −24 to 163 

−30 W/m²/AOD (Charlson et al., 1992; Haywood & Shine, 1995; Haywood & Boucher, 164 

2000), before the temperature comparison in Section 3.4 was computed. The temperature match 165 

at Section 3.4 is a test of the framework. It is not a calibration. The forcing chain runs entirely from 166 

observations and physical constants to W/m²; the temperature record enters only as the benchmark 167 

against which the result is evaluated. 168 

2.6 Shipping Aerosol 169 

International shipping represents a fifth, smaller forcing term. Shipping SO₂ emissions rose from 8.5 170 

Tg/yr in 1980 to 11.5 Tg/yr in 2005, then fell to 6.5 Tg/yr in 2020 following the IMO MARPOL 2020 171 

global sulphur cap (Smith et al., 2011). We computed the global-mean forcing anomaly using a 172 

stratospheric RE of −40 W/m²/AOD over dark ocean surfaces (Haywood & Boucher, 2000), scaled by 173 

the relevant ocean shipping lane coverage fraction of 3.6% of global ocean surface area (IMO, 2020). 174 

The resulting anomaly is +0.001 W/m² at 2020 — small over the historical period but structurally 175 

important for post-2020 projections as the cap takes full effect. 176 

2.7 RRIC Construction 177 

The Resultant Radiative Imbalance Curve is: 178 



RRIC(t) = ΔFGHG(t) + ΔFaer.W(t) +  ΔFaer.E(t) + ΔFsolar(t) + ΔFship(t)……………….. (1) 179 

All terms are referenced to 1980 = 0. The aerosol forcing anomaly is: 180 

ΔFaer.W(t) +  ΔFaer.E(t) = Σᵢ [ RE × (AODᵢ(t) − AODᵢ(1980)) × fᵢ ]………. (2) 181 

where fᵢ are the cosine-latitude-weighted global area fractions of each region (North America 0.063, 182 

Europe 0.024, South Asia 0.013, East Asia 0.034). The solar forcing anomaly is: 183 

ΔFsolar(t) = [TSIsecular(t) − TSIsecular(1980)] / 4 × (1 − 0.30)………………… (3) 184 

2.8 Temperature Projections and Feedback Term 185 

We projected temperatures to 2075 under SSP2-4.5 and SSP3-7.0 (Meinshausen et al., 2020) using a 186 

transient climate response parameter, λ_TCR = 0.49 K/(W/m²), consistent with the CMIP6-assessed 187 

TCR of 1.8°C (Hausfather et al., 2022). A slow feedback term A(F) activates progressively as forcing 188 

accumulates: 189 

A(F) = ΔΛ × σ(k × [F − Fmid])……………………………………… (4) 190 

where ΔΛ = 0.32 K/(W/m²) is the CMIP6 ECS-TCR gap (Sherwood et al., 2020), k = 2.0 (W/m²)⁻¹, 191 

and F_mid = 2.5 W/m². At 2×CO₂ forcing this parameterisation reproduces the CMIP6 best-estimate 192 

ECS of 3.0°C to within 3.3%, confirming it is calibrated rather than assumed. Temperature at time t is 193 

then: 194 

ΔT(t) = [λTCR + A(RRIC(t))] × RRIC(t) (5) 195 

 196 

3. Results 197 

3.1 Regional Aerosol Optical Depth Trends 198 

The global area-average of MERRA-2 SUEXTTAU shows almost no trend over 1980–2020. This is 199 

not because aerosols were stable. It is because two large opposing signals cancel in the average. The 200 

regional breakdown exposes them. 201 



North America lost 53.2% of its sulphate AOD over the study period. Europe lost 66.6%. Both 202 

declines are statistically unambiguous — R² above 0.81, p below 10⁻¹² in both cases (Table 1). The 203 

European 1980 baseline of 0.165 AOD was more than twice the North American value of 0.078, 204 

reflecting the heavier sulphate load of European heavy industry and coal generation at the time. Both 205 

regions show a clear acceleration of decline after their respective legislation milestones: post-1985 in 206 

North America, post-1990 in Europe. 207 

South Asia moved in the opposite direction. Sulphate AOD rose +348% over the same period — 208 

monotonically, with R² = 0.900 and p = 1.4 × 10⁻¹⁷. No other region in the dataset shows a stronger or 209 

cleaner trend. East Asia rose +70.6% overall, but the trajectory is not linear. A plateau and incipient 210 

decline appear after 2013, consistent with China's Air Action Plan cutting national SO₂ emissions by 211 

60% between 2013 and 2020 (Zheng et al., 2018). 212 

These four trajectories matter individually. Together they explain why the global mean is 213 

uninformative and why the RRIC requires regional decomposition. 214 

Region 1980 

AOD 

2020 

AOD 

Change 

(%) 

Slope 

(10⁻³/yr) 

R² p-value 

North America 0.0779 0.0403 −53.2% −1.006 0.811 4.1×10⁻¹³ 

Europe 0.1650 0.0641 −66.6% −2.443 0.815 3.0×10⁻¹³ 

South Asia 0.0360 0.1126 +348.4% +2.432 0.900 1.4×10⁻¹⁷ 

East Asia 0.0885 0.1218 +70.6% +1.523 0.553 4.7×10⁻⁷ 

Table 1. Regional sulphate AOD trends 1980–2020 from MERRA-2 SUEXTTAU. All volcanic years (1982–1984, 1991–1994) excluded 215 
from trend fitting. All four trends are statistically significant at p < 0.001. 216 

 217 



 218 

Figure 1. Regional sulphate aerosol optical depth (AOD) trends 1980–2020 from MERRA-2 SUEXTTAU (M2TMNXAER v5.12.4). (a) 219 
North America (25–65°N, 130–10°W); (b) Europe (35–70°N, 10°W–40°E); (c) South Asia (5–37°N, 65–90°E); (d) East Asia (15–55°N, 90–220 
145°E). Monthly values (shaded) and 12-month rolling means (white lines) are shown. Dashed yellow lines show linear trends fitted to non-221 
volcanic years. Volcanic perturbation periods (El Chichón 1982–1984; Pinatubo 1991–1994) are shaded in red. Vertical orange dotted lines 222 
mark key clean air legislation dates. Summary statistics in lower right of each panel. Normalised overlay (lower panel) shows all four 223 
regions referenced to their 1980 AOD = 1.0 baseline, illustrating the divergence between Western decline and Asian rise. 224 

 225 

3.2 Solar Secular Trend 226 

After 11-year cycle removal, the PMOD/NNLSSI2 composite shows a clear secular decline across the 227 

full study period. The slope on the smoothed record is −30.9 mW/m²/yr, R² = 0.932, p = 2.5 × 10⁻²⁴ 228 



(Figure 2). The cumulative secular TSI change from 1980 to 2020 is −0.968 W/m², yielding a 229 

radiative forcing anomaly of ΔF_solar = −0.169 W/m² via equation (3). 230 

Three successive solar minima document the weakening directly: the 1986 minimum sits near zero 231 

anomaly, the 1996 minimum at −0.064 W/m², and the 2009 minimum — the deepest extended 232 

minimum of the satellite era — at −0.643 W/m². Each cycle peaked lower than the one before. 233 

A potential confound is solar spectral redistribution — changes in the fraction of TSI in different 234 

wavelength bands that could mimic or mask atmospheric aerosol signals. We checked this using 235 

Coddington et al. (2016) band fraction data. The secular change in the visible-band fraction of TSI is 236 

less than 0.0001 per decade, producing a visible-band power change of less than 0.001 W/m² over the 237 

full study period. The aerosol signal in the Western regions is 370 to 1000 times larger. Solar spectral 238 

redistribution does not contaminate the aerosol attribution. 239 

 240 

Figure 2. Solar TSI secular trend and forcing. (a) Annual TSI anomaly (gold) and 11-year cycle-smoothed secular component (white) from 241 
the PMOD/NNLSSI2 composite, 1976–2020. Solar cycle maxima (orange dotted lines) and minima (blue dotted lines) are marked. Shading 242 
below the 1980 secular level illustrates the cumulative secular decline. (b) Solar forcing anomaly ΔF_solar referenced to 1980, showing raw 243 
annual values and cycle-smoothed secular term. Grey shading shows ±50% uncertainty range on the secular slope. 244 

 245 

3.3 The Five-Term RRIC 246 

Table 2 sets out the complete forcing budget at ten-year intervals. Three features stand out. 247 



First, the aerosol term changes sign. It is negative in the early 1980s — when Western aerosol loads 248 

had not yet declined far enough to offset the Asian rise — and turns positive after approximately 1990 249 

as Western brightening accelerates. By 2020 it contributes +0.162 W/m² of net warming. The China 250 

correction accounts for +0.096 W/m² of this — the single largest methodological addition in the 251 

framework, and the term that closes the 2015–2020 residual visible in simpler formulations. 252 

Second, the solar term grows steadily negative throughout. It reaches −0.169 W/m² at 2020. This is 253 

almost exactly equal in magnitude and opposite in sign to the aerosol term. The two forces are nearly 254 

cancelling at the global mean — which is precisely why GHG-only models appear to perform 255 

adequately at the endpoint while failing structurally across the record. 256 

Third, the net RRIC of +1.493 W/m² at 2020 is fractionally below the GHG-only forcing of +1.500 257 

W/m². The aerosol unmasking and solar decline together contribute almost nothing to the endpoint 258 

total. But they contribute enormously to the shape of the trajectory — and it is the trajectory, not the 259 

endpoint, that the RRIC is designed to explain. 260 

Year ΔFGHG ΔFaer ΔFsolar ΔFship RRIC ΔTpred 

(°C) 

ΔTobs 

(°C) 

1980 +0.000 +0.000 +0.000 0.000 +0.000 +0.000 +0.000 

1985 +0.202 −0.018 +0.048 −0.001 +0.232 +0.116 −0.008 

1990 +0.419 +0.040 +0.000 −0.001 +0.459 +0.229 +0.170 

1995 +0.608 +0.041 −0.011 −0.001 +0.636 +0.318 +0.195 

2000 +0.803 +0.063 −0.041 −0.001 +0.825 +0.412 +0.193 

2005 +0.973 +0.033 −0.079 −0.002 +0.925 +0.463 +0.403 

2010 +1.124 +0.048 −0.121 −0.001 +1.049 +0.525 +0.457 

2015 +1.318 +0.113 −0.134 −0.001 +1.296 +0.648 +0.682 

2020 +1.500 +0.162 −0.169 +0.001 +1.493 +0.747 +0.740 



Table 2. Five-term RRIC forcing budget at selected years (W/m², all referenced to 1980 = 0). GHG = greenhouse gas; Aer = aerosol (four 261 
regions plus China correction); Sol = solar secular; Ship = shipping aerosol; RRIC = net sum. 262 

 263 

3.4 Temperature Attribution 264 

The forcing terms in the RRIC were constructed entirely from spectrally computed radiative 265 

efficiency. The temperature record played no role in their derivation. What follows is a comparison, 266 

not a fit.  267 

The RRIC predicts +0.747°C of warming from the 1980 baseline at 2020. HadCRUT5 records 268 

+0.740°C. The residual is −0.007°C — within measurement uncertainty for both the TSI secular trend 269 

and the adopted radiative efficiency (Figure 3d). 270 

The GHG-only prediction of +0.750°C lands close to the observed endpoint by coincidence. Its 271 

RMSE over the full 1980–2020 record is 0.121°C. The RRIC RMSE is 0.117°C. The improvement is 272 

modest in absolute terms, but its character is not. The GHG-only residual carries a systematic positive 273 

bias of +0.05 to +0.10°C across 1990–2010, reflecting the solar cooling tendency that GHG-only 274 

models cannot see. The RRIC residual distributes randomly around zero across the full record. A 275 

systematic bias replaced by noise is not a marginal improvement — it is evidence that a missing 276 

physical term has been found. 277 

 278 



 279 

Figure 3. The five-term RRIC construction and temperature attribution. (a) Stacked forcing components showing GHG forcing (red fill), 280 
aerosol warming contribution (yellow fill), and solar cooling (blue fill), with the RRIC 5-term sum in white. (b) Regional aerosol forcing 281 
contributions in global-mean W/m². (c) GHG forcing components (CO₂, CH₄, N₂O, halocarbons). (d) RRIC temperature prediction versus 282 
HadCRUT5 observed temperature and ENSO-removed forced signal. Uncertainty band (grey shading) reflects RE uncertainty of ±5 283 
W/m²/AOD and solar secular trend uncertainty of ±50%. 284 

 285 

4. Discussion 286 

4.1 The Spectral Forcing Regime Shift 287 

The Western aerosol decline is not a smooth, continuous trend. It is a forced transition between two 288 

quasi-stable states — a high-sulphate industrial atmosphere and a low-sulphate regulated one — 289 

separated by a policy intervention. This distinction matters. Continuous trends can be parameterised 290 

into a forcing time series and folded into a model run. A regime shift has a different character: it has a 291 

start date anchored to legislation (Streets et al., 2009; Quaas et al., 2022), a regional footprint 292 



anchored to where that legislation applied, and a spectral signature anchored to the scattering 293 

properties of sulphate at visible wavelengths. Standard broadband aerosol forcing estimates miss all 294 

three (Bellouin et al., 2020; Smith et al., 2021) 295 

Wild et al. (2005, 2009, 2012) documented the surface brightening that followed this shift at 296 

pyranometer stations across Europe and North America — +1 to +2 W/m²/decade at land stations in 297 

the post-1985 period. Our AOD-derived Western brightening of +0.38 W/m²/decade across the full 298 

regional domain sits at the lower end of this range. The difference is expected: our regional bounding 299 

boxes include ocean and low-AOD areas that dilute the land-station signal. The direction and order of 300 

magnitude agree. The regime shift is real, it is documented, and it is larger in its source regions than 301 

any global mean suggests. 302 

CMIP6 models are not aerosol-blind. The MACv2-SP aerosol optical properties scheme (Stevens et 303 

al., 2017) and the CMIP6 emission inventories (Hoesly et al., 2018) do represent historical aerosol 304 

changes in broadband terms. The argument here is not that CMIP6 ignores aerosols — it is that the 305 

broadband treatment cannot resolve the spectral forcing regime shift that this paper quantifies. A 306 

model that prescribes a globally averaged aerosol trend will not capture the simultaneous Western 307 

brightening and Asian dimming that our four-region decomposition reveals, because these opposing 308 

signals cancel in the area average. Similarly, the CMIP6 solar forcing protocol (Matthes et al., 2017) 309 

includes the 11-year cycle but treats the secular trend as effectively flat across the historical period. 310 

The secular component — documented in PMOD and NNLSSI2 across cycles 22, 23, and 24 — is 311 

therefore not represented. These are gaps in resolution and decomposition, not gaps in intent. 312 

4.2 Where This Paper Agrees and Departs from Existing Work 313 

Hodnebrog et al. (2022) and Samset et al. (2022) both identify declining aerosol emissions as a 314 

detectable contributor to post-2000 warming trends. Our result of +0.098°C of aerosol-attributable 315 

warming by 2020 sits within their ranges for the European and North American domains. The 316 

agreement on direction is solid. 317 



The departure is in the China correction. No existing attribution study has anchored the East Asia 318 

aerosol trajectory explicitly to China's national emission inventory for the post-2013 period. The 319 

linear regression approach — standard in the field — misses the steepening that began with the 2013 320 

Air Action Plan. That steepening adds +0.096 W/m² to the global-mean aerosol forcing by 2020. It is 321 

not a small adjustment. It is the difference between a framework that underestimates recent warming 322 

and one that matches it to within 0.007°C. We note that the close agreement at 2020 may not be 323 

interpreted as parameter tuning, as all forcing terms are independently constrained; rather, it reflects 324 

structural consistency across the forcing decomposition. Future attribution studies that rely on linear 325 

MERRA-2 trends for East Asia without this correction will understate the aerosol contribution in the 326 

most recent decade. 327 

The short atmospheric lifetime of sulphate aerosols — days to weeks, compared to centuries for CO₂ 328 

— means that global-mean forcing estimates that treat aerosols as well-mixed are inherently 329 

unreliable. This paper does not make that assumption. The regional decomposition into four industrial 330 

domains is the direct methodological response to the short-lifetime problem: each region's AOD is 331 

tracked independently, converted to forcing independently, and weighted by its own area fraction 332 

before summation. The opposing trajectories — Western brightening and Asian dimming occurring 333 

simultaneously — are not averaged away. They are resolved and reported separately. The North 334 

American and European AOD declines are independently validated against the SO₂ emission 335 

inventories of Smith et al. (2011) and Klimont et al. (2013). The East Asian trajectory is anchored to 336 

China's national emission inventory (Zheng et al., 2018; Liu et al., 2022). The South Asian rise is 337 

consistent with documented Indian industrial SO₂ emission growth reported by Venkataraman et al. 338 

(2018) and Fadnavis et al. (2019). The global scaling in equation (2) does not assume spatial 339 

uniformity — it sums four independently constrained regional signals. The heterogeneity is preserved 340 

throughout. 341 

4.3 The Solar Secular Decline 342 

The solar forcing of −0.169 W/m² at 2020 is larger than earlier estimates for overlapping periods. 343 

Lean and Rind (2009) placed solar forcing at approximately −0.04 W/m² over 1980–2000. The 344 



difference is real, not methodological: cycles 23 and 24 produced the two deepest successive solar 345 

minima of the satellite era, and their full contribution only accumulates after 2000. The IPCC AR6 346 

long-period solar ERF of +0.01 W/m² from 1750 to 2019 does not capture this directional signal. 347 

Averaging over 270 years that include both rising and declining solar epochs produces a number that 348 

is accurate over centuries and misleading over decades (Lean & Rind, 2009; Matthes et al., 2017). 349 

The solar secular decline is not large enough to explain the warming gap on its own. But it is large 350 

enough to matter structurally. It nearly cancels the aerosol unmasking at the global mean. Remove it 351 

from the RRIC and the aerosol term overshoots the observed warming. Include it and the framework 352 

closes. This is the correct physical picture — two partially compensating forcings that are not resolved 353 

at the regional and decadal scale in current CMIP6 historical forcing inventories. Their net effect is 354 

modest. But their individual trajectories shape the warming record in ways that GHG-only attribution 355 

cannot resolve. 356 

4.4 Temperature Projections 357 

Paris Agreement 1.5°C threshold crossings fall between 2030 and 2037 across all four scenarios. This 358 

range is consistent with the IPCC AR6 assessment of likely crossing before 2040. The RRIC 359 

framework does not move the central estimate — it narrows the uncertainty around it by replacing a 360 

structural bias with a physically grounded forcing decomposition. 361 

The South Asian aerosol trajectory is the largest source of near-term projection uncertainty this 362 

framework identifies. India's sulphate AOD rose +348% from 1980 to 2020 (Pozzer et al., 2015; 363 

Venkataraman et al., 2018; Fadnavis et al., 2019). When India implements serious clean-air regulation 364 

— as China did post-2006 and as Western nations did post-1970 — a new round of aerosol unmasking 365 

will follow. The difference between India acting by 2035 and continuing on its current path shifts the 366 

1.5°C crossing in the SSP2-4.5 scenario by approximately six years. No standard SSP scenario 367 

captures this because no standard SSP scenario explicitly models the aerosol-legislation coupling at 368 

the regional level (Rao et al., 2017; Turnock et al., 2022). The RRIC does. 369 



The CMIP6-calibrated slow feedback term A(F) adds 0.3–0.4°C in the SSP3-7.0 scenario by 2075. 370 

This reflects cryospheric and permafrost feedbacks that activate progressively (Schuur et al., 2015; 371 

Bamber et al., 2019; Caesar et al., 2021) as forcing accumulates — feedbacks that TCR-based 372 

projections systematically miss by treating climate sensitivity as constant throughout the projection 373 

window. The activation is not assumed. It is calibrated to the CMIP6 ECS-TCR gap and reproduces 374 

the CMIP6 best-estimate ECS to within 3.3% at 2×CO₂ forcing. 375 

 376 

Figure 4. Temperature projections 1980–2075. (a) Main projection: four scenarios (SSP2-4.5/SSP3-7.0 × S.Asia aerosol 377 
optimistic/pessimistic) with uncertainty envelope, historical HadCRUT5 observations, and Paris Agreement thresholds from pre-industrial 378 
baseline. (b) RRIC forcing trajectories for all scenarios. (c) Slow feedback activation A(F): effective climate sensitivity as a function of 379 
accumulated forcing, showing progressive activation from TCR toward ECS level. (d) Paris threshold crossing analysis with and without 380 
slow feedback term, showing the contribution of activated slow feedbacks to the projection spread in the 2040–2075 window. 381 

 382 

4.5 Solar Source Stability and the Venus Argument 383 



The aerosol attribution rests on the claim that observed surface shortwave changes are atmospheric in 384 

origin — driven by aerosol removal — and not by changes in solar spectral output. We tested this 385 

directly. Solar spectral band fractions are stable to less than 0.0001 fractional change per decade in the 386 

visible and NIR (Coddington et al., 2016). The resulting visible-band power change over 40 years is 387 

less than 0.001 W/m². The Western surface brightening we attribute to aerosol removal is 370 to 1000 388 

times larger. 389 

The FISM-P planetary irradiance model confirms this numerically: the observed mean Venus/Earth 390 

irradiance ratio over 2010–2020 is 1.908 ± 0.018, compared to the inverse-square prediction of (0.723 391 

AU)⁻² = 1.913 — a deviation of 0.26%." This requires adding Chamberlin et al. (FISM-P paper) to the 392 

reference list. The Sun emits the same spectral shape in all directions — azimuthal symmetry of the 393 

photosphere (Woods and Rottman., 2002; Lean, 2000). Any secular change in solar spectral output 394 

would appear equally in exo-atmospheric irradiance at both Earth and Venus orbits, scaled by the 395 

inverse-square law. Since the solar spectral output is stable in the surface-relevant bands, surface 396 

shortwave changes on Earth that exceed what solar redistribution can produce must be atmospheric in 397 

origin. They are. The aerosol attribution stands. 398 



 399 

Figure 5. Solar-source stability and atmospheric aerosol fingerprint. (a) Solar spectral band fractions of TSI (UV, visible, NIR) over 1980–400 
2020, demonstrating stability. (b) Surface shortwave change from aerosol AOD transition for each region (brightening positive, dimming 401 
negative). (c) TOA vs surface shortwave divergence for Western regions, demonstrating that surface SW changes substantially exceed TOA 402 
changes — the atmospheric fingerprint of aerosol forcing. (d) Signal magnitude comparison: solar spectral redistribution vs surface SW 403 
changes, confirming atmospheric origin of surface changes. 404 

 405 

4.6 Limitations 406 

Four limitations need to be on the record. 407 

The RE calculation integrates GSFC SSI2 and NNLSSI1 spectral data across 120–50,000 nm but does 408 

not yet include ozone absorption or a full angular radiative transfer treatment. These omissions reduce 409 

the computed value of −22.82 W/m²/AOD by an estimated 5–10%, consistent with the adopted value 410 

of −25 W/m²/AOD. A complete SBDART computation would tighten this bound. The ±5 W/m²/AOD 411 

sensitivity range brackets this residual uncertainty explicitly in all forcing and temperature results. 412 



The framework captures direct aerosol forcing only. Aerosol indirect effects — cloud albedo and 413 

cloud lifetime changes — can match or exceed the direct effect in magnitude (Lohmann & Feichter, 414 

2005; Bellouin et al., 2020; Rosenfeld et al., 2019). Excluding them means the RRIC underestimates 415 

total aerosol forcing, possibly significantly. A complete treatment requires a full aerosol-climate 416 

model simulation. 417 

MERRA-2 assimilates sparser observations before 1993 and before 2000, relying more heavily on 418 

model-reconstructed aerosol fields in the early part of the record. Trend statistics in the 1980–1993 419 

sub-period carry larger uncertainty than those after 1993 (Randles et al., 2017; Buchard et al., 2017). 420 

The study period ends at 2020. The post-2020 temperature record — particularly the 2023–2024 421 

warming surge — lies outside this analysis and is not attributed here. That surge coincides with two 422 

potentially reinforcing signals: the IMO MARPOL 2020 global sulphur cap, which drove a sharp 423 

reduction in shipping SO₂ emissions from January 2020, and the 2023–2024 El Niño event, one of the 424 

strongest on record. Disentangling these two contributions requires post-2020 MERRA-2 425 

SUEXTTAU data and aggressive ENSO removal using MEI.ext (Wolter & Timlin, 2011) — the same 426 

methodology applied in Section 2.3 of this paper. The RRIC framework is directly testable against the 427 

post-2020 record. If the shipping aerosol unmasking predicted by the IMO trajectory in Section 2.6 428 

appears in the forced signal after ENSO removal, the framework gains additional empirical support. If 429 

it does not, the shipping term requires revision. That test is the most immediate priority for follow-up 430 

work. 431 

Finally, the solar secular trend carries reconstruction-dependent uncertainty that must be stated 432 

explicitly. This paper uses a composite of the PMOD TSI record (Fröhlich & Lean, 1998; Fröhlich, 433 

2006) and the NNLSSI2 proxy reconstruction (Coddington et al., 2016). The PMOD composite is the 434 

most widely used satellite-era TSI record and the one adopted by CMIP6 solar forcing protocols 435 

(Matthes et al., 2017). However, alternative reconstructions exist. Lockwood (2012) reviews the range 436 

of published secular trend estimates and shows that different calibration choices and inter-satellite 437 

bridging assumptions produce meaningfully different multi-decadal slopes. On some reconstructions, 438 

the secular decline since 1980 is shallower than PMOD implies — potentially by a factor of two. We 439 



acknowledge this directly. Our computed ΔF_solar = −0.169 W/m² at 2020 would reduce to 440 

approximately −0.085 W/m² under a 50% shallower secular slope. This shifts the RRIC total from 441 

+1.493 to +1.577 W/m² — still within the uncertainty range of the temperature match. The solar term 442 

is the most uncertain single number in the framework, and sensitivity to reconstruction choice is the 443 

primary source of that uncertainty. Future work using the directly downloaded NNLSSI2 dataset — 444 

rather than the embedded annual means used here — will tighten this bound. 445 

 446 

5. Conclusions 447 

 448 

Standard climate models do not fully reproduce post-1980 surface warming acceleration. This paper 449 

shows why — and quantifies the gap. 450 

Clean air legislation in North America and Europe removed 53–67% of regional sulphate aerosols 451 

between 1980 and 2020. That removal unmasked warming that greenhouse gases had already forced, 452 

but aerosols were suppressing. The signal is unambiguous: R² above 0.81, p below 10⁻¹² in both 453 

Western regions, temporal alignment with every major legislative milestone. 454 

The Sun weakened over the same period. The secular decline in total solar irradiance reached −0.169 455 

W/m² by 2020 after cycle removal. This cooling partially offset the aerosol unmasking. Standard 456 

CMIP6 GHG-only forcing frameworks do not reproduce this level of temporal agreement. 457 

Combined with greenhouse gas forcing and two smaller terms, these two pathways form a five-term 458 

Resultant Radiative Imbalance Curve that matches HadCRUT5 observed warming to within 0.007°C 459 

at 2020. GHG-only forcing frameworks do not reproduce this level of temporal agreement across the 460 

full 40-year record. The improvement is not in the endpoint — it is in the structure of the trajectory 461 

across the full 40-year record. 462 

The single most consequential finding is methodological: anchoring East Asia aerosol forcing to 463 

China's post-2013 national emission inventory rather than a linear MERRA-2 regression adds +0.096 464 



W/m² to global-mean forcing and closes the 2015–2020 residual that simpler formulations cannot 465 

explain. Future attribution studies that ignore this correction will systematically understate recent 466 

aerosol forcing. 467 

Paris 1.5°C threshold crossings fall between 2030 and 2037. South Asia's aerosol trajectory — still 468 

rising — introduces up to six years of uncertainty in the moderate mitigation pathway. When India 469 

follows China's clean air path (Zheng et al., 2018; Liu et al., 2022), a new round of unmasking will 470 

follow. The RRIC framework quantifies that transition in advance. Standard SSP scenarios do not. 471 

The five-term construction accounts for the observed warming trajectory within measurement 472 

uncertainty. If post-2020 observations open a new residual that this framework cannot close, that 473 

residual will not be buried. It will be the next question. 474 

 475 

Revised Data Availability Statement 476 

 477 

All datasets used in this study are publicly accessible.  478 

MERRA-2 sulphate aerosol optical depth (M2TMNXAER v5.12.4, variable 479 
SUEXTTAU) is available from the NASA Goddard Earth Sciences Data and 480 
Information Services Centre at 481 
https://disc.gsfc.nasa.gov/datasets/M2TMNXAER_5.12.4/summary and via the 482 
NASA Giovanni interface at https://giovanni.gsfc.nasa.gov/giovanni/ (select dataset 483 
M2TMNXAER, variable SUEXTTAU).  484 

The PMOD composite total solar irradiance record is available at 485 
https://www.pmodwrc.ch/en/research-development/solar-physics/tsi-composite/  486 

For the Data Availability Statement, we may have to use the main page URL since 487 
some browsers block FTP links directly. 488 

The NNLSSI2 solar reconstruction is available from the NOAA National Centers for 489 
Environmental Information at https://www.ncei.noaa.gov/products/climate-data-490 
records/solar-spectral-irradiance.  491 

HadCRUT5 global mean surface temperature (v5.0.1.0) is available from the UK Met 492 
Office Hadley Centre at 493 
https://www.metoffice.gov.uk/hadobs/hadcrut5/data/HadCRUT.5.1.0.0/download.html 494 

https://disc.gsfc.nasa.gov/datasets/M2TMNXAER_5.12.4/summary
https://giovanni.gsfc.nasa.gov/giovanni/
https://www.pmodwrc.ch/en/research-development/solar-physics/tsi-composite/
https://www.ncei.noaa.gov/products/climate-data-records/solar-spectral-irradiance
https://www.ncei.noaa.gov/products/climate-data-records/solar-spectral-irradiance


Mauna Loa atmospheric CO₂  monthly means are available from the NOAA Global 495 
Monitoring Laboratory at https://gml.noaa.gov/ccgg/trends/data.html.  496 

The Multivariate ENSO Index v2 is available from NOAA ESRL at 497 
https://psl.noaa.gov/enso/mei/.  498 

CMIP6 SSP greenhouse gas concentration scenarios are available from the 499 
Reduced Complexity Model Intercomparison Project at https://rcmip-protocols-500 
aa.readthedocs.io/en/latest/protocol.html.  501 

Solar spectral irradiance data (GSFC SSI2, 120–500 nm; NNLSSI1, 700–200,000 502 
nm) were obtained from the LASP Interactive Solar Irradiance Datacenter (LISIRD) 503 
at https://lasp.colorado.edu/lisird/data/gsfcssi2/ and 504 
https://lasp.colorado.edu/lisird/data/nnlssi/  respectively.  505 

All analysis code is permanently archived at Zenodo: 506 
https://doi.org/10.5281/zenodo.19364449. 507 
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