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18  Abstract

19

20 Humanity’s emissions of greenhouse gases have warmed the planet to the point that Earth

21  may already be passing the 1.5°C Paris Agreement threshold. Without stringent reductions in
22  emissions of greenhouse gases, it is becoming increasingly likely that Earth will exceed 2°C
23 global warming by the end of the century. Should Paris Agreement global warming levels be
24 exceeded, future periods of net-negative carbon dioxide emissions would be required to

25  reverse global warming and satisfy the Paris Agreement goals. However, the implications of
26  that for regional climates remain uncertain. We investigate drivers and uncertainties in

27  regional climate change using the SSP5-3.4 overshoot scenarios that include extended periods
28  of net-zero anthropogenic carbon dioxide emissions after overshoot and net-negative

29  emissions. We find that model differences in evolution of regional climate during the net-zero
30 carbon dioxide emissions period are far greater than model differences during the net-positive
31 and net-negative emissions periods of the overshoot scenario. However, the diversity in

32  models’ climate projections during the post-overshoot net-zero emissions period may be

33  partially explained by changes in large-scale sea surface temperature and atmospheric
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34  pressure gradients. By further exploring sources of uncertainty in climate projections

35 throughout the overshoot scenario, we find that the uncertainty from simulated internal

36  variability can far outweigh the differences in climate projections between models, especially
37  during the extended net-zero emissions period of the scenario.

38

39 1 Introduction

40

41  The planet has rapidly warmed to about 1.37°C above pre-industrial levels (Forster et al.,

42 2026) due to anthropogenic emissions of greenhouse gases (Haustein et al., 2017; IPCC

43 2021). Computing the exact value of the current global warming level is challenging,

44 however recent studies (Cannon 2025; Bevacqua et al., 2025) suggest that we may already be
45  passing the 1.5°C global warming limit established by the 2015 Paris Agreement (UNFCCC
46  2016). Human emissions of greenhouse gases have also increased the frequency and intensity
47  of heat extremes (Seneviratne et al., 2021) which can threaten food security (Rezaei et al.,

48  2023), devastate marine ecosystems (Babcock et al., 2019; Garrabou et al., 2009; Smale et
49  al, 2019; Holbrook et al., 2020), and can contribute to loss of human life (White et al., 2023).
50  Despite the observed impacts of human caused climate change, emissions continue at record
51  high levels (Friedlingstein et al., 2023; Liu et al., 2024).

52

53  Delayed mitigation efforts increase the probability of exceeding Paris Agreement warming
54  levels (Raftery et al., 2017). Should the global warming level surpass the warming limits

55  established by the Paris Agreement, periods of net-negative greenhouse gas emissions would
56  be required to bring global warming levels down to satisfy Paris Agreement long-term

57  temperature goals. There is growing interest in exploring the climate impacts of this type of
58  future scenario, commonly referred to as an “overshoot” scenario, as overshoot becomes

59  more likely as the transition to net-zero carbon dioxide emissions is delayed (Schleussner et
60 al., 2024). Previous work regarding impacts of overshoot and net-negative emissions has used
61  both idealized climate modelling experiments and less idealized concentration pathways

62  derived from future development scenarios.

63

64  One idealized climate model experiment is the reversibility experiment from the Carbon

65 Dioxide Removal Model Intercomparison Project (CDRMIP; Keller et al., 2018). In the

66  CDR-reversibility experiment, carbon dioxide atmospheric concentrations are prescribed to
67 increase at a rate of 1%/year (referred to as “ramp-up” period), until atmospheric
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68  concentrations reach four times pre-industrial CO2 concentrations. Once four times pre-
69  industrial CO; atmospheric concentrations are reached, CO> concentrations are then
70  prescribed to decrease symmetrically (referred to as “ramp-down” period) until pre-industrial
71  concentrations are reached. Using idealized overshoot experiments, previous work has
72 explored reversibility and aspects of the climate system that show ‘hysteresis’ type behaviour
73 (Ziehn et al., 2020b; Jeltsch-Thommes et al. 2020; Kug et al., 2022) such as global mean
74  surface temperature (Zickfeld et al., 2016), near-surface air temperature (Jeltsch-Thommes et
75 al., 2020), and position of the intertropical convergence zone (ITCZ) (Kug et al., 2022).
76  Idealized overshoot experiments have proven useful for studying reversibility and hysteresis
77  under large forcing, however the experiments are highly idealized compared to other future
78  scenarios. Less idealised scenarios have also been used to study climate response to
79  overshoot followed by net-negative emissions. Namely, SSP1-1.9 and SSP5-3.4 are
80  ScenarioMIP (O’Neill et al., 2016) experiments within the Coupled Model Intercomparison
81  Project Phase 6 (CMIP6) (Eyring et al., 2016) that simulate overshoot followed by net-
82  negative greenhouse gas emissions. Several studies (Douglas et al., 2025; Pfleiderer et al.,
83  2024; Roldan-Goémez et al., 2025a, 2025b) have been published regarding hysteresis and
84  reversibility using the less idealised overshoot scenarios.
85
86  Research using ScenarioMIP overshoot experiments (SSP1-1.9 and SSP5-3.4) shows that
87  global mean surface temperature tends to rise and fall during periods of increasing and
88  decreasing atmospheric CO; concentrations, respectively. Projected reduction in global mean
89  surface temperature during the net-negative emissions period of overshoot depends on the
90 rate of atmospheric CO; removal and the climate sensitivity of a particular model (Jeltsch-
91 Thommes et al., 2020). Similar to research using idealized overshoot experiments, there is
92  projected hysteresis in global mean temperature and precipitation throughout less idealized
93  overshoot scenarios (Jeltsch-Thommes et al., 2020; Kug et al., 2022; Macdougall 2013; Ziehn
94  etal., 2020D).
95
96  Regional climate evolution throughout theoretically more plausible overshoot scenarios, such
97  as SSP5-3.4, can be more complicated. In most regions, regional mean temperatures tend to
98 qualitatively follow the global mean surface temperature progression (i.e. temperature
99 increase as CO2 concentrations increase, temperature decrease as CO2 concentrations

100  decrease). Peak amplitude of overshoot also has an impact on regional temperature changes

101  with higher peak temperatures corresponding to a warmer Southern Hemisphere and cooler
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102  Northern Hemisphere (Douglas et al., 2025). Unlike regional temperature changes,

103  precipitation evolution throughout overshoot can vary significantly in different regions.

104  Diverse changes in regional precipitation throughout overshoot can be caused by circulation
105 changes that arise from spatial temperature asymmetries. For example, tropical precipitation
106  changes throughout overshoot have been studied in relation to shifts in the position of the
107  ITCZ due to hemispheric temperature asymmetries (Roldan-Gomez et al., 2025b). Research
108  also finds that changes in regional climate may not become fully reversed over the decades
109  after peak warming due to lagged dynamic changes such as sea surface temperature evolution
110  from delayed AMOC recovery (Pfleiderer et al., 2024). Short-lived climate forcings such as
111  atmospheric aerosol concentrations may also have significant impacts on regional climate
112 change throughout overshoot recovery (Pfleiderer et al., 2024).

113

114  The evolution of temperature and precipitation extremes throughout more plausible overshoot
115  scenarios have also been studied. Research generally finds that changes in the intensity of
116  regional temperature and precipitation extremes follow patterns of mean-state changes

117  (Pfleiderer et al., 2024; Roldan-Gomez et al., 2025a). However, projected changes in

118  extremes under plausible overshoot scenarios are more uncertain than mean-state changes,
119  and models can have large diversity in the sign of change in temperature and precipitation
120  extremes for a given region.

121

122 In this study, we expand on previous work by exploring model differences in regional climate
123 change throughout the SSP5-3.4 overshoot experiment, with a particular focus on the

124  extended net-zero emissions period after overshoot. We adopt a storylines-based approach
125  (Shepherd et al., 2018) to explore large-scale drivers of regional seasonal temperature and
126  precipitation changes. We also examine sources of uncertainty in regional climate evolution
127  throughout the overshoot experiment by comparing uncertainties across the models within the
128  multi-model ensemble with the uncertainty from the internal variability within a large multi-
129  member ensemble from a single model.

130

131 2 Data and Methods

132

133 2.1 Scenario, climate slicing, and model data

134
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135  We use results from the SSP5-3.4 overshoot scenario (known as ‘SSP5-3.4-OS”) to explore
136  climate evolution under net-positive, net-negative, and net-zero CO> emissions. SSP5-3.4-OS
137  initially follows the high emissions SSP5-8.5 until 2040 before exhibiting the steepest

138  emission reduction rates of all scenarios (Meinshausen et al., 2020). Anthropogenic carbon
139  dioxide emissions transition to net-negative in 2065, and remain net-negative until 2170, after
140  which anthropogenic CO> emissions remain net-zero until 2300 (Meinshausen et al., 2020).
141  Derived atmospheric CO; concentrations are shown in Fig. 1. Although SSP5-3.4-OS is a
142  concentration driven experiment, the assumptions and timing of transitions to net-negative
143 and net-zero anthropogenic CO; emissions are used to derive CO; (and non-CO; greenhouse
144  gas) concentrations until 2100 using socio-economically explicit integrated assessment

145  models (IAMs) under the SSP framework (Gidden et al., 2019; Meinshausen et al., 2020).
146

147  To explore the regional effect of net-positive, net-negative, and net-zero CO2 emissions, we
148  slice the full experiment into the historical base period (1850-1900, black dashed period in
149  Fig. 1), a net-positive period (red dashed period in Fig. 1), net-negative period (blue dashed
150 period in Fig. 1), and net-zero period (green dashed period in Fig. 1). The net-positive, net-
151  negative, and net-zero periods are 30-year climate slices that represent the final 30-years of
152  experimental periods where CO» emissions are positive, negative, and zero; the net-positive,
153  net-negative, and net-zero climate periods are therefore 2035-2064, 2140-2169, and 2270-
154 2299, respectively. Figure 1 depicts the historical, net-positive, net-negative, and net-zero

155  climate slices used in this study.
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159 Figure 1: COz atmospheric concentrations for SSP5-34 overshoot (blue curve) combined with historical CO2 atmospheric
160 concentrations (black curve); note, blue curve includes initial period in high emissions SSP5.85 scenario. Grey background
161 shading indicates historical phase of the simulation. Red, blue, and green background shading represents the period of the
162 experiment with net-positive, net-negative, and net-zero anthropogenic CO2 emissions, respectively. The black dashed
163 timeframe represents the historical base period 1850-1900. The red, blue, and green dashed timeframes represent the net-

164  positive, net-negative, and net-zero periods, respectively.

165

166  The Earth System Models (ESMs) used in this study are restricted to models that ran the
167  extension until 2300 and published at least monthly mean near-surface air temperature and

168  precipitation. Table 1 lists the ESMs used in this study and the number of ensemble members
169  for each ESM.

170

171 Table 1. Model data
Model N members Reference

(extended)

ACCESS-ESM1.5 40 (Ziehn et al., 2020a)
CanESM5 1 (Swart et al., 2019)
CESM2-WACCM 1 (Danabasoglu et al., 2020)
CNRM-ESM2-1 1 (Séférian et al., 2019)
GISS-E2-1-G 10 (Kelley et al., 2020)
GISS-E2-1-H 5 (Kelley et al., 2020)
GISS-E2-2-G 6 (Kelley et al., 2020)
IPSL-CM6A-LR 1 (Boucher et al., 2020)
MIROC-ES2L 1 (Hajima et al., 2020)
MRI-ESM2-0 1 (Yukimoto et al., 2019)
UKESM1-0-LL 1 (Sellar et al., 2019a, 2019b)

172

173 2.2 Regional mean climate change

174

175  To assess regional mean climate change throughout the experiment, we compute grid-scale
176  anomalies of various climate variables from the participating ESMs. In this work, anomalies
177  during the net-positive emissions period are computed relative to the historical base period as
178 in Eq. (1):
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179

180 Agnec—p (lat, lon) = Grec—pos(lat, lon) — Fpise(lat, lon) )
181

182  where ¢ is a general CMIP6 climate variable (variables included in this study to follow). In
183  this work, austral summer (DJF) and boreal summer (JJA) seasonal mean anomalies are

184  computed.

185

186  During the net-negative emissions period, regional anomalies of general climate variable ¢
187  are computed relative to the net-positive period (Eq. 2). Furthermore, during the net-zero

188  emissions period, anomalies are computed relative to the net-negative emissions period (Eq.
189  3).

190

191 Adpet—neg(lat,lon) = Pner_neg(lat,lon) — Gpee_pos(lat, lon) 2
192

193 A¢net—zero(lat, lon) = Prer—zero(lat, lon) — Ppec—y  (lat, lon) 3
194

195

196  The variables used in this study include monthly standard CMIP6 outputs of near-surface air
197  temperature (‘tas’), precipitation flux (‘pr), and air pressure at sea-level (‘psl’).

198

199 2.3 Large-scale climate indices

200

201  In addition to changes in local mean climate conditions, we explore changes in large-scale
202  climate indices. The large-scale climate indices selected here are primarily used as co-

203  variates to explore physical drivers of regional climate change after net-zero emissions.

204

205  First, we explore Northern-Southern hemispheric tropical sea surface temperature (SST)
206  gradients over the Atlantic and Pacific Oceans. The tropical SST Northern-Southern

207  hemispheric temperature gradients are computed as the difference in mean SSTs between 0°
208  to 30°N and 0° to 30°S. Interhemispheric temperature gradients have been previously studied
209 inrelation to tropical precipitation and Hadley circulation (Bischoff and Schneider 2014;
210  Donohoe et al., 2013). An enhanced interhemispheric temperature gradient, which is

211  expected under global warming, has been linked to a weakening of the Northern Hemispheric

7
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212 Hadley Cell, strengthening of the Southern Hemispheric Hadley Cell, and northward shift in
213 tropical precipitation (Friedman et al., 2013; Yoshimori and Broccoli 2008; Frierson and

214  Hwang 2012; Kang et al., 2009). Furthermore, previous studies suggest that an enhancement
215  in interhemispheric temperature gradients would increase cross-equatorial flow from the

216  Southern Hemisphere to the Northern Hemisphere thereby enhancing the Asian summer

217  monsoonal rainfall (Lee and Wang 2014; Wang et al., 2012, 2014), and weakening Australian
218  summer monsoonal rainfall (Lee and Wang 2014; Wang et al., 2014; Brown et al., 2016).

219

220  Second, we explore Northern and Southern Hemispheric SST meridional temperature

221  gradients (MTGs) for each of the Atlantic and Pacific oceans using Eqs. (4) and (5).

222
223 MTGyy = Tocean(22.5°N,37.5°N) — T,coqn(52.5°N, 67.5°N) 4)
224
225 MTGsy = Toceqn(0°S,10°85) — T, reqn(25°S, 35°5) 5)
226

227  Northern Hemispheric and Southern Hemispheric SST gradients are adapted from Braganza
228  etal (2003) and Sniderman et al (2019), respectively. Meridional temperature gradients

229 influence the strength of Hadley circulation (Cai et al., 2003; Kushner et al., 2001; Seo et al.,
230  2014; Sniderman et al., 2019). Under global warming, a positive and increasing MTG is due
231  to increasing average sea surface temperatures in the subtropics with declining midlatitude
232 ocean temperatures from decreasing poleward oceanic heat transport. In previous work, an
233  enhanced MTG under global warming has been previously linked to precipitation decline
234 over midlatitudes in the Southern Hemisphere (Sniderman et al., 2019; Grose and King 2023)
235  and Northern Hemisphere (Dittus et al., 2024) due to poleward expansion of the descending
236  branch of the Hadley Cell (Cai et al 2012; Nguyen et al 2015; Tokarska et al 2016).

237

238  In addition to the large-scale indices computed using SST gradients, we explore Southern
239  Hemispheric mid- and high-latitude circulation by computing the Southern Annular Mode
240  index as the difference in mean sea level pressure between 45°S and 65°S, which is

241  consistent with Marshall (2003) and Grose and King (2023). In this work, we compute zonal
242  mean pressure across latitudes +/-5° of a specified latitude (i.e. for 45°S, zonal mean is

243 computed 40-50°S).

244
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In addition to the large-scale climate indices based on SST gradients (N-S tropical gradients,
and MTGs) and pressure gradients (SAM), we also explore relationships between land-ocean
temperature gradients and local near-surface air temperature and precipitation over the South
Asian and the Northern Australian IPCC ARG6 regions (Iturbide et al., 2020). Land-ocean
temperature gradients are explored because studies have suggested that increases/decreases in
land-based precipitation drive decreases/increases in land-based temperature (Gadgil 2018;
Brown et al., 2016). For the land-ocean temperature contrasts we specifically explore JJA L-
O contrasts for the Indian subcontinent (region 37, ‘SAS’), and DJF L-O contrasts for the

northern Australian summer monsoon region (region 39, ‘NAU”).

2.4 Multi-model and multi-member uncertainties

We explore sources of uncertainties in regional climate change under net-positive, net-
negative, and net-zero emissions by comparing inter-model spread with the spread between
multiple realisations from one model. For the single-member multi-model ensemble, we
select a single member from each ESM in Table 1 (most ESMs only have one member); for
ESMs with multiple realisations, we selected the first member. For the single-model multi-
member ensemble, we use the ACCESS-ESM1.5 40-member ensemble. We investigate

relative uncertainties by computing the following ratios.

Std(A¢net—pos)|
Std(A¢net—pos)|

multi—-model (6)

Ry pos(lat,lon) =

multi-membe

Std(A¢net—neg)|

multi—model
7
Std(A¢net—neg)| ( )

Ry, neg(lat,lon) =

multi—-member

R¢, oro (lat, lOTl) — std(Apnet—zero) lmuiti—-mode (8)

std(Apnet—zero) lmulti-member

Numerators represent standard deviations of anomalies across the selected single-member
multi-model ensemble. Denominators represent the median of standard deviations computed
across 1000 randomly sampled 11-member ensembles within the 40-member ACCESS-
ESM1.5 ensemble. From these ratios, values above one represent regions where the

uncertainties across models outweigh uncertainty across members for a given model.
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276  Conversely, values below one indicate that uncertainty across the multi-member ensemble
277  outweighs uncertainty across models within the multi-model ensemble. These ratios serve to
278  help understand relative uncertainties from modelling differences, and uncertainties from
279  simulated internal variability (i.e. estimates less than one suggest that internal variability
280  outweighs multi-model uncertainty locally, and vice versa).

281
282 3 Results

283 3.1 Global climate changes and large-scale climate indices

284

285  Global mean surface temperature (GMST) trends have consistent warming/cooling during
286  net-positive/net-negative periods (Fig. 2). GMST anomalies span a wide range due to

287  differing ESM climate sensitivities. Under net-zero emissions, GMST changes are far weaker
288  compared to the net-positive and net-negative periods, which is an expected result as

289  adjustments in prescribed CO2 atmospheric concentration during the net-zero period are very
290 small compared to the net-positive and net-negative period. Though changes are less

291  pronounced, over the net-zero emissions period, GMST projections differ between models
292  which is expected given previous work showing model spread in the zero emissions

293  commitment (ZEC) (MacDougall et al., 2020; Borowiak et al., 2024; Cassidy et al., 2025).
294  Most models show stable or slightly cooling GMST over the net-zero period (CanESM5,
295 UKESMI1-0-LL, IPSL-CM6A-LR, ACCESS-ESM1.5, GISS-E2-1-G, MIROC-ES2L),

296  however a few models show a slight warming trend over the extended net-zero emissions

297  period (CESM2-WACCM, CNRM-ESM2-1, MRI-ESM2-0).

10



https://doi.org/10.5194/egusphere-2026-3644
Preprint. Discussion started: 20 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

4.0

3.5 A

Global mean surface temperature anomaly (°C)

T T T T T
2050 2100 2150 2200 2250 2300

Year
—— ACCESS-ESM1.5 (n=40) MIROC-ES2L (n=1) CESM2-WACCM (n=1) —— GISS-E2-1-H (n=6)
UKESM1-0-LL (n=1) —— MRI-ESM2-0 (n=1) — IPSL_CM6A_LR (n=1) — GISS-E2-2-G (n=5)

—— CanESM5 (n=1) —— CNRM-ESM2-1 (n=1) —— GISS-E2-1-G (n=10)
298
299
300 Figure 2. Annual global mean surface temperature anomaly (a), land mean surface temperature anomaly (b), ocean mean
301 surface temperature anomaly (c), and anomaly of land-minus-ocean temperature. Red shading indicates period of net-
302 positive CO2 emissions, blue shading indicates period of net-negative CO2 emissions, and white shading indicates period of
303 net-zero CO2 emissions. Curves represent 10-year rolling means for each ESM.

304 3.2 Regional climate changes and model differences

305

306  Figure 3 shows the ensemble mean, spread, and sign agreement (number of models with
307 positive anomaly) in JJA near-surface air temperature anomaly during net-positive, net-
308 negative, and net-zero emissions periods. In the net-positive period, regional near-surface air
309 temperatures increase across the globe with greater warming over land than ocean due to
310 differing thermal inertias, local feedbacks, and changes in hydrological cycle (Joshi et al.,
311 2008). Conversely, during the net-negative period, land-based temperatures cool nearly
312  everywhere based on ensemble average, with the most significant cooling signals emerging
313  over land in the Northern Hemisphere.

314

315  During the net-positive emissions period, there is full ensemble sign agreement nearly

316  everywhere with the notable exception of the north Atlantic Ocean “warming hole”, where
317  local cooling has been previously linked to changes in melting, oceanic heat transport, and
318 cloud feedback (Keil et al., 2020; Roldan-Gomez et al., 2025a). During the net-negative

319  period, there is consistent cooling projected over nearly all land regions, with the notable

11
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320 exceptions of regional warming over the Indian subcontinent, and western and central Africa;
321  these local warming patterns are possibly linked to strong mitigation of regional aerosol

322  emissions which is a characteristic of the SSP5-3.4-OS forcings. Additionally, during the net-
323  negative emissions period, delayed Southern Ocean warming is a common pattern within the
324  ensemble. This delayed Southern Ocean warming has been identified in previous research
325 regarding overshoot (Pfleiderer et al., 2024; Roldan-Gomez et al., 2025a) and climate

326  stabilization and net-zero projections (King et al., 2024; Cassidy et al., 2024; Chamberlain et
327  al, 2024; King et al., 2020; Cassidy et al., 2025). For the net-positive and negative emissions
328  periods, there is significant ensemble spread in near-surface air temperature anomalies

329  especially over land and high-latitude oceanic regions.

330

331  During the net-zero period, ensemble mean projections suggest very little change in land-
332  based regional temperatures, but increasing sea-surface temperatures in the north Atlantic
333  warming hole. Although the ensemble mean suggests little change in regional mean

334  temperatures over land, there is substantial model spread, and patterns of sign agreement are
335  much less consistent than under net-positive or net-negative emissions periods. Regional

336  climate change over the net-zero emissions period is more complex and warrants more

337  investigation due to the diversity in projections across models (see Fig. S2 in the supporting
338 information).

339

12
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340

341 Figure 3. JJA multi-model mean near-surface air temperature anomaly during net-positive, net-negative, and net-zero

342 emissions climate periods (top row). Multi-model ensemble spread in JJA near-surface air temperature anomaly during net-
343 positive, net-negative, and net-zero emissions climate periods (middle row). Number of models with positive JJA near-
344 surface air temperature anomaly during net-positive, net-negative, and net-zero emissions climate periods (bottom row).

345  Figure 4 shows the ensemble mean, spread, and sign agreement (number of models with

346  positive anomaly) in JJA average precipitation anomaly during net-positive, net-negative, and
347  net-zero emissions periods. During the net-positive emissions phase, subtropical precipitation
348  decline is projected based on the ensemble mean with strong model agreement. Additionally,
349  during the net-positive emissions period, there is projected increased tropical JJA

350 precipitation over west and central Africa and the Indian subcontinent with strong model

351  agreement, and decreased precipitation over northern South America with strong model

352  agreement. During the net-negative emissions period, the tropical and subtropical

353  precipitation trends during the net-positive emissions period are generally projected to

354  reverse direction with strong model agreement. The most substantial model spread emerges
355 in tropical latitudes during both net-positive and net-negative emissions periods.

356

13
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357  Like the JJA near-surface air temperature results in Fig. 3, there is very little change in JJA
358 precipitation over the net-zero emissions period based on the ensemble mean. However, the
359 ensemble mean result is a poor representation of model-specific projections evident from
360 individual model projections of JJA precipitation (Fig. S5 in supporting information) and

361 from the lack of sign agreement across models from Fig. 4.

362
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 10 -1.0 -0.5 0.0 0.5 10
Ensemble mean precipitation anomaly (mm/day)
Net-positive Net-negative
0.0 0.5 10 15 20 00 0.5 10 15 20 00 0.5 10 15 2.0
Ensemble precipitation anomaly spread (mm/day)
Net-positive Net-negative Net-zero
Number of models with +precipitation anomaly
363
364 Figure 4. Same as Fig. 3 above, but for JJA precipitation anomaly (mm/day).
365

366  The diversity in model-specific projections of mean temperature and precipitation under net-
367  zero emissions holds true for both annual (Fig. S7 and Fig. S8) and DJF seasonal projections
368  (Fig. S9 and Fig. S10). We explore the substantial diversity in regional climate projections
369  under net-zero emissions using a storylines-based approach.

370

371 3.3 Regional climate changes and large-scale indices under net-zero emissions

372
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373 3.3.1 Historical regional climate and large-scale indices

374

375  As astarting point of our study into the diverse climate projections under net-zero emissions,
376  we compute seasonal (JJA and DJF) correlations of selected large-scale climate indices with
377  grid-scale seasonal near-surface air temperature and precipitation. We compute correlations
378  using the 50-year historical base period (1850-1900) as this period has very little forcing from
379  greenhouse gas emissions and land-use changes making it somewhat comparable with the
380 extended net-zero emissions period of the SSP5-3.4-OS experiment. The lack of substantial
381 forced changes in this period also negates the need for detrending which is useful when we
382  are focussed on interannual variability. Correlations are computed on a seasonal basis (JJA or
383  DIJF) during the 50-year historical base period. Figure S11 and Fig. S12 show JJA historical
384  precipitation and near-surface air temperature correlations with selected SST and pressure
385  gradients, respectively. and JJA precipitation correlations, respectively. In addition to the
386  selected indices based on SST gradients (N-S gradients, and MTGs) and pressure gradients
387 (SAM), we also explore relationships between land-ocean temperature gradient and local
388  near-surface air temperature and precipitation over the South Asian monsoon region and the
389  northern Australian summer monsoon region. Figure S13 shows these specific land-ocean
390  contrast correlations over the Indian Subcontinent during JJA and the northern Australian
391  summer monsoon for DJF. Based on the historical period, we find that large-scale SST

392  gradients, pressure gradients, and local land-ocean temperature differences have strong

393  correlations with seasonal mean temperature and precipitation in some regions in ESM

394  simulations. Next, we explore whether changes in these climate indices may help explain
395 regional temperature change during the net-zero period after overshoot.

396

397  3.3.2 Net-zero regional climate change storylines

398

399  Figure 5 shows correlations between anomalies of seasonal mean changes of precipitation
400  and near-surface air temperature during the net-zero emissions period; for each grid cell,
401  Pearson correlations between seasonal mean anomalies of precipitation and near surface air
402  temperature after net-zero are computed across the full multi-model ensemble (n=11) and p-
403  values are computed for each grid cell; while a sample size larger than 11-model sample size
404  would be valuable for significance assessment, this analysis is meant to serve as a starting

405  point for understanding regional climate change under net-zero using the limited data
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406  available. Strongly negative correlation values (i.e. values that approach -1) imply that mean
407  precipitation change and mean temperature change may have a strong inverse relationship
408  across the model ensemble after net-zero. Conversely, strongly positive correlations (i.e.

409  values that approach 1) suggest that temperature change and precipitation change have a

410  strongly positive relationship across the set of models studied after net-zero. During JJA,
411  strong and statistically significant (albeit with very small sample size as previously noted)
412  negative correlations are projected over northern Central America, northern South America,
413  and northeast North America. During DJF, correlation patterns are more significant with

414  strongest negative correlations are over tropical eastern South America, Southern Africa, and

415  Australia.

Pr-tas correlation JJA Pr-tas correlation DJF

o
=1
(=}
Pr-tas correlation coefficient

416
417 Figure 5. Seasonal (left JJA, right DJF) precipitation-temperature anomalies linear Pearson product-moment correlation
418 coefficients after net-zero. At each grid point, linear correlations are computed across 11 models. Values near +1 indicate

419 that there is strongly positive correlation between seasonal temperature and precipitation anomalies after net-zero carbon
420 dioxide emissions. Values near -1 indicate that there is strongly negative correlation between seasonal temperature and
421 precipitation anomalies after net-zero carbon dioxide emissions. Northern South American and northern Australian AR6
422 regions are outlined in the JJA and DJF subplots, respectively. Stippling indicates regions where the Pearson correlation p-

423 values are greater than 0.05.

424

425  To better understand drivers of regional climate change under net-zero emissions, we explore
426  seasonal temperature and precipitation changes over two selected regions. We select these
427  regions based on two conditions: (1) we explore regions that have reasonably strong and

428  physically consistent precipitation correlations with selected large-scale indices from

429 historical base period (Fig. S11 and Fig. S12), and (2) we select regions with strongly

430 negative seasonal precipitation-temperature correlations (per Fig. 5) after net-zero as these
431 may have implications for regional heat extremes after net-zero. From these criteria, we

432  explore regional climate change under net-zero emissions over northern South America
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433  during JJA, and northern Australia during DJF (regions are outlined in Fig. 5) Table 2 lists
434  regional details and large-scale indices used to explore regional climate change after net-zero.

435

436 Table 2. Regional net-zero storyline regions and selected large-scale indices. Correlation sign is given in parenthesis under

437 the rightmost column; +/- sign indicates that there is a positive/negative seasonal precipitation correlation for the given

438 region and season for the listed large-scale climate index listed.
Region historical
name and Large-scale indices considered preClpl.tatl().n
season correlation sign
(*-)
Nggthtirn JJA N-S Atlantic Ocean -
Amélrica JJA SH MTG Pacific Ocean -
i +
(JJA) JJA NH MTG Pacific Ocean
Northern DJF SH MTG Pacific Ocean -
Australia DJF SAM index +
(DJF) DJF L-O temperature gradient -
439
440

441  3.3.3 Northern South America (JJA)

442

443  Figure 6a shows the relationship across the models between projected JJA precipitation and
444  near-surface air temperature over northern South America after net-zero emissions. Over
445  northern South America, there is a strongly negative statistically significant correlation

446  between precipitation anomaly and near-surface air temperature during boreal summertime.
447  Three ESMs project increased local JJA temperatures after net-zero (CNRM-ESM2-1, MRI-
448  ESM2-0, and CESM2-WACCM) with the highest warming post-net-zero projected by the
449  ESMs with the most significant precipitation decline (CNRM-ESM2-1 and CESM2-

450 WACCM).

451

452  During the historical base period, JJA regional precipitation over northern South America
453  correlates negatively with JJA N-S Atlantic Ocean SST gradient and JJA SH Pacific Ocean
454  MTG, and positively with JJA NH Pacific Ocean MTG (Fig S11, Table 2). Figure 6b-d

455  shows the relationships between JJA regional mean precipitation anomaly with the selected
456  climate indices over northern South America. After transition to net-zero, relationships

457  between precipitation and large-scale indices from the historical base period generally hold

458  true for all three of the selected large-scale indices; the negative precipitation correlations
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459
460
461
462

463
464
465
466
467
468

469

470

471
472
473
474
475
476
477
478
479

with JJA N-S Atlantic Ocean tropical SST gradient and SH Pacific MTG remain consistent
and significant. The positive correlation between JJA precipitation and NH Pacific MTG

remains positive, but is non-significant.
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UKESM1-0-LL * MRI-ESM2-0 CESM2-WACCM * GISS-E2-1-G GISS-E2-2-G
* CanESM5

Figure 6. JJA near-surface air temperature and precipitation anomalies under net-zero CO> emissions in northern South
America (a). JJA precipitation anomalies relative to changes in tropical Atlantic Ocean SST gradient (b), Northern
Hemisphere meridional temperature gradient over the Pacific Ocean (c), and Southern Hemisphere meridional temperature
gradient over the Pacific Ocean (d). The indices are selected as most relevant over the northern South America region. For

each subplot, linear fits and Pearson correlations, and p-values are presented.

3.3.4 Northern Australia (DJF)

Figure 7a shows the relationship between projected DJF precipitation anomaly and near-
surface air temperature anomaly across the set of models over northern Australia after net-
zero emissions. As shown, there is an overall negative correlation between DJF precipitation
and near-surface air temperature, meaning as precipitation decreases over the region after net-
zero, austral summer temperatures are projected to increase. However, the correlation does
not hold true for four ESMs (GISS-E2-1-H, GISS-E2-2-G, MIROC-ES2L, and CanESMS5),
and instead these ESMs project a positive relationship between temperature and precipitation

anomalies.
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During the historical base period, DJF regional precipitation over northern Australia

correlates negatively with DJF SH Pacific Ocean MTG and the L-O temperature gradient

between northern Australia and the Indian Ocean, and positively with the DJF SAM index

(Figs. S11 and S13, Table 2). Figure 7b-d shows the relationships between DJF regional

mean precipitation anomaly with the selected climate indices over northern Australia. After

transition to net-zero, relationships between precipitation and large-scale indices from the

historical base period generally hold true for each of the three selected indices; for each

correlation, the sign remains consistent with historical trends, however trends are non-

significant over northern Australia. The strongest correlation is for positively correlated

precipitation increase with increasing DJF SAM index. Based on the model results, northern

Australian summertime temperature evolution after net-zero is possibly associated with

projected trend in precipitation due to changes in selected large-scale climate conditions,

however the trends are less significant than the results over northern South America.
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Figure 7. DJF near-surface air temperature and precipitation anomalies under net-zero CO2 emissions in Northern Australia
(a). DJF precipitation anomalies relative to changes in Southern Hemisphere meridional temperature gradient over the
Pacific Ocean (b), Southern Annular Mode index (c), and land-ocean temperature difference between the northern Australian

region and Indian Ocean (d). The indices are selected as most relevant over the northern Australian region. Note, mean sea-
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501 level pressure data for UKESM1-0-LL is not available up to 2300, therefore the SAM index scatter plot does not have a

502 point to represent UKESM1-0-LL. For each subplot, linear fits and Pearson correlations, and p-values are presented.

503

504  3.3.5 Multi-model and multi-member uncertainties

505

506  Decomposing sources of uncertainty in climate projections has been done to assess

507  uncertainties from internal variability, model differences, and scenario (Lehner et al., 2020).
508 In this study, to assess relative uncertainties between inter-model results and internal

509 variability from multi-member results, we compute ratios of standard deviations as outlined
510 in the methods section. Figure 8 shows uncertainty ratios of near-surface air temperature
511 anomaly and precipitation during net-positive, net-negative, and net-zero emissions climate
512 periods. Ratios are computed using single-member simulations from all models with

513  extensions until 2300 (n=11), and the full ACCESS-ESM1.5 multi-member ensemble (n=40).
514  Results presented in Fig. 8 are specific to JJA seasonal mean anomalies, however

515 accompanying DJF results are presented in Supplementary Information Fig. S14.

516

517  During the net-positive emissions period, nearly all land regions present ratios above 1:1 for
518  both temperature and precipitation anomalies, indicating that the uncertainty across models
519  outweighs the local effects of internal variability. For the net-negative period, inter-model
520 uncertainty again outweighs modelled internal variability over all land regions, but internal
521  variability of precipitation begins to outweigh inter-model uncertainty over many land

522  regions including southeastern South America and southeastern North America. After net-
523  zero emissions, internal variability of regional JJA mean temperatures begins to outweigh
524  inter-model spread in some regions, including southern Africa, southeastern North America,
525  and the South Asian Monsoon region. Additionally, during the net-zero emissions period,
526 land-based precipitation variability outweighs inter-model uncertainty in most land regions.

527

20



https://doi.org/10.5194/egusphere-2026-3644
Preprint. Discussion started: 20 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Net-positive Net-negative Net-zero 5

3
RTaS

3Rpr

528 °

529 Figure 8. Ratio of single-member multi-model ensemble (n = 11 models) standard deviation over median standard deviation
530 of 1000 randomly sampled 11-member ACCESS-ESM1.5 ensembles for JJA mean near-surface air temperature anomaly (a-
531 c¢) and JJA precipitation (d-f) during net-positive, net-negative, and net-zero emissions periods. Cross hatching indicates
532 where ratio is less than 1:1. Outlines over Central Africa and northern Central America indicate AR6 regions used in

533 subsequent analysis.

534

535  We further explore relative uncertainties between inter-model differences and internal

536  variability by computing temperature-precipitation anomalies for the single-member multi-
537  model ensemble and the ACCESS-ESM 1.5 40-member ensemble for the northern Central
538  America and Central Africa AR6 regions. We selected the northern Central American region
539  because uncertainty ratios for both temperature and precipitation are above 1:1 locally during
540 the net-zero emissions period as shown in Fig. 8. Conversely, Central Africa was selected as
541  aunique region where uncertainty ratios of precipitation are below 1:1 during the net-zero
542  emissions period, while temperature uncertainty ratios remain above 1:1.

543

544  Figure 9 shows JJA temperature and precipitation anomalies over Central Africa (Fig 9a-c)
545  and northern Central America (Fig 9d-f) for the 11-model single-member ensemble and the
546  ACCESS-ESM1.5 40-member ensemble. For both regions and each emissions period (i.e.
547  net-positive, net-negative, and net-zero), the spread in near-surface air temperature anomaly
548 is greater across the 11-model ensemble than across the ACCESS-ESM1.5 40-member

549  ensemble. These results suggests that for the two selected regions, and many others as shown
550 in Fig. 8c, uncertainties in regional temperature changes under net-zero are primarily driven
551 by model differences rather than internal variability. However, uncertainties in precipitation
552  changes under net-zero are more complicated, as examined below.

553
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554  Over northern Central America and Central Africa, the spread in precipitation anomaly across
555  the ACCESS-ESM1.5 40-member ensemble is less than the spread across the 11-model

556  ensemble during the net-positive emissions period (Fig. 9a and d). Under net-negative

557  emissions the spread in regional precipitation anomalies across the 11-model ensemble and
558 ACCESS-ESM1.5 40-member ensemble are of similar magnitude (Fig. 9b and e). Over

559  Central Africa, under net-zero emissions, the spread in precipitation anomaly across the 40-
560 member ACCESS-ESML1.5 ensemble is nearly double that of the spread in the single-member
561  11-model ensemble (Fig. 9c); this result is in agreement with results in Fig. 8d, where it is
562  shown that modelled internal variability outweighs the uncertainty across the ESMs over

563  Central Africa. However, unlike the results over Central Africa, under net-zero the spread in
564  precipitation anomaly across the 11-model ensemble and ACCESS-ESM1.5 40-member

565  ensemble are of similar magnitude (Fig. 9f), with spread across the 40-member ensemble

566  only slightly exceeding the spread across the 11-model ensemble. These results further

567  suggest that sources of uncertainty in precipitation changes under net-zero vary regionally
568  when considering ensemble of projections, with internal variability being the potentially

569  dominant source of uncertainty in some regions (e.g. Central Africa) while model differences

570  may play a similar (e.g. northern Central America) or more significant role elsewhere.

571
(a) Net-positive (b) Net-negative © Net-zero
— multi-model spread . = multi-model spread 03] — multimodel spread
" 075 — muttimember spread 06| — muitimemberspreas — multimember spread
g 0.50 ? ‘ 04 “
S ~ .
§% o» 02 01
]
S8 oo 00 00
s . *
":% g, -0.25 -0.2 ‘ ~s X <01
§ -0.50 -0.4 o2
& -0.75 =0.6
= -0.3
-0.8
4 -3 -2 -y o 1 2 3 4 -1.0 -0.5 0.0 05 10 -0.4 -0.2 0.0 0.2 04
Temperature anomaly (°C)
() Net-positive © Net-negative ® Net-zero
0.8 — multimodel spread 28 — multi-model spread 0.6 {"— multi-model spread
_>‘~. —— multi-member spread —— multi-member spread = multi-member spread
ﬂ 0.6 0.4 * 0.4
S ~ o ;
g ? o4 0.2 ¥ 0.2
g E 0.2
= E 0.0 0.0 0.0
& ’ ¥ -02 -02 1
é -0.4 ¢
& -06 -0.4 0.4
-0.8 =
-0.6 -0.6
-4 -3 -2 =1 o 1 2 % 4 -1.5 -1.0 =05 0.0 05 10 15 -0.75 -0.50 -0.25 0.00 025 050 0.75
Temperature anomaly (°C)
% ACCESS-ESM1.5 MIROC-ES2L * CNRM-ESM2-1 IPSL-CM6A-LR * GISS-E2-1-H
UKESM1-0-LL % MRI-ESM2-0 CESM2-WACCM * GISS-E2-1-G #* GISS-E2-2-G
572 * CantEsM5

22



https://doi.org/10.5194/egusphere-2026-3644
Preprint. Discussion started: 20 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

573 Figure 9. Temperature-precipitation anomaly during net-positive, net-negative, and net-zero emissions period over Central
574 Africa (a-c) and northern Central America (d-f). Semi-transparent green markers represent individual members of the

575 ACCESS-ESM1.5 40-member ensemble, while the large bold green marker represents the ACCESS-ESM1.5 40-member
576 ensemble mean. Other coloured markers represent the single-member multi-model ensemble results as indicated in the
577 legend. Red and green lines along axes represent the spread across the 11-ESM multi-model ensemble and the 40-member
578 ACCESS-ESM1.5 ensemble, respectively; the vertical and horizontal lines represent ensemble spread in precipitation and
579 temperature, respectively.

580

581 4 Conclusions

582

583  During the ramp-up and ramp-down phases of overshoot experiments, global mean surface
584  temperature qualitatively follows derived CO> atmospheric concentrations, but with some
585  variation across models, which is consistent with previous research (Pfleiderer et al., 2024;
586  Roldan-Gomez et al., 2025a). Regional temperature and precipitation changes during ramp-
587  up and ramp-down periods of the overshoot experiment also tend to show strong sign

588  agreement for many regions which are consistent with recognized physical patterns. For

589  example, during ramp-up and ramp-down periods, seasonal mean temperature changes are
590 substantially higher over land and tend to follow derived atmospheric CO2 concentration
591 pathways, except for regions with significant changes atmospheric aerosols (e.g. Central

592  Africa and South Asia), where local radiative effects may drive seasonal mean temperature
593  changes. Furthermore, during ramp-up and ramp-down periods of the overshoot experiment,
594  models tend to show consistency in some precipitation trends including drying-wetting

595 reversal over subtropical regions such as Southern Africa and the Mediterranean.

596

597  Although global and regional climate changes during ramp-up and ramp-down periods of
598 overshoot can have strong model agreement, projections can diverge greatly under net-zero
599  emissions. Despite declining atmospheric CO> concentrations after net-zero emissions due to
600 natural carbon uptake by oceans and land surface, global mean surface temperature trends
601  diverge across ESMs, with some ESMs projecting stable temperatures, some projecting

602  rebounding global warming, and others projected global cooling (Borowiak et al., 2025).
603  Regional mean projections under net-zero emissions diverge greatly across ESMs which is
604  recognized in previous studies regarding net-zero (Cassidy et al., 2025, 2024; MacDougall et
605 al., 2022). In this work, we explored the efficacy of using historically simulated relationships

606  between various large-scale SST and pressure gradients with regional mean climate to
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607  understand the diversity of model behaviours after net-zero. We find that relationships

608  Dbetween regional climate and large-scale climate indices from the historical base periods may
609  be useful in understanding diversity in regional climate projections after net-zero.

610

611  Lastly, in this study we explored uncertainty in regional climate change projections during
612  net-positive, net-negative, and net-zero climate periods. We specifically compared relative
613  magnitudes of uncertainty between a selected single-member multi-model ensemble and the
614  40-member ACCESS-ESM1.5 ensemble. Uncertainties in regional mean temperature

615  projections during the net-positive and net-negative emissions periods are driven by multi-
616  model differences with less influence from simulated internal variability within the large

617  multi-member ACCESS-ESM1.5 ensemble. Under net-zero emissions, regional mean

618  temperature projections are still mostly driven by multi-model differences, however,

619  uncertainty from internal variability may outweigh uncertainty across models in some regions
620  such as Southern Africa, Southeast Asia, and Eastern North America. Under net-positive

621  emissions, uncertainties in regional mean precipitation change are primarily driven by multi-
622  model differences with very few regions where simulated internal variability exceeds multi-
623  model uncertainties. Under net-negative emissions, uncertainties in land-based regional mean
624  precipitation changes are primarily driven by model differences, however internal variability
625 may become the dominant source of uncertainty in several regions including eastern South
626  America and eastern North America. Under net-zero emissions, uncertainties in land-based
627  precipitation changes are more complicated; in many regions, uncertainties in precipitation
628  projections under net-zero are primarily driven by internal variability (e.g. Central Africa),
629  however, uncertainties across models play a nearly equivalent (e.g. northern Central

630  America) or greater role in several regions.

631

632  In conclusion, this study investigated seasonal mean climate change during a net-zero

633  emissions period after overshoot. We found that regional projections under net-zero

634  emissions can vary substantially in terms of magnitude and sign. Exploring projected regional
635 climate change after net-zero is challenging, as model projections diverge far more under net-
636  zero than during net-positive or net-negative periods. We found that simulated relationships
637  between large-scale gradients and regional climate during historical periods (e.g. 1850-1900)
638  may be useful in developing storylines of regional climate change under net-zero emissions.
639  Using a storylines-based approach to understand climate change under net-zero emissions
640 may be useful, however regional uncertainties from internal variability should be considered
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641  carefully, as uncertainty from internal variability can be greater than uncertainties due to
642  model differences.

643

644  In CMIP7, overshoot experiments form a larger component of ScenarioMIP than in CMIP6
645  (van Vuuren et al., 2025), so greater model participation is anticipated with more simulations
646  that could be used for this kind of analysis. However, we would also encourage modelling
647  institutions to emphasize running multiple ensemble members for experiments with overshoot
648  and net-zero emissions so we can better understand and constrain uncertainties in net-zero
649  climate projections.
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