
Response to Reviewer #1 1 

 2 

GENERAL COMMENTS 3 

This paper describes the changes in the physical climate system as well as the biochemical 4 

responses in climate projections with CESM2 extended to 2500 under SSP3-7.0. In this extended 5 

scenario, CO2 emissions increase until 2100, then follow a path of CO2 emission reductions until 6 

2250 when net-zero emissions of CO2 are reached. The simulations reach a warming approaching 7 

12°C by ~2300 and stabilise at that temperature by 2500. 8 

The paper is very well written and nicely laid out, and the results are interesting and a nice 9 

addition to the literature on multi-century climate projections. It is in some places quite dense to 10 

get through, but overall, I recommend publication after minor revisions. The geochemistry sections 11 

in particular are a bit difficult to understand in some places for an interdisciplinary / non-specialist 12 

readership. 13 

One point that I would like to see briefly commented on, is some context on the relevance 14 

of this scenario for future projections and its implications. In e.g. the section on rainfall seasonality 15 

changes in megacities, L299 states “potentially resulting in substantial social and economic losses”.  16 

While this is of course true, I think this is a vast understatement of the situation/problem at +12C 17 

and we can no longer talk about “potential losses and impacts” in such a hugely different simulated 18 

future. Without looking up an exact definition, and while this is of course subjective and not an 19 

exact science, I think people usually consider projected changes >3-4°C as “catastrophic” (if not 20 

sooner). 12°C is far beyond that and would likely include fundamental changes to the climate 21 

system. How is the reader meant to interpret those projections? A bit of context here would be 22 

welcome. 23 

A: We would like to thank the reviewer for their thoughtful evaluation of our manuscript, as well 24 

as for their constructive comments and suggestions. We have carefully revised the manuscript to 25 

incorporate the suggested improvements. Additionally, we have made every effort to present the 26 

content in a clear and accessible manner for readers. As the reviewer notes, most individuals would 27 

consider a warming of over 3-4°C to be catastrophic. Our simulations reflect a climate state that 28 

has never been experienced by humans, making it challenging to discuss specific impacts and 29 

losses. However, we believe our simulations still serve as an important illustration of a potential 30 

future that we should strive to avoid. The promotion of assessments of the Earth system evolution 31 



under such changes over these timescales is also likely to become one of the CMIP7 protocols, in 32 

recognition of the high value of such assessments for informing policy and awareness of the risks 33 

and consequences of weak mitigation. Therefore, exploring the potential climate changes and 34 

impacts of such a scenario is both useful and necessary as a warning. We also included this point 35 

in the revised manuscript.  36 

Our detailed point-by-point replies (in black) to reviewer’s comments (in blue) are given 37 

below. 38 

 39 

SPECIFIC COMMENTS 40 

I include specific comments and requests for clarifications below. 41 

1. L227 “the weakening of the AMOC is related to the southward shift of the ITCZ (references)”: 42 

the sentence here reads as if the ITCZ shift causes the AMOC weakening, but surely that is not 43 

what you mean? Is it the other way around? Do you have any evidence for this other than the 44 

references? Please rephrase this sentence to include more details, and perhaps something like 45 

“studies have linked this change to …” to indicate this is not something that you have shown here. 46 

A: We thank the reviewer for this comment. Following the reviewer's suggestion, we have 47 

rephrased the text in the revised manuscript: 48 

 49 

“Additionally, our simulations project a southward shift of the climatological Intertropical 50 

Convergence Zone (ITCZ), as part of the coupled climate system response to the AMOC slowdown 51 

as indicated by previous studies (e.g., Bellomo et al., 2021; Vellinga and Wood, 2008; Zhang and 52 

Delworth, 2005), resulting in substantial precipitation increase along the equator and merging of 53 

two tropical precipitation bands. As a result, tropical precipitation zones are projected to become 54 

narrower (Lau and Kim, 2015) and the dry regions between the two tropical convergence zones 55 

are likely to experience wetter conditions in the post-2100 (Fig. S2a-c, Fig. 3d-f)” 56 

 57 

2. L235-236 “In addition to the weakening of the easterlies […], our simulations project a 58 

substantial reduction of the trade winds in the extended future […]”: isn’t a weakening in the 59 

easterlies the same as a reduction in the trade winds, so you are repeating the same thing twice? 60 

Or is there a difference? 61 

A. We thank the reviewer for pointing this out. We have rephrased the text to clarify the description 62 



as follows:  63 

 64 

“Our simulations project an overall weakening of the easterlies in the Pacific and Atlantic, 65 

spanning approximately 30°S to 30°N, with a substantial reduction along the equator in the Pacific 66 

in the extended future. This also reflects the weakening of Walker circulation. These changes are 67 

projected to become even more pronounced in the deep future (Fig. 3k, l).” 68 

 69 

3. L257, “disappearance of the SPCZ”: I think this statement is too strong without further evidence, 70 

but the Supplementary Material supports this statement. Can you include a reference to the SI? 71 

Figure 3e and f) alone are not enough, as they show the difference relative to the reference 72 

climatology, not a new climatology for the later periods. 73 

A: We thank the reviewer for this comment. We have added a reference to the relevant text as well 74 

as for Fig. S2b and c regarding future changes in the SPCZ. Additionally, given the issue of model-75 

dependency of SPCZ changes in future projections (Narsey et al., 2022), we have modified the 76 

text in the revised manuscript as follows and have made efforts to avoid making overly strong or 77 

forceful statements without sufficient evidence:  78 

  79 

“One notable feature of the tropical precipitation changes in our extended simulations is the retreat 80 

or disappearance of the climatological South Pacific Convergence Zone (SPCZ), which is 81 

characterized by a northward shift with loss of its diagonal orientation towards the subtropics 82 

relative to the historical climatology (Fig. S2b, c). A comparison between 50-year periods (1950-83 

99 and 2050-99) reveals that several CMIP5 and CMIP6 models show a northward shift of the 84 

SPCZ in the future, consistent with our model projections, while others predict a southward shift 85 

(Narsey et al., 2022). The equatorward shift and the projected changes in the zonal structure of the 86 

SPCZ can be linked to the SST response in the central equatorial Pacific (Cai et al., 2012). 87 

Additionally, our simulations project a southward shift of the climatological Intertropical 88 

Convergence Zone (ITCZ), as part of the coupled climate system response to the AMOC slowdown 89 

as indicated by previous studies (e.g., Bellomo et al., 2021; Vellinga and Wood, 2008; Zhang and 90 

Delworth, 2005), resulting in substantial precipitation increase along the equator and merging of 91 

two tropical precipitation bands. As a result, tropical precipitation zones are projected to become 92 

narrower (Lau and Kim, 2015) and the dry regions between the two tropical convergence zones 93 



are likely to experience wetter conditions in the post-2100 (Fig. S2a-c, Fig. 3d-f).” 94 

 95 

4. Figure 4h: Title should be precipitation instead of Nino3.4 SST variability (it is the same title as 96 

panel d). 97 

A: We have modified the title in the manuscript. 98 

 99 

5. E.g. Figure 10: “Fractional changes” typically refer to changes relative to a reference period, 100 

e.g. (Extended future – historical)/historical, rather than just a ratio between two periods. Perhaps 101 

rephrase to “ratio between Period2/Period1? Also, fractional changes are normally unitless. 102 

A: We thank the reviewer for pointing this out. We have modified the text and the figure caption 103 

accordingly in the revised manuscript, as shown here:  104 

 105 

 106 
Figure 10: The changes in the future period 2150-2249 (first column) and period 2401-2500 (second column) relative to the 107 
historical period 1850-1949. (a, b) PO4 (mmol m-3), (c, d) NO3 (mmol m-3), (e, f) Fe (mmol m-3), and (g, h) SiO3 (mmol m-3). 108 
The changes were calculated as the ratio of future to historical period. Blue (<1.0) and red (>1.0) indicate future decreases 109 
and increases, respectively, relative to the historical period. All values are averaged over the upper 100 m depth. 110 



  111 

6. L339: this should be “availability of food” or “food security”, not both. 112 

A: We thank the reviewer for pointing this out, and we have modified the manuscript accordingly 113 

(‘security’ has been deleted). 114 

 115 

7. L389-390: I was wondering up to this point whether the simulations were concentration or 116 

emissions-driven. Please also include this information in the section describing the simulations. 117 

A: Our simulations are concentration-driven simulations, thus the greenhouse gas concentrations 118 

(defined as dry air mole fractions) from historical observations and the SSP3-7.0 scenario were 119 

prescribed over the entire simulation period (e.g., regarding CO2, atmospheric CO2 mole fraction 120 

is specified directly from 1850 to 2500). We have clarified this point in Section 2:  121 

 122 

“Meinshausen et al. (2020) provided greenhouse gas concentrations, defined as dry air mole 123 

fractions, for both standard and extended SSP scenarios. They used the reduced-complexity 124 

climate-carbon-cycle model MAGICC7.0 (‘Model for the Assessment of Greenhouse Gas Induced 125 

Climate Change’) to produce future greenhouse gas concentrations driven by harmonized SSP 126 

greenhouse gas emissions (Gidden et al., 2019) and extended emissions beyond 2100. To extend 127 

the CESM2-LE from 2101 to 2500, we followed the extended SSP3-7.0 protocol, a concentration-128 

driven configuration. In this extended scenario, fossil and industrial CO2 emissions are effectively 129 

ramped down to zero by 2250 (Meinshausen et al., 2020), as shown in Fig. 1a. Figure 1b presents 130 

the time evolution of global mean greenhouse gas mole fractions (CO2, CH4, N2O, and CFCs) 131 

which are prescribed in these simulations under the historical (1850-2014), standard SSP3-7.0 132 

(2015-2100) and extended SSP3-7.0 (2101-2500) scenario forcings. The global mean atmospheric 133 

CO2 mole fraction at the end of the 25th century provided by the extended SSP3-7.0 scenario is 134 

approximately 1371 ppm.” 135 

  136 

8. L414: Please be more explicit about the link between NPP and POC export for non-biochemistry 137 

specialists. Does export imply a direction (vertical downwards)?   138 

A: We thank the reviewer for pointing out the need to improve the clarity of our explanation in 139 

order to be accessible to non-specialists.  140 

 141 



“Next, we revisit the approximately 15 % drop in globally integrated marine NPP shown in Fig. 142 

2e. As a substantial fraction of newly produced organic matter is vertically exported below the 143 

surface and remineralized into inorganic matter in the ocean’s interior - a process known as the 144 

biological pump - NPP changes within the euphotic zone propagate into changes in particulate 145 

organic carbon (POC) fluxes throughout the water column. In other words, export represents a net 146 

downward transport of organic material (typically expressed in carbon mass units) across a depth 147 

horizon, with this component of the flux being primarily sustained through gravitational sinking. 148 

Primary production is the rate at which organic material is produced from inorganic compounds 149 

and does not have a directional component. Given the predominance of recycling within the sunlit 150 

surface layers of the ocean, primary production is almost always larger than export. Regionally, 151 

ocean NPP increases by up to ~80 % in the Southern Ocean and decreases by up to 50 % in the 152 

mid-latitudes of the North Atlantic in the extended future (Fig. 9b). The spatial patterns of NPP 153 

change are qualitatively similar to the changes in POC export at a depth of 100 m (Fig. 9e), …..” 154 

 155 

9. L453-454 “thermocline PO4 concentrations”: do you mean concentrations above the 156 

thermocline? Suggest adding a line highlighting the position of the thermocline to Figure 11. 157 

A: Yes, the text refers to the PO4 concentrations above the thermocline. We have clarified this in 158 

the revised manuscript. In addition, following the reviewer's suggestion, we have added lines 159 

representing the depth of the 20°C isotherm averaged over the historical period (1850-1949), the 160 

extended future period (2150-2249), and the deep future period (2401-2500) to Fig. 11a in the 161 

revised manuscript to represent the position of the thermocline, as shown here:  162 

 163 



 164 

Figure 11: Reference climatology (period 1850-1949) (first column), and changes in the period 2150-2249 (second column) 165 
and period 2401-2500 (third column), relative to 1850-1949. (a-c) Zonally averaged PO4 (mmol m-3) and (d-f) zonally 166 
averaged NO3 (mmol m-3). The changes in b, c, e and f were calculated by dividing the values in the future periods by the 167 
values in the period 1850-1949. Blue (<1.0) and red (>1.0) in b, c, e and f indicate future decreases and increases, respectively, 168 
relative to the period 1850-1949. In a, pink, yellow, and dark gray lines indicate the depth of 20°C isotherm averaged over 169 
the historical period (1850-1949), extended future period (2150-2249), and deep future period (2401-2500), respectively.  170 

 171 

10. L462 “Viewed this way”: what way? This is unclear – the previous sentence states that the 172 

change in the transfer efficiency is modest, yet here you state the changes in the remineralisation 173 

source are substantial. Please clarify. 174 

A: We apologize for any confusion. We have added an additional short paragraph: 175 

 176 

“For both carbon and PO4, the transfer efficiency changes only slightly by the end of the 25th 177 



century, stabilizing with a modest increase to a global value of approximately 14 %. The modest 178 

simulated increases in transfer efficiency result from decreases in oxygen concentrations within 179 

the mesopelagic domain, which reduce the respiration rates of sinking organic particles. 180 

Meanwhile, the mesopelagic remineralization source, calculated as the difference between the 181 

fluxes at 100 m and 1000 m (rather than their ratio), shows substantial changes in the deep future. 182 

By the 2490s, decreases are projected to be 28.4 % for carbon and 36.0 % for PO4 (Table 2). The 183 

substantial decrease in PO4 is largely due to the increased carbon-to-phosphorus ratios of sinking 184 

organic particles under PO4-depleted future conditions (Kwon et al., 2022), leading to 185 

disproportionately larger reductions in sinking particulate organic phosphorus than in sinking 186 

particulate organic carbon (Table 2). To understand how the PO4 budget for the mesopelagic 187 

domain evolves, it is important to consider that this largely reflects the cumulative (multi-century) 188 

impact of changes in remineralization rates, modulated by perturbations to boundary fluxes across 189 

the faces of the low-latitude mesopelagic domain. Although it is beyond the scope of the current 190 

study to fully close the budget, the closed budgets presented in Rodgers et al. (2024) for a steady-191 

state case with a different state-of-the-art model suggest that the rates of material exchange of 192 

properties (mixing and advection) between the deep ocean and the mesopelagic domain within the 193 

tropics can also contribute to modulating low-latitude mesopelagic PO4 inventories.” 194 

 195 

11. L468:  Are there any explanations for this partial buffering in the case of carbon? 196 

A: In response to the reviewer's comment, we have added an explanation for the partial buffering 197 

effect in the revised manuscript: 198 

 199 

“Second, the fractional loss in PO4 remineralization is greater than that for DIC. This characteristic 200 

of the plastic stoichiometric relationship between carbon and phosphate in MARBL indicates that 201 

the forced changes identified for PO4 are partially buffered in the case of carbon. The partial 202 

buffering effect indicates the way in which the decrease in PO₄ remineralization does not fully 203 

translate into a proportional decrease in carbon remineralization. This suggests that while the 204 

remineralization of these two elements within the mesopelagic domain is related, it does not follow 205 

with a fixed elemental ratio. In other words, the system buffers or dampens the expected changes 206 

in carbon fluxes that would have resulted from adherence to a fixed carbon-to-phosphorus ratio 207 

(Redfield et al., 1963), mitigating the overall impact of changes in phosphorus fluxes. Third, 208 



despite warming of the mesopelagic domain for these simulations, …..” 209 

 210 

12. L548: “unprecedented”: there are a handful of studies looking at very long future projections 211 

at different global warming levels with fully coupled models, though the experimental design is 212 

different. Not a criticism, just mentioning for awareness. 213 

A: We thank the reviewer for their comment. We have rephrased this sentence as follows: 214 

 215 

“Our fully coupled simulations, among the most comprehensive in scope for future projections, 216 

provide insights into changes in the mean state and variability for key fields across the atmosphere, 217 

ocean, sea ice, land, and ecosystems on multi-centennial time scales from 1850 to 2500.”   218 

 219 

13. L572-573 “. the stoichiometric plasticity mechanism identified by Kwon et al. (2022) provides 220 

only moderate modulation into the deep future.” What is the mechanism identified by Kwon et al.? 221 

Moderate modulation of what? 222 

A: We have included a detailed explanation in Section 3.3 and made revisions to the text in Section 223 

4 of the revised manuscript: 224 

 225 

- Line 422 in the submitted version: 226 

“The NPP reductions in oligotrophic gyres are also driven by surface nutrient depletion, suggesting 227 

that nutrient uptake plasticity – an adaptive strategy used by phytoplankton to reduce nutrient 228 

uptake while maintaining carbon fixation (i.e., increasing carbon-to-phosphorus ratios in 229 

phytoplankton cells or communities) when surface nutrients are scarce - is less effective beyond 230 

the 21st century. This strategy, which plays a key role in sustaining ocean NPP until the 21st century 231 

(Kwon et al., 2022), loses its effectiveness in later periods.” 232 

 233 

- Line 571 in the submitted version: 234 

“This decrease in PO4 remineralization leads to substantial surface PO4 depletion and reduced NPP 235 

in subtropical gyres from the 22nd century onward. The projected future changes in nutrient 236 

dynamics could affect primary productivity, food webs, and biodiversity in marine ecosystems.” 237 

 238 

 239 



 240 
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