
Response to Referees of “Stratospheric geoengineering impacts on El Niño/Southern 1	  
Oscillation,” by C. J. Gabriel and A. Robock 2	  
 3	  
Referee comments are in black.  Responses are in blue. 4	  
 5	  
Referee #1  6	  
 7	  
1) Given that no statistically significant change in ENSO frequency or strength is found it 8	  
somewhat of a missed opportunity to dedicate the entire results section to this finding. The paper 9	  
would be much richer if this negative result were supported by analysis of more-easily-detected 10	  
changes in the Pacific which would influence ENSO behavior or be indicative of changes in 11	  
ENSO behavior. 12	  
 13	  
The most easily detected variable in this regard is sea surface temperature.  Other variables are 14	  
not as well simulated by climate models, and analysis of them would make detection of a signal 15	  
even more difficult.  For example, we looked at the Southern Oscillation Index, the atmospheric 16	  
component of ENSO, and found that it was not sufficiently well simulated in most of the climate 17	  
models to serve as an SST proxy.  We further discuss our attempts to consider SLP, zonal winds, 18	  
thermocline depth and upwelling strength and why each of those approaches introduced thorny 19	  
detectability issues.  (Please see section 2 Methods beginning on page 12 line 301 to p14 line 20	  
370).  21	  
 22	  
2) The authors also missed an opportunity in the discussion to help clarify what would be needed 23	  
in future SRM studies to detect changes in ENSO event properties. 24	  
 25	  
We agree.  We have added the following caveat to the end of the introduction section of the 26	  
manuscript: (Please see p8 lines 204-230) 27	  
 28	  
“We are acutely aware of the challenges inherent in attempting to draw robust conclusions about 29	  
future ENSO variability.  However, Cai et al. (2015) were able to detect a statistically significant 30	  
change in the frequency of extreme La Niña events under RCP 8.5 as compared to a non-global 31	  
warming control scenario.  They selected 21 of 32 available CMIP5 models, because of their 32	  
ability to accurately simulate processes associated with extreme ENSO events.  Each model 33	  
simulation lasted for a period of 200 years.  The detectability of changes in ENSO variability in 34	  
future SRM modeling experiments will likely be buoyed by the availability of more models and 35	  
longer simulations.  Additionally, future SRM experiments that attempt to offset or partially 36	  
offset more extreme AGW scenarios, such as RCP 6.0 and RCP 8.5 improve detectability.  37	  
Given that detecting an ENSO change in a 200 year record with 21 different participating GCMs 38	  
is not straight forward, we anticipate that detecting changes in ENSO by analyzing GeoMIP may 39	  
be difficult.” 40	  
 41	  
Cai, W., Wang, G., Santoso, A., McPhaden, M., Wu, L., Jin F-F., Timmermann, A., Collins, M., 42	  

Vecchi, G., Lengaigne, M., England, M., Dommenget, D., Takahashi, K. and Guilyardi, E.: 43	  
Increased frequency of extreme La Niña events under greenhouse warming. Nature Climate 44	  
Change 5, 132-137, 2015. 45	  

 46	  
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3) Given the difficulty of detecting changes in ENSO event properties it is understandable that 47	  
the authors have followed in the footsteps of others and tried to draw on as wide an array of 48	  
models and experiments as possible (as Cai et al. 2014 do). However, the way in which the 49	  
authors have done so is problematic and may have led to spurious reports of statistical 50	  
significance. There are two major problems – the aggregation of results from very different 51	  
experiments and the uncoordinated nature of the large number of comparisons. 52	  
 53	  
We agree.  Section 3.2 has been rewritten to discuss only the comparisons between neatly 54	  
distinct groups of simulations. 55	  
 56	  
We have eliminated all comparisons that involve aggregation of experiments which do not depict 57	  
sufficiently similar future climates.  For example, since G1 does not produce a linear warming 58	  
trend, it is inappropriate to combine G1 with G3 or G4.  We now only aggregate G3 and G4 for 59	  
the purpose of comparison.  In terms of non-geoengineering runs that are used for comparison, 60	  
only RCP 4.5 and 1% annual carbon dioxide concentration increase runs are similar enough to 61	  
combine during the 2030-2069 comparison period.  We have added the following text to the 62	  
introduction.  (Also, please see p10 lines 249-266): 63	  
 64	  

“Clearly, detection of changes in future ENSO variability under different scenarios is 65	  
challenging.  As we are limited in both the length and number of geoengineering simulations, we 66	  
aggregate geoengineering experiments, when appropriate, in order to increase sample size.  We 67	  
combine experiments only when the aggregated experiments form a group that is neatly distinct 68	  
from its matching comparison group.  Aggregated experiments must simulate a future climate 69	  
that both starts from a similar mean climate and follows a similar trend, or lack of a trend, 70	  
throughout the experimental period.  After applying this standard, we are able to aggregate G1 71	  
and G2, since the experiments both initialize from a preindustrial climate and the anthropogenic 72	  
warming imposed is fully offset by the solar dimming.  We are also able to aggregate G3 and G4, 73	  
since both initialize from a year 2020 climate and follow trajectories in which RCP 4.5 is either 74	  
fully (G3) or largely (G4) offset by constant sulfur dioxide injections during the experimental 75	  
period.  Application of this standard for aggregation of experiments precludes the aggregation of 76	  
all GeoMIP experiments G1-G4 into a single ensemble, as the experiments initialize from 77	  
different climates and follow independent trajectories thereafter.  This standard is also applied 78	  
when we consider aggregating control experiments.  Since each control experiment – 79	  
instantaneous quadrupling of CO2, 1% yr–1 CO2 increase runs and RCP 4.5 – depicts climates 80	  
that are distinct from each other, no aggregation of control experiments is performed.” 81	  
 82	  
4) The authors of this study attempt the same kind of aggregation however their groupings often 83	  
exhibit very large intra-group differences. Importantly the authors do not justify why they’ve 84	  
chosen the groupings they’ve investigated or discuss the properties of these groupings. 85	  
 86	  
Please see response to previous comment. 87	  
 88	  
5) In another comparison, they split all experiments into two groups, all GeoMIP 89	  
(geoengineered) and all non-GeoMIP experiments, but these groups are not neatly distinct in the 90	  
same way as the control and warm groups used by Cai et al. 2014. Both groupings have a mix of 91	  
warmer and cooler climates with some warming and some in steady-state, all of which would be 92	  
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expected to affect ENSO properties. It is unclear what would be demonstrated if there were 93	  
statistically significant differences between these groupings as there doesn’t seem to be a 94	  
consistent approach for choosing the constituents. Similar issues arise for other groupings that 95	  
the authors make. 96	  
 97	  
Please see response to previous comment. 98	  
 99	  
6) The authors also test so many different groupings of models and experiments that it is 100	  
unsurprising that they detect statistically significant changes at the 5% level. How many 101	  
comparisons were made and how many false positive results would be expected if all of the data 102	  
were drawn from the same sample? No effort is made to test whether such spurious statistical 103	  
significant results were likely nor is any note made of this basic problem. The authors could 104	  
consider some form of bootstrapping resampling approach which may help to give an idea of 105	  
how robust the statistics derived from these groupings are.] 106	  
 107	  
We agree.  After applying the condition that each grouping be distinct, we only obtain two 108	  
significant differences in the remaining comparisons.  We qualify the robustness of these results 109	  
with a simple resampling technique.  After performing the resampling, it appears that the 110	  
significant results were obtained by chance.  (Please see section 3.2 Analysis, which has been 111	  
completely rewritten) 112	  
 113	  
7) Putting these issues to one side, the main finding of this study is that the effect of SRM on 114	  
ENSO are not detectable in 40 year records of ENSO 3.4 temperatures. However, was this not 115	  
obvious beforehand? ENSO behavior is notoriously variable and would be expected to show 116	  
substantial variations in 40-year statistics. The authors should do more to explain and investigate 117	  
the challenges of detecting a change in ENSO behavior.  118	  
 119	  
We extensively discuss the impacts of volcanic eruptions on ENSO.  These papers describe 120	  
ENSO behavior in the immediate aftermath (< 5 years) of the eruption.  We test the hypothesis 121	  
that long-lasting solar dimming or sulfate injections could produce a signal similar to the 122	  
volcanism signal, but operating on a longer time scale.  We did think it unlikely that a difference 123	  
between geoengineering ENSO and global warming ENSO would be evident after comparing 124	  
experiments and controls from one model. However, we thought that using multi-model 125	  
ensembles, and aggregating experiments where appropriate, might make such changes 126	  
detectable.   127	  
 128	  
Additionally, please see additional discussion on p8 line 205-224 in the final paragraph of the 129	  
introduction for discussion of the challenge of evaluating ENSO behavior. 130	  
 131	  
“We are acutely aware of the challenges inherent in attempting to draw robust conclusions about 132	  
future ENSO variability.  However, Cai et al. (2015) were able to detect a statistically significant 133	  
change in the frequency of extreme La Niña events under RCP 8.5 as compared to a non-global 134	  
warming control scenario.  They selected 21 of 32 available CMIP5 models, because of their 135	  
ability to accurately simulate processes associated with extreme ENSO events.  Each model 136	  
simulation lasted for a period of 200 years.  The detectability of changes in ENSO variability in 137	  
future SRM modeling experiments will likely be buoyed by the availability of more models and 138	  



3 
	  

longer simulations.  Additionally, future SRM experiments that attempt to offset or partially 139	  
offset more extreme AGW scenarios, such as RCP 6.0 and RCP 8.5 improve detectability.  140	  
Given that detecting an ENSO change in a 200 year record with 21 different participating GCMs 141	  
is not straight forward, we anticipate that detecting changes in ENSO by analyzing GeoMIP may 142	  
be difficult. Further, we recognize that even if significant differences between ENSO in a 143	  
geoengineered world as opposed to an AGW world are evident, a large number of comparisons 144	  
will have be made, and further analysis of significant results will need to be performed to 145	  
determine whether or not the result is robust.  Despite these substantial caveats, it would be 146	  
irresponsible for geoengineering research to progress without consideration of how a 147	  
geoengineering regime could alter ENSO. 148	  
 149	  
Cai, W., Wang, G., Santoso, A., McPhaden, M., Wu, L., Jin F-F., Timmermann, A., Collins, M., 150	  

Vecchi, G., Lengaigne, M., England, M., Dommenget, D., Takahashi, K. and Guilyardi, E.: 151	  
Increased frequency of extreme La Niña events under greenhouse warming. Nature Climate 152	  
Change 5, 132-137, 2015. 153	  

 154	  
8) The authors could tackle this detection issue directly by analyzing the ENSO 3.4 behavior in 155	  
the long pre-industrial steady-state simulations for each of the 6 models used. This could then 156	  
make clear how variable 40-year ENSO statistics are. Alternatively the authors could refer to 157	  
existing results or theoretical considerations from the literature to develop these expectations. 158	  
There are studies, which investigate variations in ENSO statistics in those long pre-industrial 159	  
simulations in CMIP5 which should be referred to. 160	  
 161	  
There are 150 years of historical simulations available for each ensemble member of each model. 162	  
We have analyzed all of the available historical simulations.  We have compared the variability 163	  
within the historical simulations with that seen in comparing the geoengineering and AGW 164	  
experiments.  The analysis shows, if anything, more variability during the historical period than 165	  
during the experimental period.  The historical runs were chosen because the rate of warming 166	  
throughout the period is relatively modest when compared to future global warming scenarios 167	  
and because the vast majority of our simulations were not steady state.  It seems more relevant to 168	  
squarely address the question of whether ENSO variability under AGW or geoengineering would 169	  
be different than what is evident in observations and in historical simulations.  We though it 170	  
more appropriate to constrain the variability between future ENSO scenarios with the variability 171	  
seen in the historical record.  This allows us to more squarely address the question of whether 172	  
ENSO will be fundamentally different from what it has been under geoengineering and/or future 173	  
AGW.     174	  

We also discuss the methods employed by Cai et al. (2014, 2015), a very sophisticated 175	  
approach, for which a great deal of data was available to the authors.  The description of the Cai 176	  
et al. experiments in our introduction is a strong caveat, limiting ab initio what the limits 177	  
detectability might be in this experiment. 178	  

Please also see the discussion for suggestions of what might be needed to detect changes 179	  
in future geoengineering experiments. 180	  
  181	  
9) [I]t would have greatly enriched the study if there had been some discussion of what 182	  
requirements would be needed for an experiment to investigate the effects of SRM on ENSO… 183	  
a.) What averaging periods and number of ensemble members would be required?  184	  
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 185	  
Replicating the approach of Cai et al. (2015) and selecting from an array of 32 models, each 186	  
providing a 100+ year simulation length is not possible for the SRM experiments so far 187	  
conducted.  However, one first step would be to select the single best performing GeoMIP model 188	  
in simulating ENSO.  We could then eliminate the termination of SRM in 2070 and allow the 189	  
model to continue to run for another 100 years.  We could then evaluate the question of whether, 190	  
in a particular model that does well in simulating ENSO, there is evidence of a difference in 191	  
ENSO variability between the SRM experiment and the appropriate control.   192	  
 Future GeoMIP experiments plan model simulations of 100 years of geoengineering 193	  
(Kravitz et al., 2015) and they would not only allow for analysis of changes in ENSO, but of the 194	  
potential impacts of geoengineering on other sources of natural climate variability.   195	  
 (Please see the first part of section 4 Discussion p21 line 668-673) 196	  
 197	  
Kravitz, B., Robock, A., Tilmes, S., Boucher, O., English, J. M., Irvine, P. J., Jones, A., 198	  
Lawrence, M. G., MacCracken, M., Muri, H., Moore, J. C., Niemeier, U., Phipps, S. J., 199	  
Sillmann, J., Storelvmo, T., Wang, H., and Watanabe, S.: The Geoengineering Model 200	  
Intercomparison Project Phase 6 (GeoMIP6): simulation design and preliminary results, Geosci. 201	  
Model Dev. Discuss., 8, 4697-4736, 2015. 202	  
 203	  
b.) Are steady-state simulations to be recommended over transient simulations?  204	  
 205	  
Probably extreme steady-state simulations would be the place to look.  If there is nothing there, 206	  
then transient runs with smaller forcings would not be likely to show much.  In GeoMIP6 (see 207	  
previous answer), 4xCO2 will be balanced by solar dimming for 100-year runs (experiment 208	  
G1ext).  We think comparing those results (4xCO2, geoengineered climate, and control climate) 209	  
will let us see if there are any potential signals.  (Please see the first few paragraphs 4 Discussion 210	  
p21-22 lines 674-686)  211	  
 212	  
c.) What recommendations do the authors have for SRM deployment strength in such 213	  
experiments?  214	  
 215	  
As discussed above, large offsets from global warming would be the best.  Similar experiments 216	  
using more realistic sulfate aerosols in the stratosphere would be preferred to solar dimming, but 217	  
those are not planned with such large forcing.  But comparisons of the proposed G6solar and 218	  
G6sulfur runs will allow us to quantify how much difference this makes. (Please see the first few 219	  
paragraphs of p21-22 lines 674-686)  220	  
 221	  
d.) And what do these recommendations suggest about the possibility of detecting changes in 222	  
ENSO in the next generation of GeoMIP experiments? 223	  
 224	  
See previous answer. 225	  
 226	  
10) No statistically significant results were found for ENSO which is an important result but 227	  
given this I was surprised that this result was not supported by some statistically significant 228	  
results on other related measures of change in the Pacific. The authors identify a number of 229	  
important factors which will influence ENSO behavior which would seem to be more readily 230	  



5 
	  

detectable: Pacific zonal SST gradient, the strength of trade winds, upwelling strength, 231	  
thermocline depth, etc. (see Guilyardi et al. 2012 for more). In addition, whilst not necessarily 232	  
definitive, results on changes in the mean and interannual variability of ENSO 3.4 temperatures 233	  
would be far easier to analyze and would be of interest. 234	  
 235	  
ENSO 3.4 SST was selected as a preferred indicator of ENSO behavior for several reasons.  We 236	  
found that using variables related to surface wind were less reliable than SST.  The historical 237	  
records of thermocline depth and upwelling strength are not robust.  Pacific zonal SST gradient 238	  
changes could be difficult to attribute fully to ENSO.  We have added extensive discussion 239	  
reflecting on why were forced to work with SST as our primary variable.  (Please see section 2 240	  
Methods p12 -14 lines 301-370 discussing our rationale) 241	  
 242	  
While changes in ENSO 3.4 mean temperature over the 40 year period simulated is important, 243	  
we feel that dedicating a figure or much discussion to this would be a bit redundant given the 244	  
extensive body of literature that exists showing trends in SST both under both geoengineering 245	  
and global warming scenarios.   246	  
 247	  
11) The authors hypothesize in essence that if the volcanic forcing were persistent (as in SRM 248	  
simulations) there would be a permanent shift in ENSO behavior. An alternative that goes 249	  
uninvestigated is that this change in ENSO behavior is solely a transient phenomenon, one which 250	  
may also be evident in the initial phases of some of the GeoMIP simulations. However, the 251	  
authors discard the initial 10 years and so such transient phenomena are removed. I’m unsure an 252	  
investigation of this transient behavior would be fruitful but G1 and G4 should produce a 253	  
transient cooling that may give rise to the same phenomenon. 254	  
 255	  
We provide a discussion of the literature on the impact of the pulse forcing produced by 256	  
volcanoes on ENSO.  While this is not what we focus on in the manuscript, our review of the 257	  
literature leads us to conclude that the impact of the pulse forcing brought on by commencing 258	  
SRM would be similar to that produced by a volcano that produces radiative forcing equal to the 259	  
radiative forcing produced by commencing SRM.  Most proposals for implementing SRM are for 260	  
a gradual implementation, so we would not expect such a pulse response.  In fact, the technology 261	  
to instantaneously inject the same amount of sulfur as a large volcanic eruption does not exist, 262	  
and such a capability has not been proposed.  Therefore we confine our focus to investigating the 263	  
possibility of a permanent shift in ENSO behavior, as that issue has not yet been addressed.   264	  
 265	  
Referee #2 266	  
 267	  
1) The authors find no significant difference in ENSO frequency or amplitude under 268	  
geoengineering scenarios, but do not investigate any other ocean related variables that might 269	  
more easily show significant changes, like surface winds. 270	  
 271	  
The most easily detected variable in this regard is sea surface temperature.  Other variables are 272	  
not as well simulated by climate models, and analysis of them would make detection of a signal 273	  
even more difficult.  For example, we looked at the Southern Oscillation Index, the atmospheric 274	  
component of ENSO, and found (p11-12 lines 301-320) that it was not simulated in such a way 275	  
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that it could be used as a proxy for SST, as the area of strong ocean-atmosphere coupling was in 276	  
the right place, but didn’t cover enough area. 277	  
 278	  
We additionally discuss why we did not use surface winds and precipitation.  (Please see Section 279	  
2 Methods page p11-14 lines 301-370) 280	  
 281	  
2) A more extensive discussion on the reasons why the models do not simulate well ENSO might 282	  
help in reestablishing confidence. 283	  
 284	  
Additional considerations of the difficulties the models we used have in simulating ENSO are 285	  
now extensively discussed in the new discussion.  We discuss the tendencies of each model as 286	  
seen in our experiment, and as viewed in the context of results about model processes in other 287	  
papers   (Please see p22-23 line 697-722)   288	  
 289	  
3) Given that the latitudinal distribution of the radiative forcing in G3 and G4 will be different 290	  
from G1 and G2, couldn’t these two classes of experiments have very different effects on 291	  
ENSO?  Shouldn’t they therefore be kept separately, given the different experiment design? Do 292	  
the authors assume a-priori that there will be no large difference among experiments? 293	  
 294	  
We agree that the experiments generate climates that are sufficiently distinct so as to negate the 295	  
value of aggregation.  Each group of experiments that we aggregate must be neatly distinct.  The 296	  
simulated future climates must be similar in each aggregated experiment, or the result will not be 297	  
robust.  We have disaggregated G1-G4 and now consider each of the four scenarios separately.  298	  
We can only justify aggregation of G3 and G4.  The following text has been added to the 299	  
methods section to clarify our criteria for aggregating experiments.  (Please see bottom page 9 300	  
through middle of page 10 lines 249-266). 301	  
 302	  
“Clearly, detection of changes in future ENSO variability under different scenarios is 303	  
challenging.  As we are limited in both the length and number of geoengineering simulations, we 304	  
aggregate geoengineering experiments, when appropriate, in order to increase sample size.  We 305	  
combine experiments only when the aggregated experiments form a group that is neatly distinct 306	  
from its matching comparison group.  Aggregated experiments must simulate a future climate 307	  
that both starts from a similar mean climate and follows a similar trend, or lack of a trend, 308	  
throughout the experimental period.  After applying this standard, we are able to aggregate G1 309	  
and G2, since the experiments both initialize from a preindustrial climate and the anthropogenic 310	  
warming imposed is fully offset by the solar dimming.  We are also able to aggregate G3 and G4, 311	  
since both initialize from a year 2020 climate and follow trajectories in which RCP 4.5 is either 312	  
fully (G3) or largely (G4) offset by constant sulfur dioxide injections during the experimental 313	  
period.  Application of this standard for aggregation of experiments precludes the aggregation of 314	  
all GeoMIP experiments G1-G4 into a single ensemble, as the experiments initialize from 315	  
different climates and follow independent trajectories thereafter.  This standard is also applied 316	  
when we consider aggregating control experiments.  Since each control experiment – 317	  
instantaneous quadrupling of CO2, 1% yr–1 CO2 increase runs and RCP 4.5 – depicts climates 318	  
that are distinct from each other, no aggregation of control experiments is performed. 319	  
 320	  
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4) The authors show that “disagreement between models was far more significant than that 321	  
between different experiments and scenarios”  Wouldn’t this suggest that a multi-model mean is 322	  
not the best way to proceed, and the authors should rather analyze ENSO changes among 323	  
different scenario in each single model? 324	  
 325	  
After reviewing the results of our comparisons between models, we find that the dominant 326	  
contribution to this disagreement between models came from the comparison of either CanESM 327	  
or CSIRO with the other models.  Had we excluded CanESM and CSIRO, the agreement 328	  
between models would have been reasonably good.  However, we choose not to discard either 329	  
for two reasons.  First, CanESM in active periods and CSIRO in relatively quiescent periods 330	  
capture ENSO variability that is within range over certain intervals from the observational 331	  
record.  Second, both CSIRO and CanESM produce a physically plausible ENSO.  The models 332	  
excluded did not produce physically plausible ENSOs and the variability in those models was 333	  
entirely outside the range of what has been documented in the observational record.  We start 3.3 334	  
Comparison Between Models (p20 starting at line 497) with this:  335	  
 336	  
“There was significant disagreement between two of the models.  The CanESM depicted ENSO 337	  
frequency and amplitude that would be more in line with ENSO variability during more active 338	  
slices of the observational record.  The CSIRO model depicted ENSO variability that was more 339	  
in line with less active slices of the observational record.  We choose to include both models as 340	  
they both simulate plausible ENSO events and variability that is in line with some portion of the 341	  
observational record.” 342	  
 343	  
In terms of how to proceed, we began with the basic question of whether, in one relatively well-344	  
performing model, ENSO variability is detectably different under a regime of geoengineering as 345	  
opposed to global warming as usual.  Not surprisingly, such a difference was not evident.  346	  
Originally, 9 models were used, however, three did not produce a realistic ENSO and they were 347	  
excluded.  (Please see 2 Methods section p10 lines 244-266 for criteria for exclusion).  Among 348	  
the remaining models, some simulated more robust ENSO variability than others, although each 349	  
of the six models used in the comparisons simulate ENSO variability realistically as compared to 350	  
observations.   351	  
 352	  
5) Do the authors think that prolonging the simulations might lead to significant changes?  353	  
 354	  
Yes.  We have revised the introduction (p10 lines 249-266): 355	  
 356	  
“Detecting changes in ENSO variability is notoriously difficult.  The use of lengthy simulations, 357	  
multiple models, and ensembles is often employed.  Cai et al. (2015) were able to detect a 358	  
statistically significant change in the frequency of extreme La Niña events under RCP 8.5 as 359	  
compared to a non-global warming control scenario.  They selected 21 of 32 available CMIP5 360	  
models, because of their ability to accurately simulate processes associated with extreme ENSO 361	  
events.  Each model simulation lasted for a period of 200 years.  The detectability of changes in 362	  
ENSO variability in future SRM modeling experiments will likely be buoyed by the availability 363	  
of more models and longer simulations.  Additionally, future SRM experiments that attempt to 364	  
offset or partially offset more extreme AGW scenarios, such as RCP 6.0 and RCP 8.5 improve 365	  
detectability.” 366	  
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 367	  
Cai, W., Wang, G., Santoso, A., McPhaden, M., Wu, L., Jin F-F., Timmermann, A., Collins, M., 368	  

Vecchi, G., Lengaigne, M., England, M., Dommenget, D., Takahashi, K. and Guilyardi, E.: 369	  
Increased frequency of extreme La Niña events under greenhouse warming. Nature Climate 370	  
Change 5, 132-137, 2015. 371	  

 372	  
6) Is there any trend or change in the ENSO index during the 40 years analyzed? 373	  
 374	  
No trend was evident in our results.  The time period analyzed is too short to expect to find a 375	  
robust trend.   376	  
 377	  
7) The authors state that one statistically significant result the ENSO frequency in RCP4.5 378	  
simulations is diminished with respect to historical simulations. Couldn’t this also be because of 379	  
changes in forcing? 380	  
 381	  
After adding ensemble members to each group and repeating the calculations, the RCP 4.5 result 382	  
is no longer significant.  Regarding the changes in forcing, we have added this to the discussion 383	  
(p24-25 lines 720-726): 384	  
 385	  

“Emissions are imposed differently in the historical runs from how they are imposed in 386	  
RCP 4.5.  RCP 4.5 emissions are imposed decadally, while historical models incorporate gridded 387	  
monthly data. There is likely a modest amount of interannual variability in tropical Pacific SST 388	  
that is omitted from RCP4.5 simulations due to the decadal smoothing of emissions.  Subsequent 389	  
research focused on RCP 4.5 ENSO variability could seek to determine if the interannual 390	  
variability in SSTs is muted enough by this smoothing in RCP 4.5 to potentially alter the 391	  
evolution of ENSO events.” 392	  
 393	  
8) RCP4.5 emissions should be decadal, and I do not think that they contain any interannual 394	  
variability. Do historic runs include interannual variability of emissions, which might have an 395	  
effect on SSTs in the Pacific? 396	  
 397	  
Yes, the historical CMIP5 runs incorporate gridded monthly emissions, while RCP4.5 emissions 398	  
are interpolated to decadal intervals and then scaled globally.  The issue of whether interannual 399	  
variability of emission causes a tropical Pacific SST pattern that is distinct enough from the 400	  
tropical Pacific SST pattern that would result upon decadal smoothing of emissions to cause a 401	  
difference in how ENSO events would evolve is worth exploring.  The only large shorter-term 402	  
forcing variability in the historical runs comes from episodic volcanic eruptions, and we discuss 403	  
those in the paper.  We will add the following statement after the RCP Historical result caveat 404	  
added above in response to item 6  (p24-25 lines 720-726): 405	  
 406	  

“Emissions are imposed differently in the historical runs from how they are imposed in 407	  
RCP 4.5.  RCP 4.5 emissions are imposed decadally, while historical models incorporate gridded 408	  
monthly data. There is likely a modest amount of interannual variability in tropical Pacific SST 409	  
that is omitted from RCP4.5 simulations due to the decadal smoothing of emissions.  Subsequent 410	  
research focused on RCP 4.5 ENSO variability could seek to determine if the interannual 411	  
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variability in SSTs is muted enough by this smoothing in RCP 4.5 to potentially alter the 412	  
evolution of ENSO events.” 413	  
 414	  
Referee #3 415	  
 416	  
1) The manuscript seeks to identify changes in ENSO frequency and amplitude under various 417	  
historical, projected, and geoengineering scenarios. The paper is well motivated and clearly 418	  
written. That said, there are major caveats associated with limitations in available experiments 419	  
that go under-appreciated in the text and greatly limit what can be done. I find the results 420	  
therefore somewhat unconvincing. I recommend strongly that the manuscript provide a more 421	  
direct appreciation for the inherent limits of the simulations used and provide better context for 422	  
what is needed to really address this questions with greater certainty. 423	  
 424	  
We agree.  We have added a discussion of the inherent limitation of our experimental design to 425	  
the introduction.  We hope that the additional context provided will not only clarify our results, 426	  
but provide a road map for what types of future simulations would be most useful in detecting 427	  
potential changes in ENSO variability under various geoengineering regimes. 428	  
 429	  
“Detecting changes in ENSO variability is notoriously difficult.  The use of lengthy simulations, 430	  
multiple models, and ensembles is often employed.  Cai et al. (2015) were able to detect a 431	  
statistically significant change in the frequency of extreme La Niña events under RCP 8.5 as 432	  
compared to a non-global warming control scenario.  They selected 21 of 32 available CMIP5 433	  
models, because of their ability to accurately simulate processes associated with extreme ENSO 434	  
events.  Each model simulation lasted for a period of 200 years.  The detectability of changes in 435	  
ENSO variability in future SRM modeling experiments will likely be buoyed by the availability 436	  
of more models and longer simulations.  Additionally, future SRM experiments that attempt to 437	  
offset or partially offset more extreme AGW scenarios, such as RCP 6.0 and RCP 8.5 improve 438	  
detectability.” 439	  
 440	  
Cai, W., Wang, G., Santoso, A., McPhaden, M., Wu, L., Jin F-F., Timmermann, A., Collins, M., 441	  

Vecchi, G., Lengaigne, M., England, M., Dommenget, D., Takahashi, K. and Guilyardi, E.: 442	  
Increased frequency of extreme La Niña events under greenhouse warming. Nature Climate 443	  
Change 5, 132-137, 2015. 444	  

 445	  
2) The experiments used are useful but fail to provide a very tight constraint on the null 446	  
hypothesis being posed because of the facts that 1) so few ensemble members are available for 447	  
each model, and 2) ENSO is so poorly and variably simulated across the models (as alluded to in 448	  
3.3)- contributing to large error bars and hence coarse detectability of any potential change. 449	  
There is considerable uncertainty associated with the changing mix models across the metrics 450	  
being computed that is not adequately dealt with. It would seem to be essential to me to make 451	  
this weighting constant across any comparisons being made. 452	  
 453	  
In the revised manuscript, each model included in each comparison group is weighted equally.  454	  
Additionally, we have eliminated the aggregation of multiple experiments that produce large 455	  
ensembles, but also mix experiments with dissimilar climates into the same ensemble.  Please see 456	  
the revised section 3.2.  In all comparisons, each model is weighted equally in both the 457	  
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experimental and control runs.  If there are three experimental ensembles for a particular model, 458	  
there are also three control ensembles for that model.  459	  
 460	  
3) I recommend that manuscript start with the most simple question: in a single scenario and for 461	  
a single model, do any provide enough ensemble members to detect a change in ENSO? I 462	  
presume the answer is ‘no’, since it is not dealt with - but pointing this out would be useful for 463	  
motivating the need to create multi-model ensemble metrics. In cases where significant 464	  
differences are identified - what is the role of changes in the model mix? 465	  
 466	  
We agree that pointing this out would be valuable.  We have added this discussion to start 467	  
section 2 Methods (p9 lines 226-231): 468	  
 469	  
“We begin with the simple question of whether or not, in a single GeoMIP participating model 470	  
that simulates ENSO well, a difference in ENSO amplitude or frequency is evident.  471	  
Unsurprisingly, given the large inherent variability in ENSO, such a change is not detectable in 472	  
one model.  Given that, we adopt an approach in which we use output from nine GeoMIP-473	  
participating GCMs, each running between one and three ensemble members, of each experiment 474	  
G1-G4. ” 475	  
 476	  
4) Please put +- 1-sigma values on the model-mean numbers. I think this provides essential 477	  
context 478	  
 479	  
± sigma values have been added.  480	  
 481	  
5) Detection of only two significant results in the context of the large # that have been done is at 482	  
the limits of what may be expected by chance. An associated caveat should be added here. 483	  
 484	  
As mentioned above, we have eliminated comparisons in which we combine experiments that 485	  
depict climates that are dissimilar.  This limits the number of comparisons performed.  Only two 486	  
significant results remain and they are at 90% confidence.  However, a simple resampling with 487	  
replacement technique revealed that the significant result was likely actually the result of chance. 488	  
 489	  
6) Why would you put more significance on the RCP4.5 finding that ones that have assessed the 490	  
question in a broader array of models? 491	  
 492	  
We have rewritten the abstract so that it does not call attention to RCP 4.5.  Not mentioning the 493	  
other experiments with equal weight in the abstract was likely an oversight by the author.  Please 494	  
see section 3.2, as it has been rewritten.  Any special emphasis on the RCP 4.5 finding is no 495	  
longer present. 496	  
 497	  
7) Doesn’t the fact that SOI is not a useful ENSO proxy speak to the inherent deficiency of using 498	  
a given model for this type of analysis? How can one expect to get a reasonable bearing on the 499	  
dynamical-thermostat mechanism or other dynamical links of forcing to ENSO if the SOI 500	  
relationship is so poor since essentially the dynamic component of ENSO (SOI) also so poor? 501	  
Shouldn’t this be an additional constraint on which models to use? 502	  
 503	  
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The area of high correlation (> 0.5) is suppressed in models relative to observations.  However, 504	  
the region of highest correlation is in the correct location.  The spatial pattern is similar, but the 505	  
value of the correlation coefficient is muted.  Also, as can be seen in Figure 3, the temporal 506	  
relationship between SST and SOI is realistically simulated.  The strong ocean-atmosphere 507	  
coupling that is evident in the heart of the immediate equatorial central and eastern Pacific shows 508	  
that the models are depicting a plausible ENSO cycle, albeit over a smaller area.  In models that 509	  
were excluded, the SOI SST correlation was plainly unrealistic, rather than just muted in spatial 510	  
extent.  Further, we sampled several SST-SOI correlations from our analysis, looked up the 511	  
maximum value of the correlation, and found that it was around 0.8 in both observations and the 512	  
models sampled.  Therefore, it seems that the most robust ocean-atmosphere coupling was 513	  
occurring, just over too small an area.  This distortion of the spatial pattern was substantial 514	  
enough go that SOI could not simply stand-in for SST, but it was not cause to discredit the 515	  
depiction of ENSO dynamics in the models we used. 516	  
 517	  
8) How can one establish confident ENSO statistics from such a short duration/limited ensemble 518	  
of runs? Model runs suggest that robust statistics of ENSO (particularly at its low frequency 519	  
tails) require records of over a century. What has been done here (to group all of them together) 520	  
might be justified if they all had the same ENSO statistics but clearly they do not. 521	  
 522	  
We agree that detectability of changes in ENSO may be inhibited by the unavailability of more 523	  
lengthy simulations.  We have analyzed 150 years of historical simulations for all ensembles 524	  
within each model. We have also now done further analysis to determine if differences in ENSO 525	  
variability between geoengineering and control runs during the 40 year period is greater than or 526	  
less than the differences between selected 40 year periods in the historical data.  This has 527	  
allowed us to determine that ENSO variability between experiments is less than that seen when 528	  
comparing 40 year slices of the historical period with each other.  Therefore, based on our 529	  
findings, ENSO variability under geoengineering as compared to under AGW would not exceed 530	  
the variability found within the historical record. 531	  
 532	  
9) The fact that some models have unrealistic ENSO behavior is hardly a new result and I don’t 533	  
think it requires 2 figures. A mere sentence in the text would suffice. Moreover, internal 534	  
variability of ENSO could lead to periods of such low variability even with a reasonable ENSO 535	  
and thus I’d base any such statement on multiple ensemble members or an extended control. 536	  
 537	  
The results shown in the two figures mentioned are selected because they are typical of what is 538	  
seen across most of the models used.  The purpose is to show that the ocean-atmosphere 539	  
coupling is muted in terms of its spatial extent, but similar to observations in terms of the 540	  
maximum value of SST/SOI correlation.  This negates the possibility of using SOI in place of 541	  
ENSO 3.4 SST as an ENSO index.  Also, the SST/SOI correlation result is relevant to how 542	  
ENSO is depicted in the simulations used. The figures are intended to place the results about 543	  
ENSO variability in the context of the underlying physical mechanism.  We do not assert that the 544	  
SST/SOI correlation demonstrates for the first time that some models depict unrealistic ENSO 545	  
behavior.   546	  
 Additionally, the figures augment the discussion of the ocean-atmosphere coupling that is 547	  
an essential part of ENSO.  A visual depiction of the dynamics of ENSO as provided in Figures 2 548	  
and 3 may clarify the discussion for some readers. 549	  
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 550	  
10) Maximum event magnitude (e.g. Fig 9) doesn’t seem like a very robust metric to use given 551	  
the limited length of these runs. Why not use total variance? 552	  
 553	  
Maximum event amplitude, mean event amplitude and total variance were all considered for use 554	  
in the figures.  The results pertinent to event amplitude would have ranked the models and 555	  
experiments similarly.  The readers are likely familiar with the magnitude of the strongest and 556	  
weakest ENSO events in the observational record and reporting results in terms of maximum 557	  
event magnitude is done for clarity. 558	  
 559	  
11) On the discussion: We already knew changes in ENSO were inconsistent across models (e.g. 560	  
Guilyardi et al 2012). This is not new It is likely that additional model runs should have been 561	  
rejected based on the importance of dynamics in the science questions being posed and the lack 562	  
of SOI fidelity. It seems odd that the authors used this as a basis for rejecting the SOI rather than 563	  
the models! Perhaps a dynamical validation combined with a power spectrum validation would 564	  
be a more appropriate way to screen models.  565	  
 566	  
The area of high correlation (> 0.5) is suppressed in models relative to observations.  However, 567	  
the region of highest correlation is in the correct location.  The spatial pattern is similar, but the 568	  
value of the correlation coefficient is muted.  Also, as can be seen in Figure 3, the temporal 569	  
relationship between SST and SOI is realistically simulated.  The strong ocean-atmosphere 570	  
coupling that is evident in the heart of the immediate equatorial central and eastern Pacific shows 571	  
that the models are depicting a plausible ENSO cycle, albeit over a smaller area.  In models that 572	  
were excluded, the SOI/SST correlation was plainly unrealistic, rather than just muted in spatial 573	  
extent. 574	  
 575	  
12) The question of whether the 1966-2005 period is really adequate to validate modeled ENSO 576	  
is never addressed but needs to be considered. ENSO statistics varied considerably through the 577	  
course of the 20th C. 578	  
 579	  
We have now analyzed the full historical period of approximately 150 years for each model.  We 580	  
took a number of 40-year time slices from the 150-year historical record and created ensembles 581	  
to test the variability of 40 year ENSO statistics. Variability between 40 year periods in the 582	  
historical record was at least as large as that seen between geoengineering and AGW 583	  
simulations. (Please see 3.2 analysis, which has been rewritten) None of the time slices were 584	  
significantly different from each other at a 95% confidence level on any of the metrics tested.  585	  
ENSO frequency in the 1966-2005 period was very similar to that seen in the full 150-year 586	  
record.  However, the 1966-2005 time period failed to capture the strongest warm and cold 587	  
events in many of the 150-year historical periods.  It is somewhat reassuring that the maximum 588	  
warm and cold event amplitudes in the observational record was almost identical to the average 589	  
maximum warm and cold event amplitudes in the simulations.  590	  

Given the paucity of observations of SST over the Niño regions prior to 1960, we see less 591	  
value in matching pre-1960 historical simulations to observations. 592	  
  593	  
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Abstract 630	  

 631	  

To examine the impact of proposed stratospheric geoengineering schemes on the 632	  

amplitude and frequency of El Niño/Southern Oscillation (ENSO) variations we examine climate 633	  

model simulations from the Geoengineering Model Intercomparison Project (GeoMIP) G1-G4 634	  

experiments.  Here we compare tropical Pacific behavior under anthropogenic global warming 635	  

(AGW) using several scenarios: an instantaneous quadrupling of the atmosphere’s CO2 636	  

concentration, a 1% annual increase in CO2 concentration, and the representative concentration 637	  

pathway resulting in 4.5 W m–2 radiative forcing at the end of the 21st Century, the RCP4.5 638	  

scenario, with that under G1-G4 and under historical model simulations.  Climate models under 639	  

AGW project relatively uniform warming across the tropical Pacific over the next several 640	  

decades.  We find no statistically significant change in ENSO frequency or amplitude under 641	  

stratospheric geoengineering as compared with those that would occur under ongoing AGW, 642	  

although the relative brevity of the G1-G4 simulations may have limited detectability of such 643	  

changes.  We also find that the amplitude and frequency of ENSO events do not vary 644	  

significantly under either AGW scenarios or G1-G4 from the variability found within historical 645	  

simulations or observations going back to the mid 19th century.   646	  

  647	  
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1 Introduction 648	  
 649	  

1.1 Background 650	  

The warming of Earth in the Industrial Age is unequivocal, and it is extremely likely that 651	  

the warming since 1950 is primarily the result of anthropogenic emission of heat trapping gases 652	  

rather than natural climate variability (IPCC, 2013).  Ice core records from the European Project 653	  

for Ice Coring in Antarctica (EPICA) reveal that current concentrations of the heat trapping gases 654	  

carbon dioxide and methane are higher now than at any time during the past 650,000 years.  655	  

(Siegenthaler et al., 2005).  All realistic emissions scenarios utilized in the Intergovernmental 656	  

Panel on Climate Change (IPCC) Fifth Assessment Report reveal that the modeled global mean 657	  

temperature in 2100 will exceed the full distribution of global mean temperature in proxy 658	  

reconstructions of global temperature over the past 11,300 years of the Holocene (Marcott et al., 659	  

2013).  Ongoing warming is unprecedented in human history both in magnitude and rate of 660	  

change. 661	  

The realization that weathering the impacts of this warming may be beyond human 662	  

adaptive capacity has generated many proposed mitigation techniques, which focus on limiting 663	  

emission or increasing storage of heat-trapping gases such as carbon dioxide.  Implementation 664	  

costs and economic, political and societal factors limit societies’ will and ability to impose 665	  

mitigation measures.  This has forced recent consideration of geoengineering – intentional 666	  

manipulation of global-scale physical processes (Crutzen, 2006).  Specifically, a form of solar 667	  

radiation management (SRM) known as stratospheric geoengineering has been proposed.  668	  

Annual sulfate injections into the tropical stratosphere have the potential to create a long-lasting, 669	  

well-mixed sulfate aerosol layer, which could reduce incoming shortwave radiation, in an 670	  

attempt to offset the warming by the excess heat-trapping gases (Robock, 2008).  The cost of 671	  
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implementing stratospheric geoengineering is most likely not prohibitive (Robock et al., 2009).  672	  

Any decision about the implementation would likely be based on substantive issues of risk and 673	  

feasibility of governance (Caldeira et al., 2013).   674	  

Assessment of the efficacy and risk profile of stratospheric geoengineering is underway 675	  

in a series of standardized climate modeling experiments as part of the Geoengineering Model 676	  

Intercomparison Project (GeoMIP) (Kravitz et al., 2011).  Any assessment of the impact of 677	  

geoengineering on climate must include analysis of how geoengineering could alter patterns of 678	  

natural climate variability and how geoengineering could change the mean climate state in such a 679	  

way that natural climate variability would evolve differently in an intentionally-forced world. 680	  

1.2 Research question and motivation 681	  

Here we seek to examine whether stratospheric geoengineering would have any impact 682	  

on the frequency or amplitude of El Niño/Southern Oscillation (ENSO).  More specifically, will 683	  

ENSO amplitude and frequency be different under a regime of geoengineering from that in a 684	  

global warming scenario?  ENSO is the most important source of interannual climate variability.  685	  

Its amplitude, frequency and the attendant teleconnection patterns have critical consequences for 686	  

global climate patterns. (McPhaden, 2006).  ENSO exhibits a 2-7 year periodicity with warm (El 687	  

Niño) and cold (La Niña) events each lasting 9-12 months and peaking during the DJF season. 688	  

The possibility of a connection between warm ENSO events subsequent to stratospheric 689	  

aerosol loading via volcanism has been explored both in proxy records and model simulations.  690	  

Despite its relative simplicity, the Zebiak-Cane (ZC) model (Zebiak and Cane 1987) possesses 691	  

an exceptional ability to describe the coupled ocean-atmosphere dynamics of the tropical Pacific.  692	  

By forcing ZC with the calculated radiative forcing from each eruption in the past 1000 years, 693	  

Emile-Geay et al. (2007) showed that El Niño events tend to occur in the year subsequent to 694	  

major tropical eruptions, including Tambora (1815) and Krakatau (1883).  A strong enough 695	  
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cooling by a volcanic event is likely to cause warming in the eastern Pacific over the next one to 696	  

two years (Mann et al., 2005).  The dynamical “ocean thermostat” describes the mechanism 697	  

underlying differential heating in the eastern and western Pacific.  In the presence of a global 698	  

strong negative radiative forcing, the western Pacific will cool more quickly than the eastern 699	  

Pacific.  This is because the western Pacific mixed layer’s heat budget is almost exclusively from 700	  

solar heating, while, in the east, both horizontal divergence and strong upwelling contributes to 701	  

the mixed layer heat budget.  Therefore, a uniform solar dimming is likely to result in a muted 702	  

zonal sea surface temperature (SST) gradient across the equatorial tropical Pacific (Clement et 703	  

al., 1996).  A diminished SST gradient promotes a weakening of trade winds, resulting in less 704	  

upwelling and an elevated thermocline, further weakening the cross-basin SST gradient.  This 705	  

“Bjerknes feedback” describes how muting of the SST gradient brought on by negative radiative 706	  

forcing alone is exacerbated by ocean-atmosphere coupling (Bjerknes, 1969).  Following the 707	  

initial increase in El Niño likelihood, La Niña event probability peaks in the third year post-708	  

eruption (Maher et al., 2015). 709	  

Trenberth et al. (1997) placed the likelihood of an ENSO event in a given year at 31%.  710	  

Using 200 ZC simulations lasting 1000 years each, Emile-Geay et al. (2008) showed that the 711	  

probability of an El Niño event in the year after the simulated volcanic forcing never exceeded 712	  

43% absent negative (volcanic) radiative forcing of greater than 1 W m-2, with modeled next year 713	  

El Niño probabilities clustered around 31%.  Volcanic events with radiative forcing ranging from 714	  

–1 W m-2 to –3.3 W m-2 fit into a transition regime, with the number of events approaching or 715	  

exceeding the 43% probability maximum.  For all modeled volcanic events with radiative forcing 716	  

exceeding –3.3 Wm-2, the probability of a next year El Niño exceeded 43%.  This is a forced 717	  

regime – negative radiative forcing applied to the ZC model forced El Niño likelihood out of a 718	  
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free regime and into a regime where enhanced variability would be more likely (Emile-Geay et 719	  

al. 2007).  In the transition and forced regimes, increased El Niño amplitude is also simulated 720	  

following moderate to strong volcanic events. 721	  

Geoengineering schemes simulated in current general circulation models (GCMs) 722	  

introduce long-lasting radiative forcing of the magnitude found in the transition regime.  This 723	  

means that while radiative forcing of that magnitude does not force the probability of a next year 724	  

El Niño event to exceed the 43% free oscillation maximum threshold, instead the radiative 725	  

forcing applied does fit into a range in which the 43% threshold is exceeded during the next year 726	  

in some simulations.  Therefore, we ask whether solar dimming lasting many years, as a proxy 727	  

for sulfate injections, or sulfate injections lasting many years as simulated by models may also 728	  

alter El Niño or La Niña event frequency and amplitude.  Rather than using the ZC model, we 729	  

use various geoengineering experiment designs in modern, state-of-the-art GCMs to determine 730	  

whether forcing from stratospheric aerosol injections, added continuously, will load the deck in 731	  

favor of El Niño events in the succeeding year.  No modeling study has ever evaluated the 732	  

impact of long term solar dimming or continuous stratospheric sulfate injections on ENSO. 733	  

Since our comparison is between El Niño and La Niña amplitude and frequency under a 734	  

geoengineering regime and under a scenario of unabated global warming, the evolution of ENSO 735	  

behavior under global warming, independent of geoengineering, is also of interest.  736	  

Overwhelming evidence from climate model experiments shows that geoengineering could 737	  

effectively reduce or offset the surface temperature increase resulting from global warming by 738	  

limiting the amount of incoming shortwave radiation, compensating for global warming (Jones et 739	  

al. 2013, Robock et al. 2008).  An alternative theory for why ENSO amplitude and frequency 740	  

may be different in the future, under a geoengineering regime, than under global warming is 741	  
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based on the fact that ENSO events may evolve differently from a warmer tropical Pacific mean 742	  

state under global warming than if a geoengineering scheme were imposed.   743	  

Kirtman and Schopf (1998) showed that tropical Pacific mean-state changes on decadal 744	  

timescales are more responsible than atmospheric noise for changes in ENSO frequency and 745	  

predictability.  This does not imply any external cause for the changes in ENSO, but does imply 746	  

that a uniform warming of the tropical Pacific may cause changes in ENSO.  Despite the lack of 747	  

a robust multi-model ENSO signal in the Coupled Model Intercomparison Project 5 (CMIP5) 748	  

models (Taylor et al., 2012), there are suggestions that strong El Niño events may become far 749	  

more likely under global warming, specifically in a multi-model ensemble experiment using 750	  

RCP8.5.  As global warming continues, background state tropical Pacific SSTs are expected to 751	  

warm faster along the equator than off the equator, and faster in the east than in the west – the 752	  

inverse of the ocean dynamical thermostat mechanism (Held et al., 2010).  With the weaker 753	  

zonal SST gradient in the tropical Pacific, there will be more occurrences of higher SSTs in the 754	  

eastern Pacific, promoting large scale organization of convection further to the east, with twice 755	  

as many strong El Niño events over 200 years of RCP8.5 runs (Cai et al., 2014).  We will not 756	  

seek to replicate the RCP8.5 results.  No physically plausible geoengineering experiment would 757	  

seriously attempt to offset RCP 8.5 with solar dimming or sulfate injections.  Therefore, we use 758	  

RCP4.5 as the control in GeoMIP experiments, and will attempt to identify if the long term mean 759	  

state changes generate divergent ENSO frequency under geoengineering and global warming. 760	  

1.3 Representation of the Tropical Pacific in CMIP 761	  

 The ability to detect subtle differences in the tropical Pacific under global warming vs. 762	  

geoengineering requires sufficiently skilled models.  Proper depiction of ENSO in a GCM is 763	  

confounded by the fact that ENSO is a coupled ocean-atmospheric phenomenon, generated by 764	  

the interaction of many processes, each occurring on one of several different time scales.  Nearly 765	  
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all CMIP3 models were able to produce an ENSO cycle, but significant errors were evident 766	  

(Guilyardi et al., 2009).  Analysis of CMIP5 models has shown significant improvement, but the 767	  

improvement has not been revolutionary.  Such a comparison is facilitated by standardized 768	  

“metrics developed within the CLIVAR [Climate and Ocean: Variability, Predictability and 769	  

Change] Pacific Panel that assess the tropical Pacific mean state and interannual variability” 770	  

(Bellenger et al., 2013).  The following metrics were used in the CLIVAR CMIP3/CMIP5 771	  

comparison: ENSO amplitude, structure, spectrum and seasonality.  Some process-based 772	  

variables were also studied, including the Bjerknes feedback.  773	  

Key results included that 65% of CMIP5 models produce ENSO amplitude within 25% 774	  

of observations as compared to 50% for CMIP3.  Other results included improved seasonal 775	  

phase-locking and the proper spatial pattern of SSTs at the peak of ENSO events.  Despite the 776	  

improvement in these result-based variables, analysis of process-based variables, such as the 777	  

Bjerknes feedback, showed less consistent improvement.  This gives rise to the possibility that 778	  

the bottom-line improvement in ENSO depiction was at least partially the result of error 779	  

cancellation, rather than clear improvements in parameterization and simulation of physical 780	  

processes (Yeh et al., 2012; Guilyardi et al., 2012; Bellenger et al., 2013).  A particularly striking 781	  

area of divergence between modeling and observations is in the absence of a shift from a 782	  

subsidence regime to a convective regime in the equatorial central Pacific during evolution of El 783	  

Niño events.  Many models maintained a subsidence regime or convective regime at all times 784	  

over the equatorial central Pacific (Bellenger et al., 2013).  This error likely led to the muting of 785	  

the negative shortwave feedback in many models, leading to muted damping of ENSO events in 786	  

those models. 787	  

Both the improvement in depiction of ENSO amplitude and seasonality from CMIP3 to 788	  
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CMIP5 and the ability to understand the simulation of key process-based variables motivate an 789	  

analysis of ENSO and geoengineering using CMIP5 GCMs.   790	  

We are acutely aware of the challenges inherent in attempting to draw robust conclusions about 791	  

future ENSO variability.  However, Cai et al. (2015) were able to detect a statistically significant 792	  

change in the frequency of extreme La Niña events under RCP 8.5 as compared to a non-global 793	  

warming control scenario.  They selected 21 of 32 available CMIP5 models, because of their 794	  

ability to accurately simulate processes associated with extreme ENSO events.  Each model 795	  

simulation lasted for a period of 200 years.  The detectability of changes in ENSO variability in 796	  

future SRM modeling experiments will likely be buoyed by the availability of more models and 797	  

longer simulations.  Additionally, future SRM experiments that attempt to offset or partially 798	  

offset more extreme AGW scenarios, such as RCP 6.0 and RCP 8.5 improve detectability.  799	  

Given that detecting an ENSO change in a 200 year record with 21 different participating GCMs 800	  

is not straight forward, we anticipate that detecting changes in ENSO by analyzing GeoMIP may 801	  

be difficult. Further, we recognize that even if significant differences between ENSO in a 802	  

geoengineered world as opposed to an AGW world are evident, a large number of comparisons 803	  

will have be made, and further analysis of significant results will need to be performed to 804	  

determine whether or not the result is robust.  Despite these substantial caveats, it would be 805	  

irresponsible for geoengineering research to progress without consideration of how a 806	  

geoengineering regime could alter ENSO. 807	  

2  Methods 808	  

We begin with the simple question of whether or not, in a single GeoMIP participating 809	  

model that simulates ENSO well, a difference in ENSO amplitude or frequency is evident.  810	  

Unsurprisingly, given the large inherent variability in ENSO, such a change is not detectable in 811	  
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one model.  Given that, we adopt an approach in which we use output from nine GeoMIP-812	  

participating GCMs, each running between one and three ensemble members of each experiment 813	  

G1-G4.  The simulations are then are analyzed.  These GeoMIP experiments are described by 814	  

Kravitz et al. (2011).  See Figure 1 for schematics of GeoMIP experiments G1-G4 and Tables 1 815	  

and 2 for details about the GCMs used in these experiments.  The G1 experiment – instantaneous 816	  

quadrupling of CO2 coupled with a concurrent fully offsetting reduction of the solar constant – 817	  

was designed to elicit robust responses, which then facilitate elucidation of physical mechanisms 818	  

for further analysis.  We compared G1 output to a control run in which the atmospheric carbon 819	  

dioxide concentration is instantaneously quadrupled.  The G2 experiment combines a 1% year-1 820	  

CO2 increase with a fully offsetting reduction in the solar constant.  The G3 experiment 821	  

combines RCP4.5 with a fully offsetting sulfur dioxide injection.  The G4 experiment – 822	  

stratospheric loading of 25% the SO2 mass of the 1991 Mt. Pinatubo volcanic eruption (5 Tg) 823	  

each year concurrent with RCP4.5, with top-of-atmosphere radiation balance not fixed at zero – 824	  

attempts to replicate a physically and politically plausible large scale geoengineering deployment 825	  

scenario.   826	  

Each experiment (G1–G4) is compared to its respective control scenario: 4xCO2 for G1, 827	  

1% annual CO2 increase for G2 and RCP 4.5 for G3 and G4.  Clearly, detection of changes in 828	  

future ENSO variability under different scenarios is challenging.  As we are limited in both the 829	  

length and number of geoengineering simulations, we aggregate geoengineering experiments, 830	  

when appropriate, in order to increase sample size.  We combine experiments only when the 831	  

aggregated experiments form a group that is neatly distinct from its matching comparison group.  832	  

Aggregated experiments must simulate a future climate that both starts from a similar mean 833	  

climate and follows a similar trend, or lack of a trend, throughout the experimental period.  After 834	  
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applying this standard, we are able to aggregate G1 and G2, since the experiments both initialize 835	  

from a preindustrial climate and the anthropogenic warming imposed is fully offset by the solar 836	  

dimming.  We are also able to aggregate G3 and G4, since both initialize from a year 2020 837	  

climate and follow trajectories in which RCP 4.5 is either fully (G3) or largely (G4) offset by 838	  

constant sulfur dioxide injections during the experimental period.  Application of this standard 839	  

for aggregation of experiments precludes the aggregation of all GeoMIP experiments G1-G4 into 840	  

a single ensemble, as the experiments initialize from different climates and follow independent 841	  

trajectories thereafter.  This standard is also applied when we consider aggregating control 842	  

experiments.  Since each control experiment – instantaneous quadrupling of CO2, 1% yr–1 CO2 843	  

increase runs and RCP 4.5 – depicts climates that are distinct from each other, no aggregation of 844	  

control experiments is performed. 845	  

To identify and analyze ENSO variability and amplitude, absent the contamination of the 846	  

signal induced in the immediate aftermath of application of initial solar dimming or stratospheric 847	  

aerosol forcing, the first 10 years of each geoengineering model run were removed.  The relevant 848	  

comparison periods become either “Years 11-50” in G1 and 2030-2069 in G2-G4.  Initial forcing 849	  

is applied in “Year 1” in G1 and in 2020 in G2-G4.  This 40-year interval is then compared to 850	  

RCP4.5 2030-2069 and historical 1966-2005 for each respective model and to observations.  We 851	  

used the Kaplan (1998) SST data set because it is well-documented and used in many of the 852	  

referenced papers.  Differences between the Kaplan data and other available data sets are trivial 853	  

during the period of data used. 854	  

We used several SST-based indices to quantify the amplitude and phase of the ENSO 855	  

cycle.  For each ensemble member of each model, a time series of the Niño 3.4 index was 856	  

generated.  We choose Niño 3.4 over Niño 3 or Niño 4 because we find that the Niño 3.4 region 857	  
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remains the center of action for ENSO variability both in observations and models. The Niño 3.4 858	  

region is the area 120°W-170°W and 5°N-5°S.  The Niño 3 region misses a good deal of the 859	  

Modoki ENSO-type variability, while Niño 4 misses a good deal of canonical ENSO-type 860	  

variability.  We define an ENSO event as a departure of the 5-month running mean Niño 3.4 861	  

index (computed over 5°S-5°N, 120°W-170°W) of greater than 0.5 K from the 2030-2069 862	  

climatology, with the linear trend removed from the 2030-2069 climatology before anomalies are 863	  

calculated.  Cold and warm events have the same definition, just with opposite sign.  Anomalies 864	  

in the historical data and the observational record are calculated relative to a 1966-2005 865	  

climatology, which is also detrended before anomalies are calculated.  G1 output is analyzed 866	  

absent detrending, as there is no trend in the data.  We used skin temperature (TS) anomalies 867	  

rather than SST anomalies to build the Niño 3.4 time series for the BNU, IPSL and MPI, and 868	  

models, because they were available on a regular grid.  For the purpose of computing an 869	  

anomaly-based index, the variable TS is an excellent SST proxy variable, which is 870	  

interchangeable with SST.   871	  

Mindful of the potentially weak detectability of changes in ENSO variability during the 872	  

period of modeled geoengineering, we consider non-SST related measures of changes in the 873	  

tropical Pacific.  Might detectability of changes in ENSO be more evident from analyzing 874	  

changes in non-SST based ENSO indices?  First, we considered the Southern Oscillation Index 875	  

(SOI), which is a standardized index based on the atmospheric pressure difference between 876	  

Darwin, Australia, and Tahiti, because climate change does not produce SOI trends, except for a 877	  

trivial increase as a result of increased water vapor concentration in a warmer world.  Ideally, 878	  

using SOI as a proxy for SST or TS would allow inspection of the data absent the complications 879	  
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of dealing with a trend.  Unfortunately SOI simulations show somewhat muted variability when 880	  

compared with SST and TS based indexes in the GCMs.   881	  

While the muted variability prevents the use of SOI as a proxy for the SST-based Niño3.4 882	  

index without redefining the requisite SOI threshholds for warm and cold ENSO events, we see 883	  

that the ocean-atmosphere coupling, as reflected in the SOI, follows a realistic spatial structure. 884	  

However, the spatial extent of the SST/SOI correlation is suppressed.  Also, the magnitude of the 885	  

correlation is realistic in the area that is the heart of ENSO variability.  The area of prominent 886	  

ENSO variability covers a smaller spatial area than that seen in observations, but the center of 887	  

action is located in the same place as in observations.  Additionally, the maximum values of the 888	  

SST/SOI correlation in the historical models and the observations over the same period are both 889	  

approximately the same (r = 0.8).     890	  

Figure 2 shows a spatial comparison between observed SOI-SST correlation and that 891	  

modeled in a representative GISS historical run spanning the same time interval as the 892	  

observations, and Figure 3 for corresponding time series.  These examples are representative of 893	  

the other CMIP5 GCMs used in this study.  Although, the somewhat muted SOI variability 894	  

prevented SOI analysis from being used in our study, the CMIP5 GeoMIP GCMs do produce 895	  

plausible ocean-atmosphere coupling, albeit not extending as far eastward or away from the 896	  

Equator as seen in observations. 897	  

We also explored changes in zonal surface winds and the possibility of a detectable 898	  

weakening trend in the Walker Circulation and its relationship with ENSO.  Vecchi (2006) 899	  

identified a weakening of the ascending branch of the Walker circulation over equatorial 900	  

southeast Asia.  This change likely occurred as a result of increased precipitation.  Precipitation 901	  

increases much more slowly than humidity as a result of global warming.  Therefore, the 902	  
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circulation weakens to maintain a balance of transport of water vapor out of the areas under the 903	  

ascending branch that features extensive convection (Held and Soden 2006).  These changes in 904	  

the Walker Circulation were evident in the spatial pattern and trend of tropical Pacific SLP both 905	  

in models that applied an anthropogenic change in radiative forcing over the historical period 906	  

1861-1990 and in the 21st century.   907	  

Unfortunately, considering changes in zonal wind and SLP is prevented by both the large 908	  

inherent variability of SLP and zonal winds in the tropical Pacific, and the difficulty in 909	  

deconvoluting the possible Walker Circulation weakening and ENSO change signals.  In the 910	  

observational record, 30-50 year changes in the Walker Circulation can occur concurrently with 911	  

extended periods of more frequent ENSO warm events (Power and Smith, 2007).  Hence, the 912	  

observed weakening of the Walker Circulation during a period of somewhat more frequent 913	  

ENSO warm events is not necessarily the result of a anthropogenically forced change in the 914	  

Walker Circulation, but is instead convoluted by increased ENSO warm events and other 915	  

inherent variability in the Tropical Pacific.  The period of time required to robustly detect and 916	  

attribute changes in the tropical Pacific Walker Circulation is found to be up to 130 years 917	  

(Vecchi, 2006 and 2007) and no less than 60 years (Tokinaga et al., 2012).  Because we cannot 918	  

deconvolute the two signals in such a 40-year interval, we reject using zonal wind or SLP spatial 919	  

pattern or trend as a proxy for ENSO.  Additionally, as mentioned earlier, Cai et al. (2015) 920	  

showed a robust weakening of the Walker Circulation under RCP8.5 counterintuitively co-occurs 921	  

with a period of anomalously strong La Niña events as a result of increased heating over the 922	  

Maritime continent.  Therefore, while changes in atmospheric Walker Circulation over the 923	  

tropical Pacific can be impacted by ENSO on decadal time scales, the changes may also be 924	  

entirely unrelated to ENSO variability.  925	  
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Lastly, based on the mechanism underlying the ocean component of ENSO, we 926	  

conjecture that changes in thermocline depth or upwelling strength in the eastern and central 927	  

Pacific might constitute a helpful, non-SST based indicator of changes in ENSO variability.  928	  

However, given the somewhat difficult time CMIP5 models have simulating ENSO, it would be 929	  

preferable to not consider these metrics, since they cannot be evaluated in the models with a long 930	  

observational record.  931	  

Presently the National Oceanic and Atmospheric Administration Climate Prediction 932	  

Center defines the climatological base period from which we calculate the departure from the 933	  

current value and define an ENSO event as 1981-2010.  We depart from this definition due to the 934	  

robust warming trend in tropical SST in the Pacific both during the 1966-2005 comparison, and 935	  

in 2030-2069 model runs, which show continued warming of the tropical Pacific.  The detrended 936	  

40-year average produces a more realistic assessment of the base climate from which a particular 937	  

ENSO event would evolve.  This avoids the trap of identifying spurious ENSO events toward the 938	  

end of the time series, which are really artifacts of the warming trend.  Ideally, a climatological 939	  

period in a rapidly changing climate would span less than 40 years.  However, longer term 940	  

natural trends in Pacific SST variability, including extended ENSO warm or cold periods, force 941	  

use of a lengthy climatological base period to avoid comparing variability against a climatology 942	  

that also includes that same variability.   943	  

The ENSO parameters evaluated are amplitude and frequency.  El Niño amplitude is 944	  

defined here as the peak anomaly value (in K) found during each El Niño event in the time 945	  

series.  La Niña amplitude is defined here as the mean negative peak anomaly value (in K) found 946	  

during each ENSO event in the time series.  Frequency is counted as the number of warm and 947	  
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cold events in each 40-year time slice.  These parameters are chosen because ENSO frequency 948	  

and amplitude have particular importance as global climate drivers.  949	  

The ENSO frequency and amplitude calculated in each ensemble member of each 950	  

experiment (G1-G4) are compared 1) to other ensemble members from the same model for the 951	  

same experiment, if available, 2) to their respective control runs, 3) to runs from other models 952	  

with the same experimental design and 4) with different experimental designs, 5) to historical 953	  

model runs, and 6) to observations.  From this we seek to identify significant differences 954	  

between model output from geoengineering scenarios, global warming, and historical runs 955	  

compared to each other and to observations, as well as differences between models running the 956	  

same G1-G4 experiment.  Not only do we seek to analyze differences in ENSO amplitude and 957	  

frequency between different scenarios, but we also seek to identify ENSO tendencies specific to 958	  

particular models.  The discussion below includes the successes and limitations of CMIP5 GCMs 959	  

in depicting ENSO. 960	  

3  Results 961	  

3.1 Data excluded from final comparison 962	  

 Although great strides have been made in the modern GCMs’ ability to depict a realistic 963	  

ENSO cycle, not all models are yet able to simulate a realistic ENSO cycle.  Prior to further 964	  

analysis, we applied two simple amplitude-based filters to exclude unreasonable ENSO time 965	  

series data.  The BNU-ESM output was excluded, because runs from more than one of several 966	  

experiments found unrealistic 40-year ENSO time series where the substantial portion of warm 967	  

and cold events maximum amplitude exceeded 3 K.  Some BNU-ESM events exceeded 4 K, 968	  

nearly a factor of 2 greater than the largest amplitude warm or cold events in the observational 969	  
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record.  The model also produced nearly annual swings from implausibly strong warm events to 970	  

cold events and back, implying an almost constant non-neutral state (Figure 4). 971	  

 The MIROC-ESM and MIROC-ESM-CHEM output were also both excluded.  Runs 972	  

from more than one experiment in those models resulted in unrealistic 40-year ENSO time series 973	  

without a single positive anomaly of more than 1 K of the Niño 3.4 Index.  Negative anomalies 974	  

were similarly suppressed in simulations from both models  (Figure 5).   975	  

3.2 Analysis  976	  

 We considered output from six GeoMIP participating GCMs: CanESM, CSIRO, GISS, 977	  

HadGEM, IPSL and MPI (Tables 1 and 2). As a threshold question, we first evaluated agreement 978	  

between the models used and the observational record for the metrics that we evaluate.  To do 979	  

this, we compared 150 years of observations with multiple 150-year ensembles of simulations 980	  

from the six models.  We also compared several selected 40-year periods from the historical 981	  

simulations with observations from the same 40-year period. We find reasonable agreement 982	  

between all aggregated model data and the observations during all historical time intervals.  The 983	  

strong agreement between simulations and observations includes the period after 1960, when the 984	  

spatial and temporal density of Niño3.4 in situ observations increased dramatically.  Specifically, 985	  

the 1966-2005 observational record shows nine warm events, eight cold events, a maximum 986	  

warm amplitude of 2.3 K, and maximum cold amplitude of 1.9 K.  A multi-model ensemble of 987	  

historical simulations of the same period shows 9.0 (±1.9) warm events, 8.5 (±1.7) cold events, 988	  

maximum warm amplitude of 1.9 (±0.5) K and maximum cold amplitude of 1.7 (±0.6) K.  989	  

Therefore, in this subset of GeoMIP CMIP5 models, the number of warm and cold events, warm 990	  

amplitude, and cold amplitude are similar to observations, although some models outperform 991	  

others across all experiments (See Figures 6 and 7). 992	  
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Next, we seek to determine the variability of ENSO statistics in a 40-year period.  993	  

Historical simulations for each of the six models start in 1850.  The observational record dates 994	  

back to 1857.  We selected three periods, 1866-1905, 1916-1955, and 1966-2005 and built 995	  

ensembles of these periods.  Next, we compared ENSO amplitude and frequency in the 996	  

simulations and observational record between the three periods.  Although simulations of the 997	  

1966-2005 period show more ENSO warm events as compared to both the 1866-1905 and 1916-998	  

1955 periods (90% confidence), the periods are otherwise similar.  Had the ENSO warm event 999	  

frequency results reached 95% confidence, we would have performed a simple resampling 1000	  

technique to better detect if the significant result was robust, or reached by chance.  However, 1001	  

given only 90% confidence, the relatively large number of comparisons made and the agreement 1002	  

between cold events frequency and amplitude in those same comparisons, the result is most 1003	  

likely by chance.   1004	  

Since ENSO variability during the 150-year historical period, as assessed by comparing 1005	  

ensembles of simulations from distinct time intervals, does not contain statistically distinct 1006	  

periods in which ENSO frequency or amplitude is different from other periods, we turn to 1007	  

attempting to detect whether or not ENSO variability under a regime of geoengineering is 1008	  

distinct from ENSO variability under AGW.  First, each experiment G1-G4 is matched with and 1009	  

compared to its respective control simulation, to the 1966-2005 historical period (during which 1010	  

observations are spatially and temporally dense) and to the full 150 years of available historical 1011	  

simulations.  There are no statistically significant differences in ENSO frequency or amplitude 1012	  

between G1-G4 and their respective controls, or from the observations or historical simulations.  1013	  

As mentioned, only six CMIP5 GeoMIP models produce a reasonable ENSO.  Therefore, we 1014	  

have a limited number of ensemble members available with which to perform comparisons.  This 1015	  
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limits our ability to detect differences and leads us to make some suggestions in the discussion 1016	  

section about future GeoMIP experiments. 1017	  

The criteria used for aggregating experiments are provided in the methods section above.  1018	  

The purpose of aggregation is to construct the largest possible ensemble of simulations, which 1019	  

can then be compared.  The inherent variability and usually subtle character of changes in ENSO 1020	  

compels the use of as much data as possible in order to filter out all of the internal variability and 1021	  

detect the ENSO change attributable to a particular forcing.  Based on the aggregation criteria, 1022	  

we are only able to aggregate G1 with G2 and G3 with G4.  In the G1/2 comparisons with 1023	  

4xCO2, we see significantly more frequent (90%confidence) La Niña events - 8.32 ± 2.5 per 40 1024	  

years for G1/2 and 6.71 ± 1.7 for 4xCO2.  We also see more frequent (90% confidence) La Niña 1025	  

events in the G1/2 ensemble than in the 1% annual CO2 increase ensembles - 8.32 ± 2.5 per 40 1026	  

years for G1/2 and 7.37 ±1.7 for 1% annual CO2 increase.  1027	  

Since a number of comparisons were made and confidence in these results being 1028	  

significant is only 90%, we decided to apply a simple resampling technique to test the robustness 1029	  

of these results.  First, we chose a sample, with replacement, from the G1/2 ensembles.  Next, we 1030	  

chose a sample, with replacement, from 4xCO2.  After calculating the median of each of the two 1031	  

samples, we repeated this process 500 times.  Next, we calculated the differences between the 1032	  

medians in each of the 500 samples.  This gives us an array of 500 integers, which are the 1033	  

differences between medians.  The 25 highest and lowest differences between medians are 1034	  

stored, and the remaining 450 integers form a 90% confidence interval.  Since the difference 1035	  

between the means in the G1/2 ensemble and the 4xCO2 ensemble fall within the 90% 1036	  

confidence interval of differences between means that we obtained via resampling, we conclude 1037	  

that the result showing increased ENSO frequency in G1/2 relative to control was likely obtained 1038	  
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by chance.  The same process was carried out for the G1/2 comparison with 1% annual CO2 1039	  

increase.  Although the original comparison showed a significant result (90% confidence), after 1040	  

resampling, the difference between the G1/2 and 1% annual CO2 means was shown to be within 1041	  

the 90% confidence interval.  Therefore, despite the initial presentation of results, based on a 1042	  

simple resampling technique, which allows for replacement, we find that there are no significant 1043	  

differences between G1/2 and the applicable controls. 1044	  

Next, we turn to the final aggregated comparison, G3/4 and RCP4.5.  Among all 1045	  

experiments and control simulations RCP4.5 simulations showed both the strongest and most 1046	  

frequent ENSO events.  However, error bounds are large due to relatively small sample size 1047	  

(n=21) for RCP 4.5 and G3/4, and no difference in ENSO frequency or amplitude was detected 1048	  

in this comparison.   1049	  

These results show the absence of a significant difference between GeoMIP experimental 1050	  

runs and AGW runs.  However, the comparisons were limited by a number of factors.  First, we 1051	  

excluded simulations from several GeoMIP participating modeling groups due to an implausible 1052	  

ENSO in the models.  Second, current generation GeoMIP runs may not be long enough to detect 1053	  

changes in ENSO.  Third, the signal-to-noise ratio in RCP4.5 is rather low.  A geoengineering 1054	  

experiment that seeks to offset a stronger forcing may improve our chances detecting potential 1055	  

changes in future ENSO.  These issues will be covered in greater detail in the discussion section. 1056	  

  1057	  

3.3 Comparisons between models 1058	  

 There was significant disagreement between two of the models.  The CanESM simulated 1059	  

ENSO frequency and amplitude that would be more in line with ENSO variability during more 1060	  

active slices of the observational record.  The CSIRO model depicted ENSO variability that was 1061	  
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more in line with less active slices of the observational record.  We chose to include both models 1062	  

as they both simulate plausible ENSO events and variability that is in line with some portion of 1063	  

the observational record.  This is unsurprising given the wide range of ENSO predictions among 1064	  

CMIP5 models.  One of the features most readily apparent across all models was the 1065	  

confinement of the most robust coupling between the ocean and the atmosphere too close to the 1066	  

Equator and not extending as far eastward as in observations.  The ENSO center of action was 1067	  

over a small area in the central Pacific, whereas the center of action extended further into the 1068	  

equatorial eastern extent of the basin in the observational record (Figure 2). 1069	  

 Next we make model vs. model comparisons - comparing all ensemble members of runs 1070	  

from each model against each other.  Figures 8 and 9 show ENSO event amplitude and 1071	  

frequency simulated by each model.  Of the models not excluded, the CanESM results diverged 1072	  

far more than the other models from the overall mean on all four parameters evaluated.  CanESM 1073	  

depicts ENSO warm and cold events that are both more frequent and stronger than that 1074	  

documented in the Kaplan SST observational record.  The CSIRO model depicts the lowest 1075	  

number of both cold and warm events, as well as event amplitudes that are on the low end.  The 1076	  

GISS, HadGEM, IPSL and MPI models are not in close agreement on all four parameters, but 1077	  

they agree more than the CSIRO and CanESM.  The best agreement between models existed 1078	  

between the GISS, HadGEM, MPI and IPSL, which agreed on all but cold event amplitude.  Had 1079	  

we excluded the CanESM (most frequent and strongest ENSO events) and CSIRO models (least 1080	  

frequent ENSO events), agreement between the remaining four models would have been 1081	  

reasonable.  However, both the CanESM and CSIRO produce a physically plausible ENSO.  1082	  

During especially active periods, ENSO has behaved in line with the CanESM results.  During 1083	  
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relatively quiescent periods in the observational record, the CSIRO results are not out of line 1084	  

with observations.   1085	  

4  Discussion 1086	  

We conclude that ENSO event frequency or amplitude in a geoengineered world will not 1087	  

differ from the observational record, historical model runs, or under global warming.  However, 1088	  

this conclusion comes with a number of very strong caveats, which result from the relatively 1089	  

brief simulation length and the considerable model spread.  Simulations that depict 100 years or 1090	  

more of geoengineering would likely be amenable to more detailed analysis.  During a 40-year 1091	  

experiment, it becomes nearly impossible to devise a non-SST based ENSO index.  It is also 1092	  

difficult to detect a subtle signal within an ensemble of ENSO time series, as the Niño 3.4 index 1093	  

exhibits a great deal of inherent variability.  Precipitation and surface winds are exceptionally 1094	  

noisy, and the observational data set of SST is far more solid than that for wind or precipitation.  1095	  

Also, over periods of less than 100 years, it becomes difficult to attribute changes in tropical 1096	  

Pacific zonal wind to long-term trends in ENSO, or to the weakening of the Walker circulation.  1097	  

Further, a weakening of the Walker circulation can – counter intuitively - occur concurrently 1098	  

with a period of frequent extreme La Niña events (Cai et al., 2015). 1099	  

The next generation of GeoMIP experiments that will be part of CMIP6 will extend G1 1100	  

simulations to 100 years and also provide simulations in which a more extreme AGW scenario – 1101	  

RCP6 or RCP8.5 – is offset by constant stratospheric sulfate injections or solar dimming.  These 1102	  

new experimental designs result from the need to understand extreme precipitation and 1103	  

temperature events, changes in regional climate and to examine modes of internal variability 1104	  

(Kravitz et al., 2015).   1105	  
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A potential future GeoMIP experiment could proceed as follows.  Compare the 100 year 1106	  

4xCO2 scenario with 100 years of preindustrial control and G1 (G1extended; Kravitz et al., 1107	  

2015).  Given the length of this simulation and the large differences between 4xCO2, G1 and the 1108	  

preindustrial control, this would likely be the place to start.  Should a signal be detectable in 1109	  

G1extended, the G6solar or G6sulfur experiments, which will run for at least 80 years without 1110	  

termination, offsets either RCP6.0 or RCP8.5 with continuous sulfate injections or solar 1111	  

dimming, should be evaluated next.  The presence of a signal in the steady-state G1extended 1112	  

experiment would be more likely than in the transient G6 experiments.  However, the G6solar 1113	  

and G6sulfur scenarios are far more like real climate, and although detecting a difference in G6 1114	  

would likely be more difficult than in G1extended, a G6 signal would speak more directly to 1115	  

how the tropical Pacific might evolve under plausible future geoengineering scenarios.  Even 1116	  

after the next generation of GeoMIP simulations has been released, the ability for those 1117	  

experiments to potentially detect future changes in ENSO variability will still be limited by how 1118	  

well each model performs.   1119	  

Returning to the current experiment, to buttress the robustness of the negative result, we 1120	  

offer a discussion of why the participating models behaved as they did.  Substantial work has 1121	  

been done to determine why many models have difficulty simulating an ENSO that matches 1122	  

observations in amplitude and frequency.  The Climate and Ocean: Variability, Predictability and 1123	  

Change (CLIVAR) ENSO working group’s analysis of process-based variables in CMIP 3/5 – 1124	  

which quantifies a GCM’s ability to simulate key ENSO processes – is underway (Guilyardi, 1125	  

2012).  That work is more squarely focused on determining exactly how the simulation of both 1126	  

ENSO events and the underlying ENSO processes can be improved in GCMs.  However, we can 1127	  
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evaluate the ENSO behavior we saw in this geoengineering experiment in the context of the 1128	  

process based variable analysis conducted by CLIVAR.   1129	  

In the CSIRO model we see lower variability than in other models and slightly dampened 1130	  

amplitude.  We also noticed that the center of action in terms of ENSO variability is shifted 1131	  

somewhat westward.  This is in line with Bellenger et al. (2012), who found that the standard 1132	  

deviation of SST in Niño4 is far greater than that seen in Niño3.  In the GISS and other models 1133	  

ocean-atmosphere coupling as reflected by the SST-SOI correlation was very robust in Niño3.4 1134	  

at the Equator, but somewhat muted elsewhere.  The area in which coupling between the ocean 1135	  

and atmosphere is most robust did not extend throughout Niño3.4, and therefore areas farther 1136	  

away from the Equator and further east were not contributing as much to the Niño index.  1137	  

Therefore we see slightly lower Niño3.4 amplitude values in GISS and HadGEM than we do in 1138	  

other models.  The presence of this tendency is bolstered by Guilyardi (2012), who showed that 1139	  

the standard deviation of SST in both Niño3 and Niño4 is toward the low end of the range for 1140	  

CMIP5 models.  In our experiment, the IPSL model performs very well in terms of a realistic 1141	  

ENSO frequency and amplitude.  This tendency is also reinforced by Guilyardi (2012), who 1142	  

showed that the root mean square error is among the lowest of CMIP5 models for both SST and 1143	  

surface wind stress.  Even though different models struggle with various ENSO processes, the 1144	  

tendencies of each model are relatively well understood and each model generated an ENSO that 1145	  

is plausible, albeit not necessary exactly fit to what is seen in the observational record.   1146	  

However, the story for the models excluded is quite different.  A representative BNU G1 1147	  

run showed a cold event with a maximum anomaly of –4.8 K during a relatively short duration 1148	  

La Niña event.  Similar non-geoengineering runs revealed equally extreme amplitude and short 1149	  

lasting events.  The observational record fails to hint that such an event has occurred, and none 1150	  
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of the other models simulate anything like such an event.  Future work could explore why 1151	  

simulated BNU ENSO events are so strong, short and frequent relative to observations and other 1152	  

models. 1153	  

Emissions are imposed differently in the historical runs from how they are imposed in 1154	  

RCP 4.5.  RCP 4.5 emissions are imposed decadally, while historical models incorporate gridded 1155	  

monthly data. There is likely a modest amount of interannual variability in tropical Pacific SST 1156	  

that is omitted from RCP4.5 simulations due to the decadal smoothing of emissions.  Subsequent 1157	  

research focused on RCP 4.5 ENSO variability could seek to determine if the interannual 1158	  

variability in SSTs is muted enough by this smoothing in RCP 4.5 to potentially alter the 1159	  

evolution of ENSO events. 1160	  

The absence of a significant result, showing differences in ENSO variability between 1161	  

geoengineering and AGW may well be a valid finding.  However, detectability of changes over a 1162	  

relatively short interval of time is only possible if the differences seen between groups are 1163	  

extremely large.  To evaluate more subtle differences, longer simulations are likely required.  1164	  

Additionally, ENSO is complicated, and GCMs are still developing in terms of their ability to 1165	  

produce an extremely accurate ENSO.  However, work is currently underway to determine what 1166	  

processes in each particular model lead to a less than ideal depiction of ENSO.  The results of 1167	  

this analysis will likely be factored into CMIP6, and it will be interesting to examine ENSO 1168	  

behavior in CMIP6. 1169	  

Returning to geoengineering, the next generation of GeoMIP experiments will produce 1170	  

longer simulations, with more robust forcing in the case of G1 extended.  It is imperative that we 1171	  

understand potential changes in extreme event frequency under geoengineering and potential 1172	  

changes in modes of internal variability.  Any future contemplation of large-scale deployment of 1173	  
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geoengineering would require confidence in model predictions about potential changes in natural 1174	  

variability and the frequency and nature of extreme events.   1175	  
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Table 1. The names of the climate models used in this study, with short names and references.  1315	  
Asterisks indicate that the models were excluded from comparison due to unrealistic ENSO 1316	  
variability. 1317	  
 1318	  
Model  Model short name Reference 
*BNU-ESM BNU Dai et al. (2003) 
CanESM2 CanESM Arora et al. (2011) 
CSIRO-Mk3L CSIRO Phipps et al. (2011,2012) 
GISS-E2-R GISS Schmidt et al. (2006) 
HadGEM2-ES HadGEM Collins et al. (2011) 
IPSL-CM5A-LR IPSL Dufresne et al. (2012) 
*MIROC-ESM MIROC Watanabe et al. (2011) 
*MIROC-ESM-CHEM MIROC-C Watanabe et al. (2011) 
MPI-ESM-LR MPI Giorgetta et al. (2012) 
 1319	  
  1320	  
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Table 2. Models analyzed in each experiment.  Asterisks indicate that the models were excluded 1321	  
from comparison due to unrealistic ENSO variability.  The number of ensemble members for each 1322	  
experiment is given in parenthesis after the model name. 1323	  
 1324	  
a. Models in G1  
 
*BNU-ESM (2) 
CanESM2 (3) 
CSIRO-Mk3L (3) 
GISS-E2- (3) 
HadGEM2-ES (1) 
IPSL-CM5A-LR (1) 
*MIROC-ESM (1) 
MPI-ESM-LR  (1) 

b. Models in G2  
 
*BNU-ESM (3) 
CanESM2 (3) 
CSIRO-Mk3L (3) 
GISS-E2-R] (3) 
HadGEM2-ES (3) 
IPSL-CM5A-LR (1) 
*MIROC-ESM (1) 
MPI-ESM-LR (1) 
 

c. Models in G3  
 
*BNU-ESM (1) 
GISS-E2-R (3) 
HadGEM2-ES (2) 
IPSL-CM5A-LR (1) 
MPI-ESM-LR (3) 

d. Models in G4  
 
*BNU-ESM (2) 
CanESM2 (3) 
CSIRO-Mk3L (3) 
GISS-E2-R (3) 
HadGEM2-ES (1) 
IPSL-CM5A-LR (1) 
*MIROC-ESM (1) 
*MIROC-ESM-CHEM (1) 
MPI-ESM-LR (1) 
 

 1325	  
 1326	  

1327	  
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  1328	  

	  1329	  
 1330	  
Figure 1.  GeoMIP G1-G4 experiment designs.  Figures 1-4 from Kravitz et al. (2011). 1331	  
  1332	  
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	  1333	  

	  1334	  
Figure 2.  Top panel shows spatial correlation between GISS historical sea surface temperature 1335	  
(SST) and the Southern Oscillation Index (SOI).  The area of strong negative correlation is 1336	  
confined to a small region in the central Pacific, relative to the broad area of strong negative 1337	  
correlation in the observations in the bottom panel, which shows the spatial correlation between 1338	  
NCEP SLP reanalysis and the Kaplan SST observations data set.    1339	  

1340	  
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	  1341	  
 1342	  
Figure 3. Time series of normalized Southern Oscillation Index (SOI) for (a) GISS G4 Run 1 1343	  
and (b) GISS G4 Run 2.  In the context of SOI, ENSO events are defined as departures of 0.5 1344	  
standard deviations from zero.  SOI warm events are highlighted in red, while cold events are 1345	  
highlighted in blue.  No highlight is applied during an ENSO neutral phase.  Time series of SST 1346	  
in Niño 3.4 region for (c) GISS G4 Run 1 and (d) GISS G4 Run 2.  The SST-based index in the 1347	  
bottom panel depicts more realistic ENSO variability, and therefore SOI is not used as an SST 1348	  
proxy. 1349	  
  1350	  
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	  1351	  
Figure 4.  Time series of Niño 3.4 anomalies from three experimental runs, (a) G1 run 1, (b) G1 1352	  
run 2, and (c) G3 run 1, of the BNU-ESM model compared to observations (d).  Red coloring 1353	  
indicates ENSO warm events, while blue shading indicates ENSO cold events.  The model is 1354	  
excluded due to unrealistic variability and amplitude. 1355	  
  1356	  
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	  1357	  
Figure 5.  Niño 3.4 anomalies for MIROC-ESM.  Time series of (a) G1, (b) G2 and (c) RCP4.5 1358	  
from each model all show significantly muted variability and amplitude compared to (d) 1359	  
observations, with few, if any, warm events exceeding a 1 K anomaly.  All other MIROC family 1360	  
experiments showed the same muted variability.  Cold event amplitude is essentially muted, with 1361	  
no 1 K or greater departures.  The inability of the MIROC-ESM to depict a plausible ENSO 1362	  
cycle is also seen in the MIROC-ESM-CHEM.  Therefore, both sets of model output were 1363	  
excluded. 1364	  
	   	  1365	  
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	  1366	  

 1367	  
 1368	  
  

Obs
. 

G1 
(12) 

G2 
(14) 

G3 
(9) 

G4 
(12) 

G3/4 
(21) 

G1/2 
(26) 

RCP4.5   
(21) 

4XCO2 
(18) 

+1% 
CO2 
/yr. 
(18) 

1850-
2005 
/40 
yr. 
(18)  

1966-
2005 
(18) 

Warm 
events 

9.00 8.58 7.71 8.00 8.17 8.10 8.12 8.38 6.43 8.00 7.79 9.05 

Cold 
events 

8.00 8.75 8.64 7.67 8.00 7.86 8.32 8.67 6.71 7.33 8.11 8.48 

 1369	  
 1370	  
 1371	  
Figure 6.  Number of ENSO warm (red) or cold (blue) events simulated or observed between 1372	  
2030-2069 for G1-G4, RCP4.5, 1% annual CO2 increase and 4x CO2, and 1966-2005 for 1373	  
historical simulations and observations for the CanESM, CSIRO, GISS, HadGEM, IPSL and 1374	  
MPI models.  The full historical record spans 1850-2005 and the number of events reported for 1375	  
this period is the per 40 year frequency of warm or cold events in this full record.  Values in 1376	  
parentheses are the number of ensemble members for each experiment or family of experiments.  1377	  
Error bars represent plus or minus one standard deviation of ENSO events relative to the 1378	  
experiment mean.  A table of values is provided under the graph.	  1379	  
  1380	  
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+1% CO2/yr. (18) 
Full hist. per 40 yrs. (18) 

Hist. 1966-2005 (20) 

Warm (red) and cold (blue) events per 40 years 
 

ENSO warm (red) and cold (blue) events per 40 year period. Mean 
of all ensembles from all models within each experiment or control. 

Error bars indicate one standard deviation. 



53 
	  

 1381	  
	  1382	  
  

Obs
. 

G1 
(12) 

G2 
(14) 

G3 
(9) 

G4 
(12) 

G3/4 
(21) 

G1/2 
(26) 

RCP4.5   
(21) 

4XCO2 
(18) 

+1% 
CO2/yr. 

(18) 

1966-
2005 
(18) 

Warm 
amp. 

2.30 1.57 1.69 1.71 1.68 1.69 1.66 1.90 1.35 1.58 1.86 

Cold 
amp. 

1.92 1.77 1.74 1.74 1.77 1.76 1.76 1.81 1.71 1.58 1.67 

	  1383	  
 1384	  
Figure 7. Maximum amplitude (K) of ENSO warm (red) or cold (blue) events simulated or 1385	  
observed between 2030-2069 for G1-G4, RCP4.5, 1% annual CO2 increase and 4x CO2, and 1386	  
1966-2005 for historical simulations and observations .  Values in parenthesis following y-axis 1387	  
(model name) labels indicate the number of ensemble members, inclusive of all experiment 1388	  
designs, run by the particular model.  Error bars show plus or minus one standard deviation 1389	  
relative to the model mean.  A table of values is provided under the graph. 1390	  
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Maximum ENSO warm event (red) and cold event (blue) amplitude 
(K).  Mean of all ensembles from all models within each experiment 

or control.    Error bars indicate one standard deviation. 
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Figure 8.  Number of ENSO warm (red) or cold (blue) events observed or simulated in the 1403	  
applicable 40-year comparison period for the CanESM, CSIRO, GISS, HadGEM, IPSL and MPI 1404	  
models.  Values in parentheses are the number of ensemble members for each experiment or 1405	  
family of experiments.  Error bars represent plus or minus one standard deviation of ENSO 1406	  
events relative to the experiment mean.  A table of values is provided under the graph. 	  1407	  
	   	  1408	  
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ENSO warm (red) and cold (blue) events per 40 year period. 
Mean of all ensembles in all experiments within each model.  

Error bars indicateone standard deviation. 
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Figure 9. Maximum amplitude (K) of ENSO warm (red) or cold (blue) events observed or 1414	  
simulated in the applicable 40-year comparison period.  Values in parenthesis following y-axis 1415	  
(model name) labels indicate the number of ensemble members, inclusive of all experiment 1416	  
designs, run by the particular model.  Error bars show plus or minus one standard deviation 1417	  
relative to the model mean.  A table of values is provided under the graph. 1418	  
 1419	  
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experiments within each model.  Error bars indicate one standard 
deviation. 
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