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Introduction15

This supplementary material contains: 1) Supplementary methods — detailing16

how the data was sampled in order to calculate the standard deviations used in the17

main text (1.1), and describing further details about the configuration of our reduced18

model simulations (1.2); 2) A brief discussion of the response of terrestrial net primary19

productivity; and 3) A derivation of an idealized relationship between climate sensitivity20

and the rate of temperature change. In addition, we include twelve supplementary21

figures referenced in the main text (S1-S12), and one supplementary figure referenced22

in Supplementary methods (S13).23

1. Supplementary methods24

1.1. Calculation of standard deviation25

In the main text, we normalize summer surface air temperature trends on land by the26

local historical standard deviation of trends of the same time interval, and in Figure S2e27

and S2f we similarly normalize by the preindustrial standard deviation of trends. To28

calculate the standard deviation (SD) of 5 and 20 year trends in the Historical ensemble29

at each grid point, we sample the 6-member Historical ensemble (years 1900-2005) as30

follows: Five year linear trends are calculated starting every 2 years, and 20 year linear31

trends are calculated every 10 years. The resulting sample sizes (N) at each grid point32
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are N=306 and N=54 for 5 and 20 year trends, respectively. We similarly sample 30033

years of the long Preindustrial control simulation, resulting in N=148 and N=28 for 534

and 20 year trends, respectively. The Historical 5-year summer land SAT trends are35

shown aggregated into a probability density distribution in Figure S4a. Note that we36

deliberately do not de-trend the Historical simulations so that the Shutoff trends are37

compared with “what humans have experienced” over the last century. Probability38

density distributions (PDD) of summer normalized Shutoff SAT trends are generated39

by aggregating the area-weighted trends in all land grid cells in each ensemble member40

(N=2). A cumulative density distribution (CDD) is computed by integrating the PDD41

(Figure S4b and S5).42

1.2. Range of climate sensitivities and relationship to prescribed radiative forcing43

Our analysis using the reduced climate model (upwelling-diffusion energy balance model;44

UD-EBM) in the main text, spans a range of climate sensitivities of 1.5◦C to 10◦C.45

Climate sensitivities in this range are consistent with the uncertainty in historical46

radiative forcing (RF) in that when combined appropriately, they give rise to the47

observed temperature change over the last century.48

The primary uncertainty in total RF over the last century is that due to49

tropospheric aerosols, the 90% confidence interval of which is -0.5 to -2.2 W/m2
50

[Forster et al. (2007)]. The resulting range of total historical RF can reproduce51

historical surface temperature only if each RF is paired with an appropriate value of52

climate sensitivity — e.g. historical temperature trends are consistent with a range of53

climate sensitivity and RF pairs such that weak total RF (implying strong negative54

tropospheric aerosol RF) is paired with high climate sensitivity, and strong total RF55

(implying weak negative tropospheric aerosol RF) is paired with low climate sensitivity56

[Armour and Roe (2011)]. As defined by the Intergovernmental Panel on Climate57

Change (IPCC) Assessment Report 4 (AR4) Working Group 1 (WG1), the “very likely”58

(>90% probability) range of climate sensitivities that is consistent with constraints on59

observed climate change is 1.5◦C or greater, while the “likely” (>66% probability) range60

is between 2◦C and 4.5◦C [Hegerl et al. (2007)]. We truncate the “very likely” range at61

10◦C, which is consistent with Hegerl et al. (2007).62

Thus, the first 100 years of the UD-EBM simulations represents the “historical”63

period, 1900-2000, wherein climate sensitivity and RF pairs produce surface64

temperatures constrained to lie within a small range (Figure S13). The next 100 years65

represent future projections, from 2001-2100, of increased GHGs with and without SRM66

and subsequent SRM termination (Figure S11). The uncertainty in year 2000 RF is67

gradually reduced over the 21st century. The range of year 2000 RF values is relaxed to68

the RCP scenario RF over years 2001-2100 to represent a reduction in RF uncertainty as69

tropospheric aerosol emissions are reduced over the next century. We ignore uncertainty70

in SRM RF by defining it to exactly cancel the RF from increasing GHGs. While this71

is a potentially important issue, it is separate to the objectives of this study.72
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2. Response of terrestrial net primary productivity73

Here, we briefly discuss the response of terrestrial net primary productivity (NPP) to74

cessation of SRM via stratospheric aerosols in CCSM4. The strong temperature and75

precipitation trends that occur following SRM termination and discussed in the main76

text take place in the context of greater land average NPP compared to the 20th century77

(Figure S9). Terrestrial NPP is an indicator for plant health, as it is a measure of78

carbon uptake through photosynthesis. We find that NPP increases during the period79

of SRM — although less than under RCP8.5 forcing alone — and also upon cessation of80

SRM, with particularly strong summer increases, relative to 20th century trends, in the81

northern high latitudes over 20 years (Figure S10). This increase in NPP is dominated82

by the increases in atmospheric CO2 [Kravitz et al. (2013)], with regional variations also83

affected by changes in temperature, precipitation, and radiation.84

These findings are presented in supplementary materials because their interpreta-85

tion is potentially unreliable, and their implications are relevant only to photosynthesiz-86

ing organisms, which are a subset of all living things that would be affected by extreme87

climatological trends. Indeed, our findings may not be robust, as Jones et al. (2013)88

find that among the group of models participating in a geoengineering intercomparison89

project, there is no agreement about the sign of the terrestrial-mean NPP response to90

SRM cessation. Furthermore, CCSM4 was found to be an outlier with much smaller91

rates of absolute NPP change, but with a strong, positive ”amplification factor” that92

compares the rate of NPP change following cessation to that of the warming forcing93

alone (1%/yr CO2 increase in their case). This behavior is potentially due to CCSM4’s94

inclusion of a new nitrogen cycle module in the land model, which has the effect of95

limiting the uptake of carbon by the terrestrial biosphere. Jones et al. (2013) also find96

many spatial regions do not agree on the sign of NPP response, similar with precipita-97

tion, with the possible exception of increased NPP in the northern high latitudes. It is98

thus difficult to have confidence in the NPP results presented here, and estimates of the99

magnitude and spatial pattern of NPP change following SRM termination are not yet100

possible.101

3. Relationship between climate sensitivity and rate of temperature change102

An illustrative relationship between climate sensitivity and the rate of temperature103

change can be shown using a simple climate model of global mean temperature with104

uniform heat capacity:105

CdT/dt = −T (t)/λ+4RF . (1)106

Here C is the heat capacity, λ is the climate sensitivity parameter, and 4RF is107

the radiative forcing. Note that climate sensitivity equals λ4RF2xCO2 (the equilibrium108

temperature change due to a doubling of CO2), where4RF2xCO2 is the radiative forcing109
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due to CO2 doubling. For the application of a constant 4RF applied at t = 0, the110

analytical solution of equation (1) is:111

T = λ4RF (1− e−(1/(Cλ))t). (2)112

Thus, the rate of temperature change in response to a sudden imposition of forcing,113

4RF (such as after SRM cessation), is:114

dT/dt = 4RF/C(e−(1/(Cλ))t). (3)115

In the limit of t→ 0 in equation (3), dT/dt = 4RF/C and is not dependent on climate116

sensitivity through λ. As time passes, dT/dt decays exponentially with a timescale that117

scales with climate sensitivity. If instead 4RF increases for t > 0, as is the case in our118

SRM cessation scenarios, dT/dt decays more slowly.119
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Supplementary Figure 1. (a) The ensemble average winter (DJF to the north

of the equator and JJA to the south) 5-year SAT trends (◦C/decade) for the period

following SRM termination in the Shutoff scenario. (b) The 5-year trends shown in

(a), but normalized by the standard deviation of Historical 5-year trends at each grid

point. (c) The 5-year trends shown in (a), but normalized by the standard deviation

of Preindustrial 5-year trends at each grid point. (d-f) are as (a-c), but for 20-year

trends. (g-l) are as (a-f), but for annual mean trends. The white stripe at the equator

in (a-f) indicates the discontinuity in season from northern hemisphere to southern

hemisphere (JJA and DJF, respectively). Trends over ocean regions are not shown.
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Supplementary Figure 2. (a) The ensemble average summer (JJA to the north

of the equator and DJF to the south) 5-year SAT trends (◦C/decade) for the period

following SRM termination in the Shutoff scenario. (b) The 5-year trends shown in

(a), but normalized by the standard deviation of Historical 5-year trends at each grid

point. (c) The 5-year trends shown in (a), but normalized by the standard deviation

of Preindustrial 5-year trends at each grid point. (d-f) are as (a-c), but for 20-year

trends. The white stripe at the equator indicates the discontinuity in season from

northern hemisphere to southern hemisphere (JJA and DJF, respectively).

oC/dec
1 1.50.50 2

oC/dec

b)a)

4 620 8 10
c) d)

Supplementary Figure 3. (a) The two-standard deviation 5-year summer SAT

trends (◦C/decade) from the ensemble of Historical simulations. Trends greater than

this magnitude occur only about ∼ 2% of the time. (b) is as (a), but for 20-year

trends. (c,d) are as (a,b) but for the distribution of Preindustrial trends. The white

stripe at the equator indicates the discontinuity in season from northern hemisphere

to southern hemisphere (JJA and DJF, respectively). Trends over ocean regions are

not shown.
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Supplementary Figure 4. (a) Probability density distribution of Historical 5-year

summer land SAT trends (black) compared with Predindustrial summer land trends

(blue). Each distribution is an aggregation of trends in all grid cells in each sampled

time period (and in each ensemble member for the Historical case), as described in

Supplementary Methods, Section 1.1. (b) is as (a) but for 20-year trends.
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Supplementary Figure 5. (a) Cumulative density distributions (CDD) of 5-

year (solid) and 20-year (dashed) summer land Shutoff SAT trends normalized by

Historical trend standard deviation (black) and Preindustrial trend standard deviation

(blue). (b) is as (a) but for precipitation. The CDDs consist of normalized trends

for each ensemble member for each land grid point, as described in Supplementary

Methods, Section 1.1. Note that in (b), the normalized precipitation trends are

nearly indistinguishable between normalization by Historical or Preindustrial standard

deviation.
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Supplementary Figure 6. (a) The ensemble average summer 5-year precipitation

trends (mm day−1/decade) for the period following SRM termination in the Shutoff

scenario. (b) The 5-year trends shown in (a), but normalized by the standard deviation

of Historical 5-year trends at each grid point. (c) The 5-year trends shown in (a), but

normalized by the standard deviation of Preindustrial 5-year trends at each grid point.

(d-f) are as (a-c), but for 20-year trends. The white stripe at the equator indicates

the discontinuity in season from northern hemisphere to southern hemisphere (JJA

and DJF, respectively). Note the color bars in panels a and d are different from those

shown in Figure 3 panels a and d of the manuscript.
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Supplementary Figure 7. (a) The standard deviation of 5-year summer averaged

precipitation trends from the ensemble of Historical simulations. (b) as in (a), but

for 20-year summer precipitation trends. (c,d) are as (a,b) but for the distribution

of Preindustrial trends. The white stripe at the equator indicates the discontinuity in

season from northern hemisphere to southern hemisphere (JJA and DJF, respectively).
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Supplementary Figure 8. (a) The 5-year normalized summer precipitation trend

versus its collocated SAT trend, for each grid point in the 2 Shutoff ensemble members.

Each trend has been normalized by the standard deviation of the respective trend in

the Historical ensemble. Green dots are trends over ocean grid points between 60◦S

and 60◦N, blue dots are ocean grid points poleward of 60◦S and 60◦N, brown are land

grid points between 60◦S and 60◦N, and gold are land grid points poleward of 60◦S

and 60◦N (sea ice is included in ocean grid points).(b) is as (a), but for 20-year trends.

(c,d) are as (a,b) but normalized by the standard deviation of respective trends in the

Preindustrial distribution.
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Figure 9. Annual mean, land mean net primary productivity (kgCm−2yr−1) for

Historical (black), RCP8.5 (red), average of 4 SRM Ramp simulations (blue line)

and ensemble range (light blue shading), two SRM Shutoff simulations (orange), and

a Preindustrial control (gray) simulation for reference. The second SRM Shutoff

ensemble member is shown only for 2070 to 2091, the years land data were available.
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Figure 10. (a) The summer 5-year net primary productivity (NPP) trends

(kgCm−2yr−1/decade) for the period following SRM termination in one Shutoff

scenario ensemble member for which all land data were available. (b) The 5-year

trends shown in (a), but normalized by the standard deviation of Historical 5-year

trends at each grid point. (c) The 5-year trends shown in (a), but normalized by the

standard deviation of Preindustrial 5-year trends at each grid point. (d-f) are as (a-c),

but for 20-year trends. The white stripe at the equator indicates the discontinuity in

season from northern hemisphere to southern hemisphere (JJA and DJF, respectively).

In panels b, c, e, and f, land grid cells that are white indicate regions where the

standard deviation of Historical and Preindustrial NPP trends equal zero due to no

climatological production. NPP is not defined over the ocean.



Supplementary material: McCusker et. al. 11

2000 2050 2100 2050 2100 2050 2100

Time (yr)

2000 2050 2100 2050 2100 2050 2100

Time (yr)

RF (Wm-2) ∆T (oC) d∆T/dt (oC/decade) RF (Wm-2) ∆T (oC) d∆T/dt (oC/decade)

Shutoff after 

20 yrs

Shutoff after 
80 yrs

a) b)

10

8

6

4

2

0

2000 2050 2100 2050 2100 2050 2100

Time (yr)

2000 2050 2100 2050 2100 2050 2100

Time (yr)

RF (Wm-2) ∆T (oC) RF (Wm-2) ∆T (oC)

Shutoff after 
20 yrs

Shutoff after 

80 yrs

4

3

2

1

0

c) d)
d∆T/dt (oC/decade) d∆T/dt (oC/decade)

Supplementary Figure 11. (a) Evolution of the net radiative forcing (RF ) due to

GHGs and SRM, and including the uncertainty in net RF (left), temperature response

(4T , middle), and rate of temperature change (d4T/dt, right) for the business-as-

usual emissions scenario (RCP8.5; dashed red curves) and an SRM scenario with

termination after 20 years of implementation (solid blue curves). Shading indicates the

range in the response (4T and d4T/dt) due to the uncertainty in climate sensitivity

with (blue) and without (red) SRM. The top curve in RF is the lowest climate

sensitivity and the bottom curve is the highest climate sensitivity, and vice versa

for 4T and d4T/dt. The dashed black line is the climate sensitivity of CCSM4

= 3.2◦C. The RCP scenario has thick, dashed lines to distinguish it from the SRM

scenario when curves overlap. The range in year 2000 SRM RF is due to uncertainty

in the net historical forcing (compared to preindustrial conditions) at the time of SRM

deployment in the year 2000 (as constrained by observations - see Supplementary

Methods). (b) is as (a) but for SRM termination after 80 years of stabilization. (c)

and (d) are as (a), and (b) but for RCP2.6, the low background emissions scenario.
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Supplementary Figure 12. Five year temperature trend following SRM termination

— after 20, 50, and 80 years (color-boxed numbers to indicate the simulation markings

to which it refers) of implementation — as a function of climate sensitivity for the

RCP8.5 (blue asterisks) and RCP2.6 (green asterisks) background emissions scenarios

and the maximum RCP8.5 (blue squares) and RCP2.6 (green squares) 5-year trends.

Background shading indicates IPCC AR4 WG1 likelihood ranges for climate sensitivity

(“likely” has a 66% probability, and “very likely” has a 90% probability; Hegerl et al.

2007). The vertical black line is CCSM4’s climate sensitivity (3.2◦C), the horizontal

black line is the maximum global mean, annual mean 5-year trend sampled from the

CCSM4 Historical simulations, the black triangle shows the CCSM4 5 year global

mean, annual mean trend following SRM cessation (3.06◦C/decade), and the black

circle shows the 5-year UD-EBM trend for SRM termination after 65 years of balanced

RF (2.8◦C/decade), when the RF jump is roughly equivalent to that estimated in

CCSM4 (about 4-5W/m2).
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Supplementary Figure 13. Left) Evolution of historical (1900-2000) and RCP8.5

(2001-2100) radiative forcing (W/m2) and right) simulated temperature response

to the radiative forcing scenario. This demonstrates how a range of radiative

forcings, when paired with an appropriate climate sensitivity, will reproduce historical

temperature over the 20th century. The range of climate sensitivity causes there to be

a spread in future temperatures.


