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Ø  Solar geoengineering has the potential to help manage impacts of climate 
change but not enough is known about the unintended side effects. 
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Caldeira & Wood (2008): 1.8% reduction in top of the atmosphere solar 
radiation compensates roughly for doubled CO2 induced temperature changes. 

2xCO2 & 
-1.8% solar 

2xCO2 

heat transport is greater than what the atmosphere can easily supply, resulting in
non-physical state with a very cold single grid cell near the Galapagos islands. A
10% weak to the implied zonal heat transport in the cells neighbouring the ‘bad’
point was enough to ‘fix’ the problem.)

To explore nonlinearities in the climate system, we performed additional
simulations. For each of three pairs of simulations, the top-of-atmosphere solar
insolation has been reduced by nearly the same amount, with the spatial
distribution of this reduction differing for the two members of the pair (table 1).
For example, both the Arctic61_1.84 and Global_1.84 simulations have the top-
of-atmosphere insolation reduced by 1.84 per cent (i.e. by 3.2 PW), but the
Arctic61_1.84 simulation applies this reduction in insolation power only north of
618N whereas the Global_1.84 simulation reduces insolation power by this same
amount through a fractional reduction in incoming sunlight over the entire Earth.

3. Results

We first compare results of the 2!CO2 and Global_1.84 simulations, then
examine the Arctic simulations, and finally address issues associated with the
degree of linearity exhibited in these simulations.
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Figure 1. Annual mean temperature changes in the (a,b) 2!CO2 and (c,d) Global_1.84
simulations. Shown are temperature changes from the 1!CO2 cases (a,c) and areas where the
temperature change is statistically significant at the 0.05 level (b,d ). This idealized climate
engineering simulation indicates that relatively simple climate engineering may be able to diminish
temperature changes in most of the world.
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Model: CAM3; 
doubled CO2 
concentration 
relative to present-
day; 1.8% reduction 
in solar constant 
 
Showing annual 
mean changes 
relative to present-
day. 
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dry wet 

2xCO2 & 
-2% solar 

Impacts on Terrestrial Water Cycling 
Dagon & Schrag (2016): Evapotranspiration over land decreases under model 
simulations of solar geoengineering. 

Evapotranspiration change (mm/day) 

Model: CAM4-CLM4; doubled CO2 concentration relative to present-day; 2% 
reduction in solar constant 
 
Showing boreal summer (JJA) changes relative to present-day. 
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Impacts on Terrestrial Water Cycling 

10cm soil moisture change (mm3/mm3) 

wet dry 

2xCO2+2%SRM 

Dagon & Schrag (2016): Soil moisture largely increases as evapotranspiration 
decreases. 

Model: CAM4-CLM4; doubled CO2 concentration relative to present-day; 2% 
reduction in solar constant 
 
Showing boreal summer (JJA) changes relative to present-day. 
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this partitioning can help to explain 
the feedbacks between soil moisture 
and temperature.

The relative contributions of these 
fluxes are determined by land surface 
properties, moisture availability and 
atmospheric conditions. When the land 
surface has plenty of moisture, latent heat 
is the dominant flux (Fig. 1a) through soil 
evaporation or transpiration, commonly 
referred to as evapotranspiration. High 
evapotranspiration cools the surface, 
and increases the concentration of water 
vapour in the atmosphere. This process 
enhances cloud formation near the surface. 
The net effect tends to be cooling, which 
subsequently reduces the Earth’s net 
radiation budget.

On the other hand, in drought 
conditions moisture is strongly constrained, 
and dry landscapes are characterized by 
a high flux of sensible heat (Fig. 1b). This 
produces a deeper, warmer and drier 
atmospheric boundary layer that tends to 
inhibit cloud formation. The sensible heat 
and associated warming and drying of 
the atmosphere, combined with less cloud 
cover, tends to further dry the surface. This 
increase in the sensible heat flux during dry 
conditions contributes to the warming of 
the near-surface atmosphere, and produces 
a positive land–atmosphere feedback 
that tends to intensify and lengthen 
drought conditions.

Several studies4–7 have emphasized the 
important role of soil-moisture deficits 
in intensifying or lengthening heatwaves 
through feedbacks between temperature, 
evaporation and precipitation. Likewise, 
the study of the impacts of soil moisture on 

extreme temperatures is not new7,8. But until 
now there has been limited observational 
evidence in Europe for such a relationship, 
owing largely to a lack of reliable soil-
moisture observations8. Without such data, 
it has been hard to assess the fidelity of 
climate model simulations.

Hirschi and colleagues3 infer soil-
moisture conditions using observed 
precipitation data. They demonstrate a 
significant influence of soil moisture on the 
evolution of hot summer temperatures — at 
least in the southeastern European region, 
where evapotranspiration is limited by 
the availability of soil moisture. Here, the 
drier the soil in the six months leading 
up to summer, the more frequent and 
longer-lasting extreme temperature events 
are likely to be. This finding is somewhat 
unsurprising, given our understanding of 
land–atmosphere coupling during periods 
of high soil-moisture deficit. However 
the researchers also provide robust 
observational evidence that the relationship 
between lack of soil moisture and hot 
temperatures strengthens for the most 
extreme events in southeastern Europe.

Furthermore, they note that regional 
climate model simulations seem to 
capture the link between the severity 
of hot extremes and the magnitude of 
antecedent soil-moisture deficits but for 
only the moisture-limited regime. For 
wetter climates, such as that in central 
Europe, observations indicate only a weak 
relationship between extreme temperature 
events and preceding soil-moisture 
conditions, whereas the models tend to 
overestimate the strength of the feedbacks 
between soil moisture and temperature. This 

has important implications for evaluating 
the processes in climate models driving 
extreme heat events.

The differences between drier climate 
regimes and wetter ones will increasingly 
come into focus as future climate change 
is expected to bring enhanced summer 
drying in Europe4, with a stronger increase 
in temperature extremes than in mean 
temperatures9. Improved simulation of the 
relevant processes by models may facilitate 
better adaptation strategies, for example in 
the field of human health.

The study by Hirschi and colleagues3 is 
encouraging in that it suggests that in some 
regions, where temperature extremes are 
strongly coupled with the preceding soil-
moisture conditions, prediction of the most 
severe events could be improved. 

Lisa Alexander is in the Climate Change Research 
Centre, University of New South Wales, Sydney, 
New South Wales 2052, Australia.  
e-mail: l.alexander@unsw.edu.au
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Figure 1 | Schematic of the net radiation budget at the land surface. a, In areas with high soil moisture, the latent heat flux by evaporation and 
transpiration dominates, enhancing cloud formation and a tendency for cooling. b, By contrast, if the soil-moisture deficit is high, the dry soils raise the 
sensible heat flux, producing a deeper, warmer, drier low-level atmosphere. This process inhibits convection and cloud formation and creates a positive 
feedback loop. Using observations for Europe, Hirschi and colleagues3 show that the frequency and duration of hot extremes seems to scale with the 
strength of the antecedent drying of the land surface and that regional climate models can capture this relationship for drier climate regimes.
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Manabe, 1969; Budyko, 1974) are still conceptually useful to
understand soil moisture–climate relationships in current climate
models, at least to a first approximation.

4.4. Evidence from observations

In the preceding subsection, we have discussed modelling
approaches representing evapotranspiration and its dependency on
soil moisture. It is of course essential to identify whether ground
observations may help in validating these relationships. Though
observational datasets of soil moisture and evapotranspiration are
scarce and limited in space and time (see Section 8), first investiga-
tions have attempted to address this issue. In particular flux
measurements from the FLUXNET project (e.g. Baldocchi et al.,

2001; Baldocchi, 2008) can be useful for identifying the processes
controlling evapotranspiration on the local and regional scales.

As an example, we show in Fig. 7 measurements of net radiation,
latent and sensible heat flux at three European FLUXNET sites
(adapted from Seneviratne and Stöckli, 2008). The considered sites
encompass Castelporziano (Italy, summer-dry Mediterranean ever-
green forest; left), Vielsalm (Belgium, temperate mixed forest;
middle), and Kaamanen (Finland, Arctic tundra; right). From left to
right, the figure displays the gradient from the transitional Mediter-
ranean climate regime (with soil moisture limitation) to increasingly
wet and cold climate. This analysis illustrates well how drivers of
evapotranspiration vary with climate regimes, with soil moisture
being limiting in the Mediterranean site (left), while the low amount
of evapotranspiration at the arctic tundra site is due to radiation
limitation and the short growing season length (right). Interestingly,

Fig. 8. Land–atmosphere coupling diagnostics based onmodel and observational data. Top row: Estimation of the drivers of evapotranspiration (moisture and radiation; after Teuling
et al., 2009) based on simulations from the GSWP project (left, yearly correlations with global radiation Rg and precipitation P, redrawn for whole globe) and FLUXNET observations
(right, daily correlations with global radiation). Middle row: Estimations of the soil moisture–temperature (left) and soil moisture–precipitation (right) coupling, based on ΔΩ-
coupling diagnostic and output of 12 GCMs from the GLACE-1 project (after Koster et al., 2004a, 2006). Bottom row: Estimations of soil moisture–temperature coupling for 1970–
1989 (left panel) and 2080–2099 (right panel) climates, based on 3 IPCC GCMs and diagnosed with ρ(E, T) (after Seneviratne et al., 2006a,b). See Appendix B for more details on land–
atmosphere coupling diagnostics. [Figures adapted and redrawn from Koster et al., 2004a (d); Koster et al., 2006 (c); Seneviratne et al., 2006a (e,f); Teuling et al., 2009 (a,b)].

133S.I. Seneviratne et al. / Earth-Science Reviews 99 (2010) 125–161

Seneviratne et al. 2010, after 
Koster et al. 2004, 2006 
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July 2012 U.S. Heat Wave 
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What did the central U.S. soil moisture 
anomaly look like in April 2012? 
 
10-25% reduction with respect to 
1979-2000 climatology. 

Source: NOAA CPC 
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subperiods, yielding an ensemble of 24 20C periods 
and 134 PI periods. This subperiod length is chosen 
arbitrarily to be the length of the period from 1979 
(the start of the satellite era, when we have higher con-
fidence in the reanalysis) through 2011 (the year prior 
to the 2012 event). Before subdividing the CMIP5 
time series, we bias-correct the mean and variability 
of the CMIP5 time series using the reanalysis values. 
(See Supplementary material for further details.)

How rare was July 2012 in the current forcing regime? 
The July 2012 temperature anomalies exceeded 1.6°C 
over much of the northern United States, with peak 
anomalies exceeding 4.0°C over the central United 
States (Fig. 3.1a). The temperature anomalies were 
outside the bounds of the 1979–2011 reanalysis over 
much of the northern Great Plains, Midwest, and 
Northeast (Fig. 3.1d and Supplementary Figs. S3.1, 
and S3.4) and outside the bounds of the last century 

FIG. 3.1. The likelihood of a 2012-magnitude event. Top row shows the magnitude of the Jul 2012 event as an 
anomaly from the 1979–2011 mean. Other rows show the mean number of years required to achieve an event 
of the Jul 2012 magnitude in the 1979–2011 period of NCEP (second row), the 1979–2011 period (20C) of CMIP5 
(third row), and the preindustrial period (PI) of CMIP5 (bottom row). White areas show where no event oc-
curred in any 33-year period in any realization. Box in the upper left panel shows the region that is used in Fig. 
3.2. The “regional avg” in (g)–(l) indicates the mean number of years required to achieve a 2012-magnitude 
event for the grid points within the regional box. White areas are ignored in the regional calculations in (g)–(l). 
See Online Supplemental material for details of the ensemble analysis.

Figure: Diffenbaugh & Scherer (2013) 

July 2012 was the warmest month on 
record for contiguous U.S.  



How does solar geoengineering impact 
U.S. mid-latitude heat waves? 
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CESM 1.2 
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Atmosphere 
CAM4 

Land Surface 
CLM4.5 

Slab Ocean 
DOCN 

Coupler 
CPL 

1° horizontal resolution, 26 
vertical layers in the 
atmosphere.  

Satellite phenology: leaf area index 
and plant functional types fixed. 
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Simulation design 
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•  Initialize the model with a 5-year, 3-month spin up ending March 31 

•  Two simulations run for 5 months, April through August:  

1.  Control (CO2 = 367 ppm) 

2.  SolarGeo (CO2 = 734 ppm, solar constant decreased by 2.2%)  

•  April 1 soil moisture reduced by 5% in the central U.S. (35-45°N, 

105-90°W) for both simulations 

Ø  What is the resulting summertime temperature response? 

12 



Preliminary Results 

6/22/16 K. Dagon 

Red = Control 
Blue = SolarGeo 

Regional average difference,  
SolarGeo-ctrl = -1.91°C 

Large heat wave present in control 
simulation (35 consecutive days with 
Tmax ≥ 35°C) 
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Red = Control 
Blue = SolarGeo 

Regional average difference,  
SolarGeo-ctrl = 0.32 mm/day (18.42%) 

Increase in ET under SolarGeo, 
especially during the heat wave 
period in late July. 
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Red = Control 
Blue = SolarGeo 
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Shift in surface energy 
partitioning from sensible to 
latent heat explains cooling. 



Summary and Future Work 
•  Solar geoengineering has the potential to mitigate climate change 

but there are important side effects to consider (e.g. the terrestrial 
hydrologic response). 

•  Known connection between low soil moisture and heat waves; the 
central U.S. is a hot spot for land-atmosphere coupling. 

•  Solar geoengineering shown to reduce the duration and intensity of 
a modeled regional heat wave event. 

•  Future work: continue to explore mechanisms, additional metrics for 
diagnosing heat wave events, consider extreme precipitation events. 
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Thanks! 
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Contact: kdagon@fas.harvard.edu 
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