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[1] Various surface albedo modification geoengineering schemes such as those
involving desert, urban, or agricultural areas have been proposed as potential strategies
for helping counteract the warming caused by greenhouse gas emissions. However, such
schemes tend to be inherently limited in their potential and would create a much more
heterogeneous radiative forcing than propositions for space-based “reflectors” and
enhanced stratospheric aerosol concentrations. Here we present results of a series of
atmosphere—ocean general circulation model (GCM) simulations to compare three
surface albedo geoengineering proposals: urban, cropland, and desert albedo
enhancement. We find that the cooling effect of surface albedo modification is strongly
seasonal and mostly confined to the areas of application. For urban and cropland
geoengineering, the global effects are minor but, because of being colocated with areas
of human activity, they may provide some regional benefits. Global desert
geoengineering, which is associated with significant global-scale changes in circulation
and the hydrological cycle, causes a smaller reduction in global precipitation per
degree of cooling than sunshade geoengineering, 1.1% K" and 2.0% K™ respectively,
but a far greater reduction in the precipitation over land, 3.9% K~' compared with 1.0%
K~ '. Desert geoengineering also causes large regional-scale changes in precipitation
with a large reduction in the intensity of the Indian and African monsoons in particular.
None of the schemes studied reverse the climate changes associated with a doubling of

CO,, with desert geoengineering profoundly altering the climate and with urban and
cropland geoengineering providing only some regional amelioration at most.
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1. Introduction

[2] The Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report concluded that the global
temperature change by 2100 would likely range from 1.1°C
to 6.4°C, depending on the climate sensitivity of the Earth
and on the emissions pathway followed [/ntergovernmental
Panel on Climate Change (IPCC), 2007]. To limit global
warming to 2°C or less, a target proposed by the European
Union [Commission of European Communities, 2007], some
authors predict that emissions reductions of 90% by 2050
would be required [Weaver et al., 2007]. However, efforts
to mitigate carbon emissions so far have been relatively
ineffectual; global emissions of greenhouse gases increased
by 29% between 2000 and 2008 to 8.7 Pg C yr ', reduced
in 2009 by 1.3% as a result of the economic crisis and are
projected to have grown during 2010 by more than 3%
[Friedlingstein et al., 2010; Le Queéré et al., 2009].

[3] Solar radiation management (SRM) geoengineering,
or “climate engineering,” a proposed means to tackle future
climate change [Shepherd et al., 2009], involves increasing
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the upward (toward space) reflection of sunlight and reduc-
ing the fraction of shortwave radiation absorbed at the sur-
face, hence cooling the climate and potentially countering
the warming effects of increased CO, (and other greenhouse
gases). Increasing the outgoing shortwave radiation can, in
theory, be achieved through increasing the albedo at a
number of different heights in the atmosphere, at the sur-
face, or even in space. This flexibility over which mediums
could be modified and over which areas the modification
could be applied has led to a wide variety of SRM schemes
being proposed, such as of the creation of a sunshade in
space [Angel, 2006], cloud albedo modification [Salfer et al.,
2008], and stratospheric injection of sulfate aerosols [Crutzen,
2006], together with a number of surface albedo geo-
engineering schemes, including crop albedo enhancement
[Ridgwell et al., 2009], urban albedo enhancement [Akbari
et al., 2009], and desert albedo geoengineering [Gaskill,
2004].

[4] Most attention to date has been on cloud and aerosol
SRM schemes because of their potential to be deployed on
a quasi-global scale and to exert sufficient forcing to
cancel anthropogenic greenhouse warming of up to a dou-
bling of CO, [Shepherd et al., 2009]. Space-based reflectors
also fall into this category, but because of the high cost and
very long deployment time scale [Angel, 2006] they have
attracted less serious consideration. In contrast, surface
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albedo modification (SAM) geoengineering schemes would
generally be deployed rather more heterogeneously across
the Earth’s surface and, because of their more limited
potential for global impact [Shepherd et al., 2009], have been
less well studied. In this paper we address the climate con-
sequences of the three principal SAM schemes: urban areas,
croplands, and deserts.

[5] In the rest of section 1 we outline the three land SAM
schemes that are the focus of this paper. We do not investi-
gate whether the schemes outlined are economically or
technologically feasible options for geoengineering; rather
we adopt the schemes as they are described in the literature
and then simulate the effects that these schemes have on the
climate of an atmospheric-ocean general circulation model
(AOGCM).

1.1.

[6] The idea of urban albedo geoengineering has been
considered for a number of years in the guise of reducing the
heat island effect and helping improve air quality in cities
[Pomerantz et al., 1999; Taha et al., 1999]. Urban albedo
geoengineering involves enhancing the albedo of urban
areas by replacing standard building materials, for roofs and
paving, etc., with alternative more reflective (higher-albedo)
materials or by adding a more reflective coating [Akbari
et al., 2009; Bretz et al., 1998]. Achievable increases in
the albedo of roofing and paving of 0.1-0.4 and 0.15-0.25,
respectively, have been estimated, equivalent to an average
increase in urban albedo of 0.1 [Akbari et al., 2009]. An
alternative estimate of the potential increase in albedo of
0.15 was made by Hamwey [2007], which remains within the
range considered by Akbari et al. [2009]. There is a larger
range for the estimates of the fraction of the Earth’s surface
that is covered by suitable urban areas. Hamwey [2007]
estimates the suitable urban area at 0.64% of the Earth’s
surface, from an assumed urban area per capita; Akbari et al.
[2009] estimate 0.29% on the basis of the Global Rural-
Urban Mapping Project (GRUMP) urban extent data set
[Global Rural-Urban Mapping Project (GRUMP), 2005];
however, Lenton and Vaughan [2009] caution that other
satellite data indicated the urban area could be as low as
0.051% [Hansen et al., 2000; Loveland et al., 2000]. We
take the estimates of potential albedo increase and urban
extent from Akbari et al. [2009] as the basis for our simu-
lations because of the availability of the GRUMP data set
and the moderate estimate of potential albedo increase.

Urban Albedo Geoengineering

1.2. Crop Albedo Geoengineering

[7] Biogeoengineering or crop albedo geoengineering
would involve growing crop plant varieties with a higher
albedo than currently grown as a means to produce a cooling
of the planet. Crop albedo is often higher than the albedo of
natural vegetation, for example, barley, at European lati-
tudes, has a higher albedo (0.23) than deciduous (0.18) or
coniferous (0.16) woodland [Monteith and Unsworth, 1990].
Hence the spread of agriculture has historically led to a
modification of the albedo properties of the Earth’s surface
[Betts et al., 2007; Costa et al., 2007], which has cooled the
Earth by an estimated 0.17°C [Matthews et al., 2003]. The
albedo of different varieties of a single crop species also
differs, depending on, for example, the properties of the leaf
wax, the “hairiness” of the leaves and the morphology of the
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leaf canopy [Febrero et al., 1998; Hatfield and Carlson,
1979; Holmes and Keiller, 2002]. It has been proposed that
these properties could be managed to increase the overall
albedo of both grassland (pasture) [Hamwey, 2007] and
cropland [Ridgwell et al., 2009], although recent analysis of
a sample of soybean isolines concluded that existing vari-
ability may not be as great as previously assumed [Doughty
etal.,2011].

[8] There are various proposals for the types of areas
suitable for crop albedo modification and a range of estimates
for the potential increase in albedo. Hamwey [2007] suggests
that all grassland (cropland, pasture, and wild grassland)
could be modified and that the albedo could be increased by
25% (+0.0425), Lenton and Vaughan [2009] calculated that
when applied to all grassland (~7.5% of the Earth’s surface)
a radiative forcing of —0.51 W m™* would be achieved.
Ridgwell et al. [2009] and Doughty et al. [2011] propose only
albedo increases to cropland and suggest albedo increases
with ranges of 0.02—-0.08 and 0.05-0.15, respectively. We
adopt the range of Ridgwell et al. [2009] as it represents a
midsized scheme and uses a similar model.

1.3. Desert Albedo Geoengineering

[s] Finally, desert albedo geoengineering involves the
laying of highly reflective material across the extensive
desert areas of the world to increase the average planetary
albedo [Gaskill, 2004]. Suggestions for achieving this
include laying and cleaning some form of reinforced
plastic sheeting by automated vehicles, covering an estimated
11.7 million km? of suitable desert [Gaskill, 2004]. The
area of deserts that could be suitable for this type of geo-
engineering cover ~2% of the Earth’s surface, and the
albedo increase proposed is from ~0.36 to ~0.8. This
scheme would produce the greatest radiative forcing and
cooling of the different surface albedo schemes compared in
this paper [Lenton and Vaughan, 2009]. We adopt this
scheme for desert albedo geoengineering, which represents
the most extreme example of localized surface albedo mod-
ification suggested.

1.4. Summary and Paper Outline

[10] The three different proposals for surface albedo
modification (SAM) geoengineering schemes considered
here have been previously compared using zero-dimensional
(0-D) or one-dimensional (1-D) radiative forcing calculations
[for example, Lenton and Vaughan, 2009 and Hamwey,
2007]. However, unlike other climate engineering schemes,
SAM geoengineering schemes would be deployed hetero-
geneously across the Earth’s surface. Hence, one would
expect important regional-scale impacts and potential side
effects that may not be revealed by annual and global-scale
averaging. While there have been several general circulation
model (GCM) analyses made for urban albedo enhancement
[Oleson et al., 2010] and crop albedo enhancement [Ridgwell
etal.,2009; Singarayer et al., 2009], these were made using
different models and used different experimental and anal-
ysis methodologies (e.g., integration time), preventing direct
comparison of their projections.

[11] To address this, we have carried out a GCM analysis
of all three main SAM schemes, using the same model and
the same methodology, presenting GCM results for desert
geoengineering for the first time. This allows us to directly
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compare the three schemes side by side and to explore the
relative seasonal and regional impacts that will be very
important for these spatially heterogencous schemes.

[12] To compare the different schemes we analyze the
global, local, and remote climate effects of regional surface
albedo modification and assess the extent and “quality” of
the climate change amelioration achieved. For an initial
comparison we conduct an analysis of the effects of the
schemes on precipitation and temperature at the global scale.
To analyze the local cooling effect we focus on Europe, a
region with large urban and crop areas, which is located near
to the Sahara (and hence may be expected to be cooled
significantly by desert albedo geoengineering). We also
analyze the effect of the schemes on regional precipitation,
focusing particularly on monsoon regions and analyzing
some of the changes in circulation. For remote effects we
focus on Arctic snow and sea-ice changes; the Arctic is a
region remote from any of the regions affected by SAM but
one that has been a focus for previous climate engineering
studies [Caldeira and Wood, 2008; Irvine et al., 2009,
Robock et al., 2008]. It must be noted that, while the results
presented here are illustrative of the types of changes that
could be expected, GCM models do not, in general, simulate
precipitation or regional climate changes well [Cox et al.,
2000; I[PCC, 2007].

[13] This paper continues with a methodology, results
section, and a discussion and conclusion section. Section 3 is
split into global effects, European summer changes, monsoon
changes, and Arctic changes. The discussion and conclusion
will deal with the implications of the results presented.

2. Methodology

[14] HadCM3, the fully coupled atmosphere—ocean global
circulation model (AOGCM) used in this paper [Gordon
et al., 2000], has been used in the IPCC third and fourth
assessment reports [/PCC, 2007] and performs well in a
number of tests relative to other global GCMs [Covey et al.,
2003; IPCC, 2007]. Although it has been superseded by
HadGEM2 [Collins et al., 2011] for the fifth [PCC assess-
ment and can no longer be considered ‘“state-of-the-art,”
HadCM3 does have the advantages of being relatively com-
putationally efficient that allows more and/or longer runs to
be conducted than would be possible with a more recent,
higher-resolution model.

[15] The horizontal resolution of the atmospheric model is
2.5° in latitude by 3.75° in longitude, with 19 vertical layers.
The atmospheric model has a time step of 30 min and
includes many parameterizations representing subgrid-scale
effects, such as convection [Gregory and Rowntree, 1990]
and boundary layer mixing [Smith, 1993]. The land surface
scheme includes the representation of the freezing and
melting of soil moisture. The spatial resolution in the ocean
is 1.25° x 1.25°, with 20 vertical layers. The ocean model
component uses the Gent and McWilliams [1990] mixing
scheme, and there is no explicit horizontal tracer diffusion.
The sea-ice model uses a simple thermodynamic scheme and
contains parameterizations of sea-ice drift and leads [Cattle
and Crossley, 1995]. HadCM3 has a climate sensitivity of
3.3°C for a doubling of CO,, which falls in the midrange of
the estimate of the likely climate sensitivity reported in the
IPCC AR4 (2.0°C—4.5°C) [Solomon et al., 2007].
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[16] We employ the MOSES 1 land surface scheme [Cox
et al., 1999], which accounts for terrestrial surface fluxes
of temperature, moisture, and radiation. Although later ver-
sions of MOSES are available, for example Essery et al.
[2003], the combination of HadCM3 with MOSES 1 is the
most widely used and is the most robustly tested [Gordon
et al., 2000; Johns et al., 2003; Martin et al., 2006] and for
this reason we employ this combination. MOSES includes
four soil layers, recording temperature, moisture and phase
changes, a canopy layer, and a representation of snow cover.
The representation of evaporation includes the dependence
of stomatal resistance on temperature, vapor pressure, and
CO, concentration [Cox et al., 1999]. Each grid cell has
surface properties; roughness length, snow-free albedo, etc.,
that reflect the vegetation cover present, as derived from
the Wilson and Henderson-Sellers data set [Wilson and
Henderson-Sellers, 1985].

[17] In the simulations presented here we modified the
albedo properties in MOSES, i.e., snow-free albedo and
deep-snow albedo, in areas that would be affected by the
different surface albedo geoengineering schemes considered.
All other surface properties were left fixed at preindustrial
conditions for all experiments. We carried out 11 different
model simulations using HadCM3: a preindustrial simula-
tion, a simulation with doubled preindustrial CO, concentra-
tion (2 x COy), plus nine simulations with increased surface
albedo and doubled CO,, consisting of three simulations
with increased albedo for each of the three geoengineering
schemes (urban, crop, and desert albedo geoengineering).
An additional simulation, with 2 x CO, and a reduction in
incoming solar radiation sufficient to return global average
temperature to preindustrial levels (referred to as sunshade
geoengineering), was run for comparison. This sunshade
geoengineering was achieved by reducing the solar constant
by a fraction sufficient to return the global average tem-
perature to the preindustrial value; in our case a 2.1%
reduction in incoming sunlight was required (this is the
same method implemented by Lunt et al. [2008] and [rvine
et al. [2009]).

[18] The regions over which the increases in albedo were
applied for each of the schemes are shown in Figure 1. The
area for the urban and crop albedo schemes remained the
same for each simulation, with the degree of albedo increase
varying. For the desert geoengineering simulations, the
albedo increase remained the same for all simulations but
the areas modified were varied (Figure 1). Table 1 sum-
marizes the albedo modifications and area coverage of all
the different geoengineering scenarios considered here. In
most of our analysis we focus on the maximum imple-
mentation of each scheme. We do not suggest that these are
the most feasible or likely implementations, but were cho-
sen to give the strongest and hence most statistically sig-
nificant change in order to help identify any subtle effects.
All model runs were initialized from a preindustrial spin-up
totaling more than 1000 years with each simulation being
run for a total of 400 years, using the final 100 years for
averaging.

2.1. Urban Albedo Modification

[19] Urban albedo geoengineering has the smallest poten-
tial radiative forcing of the three different SRM interventions
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Figure 1. Maps showing the fractional coverage of (a) urban, (b) crop, and (c) desert to which albedo
increases were applied. The boxes in 1c¢ show the limited domains of albedo enhancement for the Asian
and Saharan desert schemes.
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Table 1. Area Affected and Albedo Increase for Geoengineering
Schemes

Fractional Snow-Free Deep Snow

Global Area Albedo Albedo
Geoengineering (%) Increase Increase
Urban High 0.556 0.175 0.113
Urban Mid 0.556 0.1 0.0646
Urban Low 0.556 0.0725 0.046
Crops High 3.08 0.08 0
Crops Mid 3.08 0.04 0
Crops Low 3.08 0.02 0
Global Deserts 1.78 Set to 0.8 0
Asian Deserts 0.66 Set to 0.8 0
Sahara Desert 0.84 Set to 0.8 0

considered here, and in a previous GCM analysis no statis-
tically significant changes in the climate were recorded
[Oleson et al., 2010]. To test whether any feasible imple-
mentation of urban albedo enhancement would even be
observable (let alone provide significant climate mitigation)
and to allow us to fully elucidate the characteristics of the
resulting changes in climate, we assumed an upper estimate
of the area to which increased albedo could be applied. In
this, we used the Global Rural-Urban Mapping Project
(GRUMP) data set of urban extent [GRUMP, 2005] to
determine the fraction of each model grid cell that is “urban.”
The total urban area recorded in the GRUMP urban extent
map is 3.5 x 10° km?, or 0.68% of the Earth’s area, which,
after regridding onto the HadCM3 land grid (Figure 1b),
becomes 2.8 x 10° km?, or 0.56% of the Earth’s area (and
1.9% of total land area). The difference is a consequence of
the relatively low resolution of HadCM3 and consequent
loss of some coastal urban areas in the gridding process.

[20] We followed the methodology of Akbari et al. [2009],
assuming 35% of the urban area is paved and 25% is roof-
ing, and applied albedo enhancement to these two surfaces,
leaving the other 40% unchanged. From the estimates of
Akbari et al. [2009], we tested three levels of albedo
increases to roofing and paving (which on average have an
albedo estimated at around 0.2 and 0.1, respectively): (1) a
maximum increase of 0.35 and 0.25, respectively, (2) a mod-
erate increase of 0.25 and 0.15, respectively, and (3) a small
increase of 0.15 and 0.1, respectively. The overall increase in
snow-free albedo applied is shown in Table 1. Urban areas at
higher latitudes are often snow covered in winter months and
so a change to the deep-snow albedo in the model was also
applied (Table 1). The effect of albedo increases in urban
areas will affect the deep-snow albedo but only insofar as the
underlying surface is exposed. Although the MOSES 1 land
surface scheme [Cox et al., 1999] used here does not have an
urban land type, MOSES 2.2 does [Essery et al., 2003]. We
hence used the values for snow-free and deep-snow albedo
from MOSES 2.2 to calculate the exposed fraction:

Qs :f'au + (1 - f)a37

where «,; is the recorded deep-snow albedo of urban
areas, f is the fraction of exposed urban surface, 1 — f'is the
fraction of snow coverage, «, is the snow-free urban albedo,
and ay is the deep-snow albedo in the open. In MOSES 1,
deep-snow «, has an albedo of 0.8, and the urban albedo
values from MOSES 2.2 are 0.4 for o, and 0.18 for «,,
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[Wiscombe and Warren, 1980]. On this basis, f was found to
be 0.645, and so the deep-snow albedo increase applied to
urban areas is f(Aq,,); the full list of albedo modifications
can be found in Table 1.

2.2. Crop Albedo Modification

[21] Crop albedo geoengineering has been tested in
HadCM3 by Ridgwell et al. [2009] and Singarayer et al.
[2009] and in CAM 3.0 by Doughty et al. [2011]. We fol-
low a methodology similar to that of both Ridgwell et al.
[2009] and Singarayer et al. [2009], apart from using the
MOSES 1 land surface scheme rather than MOSES 2.1, used
in these studies, in order to provide consistency with the
other simulations presented in this paper. We adopt the
same definition of crop extent, with the crop area being
defined as C3 or C4 grasses that are within human-controlled
or disturbed areas as defined by the Wilson and Henderson-
Sellers [1985] land-type data set. The total area covered by
crops is 15.7 x 10° km?, 3.1% of the Earth’s surface area or
10.6% of the land area (Figure 1a). To these areas we apply
an increase in snow-free albedo dependent on the fractional
crop coverage in the grid cell.

[22] We test the same albedo increases as Ridgwell et al.
[2009] did, +0.02, +0.04, +0.08, to provide a point of
direct comparison. Ridgwell et al. [2009] argue that these
levels span the range of changes of what could be possible
within existing intervariety albedo variability. This range is
consistent with measurements of the leaf albedo of wheat and
sorghum that exhibit variations of 0.05 and 0.16, respec-
tively, between varieties [Grant et al., 2003; Uddin and
Marshall, 1988]. An average canopy albedo increase of
0.04 in commercially grown varieties may thus be at least
partially achievable using traditional plant-breeding techni-
ques. However, in the analysis of a number of soybean iso-
lines, Doughty et al. [2011] found differences in albedo no
greater than our lowest tested assumption (+0.02). The deep-
snow albedo was not modified as crop coverage is at very
low levels in snowy conditions, assuming that either crop
plants are not present (or exist as planted seeds) or have
minimal canopy during the winter months.

2.3. Desert Albedo Modification

[23] Desert geoengineering represents the most extreme
local albedo modification of the surface albedo modifica-
tion schemes considered, and we explore the effects of dif-
ferent spatial extents instead of exploring different levels
(intensities) of implementation. In an account of a U.S.
Department of Energy (DOE) meeting on geoengineering,
Gaskill [2004] estimates a possible albedo of 0.8 for com-
mercially available coverings and that an estimated 11.7 x
10° km? would be suitable for this application. We take these
estimates as the basis for our extreme case of what is possible
for desert geoengineering.

[24] We generated a definition for desert areas, based on
a combination of observed precipitation and fractional
vegetation cover at the resolution of HadCM3, designed to
roughly match the estimated total area of that given by
Gaskill [2004]. If a grid cell receives on average precipi-
tation of less than 250 mm yr~', as calculated from the
CRU (Climate Research Unit, University of East Anglia)
reanalysis data for the period 1961-1990, then it is classed
as desert. We also specified that a grid cell must be less
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Table 2. Annual Average Surface Air Temperature and Precipita-
tion Change?®

Global Land
SAT  Precipitation = SAT  Precipitation
Experiments (°C) (%) (°C) (%)
2 x CO,, Preindustrial 3.03 3.99 4.16 1.84
Urban High, 2 x CO, —0.11 —0.07 —0.21 0.18
Urban Mid, 2 x CO, —0.06 —0.03 —0.12 0.33
Urban Low, 2 x CO, —0.05 —0.04 —0.10 0.20
Crops High, 2 x CO, —0.23 —0.20 —0.42 —0.07
Crops Mid, 2 x CO, —0.14 0.09 —0.26 0.17
Crops Low, 2 x CO, —0.05 0.01 —0.11 0.12
Global Deserts, 2 x CO, —1.12 -1.19 —2.20 —4.33
Sahara Desert, 2 x CO, —0.52 —0.69 —1.06 —3.38
Asian Deserts, 2 x CO, —0.53 —0.34 —-1.02 1.13
Sunshade, 2 x CO, -2.91 -5.71 —3.86 —2.87

“Boldface values passed a 5% student ¢ test for statistical significance.

than 50% covered in vegetation, as defined by the Wilson
and Henderson-Sellers land-type data set [Wilson and
Henderson-Sellers, 1985], before it was considered suit-
able for desert geoengineering (Figure 1c). This simple
method does not capture all desert regions (notably, no
deserts are identified in North America) but our method
does produce a total area (9.1 million km?) close to the
estimate (11.7 million km?) of Gaskill [2004]. The albedos
of the desert grid cells are adjusted to

a=fa,+(1-1)0.38,

where the albedo « is dependent on the vegetated fraction
f, a, is the original albedo of the grid cell, and 0.8 is the
albedo of the reflective covering. The deep-snow albedo was
not changed as the properties of snow deposited on a reflec-
tive coating would be similar to those of snow on desert
regions.

[25] Three experiments were run to explore the effect of
applying desert albedo geoengineering in different regions
(see Figure 1¢): (1) in which all desert regions were modified
(“Global”), (2) modification of only the Sahara desert
(“Sahara”), (3) in which only Asian deserts, i.e., from Saudi
Arabia and the Middle East eastward, are modified (“Asian”).

3. Results

[26] We present results of the global, local, and remote
climate effects of SAM geoengineering, splitting the results
into four parts: global effects (section 3.1), European sum-
mertime changes (section 3.2), monsoon system changes
(section 3.3), and Arctic changes (section 3.4). The global
effects section gives an overview of the major changes in
temperature and precipitation that arise because of the dif-
ferent geoengineering schemes.

[27] In addition to this global assessment of climate
effects, a number of specific changes are investigated:
Europe is an illustrative region as there is a high crop and
urban density in the region and it is also relatively close to
the Sahara, suggesting that we might expect some effect on
European climate from each of the SAM geoengineering
schemes. Monsoon systems are associated with seasonal
atmospheric overturning circulations driven by land-sea tem-
perature differences and play a central role in continental
hydrology [Trenberth et al., 2000]. We can expect that
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SAM geoengineering will change the seasonal land-sea
temperature difference that plays a key role in monsoon
circulations, making this an essential part of our analysis.
Climate change in the Arctic is expected to be greater than
elsewhere because of the action of local positive climate
feedbacks, e.g., the melting of snow and ice and the con-
sequent albedo decrease [[PCC, 2007]; we examine the
effect of SAM geoengineering schemes on the Arctic to
assess their effectiveness at reversing the amplified climate
change there. All values reported in the text have passed a
5% student #-test significance test unless otherwise stated.

[28] Throughout the results sections we focus on a com-
mon subset of the simulations, i.e., the simulations with
largest albedo modifications for each surface albedo geo-
engineering scheme. This is because the weaker crop and
urban geoengineering schemes induce relatively small
changes in climate that can be difficult to distinguish from
the model’s internal variability. However, in focusing on the
extreme urban and crop geoengineering implementations,
we do not claim that these changes in climate would neces-
sarily be linear with respect to the magnitude of SAM albedo
increase. For desert geoengineering the global implementa-
tion is shown in all figures, and the Asian and Saharan
implementations are shown if space allows.

[29] In this study we mostly calculate climate anomalies
relative to the 2 x CO, simulation rather than to the pre-
industrial (“Pre-ind”) simulation. This makes it easy to see
the small changes in climate brought about by urban and
crop geoengineering, without their being dwarfed by the
changes from 2 x CO, to preindustrial. For desert and sun-
shade geoengineering, we also compare with preindustrial, as
the climate changes that these schemes can cause are large
enough to reverse the effects of doubling CO, in some cases.

3.1. Global Effects

[30] The impacts on global and land-averaged tempera-
tures and precipitation for each geoengineering scheme, as
well as the effect of unmitigated global warming, are sum-
marized in Table 2. At doubled CO, there is a global
average increase in surface air temperature of +3.0°C and an
increase in precipitation of +4.0%. On land, the annual
average temperature change is amplified (+4.2°C) whereas
the precipitation enhancement is reduced (down to +1.8%).
Global-average warming is not completely reversed by any
SAM scheme, with urban geoengineering having the
potential to cool on a global annual average basis by a
maximum of 0.11°C, crop geoengineering by 0.23°C, and
(global) desert geoengineering by 1.12°C, with the amount
of cooling determined by the assumed degree of geoengi-
neering intervention.

[31] Changes in the radiative forcing of the planet affect
the hydrological cycle in two ways: There is a “slow” or
temperature-driven component that does not depend on the
details of the radiative forcing mechanism, and there is a “fast”
atmospheric adjustment component that differs between
radiative forcing mechanisms [Andrews et al., 2010]. The
slow temperature response has been found to cause around a
2% 3% change in precipitation for every degree Kelvin of
temperature change, with precipitation increasing with rising
temperatures [Lambert and Webb, 2008]. Our simulations
show that sunshade geoengineering caused a 2.0% K™
reduction in precipitation, whereas global desert
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geoengineering caused only a 1.1% K™' reduction (we
exclude urban and crop geoengineering as a statistically
significant change in global average precipitation was not
found). For comparison, a study on cloud albedo geoengi-
neering (which increases albedo over ocean areas only)
caused a 2.5% K ' reduction in global average precipitation
[Bala et al, 2010]. The different global precipitation
responses of these geoengineering schemes are a result of
the differing availability of moisture for evaporation in the
regions affected, i.e., ocean regions have an infinite supply
of water for evaporation whereas the continents do not.
Thus, the effect of a reduction in incoming sunlight on the
surface energy budget of the ocean will consist of a change
in the latent and sensible heat fluxes, leading to a large
reduction in evaporation, whereas over the land this will
consist mainly of a change in sensible heat flux, with a
smaller reduction in global evaporation.

[32] However, the change in continental precipitation shows
an opposite result to this global picture; desert geoengi-
neering has the largest reduction at 3.9% K™', sunshade
geoengineering shows 1% K, and cloud albedo geoengi-
neering shows 0.9% K™ '. This difference in continental
precipitation arises from changes in circulation that redis-
tribute the precipitation. This change in distribution has a
greater effect on continental precipitation than does the
change in the atmospheric moisture availability that controls
global precipitation.

[33] The patterns of annual mean surface temperature
change are shown in Figure 2. For unmitigated climate
change (Figure 2a), warming occurs everywhere, with greater
warming toward the poles and over the land areas. As one
would expect, SAM geoengineering does not produce a
uniform cooling. Furthermore, in some areas, statistically
significant warming (in addition to the impact of 2 x CO,)
occurs under each of the different geoengineering inter-
ventions, probably as a result of changes in circulation
patterns, i.e., diverting warm currents of air to high-latitude
areas. An example of this is the Southern Ocean around
Tasmania, which is warmer for all three SAM geoengineer-
ing schemes. In contrast, sunshade geoengineering produces
a relatively uniform cooling across the world compared with
the surface albedo geoengineering schemes, with land areas
and high-latitude areas cooled more than others, reversing
most of the warming from 2 x CO,.

[34] For urban geoengineering, we find a statistically sig-
nificant cooling across most continental areas. This is in
contrast to the results of Oleson et al. [2010], who did not
find any statistically significant cooling as a result of a
global reduction in urban albedo. This difference is likely to
be partly due to the more extreme implementation we have
assumed (and focused on the results of ), together with the
greater urban coverage assumed in our data set. We have
also employed a longer averaging period: 100 years here
compared with 58 years in the simulations of Oleson et al.
[2010], and hence we are better able to identify small
changes in climate against the background of modeled
interannual variability. We find the largest cooling in Europe,
North America, and in the Arctic, a consequence of the
relatively large urban coverage of both Europe and North
America (Figure 1b). This regional cooling is amplified
by positive cryospheric feedbacks operating in the high
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latitudes, particularly because of changes in sea-ice extent
(see section 3.4).

[35] Crop albedo geoengineering exhibits a pattern of
cooling (Figure 2c) to a first order similar to urban geo-
engineering (Figure 2b), with most of the cooling occurring
in the Northern Hemisphere. This similarity between crop
and urban albedo is due to the coexistence of greatest crop
cover and urban fraction (population) in most regions
(Figures la and 1b). Consistent with the results of
Singarayer et al. [2009], our results show that crop albedo
geoengineering results in the greatest cooling across Eurasia
and North America. We also find less cooling than may be
expected in South and East Asia, an area with significant
crop coverage, a result of an associated reduction in cloud
cover in the region [Doughty et al., 2011; Singarayer et al.,
2009]. Some warm anomalies are also induced, for example
in the Barents Sea, but are not found consistently in the
moderate or weak implementations of crop geoengineering
and are therefore perhaps a result of long-term climate
variability.

[36] Although global desert geoengineering has the poten-
tial to generate the largest global average cooling effect,
this average masks the fact that most of the 1.12°C cooling is
highly concentrated over the desert regions where the albedo
increase is applied (compare Figures 2d and 1c). For exam-
ple, global desert geoengineering causes some areas of the
Sahara to be greater than 10°C cooler than in the preindus-
trial (Figure 2f). A pronounced general cooling of most
continental areas, of between 1.5°C and 2°C over most of
Eurasia and North America also occurs, with the notable
exception being India, which becomes slightly warmer
despite being proximal to a number of desert areas. This
warming in India can be explained by cloud feedbacks with
an ~10% reduction in cloud cover in the region (not shown).
As with crop and urban geoengineering, the Northern Hemi-
sphere tends to be cooled more than the Southern Hemisphere,
a simple consequence of the presence of much greater land
coverage in the north.

[37] Sunshade geoengineering produces a much more
uniform cooling than the SAM schemes, with noticeably
greater cooling in the Northern Hemisphere and the Arctic
(Figure 2e), but does not reproduce the preindustrial tem-
perature distribution; with the low latitudes cooler than in
the preindustrial and the high latitudes warmer (Figure 2g).
This difference in temperature is due to the greenhouse
forcing acting to slow the loss of heat, which warms the
Arctic more, and the reduced solar forcing, which has a
greater role in the energy budget at low latitudes, acting to
cool the tropics.

[38] In contrast to the response of surface air temperature,
which is strongest at the sites of SAM geoengineering,
changes in precipitation are much more heterogeneous
(Figure 3). Doubling CO, leads to large regional changes in
precipitation, with some areas becoming much drier, e.g., the
Amazon, South Africa, and Australia, and others becoming
much wetter, e.g., South Asia and equatorial Africa, but
with an overall increase in precipitation (see Figure 3a and
Table 2). For both urban and crop albedo geoengineering,
only minimal shifts in precipitation occur, with the exception of
equatorial Pacific regions (Figures 3b and 3c), whereas desert
geoengineering induces quite extreme changes in precipitation
patterns throughout the tropics and subtropics (Figure 3d).
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Figure 2. This shows the surface air temperature (SAT) anomaly between 2 x CO, and preindustrial and
between the various geoengineering schemes and 2 x CO,. Areas that failed a 5% student ¢ test are

stippled.
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Figure 3. This shows the anomaly between 2 x CO, and preindustrial and between the various geo-
engineering schemes and 2 x CO,. Areas that failed a 5% student ¢ test are stippled.
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[39] Urban and crop albedo techniques generally induce
only small changes in precipitation, with few areas that
exhibit a statistically significant change (Figures 3b and 3c).
The changes in precipitation that do occur are consistent
with a small southward shift of the (Intertropical Conver-
gence Zone (ITCZ), which is induced by an unequal change
in the temperature between the Northern and Southern
Hemispheres. Both schemes also result in slightly altered
precipitation patterns around southeast Asia, the Indian
Ocean, and Australasia, changes that are more marked with
crop albedo geoengineering than urban. These changes in
precipitation are due to changes in evaporation that occur
locally and changes in circulation that redistribute rainfall.

[40] Our prescribed enhancement of desert albedo induces
shifts in precipitation patterns (Figure 3d) of comparable
magnitude to those that arise from doubling CO, levels
alone (i.e., unmitigated climate change) (Figure 3a). The
most prominent changes occur in monsoonal regions such as
sub-Saharan Africa, Southeast Asia, and Australia, where the
decrease in rainfall leaves these regions drier than in the
preindustrial simulation (Figure 3f). Northern South America
and Central America experience increases in precipitation
that are sufficient to reverse the drying caused by doubling
CO..

[41] In comparison, sunshade geoengineering produces a
reduction in precipitation in most regions relative to 2 x
CO,, with some large positive and negative anomalies in the
tropics (Figure 3e). When compared with preindustrial areas,
few regions experience statistically different precipitation,
with exceptions occurring mostly in the tropics (Figure 3g).

[42] The climatology of the HadCM3 model employed
here reproduces many of the first-order features of the
global climate system but, as with all models, is not perfect,
and HadCM3 has some specific deficiencies that should be
borne in mind when considering the results presented here:

[43] Although HadCM3 reproduces the global patterns of
surface air temperature, it exhibits a cold bias at high lati-
tudes in the Northern Hemisphere, which is particularly
pronounced in Russia, east of Scandinavia, and the coarse-
resolution orography leads to local and remote biases
[Gordon et al., 2000]. The performance for precipitation is
generally less good; the observed global patterns are cap-
tured, but significant biases exist: The South Pacific Con-
vergence Zone extends farther and in a more easterly
direction than observed (the “double ITCZ” problem), there
is a strong wet bias around the maritime continent, and there
is a dry bias in India and the northern Amazon region
[Solomon et al., 2007].

[44] HadCM3, as with other GCMs, also fails to reproduce
the temporal structure of observed"para42" precipitation,
with simulated precipitation occurring too frequently and at
lower intensity than observed.

3.2. European Summertime Changes

[45] Europe is a highly urbanized region with significant
areas of agricultural land. It is also a region that experiences
periodic damaging heat waves, with the 2003 heat wave
causing an estimated 70,000 deaths [Robine et al., 2008].
Climate model projections suggest that average European
summer temperatures as warm as in 2003 may become the
mean state by the end of the 21st century, with significant
implications for human health, energy consumption (air
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conditioning), and agriculture in the region [Stott et al.,
2004]. Thus, Europe is one of the regions that may poten-
tially benefit most from the application of land albedo
geoengineering [Singarayer et al., 2009], with the strongest
cooling effect tending to be exerted over the summer
months, which should ameliorate some of the effects of
extremely warm summers. Because of the relatively large
fraction of the land occupied by urban areas and cropland,
Europe will experience a cooling significantly greater than
the global average [e.g., Ridgwell et al., 2009] under these
albedo modification schemes.

[46] To examine the effect of SAM geoengineering on the
climate of Europe, we examine results for interannual vari-
ability in average annual and summer (June, July, and August
(JJA)) temperatures across the region of Western Europe
(defined as in Figure 4¢). Table 3 summarizes the annual and
summer temperature anomalies for the different geoengi-
neering schemes for this region. At 2 x CO, there is an
increase of 4.18°C in the annual temperature across the
region, with a larger increase in summer (5.03°C).

[47] Against the greenhouse warming of 2 x CO,, urban
geoengineering produces a cooling of 0.50°C annually and
0.57°C in summer for maximum deployment. For urban
geoengineering there is a larger cooling for the lowest
deployment than for a moderate deployment, which is likely
a result of internal variability in the model. Crop albedo
geoengineering is more effective than urban geoengineering
in Europe, with a maximum deployment cooling by 0.83°C
annually and 1.26°C in summer. Desert albedo geoengi-
neering, applied globally, exerts a cooling of 1.55°C annu-
ally and 1.53°C in summer across the region.

[48] Rather counterintuitively, desert geoengineering
restricted to the Sahara has less of a cooling effect in Europe
than when it is restricted to Asia, the consequence of large
changes in circulation that occur (see Figure 6). Desert
geoengineering cools air locally but this air does not simply
diffuse from the desert regions; instead, it is advected in a
complicated manner by the patterns of circulation, which are
also modified by desert geoengineering.

[49] Figure 4 shows how the frequency distribution of
summer average temperatures over western Europe is affected
by SAM geoengineering. At 2 x CO, there is a much
warmer summer (~5°C warmer than the preindustrial on
average), and during the 100 year period analyzed, all
summers were warmer than the warmest preindustrial sum-
mer. A number of particularly warm summers also occur;
four times with an average temperature above 23°C and
once with an average temperature between 24°C and 25°C.
High urban geoengineering (Figure 4a) lowers the average
summer temperature by ~0.6°C, reducing the number of
extremely warm summers. Crop albedo geoengineering
(Figure 4b) is more effective, and the greatest intervention
lowers average summer temperatures by 1.3°C. With global
desert geoengineering (Figure 4c) there is a cooling in the
summer of 1.5°C and a reduction in the number of extremely
warm summers.

[50] The simulation of European surface air temperature
in HadCM3 suffers from a cold bias of around 1°C-2°C in
this region. Stott et al. [2004] found that internal vari-
ability in European summer temperatures in HadCM3 is
similar to observed values, but the model might overesti-
mate variability somewhat (note, however, that the region
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Figure 4. Average summer (JJA) surface air temperature in the region in Figure 4e and the frequency
with which each temperature occurs over a 100 year period for preindustrial, 2 x CO,, and 2 x CO, with
geoengineering. The (a) urban high, (b) crops high, (c) global deserts, and (d) sunshade results are shown.

they defined differs from ours). In simulations of European
climate with Regional climate models driven by HadAM3H
(a high-resolution atmosphere-only version of HadCM3), it
was found that higher resolution orography could improve
the spatial patterns of surface air temperature but that
problems with land surface schemes and the driving GCM’s
representation of blocking highs affected the surface air
temperature variability [Jacob et al., 2007]. These problems
with the land surface schemes and with blocking highs

affect our model and hence our results. However, despite
these problems, these results reveal the important local and
seasonal effects of these SAM geoengineering schemes.

3.3. Monsoon Changes

[5s1] As was noted earlier, global desert geoengineering
may cause large changes in precipitation patterns around
the world, particularly in monsoon regions such as India, sub-
Saharan Africa, and Australia, because of the mechanism that
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Table 3. SAT Change in Western Europe®

SAT (°C)
Experiments Annual JJA
2 x CO, , Preind 4.18 5.03
Urban High, 2 x CO, —0.50 -0.57
Urban Mid, 2 x CO, —0.14 —0.20
Urban Low, 2 x CO, —-0.26 —-0.22
Crops High, 2 x CO, —0.83 —1.26
Crops Mid, 2 x CO, —0.49 —0.80
Crops Low, 2 x CO, —-0.27 —0.44
Global Deserts, 2 x CO, —1.55 —1.53
Sahara Desert, 2 x CO, —0.74 —0.98
Asian Deserts, 2 x CO, —-1.20 —-1.49
Sunshade, 2 x CO, —3.47 —4.01

?All values passed a 5% student 7 test for statistical significance.

drives monsoon circulations: seasonal land-sea temperature
differences. In the normal sequence of events, during the
summer months continental areas warm faster than ocean
areas, creating a pressure difference: this causes air to circu-
late, with warm, dry air rising over the continents being
replaced by cooler, moist air from the ocean. In winter the
opposite occurs as the oceans retain the heat collected over
the summer for longer than the land does. With desert
geoengineering, there is a large change in albedo of the
continental land surface, resulting in cooler summer tem-
peratures, which reduce monsoon circulation locally and lead
to significant changes in regional precipitation patterns and
also changes in global circulation patterns.

[52] Figure Sa shows the difference between June, July,
August (JJA) and December, January, February (DJF) rain-
fall for the preindustrial. The monsoon systems have a pos-
itive difference in precipitation in the north and a negative
difference in the south, i.e., greater rainfall in the summer
relative to the winter in their respective hemispheres.
Figure 5b shows the changes in precipitation seasonality
between 2 x CO, and preindustrial; there is an intensifica-
tion of the seasonality of rainfall in Southeast Asia and
Indonesia and a reduction in the Amazon region and around
the Caribbean. For both urban and crop geoengineering, we
find few statistically significant changes in the seasonality of
rainfall and so these results are not shown here. For global
desert geoengineering, there is a large reduction in mon-
soonal rains in areas neighboring the modified desert areas
(Figures 5c—5e). Global desert geoengineering reduces the
intensity of the Indian, East Asian, North African, and
Australian monsoons but intensifies seasonal rains in Cen-
tral and South America relative to 2 x CO, (Figure 5¢). On
the whole there is a large reduction in summer continental
rainfall across the tropics compared with that of the pre-
industrial (Figure 5g).

[53] Restricting desert albedo modification to the Sahara
(Figure 5f) reduces the intensity of the North African
monsoon and to a lesser extent the Asian monsoon, whereas
Asian desert geoengineering (Figure 5g) reduces the inten-
sity of the Asian monsoon and, perhaps surprisingly,

IRVINE ET AL.: SURFACE ALBEDO GEOENGINEERING

D24112

strengthens the North African monsoon, and both schemes
increase summer rainfall over Central and South America.

[54] In comparison, sunshade geoengineering reverses
most of the effects that doubling CO, has on precipitation
seasonality (Figure 5f), returning the seasonality of precipi-
tation very close to the preindustrial precipitation, with few
statistically significant changes (Figure 5h).

[55] In Figure 6 we show the seasonal changes in 850 hPa
winds for global desert geoengineering alongside the
changes in precipitation. Desert geoengineering profoundly
changes the atmospheric circulation (Figures 6a and 6b),
with the most extreme changes occurring in the Northern
Hemisphere summer, when the desert albedo changes have
their greatest effect (compare Figures 6a and 6b). The altered
patterns of precipitation (Figures 6¢ and 6d) correlate well
with changes in 850 hPa wind, i.c., there are changes in
moisture advection driven by the changes in the winds. This
can be seen, for example, along the Ivory Coast, where a
large reduction in JJA rainfall coincides with a seaward wind
anomaly (i.e., a reduction in monsoonal, landward winds),
and in Central America, where the increase in JJA rainfall
coincides with an increase in Pacific to Atlantic winds over
the isthmus (Figures 6a and 6c¢). In Australia, where there
are reductions in precipitation, an anticyclonic anomaly in
850 hPa wind during the Austral summer (DJF) acts to
reduce the advection of moisture into the north of the conti-
nent (Figures 6b and 6d). In general, desert albedo geoengi-
neering leads to a disruption of precipitation locally and
remotely through changes in circulation and therefore in
moisture advection.

[s6] We identify six different areas of interest that may be
affected significantly by desert geoengineering (Figure 7g).
The percentages of change in average annual precipitation
for each of these six regions under different geoengineering
scenarios are summarized in Table 4. Brazil experiences a
large decrease in precipitation at 2 x CO, compared to
preindustrial, and all the geoengineering schemes increase
precipitation in Brazil, with global desert geoengineering
returning precipitation to just above the preindustrial value.

[57] In the two African regions considered there are small
increases in precipitation at 2 x CO,, and for crop and urban
geoengineering there is little effect on average precipitation.
Global and Saharan desert geoengineering causes large
decreases in precipitation in the Sahel and Ivory Coast
regions, whereas Asian desert geoengineering causes a large
increase in the Sahel band.

[58] In India and Southeast Asia there are moderate
increases in precipitation at 2 x COy; both crops and urban
geoengineering reduce rainfall in these regions, particularly
in India, although it remains above the preindustrial value.
Global desert geoengineering decreases rainfall in India
significantly and in Southeast Asia to some extent, with a
37% reduction in rainfall, relative to preindustrial in India,
and a 6% decrease in Southeast Asia.

[s9] Australia experiences a reduction in precipitation at
2 x CO,, and most geoengineering schemes considered
increase precipitation in Australia, whereas global desert

Figure 5. (a) JJA-DIJF precipitation, i.e., the seasonality of precipitation, for the preindustrial. (b—g) Change in seasonality,
i.e., the difference in absolute JJA-DJF precipitation, with negative numbers showing a decrease in seasonality. For 2 x CO,
the anomaly is taken with the preindustrial (Figure 5b), and for the geoengineering schemes the anomaly is taken with
the 2 x CO, case (Figures 5c—5g). Areas that failed a 5% student ¢ test are stippled.
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Figure 6. This shows the changes between global desert geoengineering and 2 x CO, for the wind speed
and stream function at 850 hPa during (a) JJA and (b) DJF and for precipitation during the same periods
(Figures 6¢ and 6d), respectively. For precipitation, areas that failed a 5% student ¢ test are stippled.

geoengineering (which includes an Australian component)
produces an 18% reduction in rainfall compared with the
preindustrial.

[60] Variability in monsoon rainfall is also an important
indicator of change; Figure 7 shows frequency plots for
annual precipitation over India (in Figure 7g the Indian
region is shaded blue). The rainfall distribution changes
from preindustrial to 2 x CO, with average rainfall up 15%
and fewer dry years. Figure 7a shows that urban geoengi-
neering reduces the rainfall over India slightly, returning the
distribution somewhat closer to its preindustrial state. Crop
geoengineering has a larger impact, returning the mean
rainfall over India close to preindustrial values but broad-
ening the distribution (Figure 7b).

[61] The desert geoengineering schemes applied globally,
in the Sahara, and in Asia, all reduce Indian rainfall, result-
ing in a 37% reduction, no statistically significant change,
and an 18% reduction relative to the preindustrial, respec-
tively (Figures 7c—7¢e). For global desert geoengineering the

wettest years are below the preindustrial mean and, in the
driest years, India receives less than 300 mm of rain, down
from more than 500 mm in the preindustrial. Asian desert
geoengineering has a significant drying effect, whereas
Sahara desert geoengineering returns the distribution close
to that of the preindustrial state.

[62] Dabang et al. [2005] assessed some of the models
used in the Coupled Model Intercomparison Project 3
(CMIP3) for their performance in reproducing the East
Asian monsoon and found that all models had difficulties
reproducing the observed behavior but that HadCM3 was
one of the better models. They found that while HadCM3
overestimated precipitation in all seasons, the distribution
of precipitation was similar to that of observations, and
although the winter was too cold, the surface air temperature
was well reproduced. These problems and others affect the
quality of the monsoon results shown, and so the details of
the results must be viewed with caution. However, because
of desert geoengineering directly affecting the seasonal

Figure 7. Average annual precipitation in India (see Figure 7g) and the frequency with which the volumes of precipitation
occur over a 100 year period for preindustrial, 2 x CO,, and 2 x CO, with geoengineering. The (a) urban high, (b) crops
high, (c) global, (d) Asian deserts, (¢) Sahara deserts, and (f) sunshade results are shown. Figure 7g shows the regions that
were used to calculate the area-averaged changes in precipitation; these are based on the regions in the FUND model [Anthoff

et al., 2009].

14 of 20



D24112 IRVINE ET AL.: SURFACE ALBEDO GEOENGINEERING D24112

a Urban High b Crops High
45 —— Pre-ind 45 —— Pre-ind E
— 2xCO, — 2xCO,
40 — Urban High 40 — Crops High | f
35 35 E
& 30 2 30 L
5] 5
3 25 2 25 E
o [
w20 w20 3
15 15 F
10 10 F
5 5 3
04 - 01 -
0.0 0.1 0.2 0.3 04 05 06 0.7 08 09 1.0 1.1 1.2 1.3 14 15 0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0 1.1 1.2 1.3 14 15
Annual Precipitation (m) Annual Precipitation (m)
c Global Deserts d Sahara Desert
50 50
45 1 —— Pre-ind 45 — Pre-ind
— 2xCO, — 2xCO,
40 1 — Global Deserts 40 — Sahara Desert
351 35
2 301 2 30
c c
3 25 325
) o
i 201 i 20
15 15
10 10
51 5
01 : 01 -
0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0 1.1 1.2 1.3 14 15 0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0 1.1 1.2 1.3 14 15
Annual Precipitation (m) Annual Precipitation (m)
e Asian Deserts f Sunshade
50 50
45 —— Pre-ind 45 — Pre-ind
— 2xCO, — 2xCO,
40 — Asian Deserts 40 — Sunshade
35 35
3 30 2 30
= f=
3 25 325
o o
w20 w 20
15 15
10 10
5 5
04 : 01 -
0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0 1.1 12 1.3 14 15 0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0 1.1 1.2 1.3 14 15
Annual Precipitation (m) Annual Precipitation (m)
g Monsoon Regions
90N
60N
30N A
oA
308 A
60S A
90S
180W 150W 120W 90W 60W 30W O 30E 60E 90E 120E 150E 180E
Figure 7

15 of 20



D24112

Table 4. Precipitation Change in Monsoon Regions®

Precipitation Change (%)

Ivory SE
Experiments Brazil Sahel Coast India Asia Australia
2 x CO,, Preind -21.7 52 66 148 75 —14.3
Urban High, 2 x CO, 4.6 07 -02 -38 -17 4.7
Crops High, 2 x CO, 6.8 05 —-04 -98 -23 2.3
Global Deserts, 2 x CO, 288 —-30.6 —17.4 —45.0 —12.8 —18.2
Sahara Desert, 2 x CO, 10.8 —334 —19.1 —125 —4.8 28
Asian Deserts, 2 x CO, 10.5 19.0 2.0 —-28.7 —5.0 8.7
Sunshade, 2 x CO, 249 -51 -57 —-6.6 —-103 177

“Boldface values passed a 5% student ¢ test for statistical significance.

land-sea temperature difference, the driver of monsoon cir-
culation, the general result of reduced rainfall near modified
desert regions is likely to be robust.

3.4. Arctic Changes

[63] The Arctic is a region that is warming faster than the
rest of the world, as a result of global warming [/PCC,
2007]. Although the exact mechanisms are uncertain,
retreating sea ice and, to a lesser extent, changes in snow
cover are likely to be involved [Screen and Simmonds, 2010].
The Arctic is home to large reservoirs of stored carbon, as
decayed plant matter in permafrost and methane reserves in
hydrates, which could provide an additional (carbon cycle)
positive feedback [Archer, 2007]. We focus on the Arctic
here for these reasons as well as the fact that it is remote
from all the SAM schemes and hence illustrates the poten-
tial for nonlocal impacts (and teleconnections) arising from
land albedo geoengineering.

[64] Figure 8 shows the simulated preindustrial sea-ice
and snow coverage for the Northern Hemisphere and the
effects of doubling CO, and geoengineering on sea ice
and snow. Comparing Figures 8a and 8b, it can be seen
that the sea-ice extent and thickness are reduced at 2 x CO,
compared to preindustrial, with minimum sea-ice cover
(September average) reduced by 71% (Figure 8c). The
change in snow depth is more spatially heterogeneous, with
snow loss at midlatitudes but an increase in snow depth at
high latitudes. At high latitudes the increase in snow accu-
mulation outweighs the increased losses that are due to
higher temperatures, and with a greater fraction of the Arctic
Ocean ice free there will be more evaporation and conse-
quently greater snowfall (the increase in precipitation is
shown in Figure 3a). The snow depth projections for
Greenland are omitted as the model does not include an ice
sheet module and so cannot simulate changes in this region
reasonably.

[6s] Figures 8c and 8d show that urban and cropland
geoengineering induce a slight recovery of annual mean
sea-ice thickness, with 13% and 20% increases, respec-
tively, in minimum sea-ice cover (September average) rela-
tive to 2 x CO, and a very small effect on snow depth.
Desert geoengineering exerts a more substantial effect on
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annual mean sea-ice thickness, with a 65% increase in
minimum sea-ice cover relative to 2 x CO,, which remains
53% lower than the preindustrial coverage. Desert geoengi-
neering also has a large impact on snow depth, with almost
the opposite spatial pattern to that of 2 x CO,; i.e., desert
geoengineering cools and dries the Northern Hemisphere,
partly reversing the trend induced by global warming.

[66] Again, projections of effects of geoengineering on
climate must be viewed in the context of the degree of
fidelity of the climate model used: HadCM3 has a number of
biases in the climate state of high northern latitudes that will
affect the results shown in this section, the most important of
which is a cold bias [Gregory et al., 2002]. HadCM3 also
has a wet bias at high latitudes that will affect the quality of
the snow cover results [Solomon et al., 2007]. There are
problems in the sea-ice climatology of HadCM3 but the
model does roughly reproduce the 20th-century trend in sea
ice [Gregory et al., 2002] and matches the projections of
other AOGCMs, predicting a large decline in summer sea-
ice extent over the course of the 21st century [Johannessen
et al., 2004]. However, the results shown are consistent
with the cooling of the SAM schemes being concentrated in
the Northern Hemisphere and show that SAM geoengi-
neering may help to reduce Arctic climate change somewhat.

4. Discussion and Conclusion

[67] Global average measures of climate change alone are
insufficient in the assessment of the effectiveness and, par-
ticularly, side effects of surface albedo geoengineering.
Analyses of regional and seasonal changes in temperature,
precipitation, and other variables are critical to elucidating
whether any particular proposed geoengineering scheme
may be a suitable means to ameliorate climate change. In
this study we have used a fully coupled general circulation
model (GCM) to project the climatic effects of different
surface albedo modification (SAM) geoengineering schemes.
However, GCMs are far from perfect representations of the
Earth’s climate, and, although they perform relatively well
on the large scale, they do not match observations well
on small spatial and temporal scales [/PCC, 2007]. GCMs
are particularly poor at reproducing regional precipitation
observations, and so any specific patterns of precipitation
change should be viewed with caution [/PCC, 2007]. In
addition to these considerations, and as well as deficiencies
specific to the HadCM3 model discussed in earlier sections,
the MOSES 1 land surface scheme we use assumes fixed
vegetation and so does not allow adjustments to changed
climatological conditions. Vegetation feedbacks will hence
not be captured in our simulations.

[68] Our treatment of surface albedo geoengineering is
relatively simplistic, and there are no explicit urban, crop-
land, or desert surface land types in the MOSES 1 land sur-
face scheme [Cox et al., 1999] we employ here. Areas to
which we applied surface albedo geoengineering could also
have been alternatively defined. For instance, our definition

Figure 8. (a and b) Preindustrial and 2 x CO, simulated snow and sea ice cover. (c) The difference in snow and sea-ice
cover between 2 x CO, and preindustrial. (d—g) Difference between the geoengineering experiments and 2 x CO,. Urban
high geoengineering (Figure 8c), crops high geoengineering (Figure 8d), global desert geoengineering (Figure 8e), and sun-
shade geoengineering (Figure 8f). The results for Greenland have been masked out as the model does not include a repre-
sentation of ice sheet processes. Areas that fail a 5% student ¢ test are stippled.
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of desert was based on grid-scale-sized areas, excluding
smaller deserts, and hence our distribution of desert geo-
engineering could be revised. Given the extreme nature of
desert albedo modification, a different distribution of modi-
fied desert would likely produce a significantly different
regional response, which can be seen by comparing the very
different responses from our three different areas of appli-
cation. The assumed magnitudes of geoengineering we
deployed for each scheme and in particular for urban
geoengineering are generally at the upper end of estimates
and do not necessarily represent “realistic” scenarios. We
chose to mostly test relatively large-magnitude albedo mod-
ifications in order to obtain a sufficient signal-to-noise ratio
and thus to enable us to more fully explore the potential cli-
matic consequences of highly concentrated changes in
albedo. Overall, however, we believe the distributions we
used capture the essential properties of these schemes, and at
a minimum our study provides a unique sensitivity test for
the climate impacts of the three main proposals for surface
albedo geoengineering.

[69] Surface albedo modification (SAM) geoengineering
gives rise to both near-field and far-field changes in climate.
We find small to insignificant changes in global average
temperatures from urban and crop geoengineering, consistent
with other studies [Lenfon and Vaughan, 2009; Ridgwell
et al, 2009], and a more significant cooling with desert
geoengineering. For all the SAM schemes we find a local
cooling around the region with modified albedo, which is
greatest in summer, although we found this effect can be
reduced somewhat by changes in cloud feedbacks and
advection, as has been found in other studies of SAM
geoengineering [Doughty et al., 2011; Ridgwell et al., 2009].

[70] On a global scale we find that the cooling effect of the
SAM geoengineering schemes is greater over land and in the
Northern Hemisphere because of the greater fraction of
suitable regions being in the Northern Hemisphere. We find
that the Arctic is cooled somewhat by all schemes, despite
being remote from any areas of application, and there is
some recovery of sea ice and snow cover, but even desert
geoengineering is insufficient to return the Arctic sea ice
and snow to their preindustrial conditions.

[71] We find that very large changes in precipitation pat-
terns can occur for desert geoengineering, with much smaller
changes for urban and crop geoengineering. We compared
desert geoengineering with sunshade geoengineering and
with the results of a cloud albedo study and found that
although desert geoengineering produces a smaller reduction
in global average precipitation per change in temperature, it
causes a much greater reduction in the land-average precip-
itation [Bala et al., 2010]. This is consistent with, but
opposite to, the results found in the cloud albedo study of
Bala et al. [2010], in which they found a large reduction in
global average precipitation but a much smaller reduction in
land-average precipitation. This is explained in their study
by the warmer region (the land in their case or ocean in ours)
having an increase in upward motion in the atmosphere,
giving rise to increased precipitation, with the opposite being
true for the colder region [Bala et al., 2010]. Similarly we
find for urban and crop geoengineering that the relative
cooling of the Northern Hemisphere leads to a slight south-
ward shift of the ITCZ that for desert geoengineering is hard
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to distinguish because of the dramatic changes in circulation
arising from the extreme local cooling.

[72] Desert geoengineering causes large changes to conti-
nental rainfall in regions neighboring deserts and more
broadly causes significant changes in tropical rainfall pat-
terns. These changes arise, in part, because of the seasonal
nature of the cooling exerted by SAM geoengineering, with
the greatest cooling occurring in summer, when the air over
the continents would normally warm faster than the ocean,
creating an updraft, which draws in moist air from the
oceans bringing seasonal rainfall. This monsoon circulation
is reduced by desert geoengineering, leading to a reduction
in precipitation across a wide area. We find that precipitation
across the tropics is radically shifted, with some areas
becoming much drier than in the preindustrial, particularly
India, and others becoming wetter.

[73] SAM geoengineering schemes do not offer anything
like a full solution to the problems arising from rising
greenhouse gas concentrations, and desert geoengineering,
in particular, may prove to be detrimental. Our simulations
show that urban and crop geoengineering may have little
effect on global climates and primarily offer only local
ameliorations of some climate change effects. Desert
geoengineering, on the other hand, produces strong local
cooling in desert regions and results in large changes in cir-
culation and precipitation worldwide. Not only are land
albedo geoengineering schemes unable to correct fully for
greenhouse-gas-induced climate changes (as is the case for
all SRM schemes investigated so far [e.g., Lunt et al., 2008;
Irvine et al., 2010; Jones et al., 2011; Ban-Weiss and
Caldeira, 2010]), they would not address ocean acidifica-
tion [Cao and Caldeira, 2008; Matthews et al., 2009]. Only
mitigation of CO, emissions or removal of CO, from the
atmosphere by some carbon dioxide removal scheme
[Shepherd et al., 2009] would provide a correction for both
the climatic and ocean chemistry impacts of elevated CO,
concentrations. Future work on SAM geoengineering could
look in more detail at the impacts of these schemes with a
higher-resolution GCM or a regional climate model or
consider combinations of surface albedo modification and
other climate engineering schemes as a way to “optimize”
the climate modification.
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