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Abstract. Altering the large-scale dynamics of the Earth 1 Introduction

system through continual and deliberate human intervention

now seems possible. In doing so, one should question the en-

ergetic sustainability of such interventions. Here, from theNumerous human activities revolve around the capture and
basis that a region might hennaturally vegetated by em- Use of energy. The potential now exists for humans to ap-
ploying technological means, we apply the metric of “en- propriate additional energy (e.g., renewable technologies),
ergy return on investment” (EROI) to benchmark the ener-Which on a large scale may alter the underlying dynamics
getic sustainability of such a scenario. We do this by apply-of Earth system processes (e.g., via land-use change). Yet
ing EROI to a series of global climate model simulations €nergy on Earth is limited by the flow of incoming solar ra-
where the entire Sahara/Sahel region is irrigated with in-diation, its “heat of formation”, gravitational attraction by ce-
creased rates of desalinated water to produce biomass. TH@stial bodies, and by the current stock of fossil fuels. Thus,
energy content of this biomass is greater than the energy insuch interactions can only be sustained over the long term if
put rate for a minimum irrigation rate of about 200 mmyr  the energy output appropriated is greater than the energy in-
in the winter and 500 mm yr in the summer, thereby yield- Put required to do so. While the calculation of this relation,
ing an EROI ratio> 1: 1, expressing energetic sustainability. referred to as “energy return on investment” (EROI), is rela-
Quantified annually, the EROI was1: 1 for irrigation rates  tively common in other domains (e.g., industrial ecology), its
more than 500 mmyt, progressively increasing to a maxi- Use for assessing human interactions within the wider Earth
mum of 1.8:1 with 900 mmyr!, and then decreasing with System is relatively newHall et al, 1988.

further increases in the irrigation rate. Including the precip- The main objective of this paper is to show how EROI
itation feedback arising from changes in moisture recyclingc@n be applied to the hypothetical scenario of large-scale
within the study region approximately doubles these ERO|desert greening of the Sahara/Sahel, in order to demonstrate
ratios. This overall result varies spatially and temporally, sothe usefulness of the metric in the context of the Earth sys-
while the entire Sahara/Sahel region is irrigated equally, thd€m- Exploring the use of EROI in this (example) scenario
western coastal region from June to August had the highjs relevant, as while research has shown that a green Sa-
est EROI. Other factors would complicate such a large-scaldara might be possible (cBrovkin et al, 1998 Claussen
modification of the Earth system, but this sensitivity study €t al, 1999, and that irrigated plants could be grown in such
concludes that with a required energy input, desert greeningfid environments (e.gOrnstein et al.2009 Becker et al.

may be energetically sustainable. More specifically, we have2013, the question remains as to whether greening the desert
shown how this type of EROI analysis could be applied as awould be energetically sustainable — and hence “rational”,

metric to assess a diverse range of human alterations to, arf§Pm this perspective. The Sahara/Sahel region clearly re-
interventions within, the Earth system. ceives considerable sunlight for plants to utilize, but the lack

of soil moisture is the limiting factor on growth. Providing
this moisture is likely to require continuous technological —
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44 S. P. K. Bowring et al.: Energy returns of desert greening

and hence, continuous energy — input to sustain an energy Applied to the context of oil and gas, its EROI in 1930
output (i.e., biomass). was > 100: 1, showing that a very large energy output re-
Additionally, this irrigation water will eventually be re- sulted from a small energy input. The increasing extraction
leased into the region’s atmosphere by way of evaporatiorand use of oil and gas made continual discoveries and extrac-
and evapotranspiration. This additional water may precipi-tions more difficult, so by 1970, the EROI had decreased to
tate within the desert greening region and lessen the need f&0 : 1. By 2005, the EROI for oil and gas had decreased fur-
irrigated water, or that additional water could be transportedther to between 18:1 and 11: 1, as noteMurphy and Hall
outside the region and thereby lost. Therefore, quantifying(2010.
EROI for such a hypothetical scenario requires the model- As a differing example, early wind turbines were rela-
ing of interactions between the irrigated land and the atmo-ively small in both height and blade length, resulting in
sphere, and could be enhanced by simulating a variety of irri-an EROI of less than 10: 1. Engineering and technological
gation rates so that the biomass energy output, and the energadvancements in wind turbine technology resulted in taller
input required to grow that biomass, can be compared. Whilgowers with longer blades, making the present-day EROI for
these results will potentially be biased by the vegetation andvind turbines~ 20: 1 Kubiszewski et a].2010. Note that
atmospheric models, our intention here is not to support omwhile technological and economies-of-scale type considera-
negate the practicality of desert greening, but rather clearlftions could further increase the EROI, it cannot infinitely in-
illustrate how EROI can capture the dynamics of a forcedcrease. The generation rate of wind power in the Earth system

alteration to the Earth system. is limited (Peixoto and Oort1992), limiting the electricity
_ production rate of wind turbinedMller et al., 2011), which
1.1 Energy return on investment thereby limits the EROI regardless of the extraction technol-

. . . o ogy utilized. This highlights the connection of EROI with
The “return on investment” is commonly applied in €co- yhq natyral environment and the ability of a human-applied

nomics, both for its historical and future relevance. A simi- change to alter the EROI, making it a dynamic rather than
lar energetic quantification can also be applied to our actiongatic reflection of these cc'msiderations.

and their results within the Earth system. This was first done Still, both of the previous EROI examples are calculated
by Hall et al. (198 and is now known as energy return on gonajly and do not incorporate the spatial or temporal differ-
investment, or EROINlurphy and Hal 2010. EROI quanti-  gpceq that are specific to each study region. For both the “oil
fies the ratio l_aetween_ the actual and expected energetic ou;, gas” and the “wind turbine” examples, the EROI may
puts from a given actionHou) and the actual and expected 4t e spatially or temporally constant. That is, the “process”
energetic inputs to that process;f), implying its sustain-  groj (of the abstracted technological process) may not equal
ability in these terms if that value exceeds IMutphy and 6 «4ctyal” EROI (the energetic input and output of that pro-
Hall, 2010. Itis defined in its simplest form as cess in a specific space—time or contextual setting). We can
Eout clarify this last point with a final theoretical example.

EROl= —. 1) Consider the EROI of a 100 iKhvphotovoltaic array. The

n (manufacturing) energy input(,) would be relatively in-
EROI is neither a complex nor particularly new concept, al- dependent of the geographic location where the array is de-
though actually applying it empirically to a scenario can be ployed. By contrast, the energy outpui(), which should
difficult (see Sect. 4). When applied to a given mechanism ornclude the electricity production rate and land—-atmosphere
process, EROI provides an aggregated thermodynamic meeffects related to the alterations to the surface, could be quite
ric that can compare widely varying techno-economic pro-geographically dependent. Deploying the photovoltaic array
cesses in their interaction with the environment (Bgkshi  to Greenland would produce less electricity both seasonally
et al, 2011). Variations in the definition of th&;, and Eqyt and annually than the same array deployed in Mexico. Ad-
in Eq. (1) includeenergy(Murphy and Hall 2010, exergy  ditionally, drastic differences in the land—atmosphere inter-
(Gutowski et al. 2009 and emergy(Odum 1996. EROI actions would be expected. Quantifying how EROI varies
or slight variations in it have been predominantly used asboth spatially and temporally between such large-scale hu-
tools for life-cycle analysis in process engineering, indus-man projects, while also including the differences in Earth
trial ecology, and ecological economics (e.galero and  system dynamics is of specific interest to us here.
Valerg, 2011 Patzek 2008 Gutowski et al. 2009 Baum et Note that although commonly described as an efficiency
al., 2009. EROI quantification can also be used in Earth sys-indicator, we use the term “sustainability” for EROI, since
tem studies, from looking at the energy return on extractingthis captures its ability to describe whether the energy input
natural stocks (e.g., oil) and flows (e.g., wind), to the em-to a process can be sustained by its energy output, whereas an
bedding of such processes in specific space—time (e.g., gefficient process is not necessarily energetically sustainable
ographical) contexts. We briefly expand on these example# this context.
with the following illustrations.
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1.2 Desert greening 2 Methods

An increasing scarcity of energy sources globally, as wellThis paper explores the spatial and temporal variation of
as the indirect consequences of combusting conventionaEROI to differential input rates of irrigation water. The en-
sources, have motivated the exploration of means by whictergy values used in the calculation of EROI were taken from
to optimally make use of the available incident solar radia-the literature. Energy required per unit volume of desali-
tion on Earth. On this trajectory, the increased utilization of nated and pumped wateE\s) was taken fromOrnstein et
sunlight influencing the deserts has obvious practical appeahl. (2009 because their estimation included the energy re-
since they combine low biological productivity with high en- quired for pumping and pressurizing in the desalination pro-
ergy input. One scheme put forward as a means to makeess and for distribution to the mean height of the Saha-
use of this is the irrigation of deserts to induce local plantran region (450 m), assuming use of current state-of-the-art
productivity. technology (but not higher-efficiency drip irrigation). Thus
The term “desert greening” as we will use it here, refers to Eps = 14.54 MJ nT3. The latent output energy — the stand-
irrigating an arid region to grow biomass for food or biofuel, ing carbohydrate energy generated by photosynthesis — of net
sequester carbon, and/or alter the land—atmosphere interaptant productivity Enpp) was taken fromGebel and Yiice
tions of the region. This has been investigated along a variety2008 and further studied iBecker et al.(2013, because
of theoretical and practical lines (e.¢(leidon et al, 200Q this was taken to be representative of Jatropha, which is an
Ornstein et a.2009 Becker et al.2013. Given the water-  arid region plant. Thugnpp=18.5MJkg L. Note that this
limitation of deserts, a common-sense source for irrigation isvalue does not include any conversion of biomass into any
the desalination of seawater and its subsequent pumping tparticular end-use, which would entail a specific conversion
plant root zones. Thus, there are energy inputs required bgfficiency for that use. The ratio of net primary productivity
desalination and pumping. Desert greening’s output, in thg(NPP) output difference in each simulatioaANPPsim) and
form of plant material, can be described by the total energythe corresponding irrigation rate () can be inserted into
latent in photosynthetic carbohydrate biomass, which in theEq. (1) to give EROA:
same way as petroleum, can be converted into another form
of energy via some process (e.g., the total energy that cagrp), — (ANPRsim - Enpp) @
be released by its combustion). An additional energy out- (IRsim - EDs)
put in this particular scenario is that of precipitation feed- _ :
backs (described below) induced by water and energy bal- We def'?‘e a second ER.O.I v_alue,_ here de3|gnated_ as
ance changes; its energy value is simply a multiple of theEROIB’ which adds the precipitation difference over the ir-

input energy value. rigated region to the NPP-output energy. An increase in pre-
Despite these straightforward observations regarding it

§ipitation (Prec) can be considered an energetic gain that in-
energy inputs and outputs, the practicalities of actually im-creases at the same rate as the energetic cost of desalinating
plementing desert greening is currently disconnected from a

ﬁhe seawater. If we consider the irrigated region as a closed
EROI focus, which would asidoes the energy we put into system, and (as here) ignore capital and other energetic costs
this process’ actually exceed the energy we get out atie of the desalination process, this value is equivalent to the “ex-
is, is it energetically sustainable? To be clear, this does no

ergy return on investment” discussedBakshi et al(2011).
ask if desert greening is sustainable by “natural” processes,

The equation for ERQlis given as

but whether maintaining a green desert by technological in- (ANPPRym - EnpP) + (A Prec. - Eps)
tervention is energetically sustainable. As mentioned, desefEROlg = R E : -
greening could be seen as a means of providing food, fuel and (IRsim - Eps)
carbon sequestration in regions where biological productivityNote therefore that theate of returnon the energy invest-
is currently very low, and socioeconomic activity extremely ment (as a percentage) is given by (ER@E— 1) x 100.
sparse. In the context of climatic change, food scarcity and  Gijven the extreme nature of this experiment and the num-
rising populations, these possibilities imply that the deserther of necessary simulations, we use the PlaSim (Planet
greening concept is of considerable research interest in itSimulator) global climate model of intermediate complexity
own right. (Lunkeit et al, 2007). This model is based on a low reso-

Section 2 will describe the model and the associated exiytion general circulation model, a mixed-layer ocean with
perimental setup. In Sect. 3, we will show the EROI and cli- prescribed ocean heat transport, interactive sea-ice model,
matic differences that result from increased rates of irriga-a simple land surface and vegetation model, and prescribed
tion on the Sahara/Sahel study region. Section 4 puts thesge sheets. Simulations were completed using the T42 spec-
results into the context of previous biogeochemical and me+tra| resolution (2.8 longitude by 2.8 latitude) and ten at-
teorological studies, including the limitations we perceive in mospheric levels. The terrestrial vegetation model used here
interpreting our results. This study will then end with a brief \was the Simulator for Biospheric Aspects (SimBA), which
Conclusion (Sect. 5). dynamically responds to the combination of land surface

3
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properties and climatic conditions (detailed description in a) EROI response
Kleidon, 2006. These influences thereby inhibit/enable plant 4| 0 EROlg, DJF o :
growth, which alter land surface properties, and in turn affect = ‘T EROI,, DJF
s . . w 4| 0= EROlg, JJA ;
the energy and mass exchanges within the PlaSim climate < O+ EROl, JUA |
. A . . o 2_ i SO NGRS Al FGSRPUO WORNNDL, . WSS SUUONE. Y
model. Gross primary productivity (GPP) is also constrained W
by these influences, with net primary productivity (NPP) as- o .
sumed to be half of the GPP value. oo
To simulate irrigation, a constant influx of water to the soll oLE P ; P
moisture box was introduced. This increase in irrigation is 166 260 400 806 o0 050 BOGh
limited to the region of the Sahara and Sahel, hereafter re- irrigation rate (mm/year)

ferred to as thérrigated region The extent of the irrigated
region is based on a global biome map taken fioemg et

al. (2008, as their focus was on modeling vegetation in arid
regions. This external specification is not related to PlaSim 1|# DJF
output because the aim here was to include the entire Sa-
hara/Sahel rather than deliberate on definitions of aridity as
applied to the region.

Twenty model runs were completed for 50 simulation
years, with the last 30 yr used for analysis to exclude model
spin-up. The irrigation rate intervals were determined from
expected feasible and necessary water inputs found in pre-
vious studies (primarilyOrnstein et al.2009 Becker et al.
2013 and from the output in our trial runs). These were setgjg 1 (a3)EROI, and ERO, andb) NPP, both shown as a function
at 100mmyr! intervals from 0 to 1500mmyr, and at  of the irrigation rate and averaged over the entire irrigation region.
500 mm intervals from 1500 to 3500 mntyk, with the irri- The seasonal mean for December—February (DJF) is shown in blue,
gation rate of 0mmyr! used as the control simulation. The and the seasonal mean for June—August (JJA) is shown in red.
latter was done to reduce total runtime. All other model pa-
rameters were set at their default values.

O
~—

NPP response

A NPP (gC/day)

100 200 400 600 1000 2000 3000
irrigation rate (mm/year)

are both almost half as large during the Northern Hemi-

sphere winter than during the summer. Winter EROI is max-
3 Results imized at 700 mmyr! of irrigation, while summer EROI is

maximized at 1000 mmy®. This applies to both ERQI
The authors stress that the aim of this experiment is toand EROg. The annual mean optimal irrigation input for
demonstrate the applicability of EROI in assessing the im-the maximum ERQYg is 900 mmyr. At irrigation rates
pact of desert greening on diverse Earth system processes efiRsim) lower than 400 mmyr*, EROI is lower in the sum-
ergetically. These calculations do not include energetic costgner than that in winter. The cause for this is straightforward.
of specific production processes involved, such as fertilizerAs shown in Fig.1a, for IRsim > 400 mmyr* the precipita-
use and the overhead and maintenance energy costs for spégen enhancement is greater in the summer (JJA) than during
cific energy-input infrastructure used in desalination. EROIthe winter (DJF), and in Figlb, at IRsim > 500 mmyr the
estimation of these quantities relates to a second-order quesummer NPP difference is also greater in the summer than
tion — namely, the EROI of a specific scenario — and imply that during winter.
a level of decision making by the researcher that is intrin- What emerges in Fid.a is that optimal winter and summer
sically “political”, with huge variations in potential output. irrigation input are different. The amount of water and con-
Future research should certainly address these in more déequently energy input actually needed vary seasonally, with
tail, yet our focus here is on the application of EROI rather implications for optimal water use efficiency. In the North-

than the practicalities of large-scale desert greening. ern Hemisphere winter, the maximum EROs 1.3:1 and
the maximum ERQ is 1.6: 1. In the summer, the maximum
3.1 Regional sensitivities of EROI, temperature and EROl, is 1.8:1 and the maximum ER@Is 2.6 : 1 Quanti-
energy balance fied annually (not shown), EROI declines at irrigation rates
above 900 mmyrt,
Figure 1a shows the sensitivity of ER@land EROg dur- Figure 2 shows the area-averaged seasonal precipitation

ing Northern Hemisphere winter (December—February; DJF)difference, the latent and sensible heat fluxes, and surface
and summer (July—August; JJA) to the input irrigation rate.temperature difference respectively. Declines in surface sen-
EROIy (based on biomass energy) and ER@vhich in- sible heat are mirrored by increases in latent heat flux with
cludes the biomass energy and the precipitation feedbackincreasing irrigation, which in turn depresses the surface
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Fig. 2. Seasonal responses of the irrigation rate to common climatological variéigsecipitation,(b) latent heat flux(c) sensible heat
flux, and(d) surface temperature in response to the increased irrigation rate, averaged over the entire irrigated region.

temperature of the irrigated area. Changes in latent and serwinds — driven by significantly lower temperatures at the ir-
sible heat fluxes and surface temperature all saturate at beigated region’s midlatitudes along the coast at this latitude.
tween 1500 and 2000 mmyt, which implies that evapora- The wintertime combination of low insolation (and so NPP)
tion is occurring at potential evapotranspiration, as well asand the relatively low change in continental precipitation,
a maximum in the cooling effect of water on the land sur- particularly over the irrigated region (Fide), explains why
face at these irrigation rates. From FRil, we observe that EROI peaks at a lower irrigation rate during winter. Outside
surface temperature declines most during summer, reachingf the irrigated region, wintertime trades advect irrigation
a maximum difference of about10°C at an irrigation rate  water southwest into the Gulf of Guinea and the subequa-
greater than 1400 mmyt, whereas during winter this figure torial African landmass (Figdg). The greatest summer in-
is about—7°C. This is expected, given the increased solarcreases in NPP (Figth) are along the continental maritime
energy input during the Northern Hemisphere summer. boundary areas, particularly those in the west and north,

which border the Mediterranean and the Atlantic Ocean.
3.2 Spatiotemporal variations in EROI

3.3 Climatic differences
Figure3illustrates the seasonal spatial distribution of EROI
and EROg for these two scenarios. These show that EROI Such a large scale-modification of the terrestrial surface goes
and EROg are consistently high in a central-latitudinal band further than the addition of vegetation and localized effects
of the African continent (i.e., the Sahel) during both win- of albedo and surface energy fluxes on climate variables.
ter (= 2-2.5 for EROA, EROBE respectively) and summer The extent of desert greening simulated entails highly visi-
(= 3-3.5for EROA, EROIg, respectively), whereas northern ble global consequences resulting from the massive increase
Africa exhibits the expected high seasonal EROI-variation,in moisture input, evaporation (Figa, b) and precipitation
with some of the highest and lowest values across the ir{Fig. 4e, f), which culminate in shifts of magnitude, space
rigated region for the summer and winter respectively. Theand time in both regional and global climatology. Note the
continental boundaries of the equatorward irrigated regionsouthward shift in the global Hadley cell (Fi4g, f), in agree-
also exhibit high EROI as will be discussed below. Note ment with previous studies tBrovkin et al.(1998, Claussen
that this area is presently a grassland/forest transition regioet al.(1999 andOrnstein et al(2009. A detailed discussion
(shown in Fig. 1 oZeng et al. 2008. of the mechanics underlying this modeled shift can be found

The greatest winter increases in NPP (Hig) are located in the paper byDrnstein et al(2009.

on the western and central portions of the irrigated region. Accompanying this is a marked decrease in NPP and
This region is climatologically driven by increased conver- precipitation in southern Asia, as the inter-tropical conver-
gence of northeasterly trade winds and increased monsoongkence zone (ITCZ) shift alters the positioning of the Indian
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Winter (DJF) Summer (JJA)

= I 75 | [wERon

a) EROI,

T I > p ] g
0.0 1.0 2.0 3.0 4.0 5.0 6.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0

c) EROI, d) EROI,

Fig. 3. Seasonal mean ER@Ka, b) and EROg (c,d) over the irrigated region in DJ&, c)and JJA(b, d). Winter values are taken from the
700 mm yr_l simulations, while summer values are taken from the 1000 mrh gimulations. The black solid line shows the outer bounds
of the irrigated region.

Monsoon during the Northern Hemisphere winter. The im-4.1 Interpretation of the results
pact of increased soil moisture in northern Africa on precip-
itation in the northern portion of South America was studied While these results hold for the large-scale scenario used
by Hagos et al(2005, and is essentially reproduced here here, we stress thiaolatedirrigation of the high-EROI areas
(Fig. 4f), evidenced by an increase in both NPP and precip-identified by our experiment is unlikely to produce the same
itation in the region. There is also a strong increase in sum-absolute or relative (to other grid cells’) EROI values. This is
mertime NPP and precipitation in the Mediterranean portionbecause the precipitation feedbacks involving irrigation and
of southern Europe. The latter two impacts are potentiallysubsequent surface—atmosphere interactions depend strongly
important given the expected increase in frequency and intenen the scale at which these processes are resolved by the ap-
sity of these regions’ respective drought periods under variplied model system. In other words, the spatial variance in
ous climate change scenaridaigsel 2009. EROI in our results are specific to the large-scale nature of
our experiment. Further investigation would be required to

) ) identify high-EROI grid cells that are relatively independent

4 Discussion of irrigation scale; this would require a far greater array of

This section describes the physical mechanisms underl mexperimental runs to determine than the number employed

our results. based on their 2 ?/eement with brevious stuélieg]ere' Instead, we reiterate that this is a conceptual study, with
L g b he intention of illustrating how the EROI-metric and its un-

Although this is not the central purpose of this paper, the ac'derlying dependencies, such as excluding or including the

cordance of our findings with other research thereby supports = 7. .= .
the EROI results. The discussion will first focus on how we precipitation feedback, can be applied to such a large-scale

. X . .~ scenario of forced human intervention. This sharpens the fo-
can interpret the results to view the highest EROI regions . o

. . .__cus to the large-scale EROI and climatic differences specific
from our simulations, and then comment on the physical . ) . : ) )

! : to this study’s experimental setup, while being clear about its
causes of these locations. The larger scale impacts of deser J
. . : A : more practical limitations.

greening on energy, circulation and precipitation regimes are
then treated, followed by a short summary and discussion of . .
the limitations inherent in, and future research implied by,4'2 Regions of highest EROI

our study. Regions with the highest EROI occur at the western coastal

boundary of Africa. From the maps, we can infer that this
occurs due to much higher NPP and precipitation in these
areas, which are in turn the result of higher seasonal solar
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Fig. 4. Differences in evaporatio(a, b), surface temperatur, d), precipitation(e, f), and net primary productivity, or NP, h) during

winter (left panels) and summer (right panelsjnter compares the 700 mmy# and control simulations for December—February, while
summercompares the 1000 mmyt and control simulations for June—August, with the black solid line bounding the Sahara/Sahel identi-
fying the irrigated region. Note the significant differences in both variables in regions outside the irrigated region, particularly in southern
Africa, southern Europe and northern Latin America. The corresponding southward shift in the inter-tropical convergence zone (ITCZ) is
clearly visible in both wintefe) and summe(f).
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radiation input, and simultaneous greater latent cooling ofdriven by the apparent latent heating and enhanced moisture

the landmass during summer compared to winter. The eastersupply to the lower troposphere.

and northeastern regions see a small precipitation increase The monsoonal effect appears to drive in the opposite di-

during the summer, shown in Figdf. rection in winter: tropical easterly flow over the irrigated re-
The cluster of grid cells within the irrigated region in gion will tend to increase substantially in winter, resulting in

which NPP and precipitation are consistently higher than oth-high levels of moisture convergence over the equatorial At-

ers during winter and summer is in the southwestern coastdantic, as was shown blagos et al(2005, and the large

portion of the irrigated region (roughly 1X, 10° W), ow- increase in winter maritime precipitation seen in Hg.
ing to its coastal, equatorial positioning. This implies high S
year-round solar radiation input. 4.4 Summary and implications

These observations have important implications for the
EROI analysis of irrigation: maximum sustainability of ir-
rigation requires a maximum precipitation feedback, be-
cause if water is evaporated and advected elsewhere, parti

Reiterating that this is a conceptual study focused on apply-
ing EROI to large-scale desert greening of the Sahara/Sahel,
EROl introduces a new way to quantify such large-scale hu-
ularly over the ocean, it can arguably be considered “lost” inMan interventions on the Earth system. Herein, the numerous
energy-investment terms. This loss is clearly evident in win-COMPlexities associated with implementing such animmense
ter, when most of the change (increase) in precipitation ocProiect have been largely overlooked, preferentially framing
curs over the equatorial Atlantic (Fige), resulting in a sys-  tis @ more of a conceptual application of EROI than any
tematically lower EROI across the majority of the irrigated ProPosition that such a large-scale desert greening type sce-
region. Overall, from the perspective of EROI efficiency of Nario should be put into action. Given this context, there are

irrigation, preferable desert greening areas in our simulation£OUr 0verarching results from these sensitivity simulations.
are likely to be those on the western and northwestern coastal First, the energy return in many parts of the irrigated re-

boundaries of our irrigated region in the Sahara/Sahel. gion is greater than 1:1. This means, perhaps surprisingly,
that in conventional investment terms we have an excess

of direct (ERO}) energetic profits averaged over the en-
tire irrigated region of 30% in winter and 80 % in summer

The impact of evapotranspiration at both regional and globafF9- 18)- EROB, which includes the precipitation feedback,
levels is greatest in the Northern Hemisphere summer, which'créases this to 60% in winter and to 160% in summer,
is consistent with previous studies simulating enhancec®" €ffective doubling. These figures appear to imply that
African soil moisture Cook et al, 2004 Hagos et al.2005  desert greening could be *worth it” in the thermodynamic
Ornstein et al. 2009. These describe a shutdown of the SENSe. notwithstanding the energetic cost of outlay and main-

African easterly jetilagos et al.2005 Patricola and Cogk tenance. Nonetheless, such energetic returns are relatively
2008 Ornstein et al.2009, which in the control circum- low cqmpared to those, e.g., of other renewable energy tech-
stances retards the monsoonal westerlies from developingologies tall etal, 1986 Murphy and Hall 2010).

polewards of 15N. With desert greening, latent cooling  >€cond, there are regions of the western coastal Sa-
due to evaporation and evapotranspiration gives rise to th&@ra/Sahel in which the EROI given by irrigating the whole

subsequent domination of monsoonal feedback on circulallTigated region can be expected to approximate the EROI of

tion and precipitation regimes over the coastal region. Thisthose regions or grid cells if they were irrigated in isolation
r small clusters. Although only an indirect and imprecise

would counteract the surface trades, leading to an increas® ) - ]

in coastal sea surface temperatures during summer, as can #§duction, the assumption seems reasonable given that we

seen in Fig4d, which could degrade coastal-boundary Ek- can infer this precipitation to be a direct thermal effect of

man pumping there, in agreement with previous findings bylrrlga'uon quantity, not irrigation scale (at least at this grid

Liu et al. (2004, Braconnot et al(2007) andOmstein et al. resolution), and that the precipitation is not sourced from ir-

(2009. rigation water pumped into other grid cells (see Sects. 4.1
These effects are an amplification of circulation patternsnd 4-2). As noted previously, we cannot confirm these infer-

already in place in the control or present-day scenario ences, which will require considerable further investigation

whereby southerly and northerly winds in conjunction with &nd modeling runs to determine.

supply of moisture to the lower troposphere shifts the focal 1 1ird, irrigation of the entire region produces large-scale

point of convergence from the African coast to the continen-"€9ional and global teleconnection effects (as also found by

tal interior (Hagos et al.2007). This change is reflected as 1290s et al.2005 and discussed i®mstein et a].2009

a latitudinal shift in maximal precipitation from the Gulf of Proportionalto the quantity of irrigation water supplied. This

Guinea in early May to the north of AfricaHagos et al. raises concerns of irrigation scale, and would need to be eval-

2007). That this effect is amplified in our simulations is sup- Uated in more detail in the future.

ported by the strong decrease in summertime precipitation in

the gulf, implying a northward shift of the entire mechanism,

4.3 Interpreting large-scale impacts
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Fourth, our simulation output is consistent with the find- Studies such aBaudena et al(2008 have shown that
ings of other studies that used different climate models andtipping point” regimes between hot/dry and cool/wet states
simulation scenarios to estimate the outcome of desert greerdiffer substantially between natural and cultivated monocul-
ing. Atmospheric circulation changes, teleconnections orture vegetation, in which cultivated areas necessitate a higher
both a regional and global scale, shifts of the ITCZ, oro-vegetation fraction and initial soil moisture levels in order
graphic effects, and even the optimal mean irrigation rateto sustain the cool/wet state. Other related microscale soil—
are supported by previously published research. This givesegetation—atmosphere feedbacks that induce greater water
both the direct output and the inferences made herein a highetention, precipitation, and moisture-recycling over the ir-
level of corroboration. rigated area, as discussed with respect to vegetation cover

Our EROE term extends the definition given yurphy type by Scheffer et al(2005 and with respect to arid re-
and Hall (2010 to include the precipitation feedback as an gions inJanssen et a(2008, require specific investigation,
energetic gain. Indeed, since the exergy content of the initiahs neither mechanism is included in our model. As desert
and maintenance capital investment in this desert greeningreening can be viewed as a type of agricultural cultiva-
scenario have been negated here for simplicity, our BROI tion, utilizing such non-conventional cultivation regimes like
is equivalent to exergy return on exergy invested as given inagro-ecology and conservation agriculture could be advanta-

Bakshi et al(2017). geous, for example by focussing on perennials @ackson
o 2011). These types of plant strategies and associated ecosys-
4.5 Limitations and future research tem responses may have non-trivial implications for irriga-

) o tion, EROI, and the precipitation feedback and therefore de-

Considerable research is still needed to grasp the full exergg e further research.
getic content of the carbon farming life cycle, by expand-  one interesting area of discussion related to desert green-
ing the implicit boundaries of the “closed system” used here iy concerns its possibility of existing as a self-sustaining
Here, we focused our attention on the |rr|gateq region of thevegetated “green” system, representing one of two alterna-
Sahara/Sahel, yet these global model simulations also shoye staple states that are thought to exist in the Sahara/Sahel
changes to NPP and precipitation in distant regions of '”'(Brovkin et al, 1998 Claussen et al.1999. This could
dia, the Amazon, southern Europe, eastern Asia, and Nortll,,marized as follows: given the necessary areal extent and
America. We expect that these changes are in part related {0y of additional water availability, the precipitation (Char-
the extreme spatial scale and irrigation intensity of our eXPeryey) feedback — which is induced by the change in surface
imental setup, with these changes being less pronounced if iy e o, jrrigation, and subsequent evapotranspiration and la-
rigation was only applied to a few dispersed locations. Develgnt heat release — sustains a vegetated state of the region
oping desert greening in select locations, such as the Sc,’“,th(Charney 1975 Charney et al.1975 1977 Ornstein et al.
west coastal region of the Sahara, seem the most promisingnng Becker et al. 2013. Note that this vegetated region
from the EROI perspeciive. . . and the associated dynamics now requires continual human

Taking these thoughts a bit further, even low-elevation;neryention to maintain this altered state, as these changes
coqstal regions vy|ll require a I.arge energy source for desaliy e made possible by temporarily irrigating the region with
nation and pumping. EROI ratios greater than 1: 1 would enyeqajinated water. Should this alternate steady state result,
a}ble the harvested plant material to be used as the desaling-\,ould greatly increase the EROI over those simulated in
tion energy source (e.g3ecker etal.2013 and still be self-  ,i5 anaiysis. Conversely, if such a steady state exists, it is
sust_amlng, with the_ remal_nder equalent to an operatlonahkew that this “tipping point” scale and water input rate may
profit. This energetic profit may increase further if photo- ot coincide with the EROI-optimal locations and irrigation
voltaics or concentrated solar power is used as the energiy, ¢ |evels identified herein. As also concluded Bgcker
source, espeC|aI_Iy if thgse solar technologies were deployegt al. (2013, we would expect that at least some human-
in adjacent locations with a low EROI. o provided water input would always be required to sustain

Even with a sufficient energy source for desalination andgesert greening in this region, especially in those regions
pumping, desalinated water still contains saliielech  gistant from the coast, although the scale of irrigation most

and Phillip 2011, which would challenge a long-term desert iy q|y plays a central role in the extent to which this expecta-
greening type strategy for food production or carbon farming.;4, applies.

Mitigating strategies .such as_thg full or cyclical use of halo- Finally, the formulation of EROI used here could be fur-
phytes as a form of bioremediatioRiQwers etal.2010 and  yher extended to include other energetic impacts of desert
the growth response of arid plants to subsurface drip iriga-greening. Using the approachlagnton and Vaughaf2009

tion (as dust may then accumulate on the leaves) requireg changes in radiative forcing induced by desert greening
further study. This type of plant-type selection is also Spe-cq g pe classed into shortwave (albedo) and longwave (at-
cific to t'he mtentlon, as the plant types that maximize food mospheric CQ) radiative forcing reductions. These reduc-
production or maximize water and energy efficiency in the jons could then be multiplied by some representative en-
biome might be quite different. ergetic value for radiative forcing. In this way, an “EROI
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value would consider not only the energetic inputs and out-Recognizing that our experimental setup of irrigating such
puts required for a given activity such as desert greening, bua large region may be practically problematic due to a vari-
would also include the per energy-unit net radiative forcing ety of logistical and environmental concerns (e.g., changes
reduction. in global climatology), the outcome that with some irriga-
To review, ERO} considers the stored energy content of tion rates, the energy output is greater than the energy input
the plant biomass and the energy input required for desali{i.e., EROI> 1:1) nonetheless implies that desert greening
nation and pumping, while ER@Extends this by addition- could warrant further investigation. However, we stress that
ally including the precipitation feedback. ERQVould more  this positive EROI ratio may also be contingent on a vari-
fully encompass the system dynamics, as there are accompaty of energy input factors (e.g., fertilizer, initial construc-
nying changes in albedo due to changes in net global cloudion, and ongoing maintenance), which we do not consider
cover and vegetation, thereby causing a change in global rahere. Thus, while more research is certainly required before
diative forcing induced by irrigating the Sahara/Sahel. any implementation of desert greening should take place, the
Viewed specifically from the EROI perspective, as the netbenefits in quantifying EROI in a context where human ac-
carbon sequestration rate and energy input for desalinatiotion directly instigates large-scale changes in Earth system
and pumping is known, it would be possible to estimate thisdynamics have been demonstrated here.
EROI. value. However, because radiative forcing is given in
units of watt per square meter (W), and the reductions

gntgiled by greening W,OU,Id need to be cpnverted to ”energy"AcknowIedgementThis study was entirely funded by the Max
(in joules), some multiplier representative of the mean en-pjanck society through the Max Planck Research Group of
ergy required to otherwise reduce one unit of radiative forc-a, Kieidon. The authors declare that they have no competing
ing could allow this factor to meaningfully enter EROI cal- interests.
culation. This reduction could then be added to the energy
output term (the numerator in Eq. 3). Edited by: S. B. Roy

This type of analysis shows the potential for opening up
the scope of EROI to investigate the overall effects of hu-
man activities or technological processes — via their relative,
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