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Abstract. We present a comprehensive, interdisciplinary 1 Introduction
project which demonstrates that large-scale plantations of

Jatropha curcas- if established in hot, dry coastal areas . )
around the world — could capture 17-25t of carbon dioxidelt is now widely accepted that anthropogenic greenhouse gas

per hectare per year from the atmosphere (over a 20 yr peemissions are causing an increase in global mean tempera-
riod). Based on recent farming results it is confirmed that theture and an acceleration of the global water cycle (IPCC,
Jatropha curcaplant is well adapted to harsh environments 2007). Unfortunately, in spite of the great threat posed by
and is capable of growing alone or in combination with other climate change to the earth’s environment and humankind,
tree and shrub species with minimal irrigation in hot desertsglobal agreements on greenhouse gas reduction have so far
where rain occurs only sporadically. Our investigations indi- 0een largely ineffective. During the last decade, the emis-
cate that there is sufficient unused and marginal land for théion rate of C@ compared with the period 1990-2000 has
widespread cultivation ofatropha curcago have a signif-  €ven accelerated (Le @t et al., 2009). Consequently, a
icant impact on atmospheric GQevels at least for several variety of geoengineering approaches have been suggested
decades. for mitigating climate change. These options may be sepa-
In a system in which desalinated seawater is used for irfated into purely technological approaches such as sun shad-
rigation and for delivery of mineral nutrients, the seques-ing, increase of surface albedo by whitening of buildings,
tration costs were estimated to range from 42-63 EUR pe@nd carbon capture and storage (CCS) (Boyd, 2008) or bio-
tonne CQ. This result makes carbon farming a technology 9€0€engineering options (see, e.g., Betts, 2007). A compari-
that is competitive with carbon capture and storage (CCS)SON of the effectiveness of different proposals can be found
In addition, high-resolution simulations using an advancedin Lenton and Vaughan (2009). However, this analysis disre-
land-surface—atmosphere model indicate that a 10 060 kmdards feedbacks in the water cycle.
plantation could produce a reduction in mean surface tem- Recently, technological approaches such as CCS have be-
perature and an onset or increase in rain and dew fall at §0me of great interest, as this technology may permit the re-
regional level. In such areas, plant growth and.G®rage duction of CGQ emission rates by power plants (IPCC, 2005).
could continue until permanent woodland or forest had beerliowever, CCS has also been strongly questioned because of
established. In other areas, salinization of the soil may limitthe large amounts of energy needed for its implementation,
plant growth to 2—3 decades whereupon irrigation could bewhich reduces the efficiency of power plants, and the huge

ter of fact, CCS has only the potential to reduce emissions
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from power plants but not from other sources. Furthermore aquifers, which are available in some desert regions, should
itis not yet clear whether the long-term storage of carbon camot be further exploited but considered instead the applica-
really be guaranteed without leakage into the environment. tion of recent advances in desalination technology such as
Therefore, it is reasonable to explore bio-geoengineeringeverse osmosis. They discussed the costs and technologi-
approaches designed to change land-surface properties usal requirements to realize such a large-scale, international
ing the natural properties of vegetation. These include eiproject covering areas of the order of1.
ther modifications of energy partitioning by different types  These results are encouraging and the interest in afforesta-
of vegetation or afforestation measures leading to a reductiotion for production of biodiesel and application of the Clean
in the levels of atmospheric GGand land-surface tempera- Development Mechanism (CDM) is steadily increasing (see,
ture. Both are options extensively investigated within IPCCe.g., cdm.unfccc.int, Kumar et al., 2011). However, several
(Metz et al., 2007). For instance, Ridgwell et al. (2009) andcaveats remain with respect to technological and scientific
Doughty et al. (2010) studied the impact of an increase ofaspects: the technologies for realising huge afforestation ef-
agricultural crop albedo using global climate models. In mid- forts such as irrigation with desalination plants are still in
latitudes, a consistent reduction of regional temperature ofheir infancy. It is not clear whether the carbon sequestering
about 0.25 degrees per 0.01 increase in albedo was predictepotential of suitable plants such &sicalyptus spand Jat-
Different relationships between these two parameters occuropha curcascan be maintained over large plantation areas,
in other regions such as the tropics. However, global climatebut ultimately the only way to find out will be to try.
models are limited with respect to the correct quantitative Furthermore, it is well known that coarse-scale global cli-
simulation of land-surface atmosphere feedback and also tmate models have severe deficiencies when it comes to sim-
the response of the water cycle including precipitation (e.g.ulating land-surface—cloud—precipitation feedback. For in-
Hohenegger et al., 2009). These aspects call for further studstance, Hohenegger et al. (2009) demonstrated that coarse-
ies using high-resolution climate models that avoid the pa-scale models, which require a convection parameterization,
rameterization of convection and that improve the interactionand convection-permitting models (grid resolutiert km)
between land-surface heterogeneities and orography with theven give feedbacks between soil moisture and precipitation
atmosphere. of different signThis is a critical issue for the credibility of
One interesting option is afforestation which has sev-climate simulations. These results have been refined by Ro-
eral effects, simultaneously. First, carbon sequestration irach et al. (2009a, b) and Wulfmeyer et al. (2008, 2011) who
biomass both above and below ground is a possible miti-demonstrated severe deficiencies in models with convection
gation strategy (Metz et al., 2007). In the following discus- parameterization when they are applied to mountainous re-
sion, we refer to this bio-geoengineering optionGarbon  gions or areas with strong land-surface heterogeneity. This is
Farming Secondly, daily surface temperatures may be re-also the case in coastal desert regions. Therefore, it is highly
duced in subtropical regions due to changes in the surfacguestionable whether resilient quantitative results concern-
energy balance. This depends critically on the partitioning ofing land-surface feedback and precipitation can be achieved
the energy balance into sensible and latent heat fluxes and itgith models that use convection parameterization.
feedback to the atmospheric boundary layer (ABL), clouds, Consequently, we are convinced that an analysis of af-
and precipitation. Thirdly, a variety of additional effects may forestation measures should be based on a thorough trans-
be achieved such as the production of bio fuel and nutrientsisciplinary scientific study on a local scale combining an
as well as the creation of a healthier environment. Howeveranalysis of the costs, the carbon binding potential, and the
carbon farming must not compete with food production soeconomic efficiency of these plantations in connection with
afforestation measures should concentrate on land areas sutthe CDM. Here, the technological challenges can be stud-
as desert regions that are not likely to be used for convenied in more detail and may be complemented and veri-
tional farming and which are not oversalted by previous un-fied by results from plantations. Furthermore, land-surface—
sustainable agricultural practises. atmosphere feedback processes can be studied more real-
Recently, Ornstein et al. (2009) investigated this idea inistically using high-resolution models. This combination of
desert regions on a global scale. Using a global climatemodeling efforts is also essential for studying the sustain-
model, they simulated large-scale reductions of surface temability of carbon farming.
perature in the Sahara and the Australian desert. They also This work is intended to extend previous work in this area
studied large-scale feedback processes such as teleconnemd to close an important gap in the analysis of afforestation
tion. Focusing orEucalyptus spplantations, they stated that projects in dry coastal areas. We focuslatropha curcabe-
a significant mitigation of global carbon emission may be cause we consider this plant to be one of the more promising
achieved if the Saharan or Australian deserts are cultivatedand robust plants suitable for desert regions. Also, the authors
Furthermore, they found that their models predicted a largeof this paper have much specialized knowledge of and rele-
increase in precipitation in desert regions and related this tovant data for this plant, its potentialities and requirements.
the Charney effect (Charney, 1975). With respect to irriga-That said, we are also well aware that other tree crops, espe-
tion, Ornstein et al. (2009) stated that the extremely valuablecially Eucalyptus spor mixtures of various species, may be
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more suitable in many cases. Mixed crops can include food Decisions regarding the economic and ecological value of
and fodder crops and also have the advantage that they pra@arbon farming are possible only if they are based on a com-
duce more diverse ecosystems and thus reduce the dangerehensive assessment of the potential benefits and costs. Be-
of epidemics and large scale attack by pests. However théore large-scale projects can be established in hot dry coastal
methodology and analysis that we apply hereJatbropha  areas, in-depth plans for their implementation will need to be
curcas could, with suitable raw data, be adapted to thesedrawn up.

other species and mixtures. With this approach and the ap- Figure 1 depicts the carbon farming concept and shows
plication of available data, we are aiming at an analysis ofthe key processes involved. Our new evaluation of carbon
the performance of the plantation over a time period of 1-3farming takes the following key factors into account:

decades. This may also provide an appropriate basis for the
assessment of the fate of large-scale plantations for up to a
century in future research.

This paper is organized as follows: in Sect. 2 we introduce
the project strategy and explain the goals and the interactions
of the project partners. In Sect. 3, the results of the study — an understanding of the impact of greening deserts on
are presented. The biomass production and carbon seques- weather and climate.

tration potential oflatropha curcaglantations is presented

in Sect. 3.1; the irrigation, desalination, and energy supp|yPower and desalination plants are located at the coast line of
costs in Sect. 3.2; and the impact on the regional climate irft dry desert. The output of the desalination plant is used for

Sect. 3.3. An overview of other expected impacts is presented1i9ation of the plantations. The operation of the power plant
in Sect. 4 followed by some conclusions in Sect. 5. can be supported by burning part of the biomass produced.
If the plantation is large enough, onset of dew and rainfall

is expected due to the modification of processes associated
with the atmospheric boundary layer (ABL). In Fig. 1, the
ABL top is indicated by the blue hyper surface. The extra

An extensive, transdisciplinary study was performed to ex-Precipitation would reduce the amount of water needed for

plore the interwoven local technological, economical, andi"gation and create a more moderate local climate.

climatological impacts of carbon farming. In particular, the ~OUr analysis of the environmental impacts was made us-
economic potential of this approach with respect to thelNd @ hierarchy of computer models supported by extensive

CDM was studied. First of all, an important condition was r€S€arch on the input parameters. We applied the derived cli-
laid down namely that carbon farming must not competema,‘te models to two proposgd pilot sites in Oma_n and Mexico
with food production, as cropland is becoming increasingly USing results from a plantation datropha curcasn Egypt.
scarce. According to Costanza et al. (1997), only 1.4 billion W& used primary and secondary data for technical analyses,

ha of the approximately 15 billion ha of earth’s land area a_nd created simulqtions of irrigation requirements and re-
is currently usable for crops. Extrapolating recent trends indional land-vegetation-atmosphere feedbacks. The study is

population growth and land degradation, this would leave nocOMPlemented by a description of some non-technical con-
more than 1100 fto nourish each of the 9 billion inhabi- Straints and suggestions as to how such a project may be set
tants expected by 2050. At present, 1.9 billion ha of formerUP @nd implemented.

crop land are degraded and unusable or barren. There are also

an additional 1 billion ha of desert land in dry coastal areasz Results

with minimum night-time temperatures that seldom, if ever,

fall below 12°C. Both types of land are potential areas for 3.1 Biomass production and carbon sequestration

carbon farming. The dry coastal areas have been degraded

over a long period of time due to lack of precipitation or Many extended coastal desert areas could be cultivated with
natural water sources. The very low precipitation amountsrobust perennial plants, using desalinated sea water. These
are caused by large-scale suppression of convection, e.g., bigclude trees such a&cacia saligna Azadirachta indica
Hadley cell subsidence, or local suppression of convectiorEucalyptus camaldulensiEucalyptus microthegavioringa
either by upwelling of cold air by ocean currents or by atmo- oleifera Pongamia pinnatandJatropha curcasshrubs such
spheric divergence caused by increasing land friction. Thereas Prosopis cineraria Ricinus communjsand Simmondsia
fore, in these “natural deserts” land degradation caused bghinensis and reeds and grasses suchAagndo donax L

poor agricultural practices such as inadequate irrigation leadt IHD-prairie grassesandMiscanthus x giganteu3 he trees

ing to high salinity of the soil is hardly an issue. However, in this list have been reported to produce an above ground
strategies for minimizing contamination of the soil must cer- biomass of between 5-25t dry mass per ha per year equiva-
tainly be taken into account and are discussed in Sects. 3.l2nt to 2.4-12t of carbon per ha per year (Steen and Reed,
and 4. 2004) and the perennial grasses up to 51t above ground

— the growth of robust plants under extreme weather con-
ditions,

— technical advances in seawater desalination, and

2 Project strategy
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Desalination Plant  Power Plant

Fig. 2. Scenes from th8atropha curcaplantation at Luxor, Egypt.
Fig. 1. Outline of the carbon farming project. The top of the atmo-

spheric boundary layer is indicated by the blue hyper surface.

The extensive use of sewage water would also not be rec-
ommended in very dry areas because of salinization. In the
biomass per ha per year (Angelini Luciana et al., 2009).literature, mixed results are found with respect to the sen-
Suitably deployed, these plants could transform unusedsitivity of Jatrophato salinity. Whereas Tal et al. (1979)
barren lands into long-term carbon sinks (Fairless, 2007)found a very low sensitivity of plant growth on salinity and
The carbon efficiency of this bio-ecosystem would compareSilva et al. (2010) found adaptive physiological processes
favourably with all other existing processes for carbon stor-reducing salinization-induced stresses; in contrast, Rajaona
age and sequestration, including the cultivation of bio fuelset al. (2012) observed that salt stress influenced Jatropha’s
(Righelato and Spracklen, 2007). canopy development and the g@ssimilation rate. Without
Jatropha curcass a member of the familiEuphorbiaceag  extensive flushing, it is unlikely that more than one crop of
genusJatropha The plant is very well adapted to harsh trop- Jatropha curcascould be grown before the build-up of salt
ical and sub-tropical environments and is capable of grow-in the soil prevented further growth, in which case carbon se-
ing in hot, hyper arid deserts (Fairless, 2007) but, like mostquestration could be done only once. However, long-term ex-
plants, optimum growth requires regular, if minimal, irriga- perience is lacking and there is a need for more experiments
tion. Unlike many annual crops that have been the subject ofind analyses on large-scale plantations.
centuries of domesticatiodatropha curcass a wild, peren- One issue may be environmental safety, as concerns
nial plant that has received little scientific attention to date.have been raised in the literature about the invasiveness of
For this reason, performance parameters vary considerablthe Jatropha species. But this is actually only a problem
among different provenances, a fact which is of great signif-with Jatropha gossypiitolig Achten, 2007). Based on our
icance for future domestication programs (Popluechai et al.pbservations in Luxor, Egypt, we do not expect major
2009). problems in this respect, as the proliferation Jattropha
Long-term & 3yr) empirical data on the growth dfat- curcas is confined to the area under irrigation by the
ropha curcafrom dry coastal areas are not yet available. We neighboring hot desert areas. Growidgtropha curcasn
therefore estimated biomass production and carbon sequetarge-scale monoculture may also involve risks related to
tration from measurements taken on a 100dteopha curcas  plant health.Jatropha curcads largely immune to diseases
plantation in Luxor, Egypt, containing 940 plantsfaThe and pests but insect infestations such as flea befspletona
rapid growth of these plants is demonstrated in Fig. 2. Thespecies) (Holl et al., 2007), whiteflyB(tabac), the leaf
plants in this location are still slightly less than 4 yr old, and and capsule borefP@mpelia morosaljsand bugs such as
the site is comparable to a hot, dry coastal area because d&cutellera nobilisand Chrysocoris purpureusave been
temperatures exceed 40 for 260 days of the year and pre- reported in a few cases. It is also susceptible to a number
cipitation is very sporadic with a long-term average of only of viral diseases, e.g., the Jatropha Mosaic Virus (e.g.,
0.3mm per year. Sewage water from the city of Luxor was http://www.nri.org/component/content/article/69-project-
used for irrigation — not desalinated sea water. The use ofvebsites/480-technology-development-for-managing-the-
such waste water would also be a possibility in some hot, drypests-and-diseases-of-a-bio-diesel-crop-jatropha-cuycas-|
coastal areas, but cities of any size are comparatively rare isince only limited empirical data exist concerning the toxic-
these places and the amount of water available would not béy of Jatropha curcagruits consumed by humans — with the
nearly enough to support the scale of plantations envisagedexception of the two edible, non-toxic genotypdatropha
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curcas (Makkar et al., 1998) andatropha platyphylla of 24-51 %, or that of the data in Table 2 of this paper (aver-
(Makkar et al., 2010) — Achten et al. (2007) recommendage 24.3 %).
precautionary measures. The main toxic components of In view of the above we have used our original estimates
Jatropha curcasare the phorbol esters. These are found inin subsequent calculations in this paper viz. a value of 140 kg
all plant parts and act as a protection mechanism againdor the AGWD of a 20 yr old tree, which is slightly lower than
browsing by animals. the value derived from the data of Hellings et al. (2012), and a
From the plantation in Luxor, fifty, 32 month oldiat- value of 195 kg for the TWD of a 20 yr old tree, which seems
ropha curcasbushes were chosen at random from amongconsistent with the ratios of AGWD to TWD reported here
94 000. Trunk circumference at ground level and height ofand elsewhere. We stress that these values are tentative and
each bush were measureditd cm, and the bushes were dug based on sparse data but subsequent calculations are suffi-
up. Care was taken to include as many of the roots as posstiently transparent that they can easily be repeated if or when
ble, but very fine root systems were discarded. The bushemore robust data become available.
were separated into their main morphological components At a planting density of 940 trees per hectare a TWD of
(roots, trunk, and branches). The roots were washed to re195 kg would give a total dry biomass production of 183.3t
move sand and dried and then all components were weighedver 20 yr. Without including the leaves and fruits which, in
to 0.1 kg. After chopping and homogenising the three frac-a hot desert climate accumulate as litter under the trees, this
tions, samples were taken, placed in sealed plastic bags antlould translate into a total of 91.7 thh of carbon. If we
sent to Germany where dry mass was determined by heatinmclude the fruits and the leaf litter, then the figure for carbon
to constant weight at 10%C over 3—4 days. Carbon content sequestration by a Jatropha curcas plantation could be up to
was calculated as 50 % of dry mass (see Table 1). 50 % higher reaching about 137.6 tHaof carbon by year
The problem of obtaining longer-term biomass data for Ja-20. Note that this estimate does not include possible carbon
tropha curcas has already been mentioned. To get reasonatdequestration in the soil and the yearly average range of 4.9—
estimates, we used data on the diameter of Jatropha curc#&9tha ! yr—1 is well within the range of 2.4-12thdyr—1
trees quoted by Holl et al. (2007) from trees up to 12 yr old reported above for a variety of perennial desert trees.
and fitted a growth curve to a graph of age versus diame- In terms of CQ sequestration, a range of 4.9-
ter at ground level (DGL). According to forestry experts, an 6.9thalyr—! of carbon translates into an average of
assumed average rate of growth of DGL of 4mm per year21.6thalyr—1 of CO, or 2.16 kg2 yr—. We have used
from age 12 on could then yield a 20yr value for DGL of this value to estimate the amount of anthropogenie @t
412 mm. We then used an allometric equation of Sampaiccould be removed by the establishment of large-scale Jat-
and Silva (2005) fodatropha mollissiman Brazil to calcu-  ropha curcas plantations.
late the most likely biomass at 20 yr. This equation predicted Given the total mass of the atmosphere
that the average dry biomass would be 140 kg per tree aboveiam~ 5.13x 1018kg, the molecular weight of dry air
ground and 55 kg below ground. Mp =2896gmoll, and the molecular weight of GO
Recently, Hellings et al. (2012) published allometric equa- Mco, = 44.01gmot? then the relationship between the
tions based on their destructive analysis of Jatropha trees imass of CQ in the atmospheren{CO;) and the volume
Northern Tanzania. These authors experienced similar probmixing ratio of CQ in dry air (Vco,) is
lems to us in that most of their sample trees were 2.5—
4.0yr old_ with just one 7 a_nd one 25yr specimen. How- meco, = mathCOz Voo, 2 Vo, 7.8 x 1018k, 1)
ever, their results are similar in some respects to ours. Mp
For example, their 25yr old tree had a DGL of 433 mm,

Wmereas our prl'edlctﬁd.valﬁe for a 20yr olq tree was 412mm < o carbonnc (mc = meo,/3.67) today and prior to
When we applied their allometric equations to a 412mmthe industrial revolution. From these values we can see that

diameter tree, we obtained values of 165 and 146 kg forthe increase iVco, over this period was around 105 ppm,
total and above ground woody dry biomass respectivelywhiCh is equivalent to 819 Gt of GO

The relevant equations were: TWD =0.0042 38861 and
AGWD =0.0019 DGE9248where TWD is Total Woody Dry
matter and AGWD is Above Ground Woody Dry matter.
There was good agreement for the prediction of AGWD
but the below ground woody biomass (TWD-AGWD) was
substantially lower using these equations (19 versus 55kg or a. Since the present rate of increase Wfo, is around

able 2 gives values dfco,, mco,, and the corresponding

Using Eqg. (1) and the average value for the amount of
O, likely to be sequestered by plantidgtropha curcas
(2.16 kgnr2yr~1), simple calculations allow several inter-
esting and important conclusions to be drawn.

13% versus 28 % of TWD). The value of 13% was lower 2ppm per year, stabilising/co, at its present level
than the value calculated directly from the data in Helling would require the planting of.83 x 10° ha of Jatropha
et al. (2012) (28.1 % 6.5 % which includes the 25yr old curcaswhich is just under three quarters of the’ta

tree that gave a value of 30.6 %), or the data of Firdaus et  of desert and marginal land we estimate to be suitable
al. (2010) quoted by Hellings et al., 2012) which gave values for Jatropha curcagultivation.
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Table 1. Dry matter content and calculated carbon content of the twigs, stems and roots of 32 monthasagia curcagrees from a
plantation in the desert of Luxor, Upper Egypt.

Kg dry matter per tree

Number Plant Total dry  Total
oftrees  height (m) Twigs Stem Root matter carbon
50 3.25£0.6 4.5+23 12443 41+16 21.0 10.5

Table 2. The volume mixing ratio of C@ in the atmosphere ~which works out at 639 fha tyr~1. Application of the
(Vco,), the mass of CQ (mco,) and the derived mass of carbon  FAO CropWat model using data from Holl et al. (2007) also

(mc). gave similar results. This simulation takes into account lo-
cal temperatures and rainfall. It gave results that were 10%
Veo,, PPM - mco,, Gt me, Gt higher than our Luxor data for a proposed site in Oman and
Preindustrial 280 2182.9 596.4 50 % less for a proposed site in Mexico where annual rainfall
Present day 385 3001.4 820.1 was appreciably higher than that in either Oman or Luxor.
Annual increase  1.0-2.0 7.8-156 2.2-4.4 The harvested trees had no discernible tap roots, and the

soil outside the area watered by the irrigation system was dry
indicating that no other source of water such as ground water

b. If the remaining 8 x 10° ha were also planted, this Was available to the plants.

area would, over a 20yr period, redudéo, by Sewage water as used in the Luxor project will also pro-
17.5ppm or 16.6 % of the total increase in £&nce vide the plants with nutrients. According to the analyses
the industrial revolution. guoted by Hussein et al. (2004) the treated effluent contains

22.0,3.8and 22.4 ppm of N, P and K, respectively. The quan-
c. Around 2400 krd of Jatropha curcasvould be required ity of water applied to the plants (ca. 906 e lyr—1)
to remove the 5Mt of C@ produced annually by a would provide 19.8, 3.4 and 20.2g of N, P, and K, respec-
typical, modern, coal fired power station (1000 MW, tively to each plant per year. These amounts plus the nutri-
5000 full load hours, 45 % net electrical efficiency) and ents available from the soil were enough to promote healthy
69 400 kn# would absorb all the C@produced by mo-  plant growth. In our proposed system using desalinated wa-
tor vehicles in Germany (about 150 Mt per year). ter, these and other essential minerals would have to be pro-
. . . . vided dissolved in the irrigation water.
The predicted reduction Ie_vels in G@an be achieved as Over recent decades, seawater desalination has become
long as the plants are growing at the expected rate for 1—

decades. Therefore, carbon farming has the potential to in%echmcally and economically feasible. The two main tech-

fluence the atmospheric GQevel at least over this time pe- niques currently u_sed.m large scale plants are |IIustr§1ted_ n
. . . Fig. 3. The essential difference between the two desalination
riod. The fate of large-scale plantations beyond this time pe- ; .
. : . methods is the form of energy needed for the separation of
riod needs more research and experiments. Some options are . o
) . water from salt. While thermal desalination (TD) processes
discussed in Sect. 4. -
need both heat to evaporate the water and electricity to pump
it, reverse osmosis (RO) only uses electricity for the high
pressure pumps that overcome the osmotic pressure of sea-

water. Based on the experiences gained in Luxor we could as-

The plants in Luxor were irrigated with an open-line sub- sume that, after an initial growth phase of about three years,
surface irrigation system that delivered 20 L of water perbiomass would begin to accumulate in the form of trim-
plant every 7 days during the hot season (240 days) andnings, withered leaves and nuts. This biomass can be used
every 10 days during the cold season (125 days) whichaS an energy source. According to Gebel arigter (2008),
was enough for optimum plant growth. This translates into metric tons of dry biomass with a heat of combustion of
roughly 880 i ha1yr—1 for 940 plants hal, which corre-  18.5MJ kg1 become available per hectare per year in the
sponds to< 100 mmyr 1. The root system of the plants that form of nuts, leaves, and trimmings. This material from a
were harvested at 32 months typically covered an area of les0 000 ha plantation could therefore be burnt to produce a
than 1 n? so this type and level of irrigation was equivalent continuous heat output of 30 000 kW. This material has not
to 880 mmyr ! over this area. been included in the estimation of carbon sequestration and

This level of irrigation is rather more than that recom- would provide enough energy to produce steam either as the
mended forJatropha curcasby Gebel and Yice (2008) first stage in a thermal desalination plant or to drive a turbine
who suggest using 17 500%d ! for a 10000 ha plantation o generate electricity for a RO plant.

3.2 Irrigation, desalination, energy supply and
associated costs
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Methnani (2007) states that most estimates for the cost of
water in “mega projects” are of the order of 0.5EUR per
me. Methnani’s own calculations using the DEEP program
of the International Atomic Energy Authority give values of
0.53-0.72 EUR m® and 0.85-1.28 EUR i for RO and TD
plants respectively when the energy source is a combined
heat and power plant (CC) fuelled by fossil fuel. Correspond-
ing figures when the energy source is an (atomic) high tem-
perature gas reactor (HTGR) are 0.42-0.52 EUR for RO

and 0.44-0.54 EUR i for TD. These figures show that the
cost of producing desalinated water depends very much on
the cost of the energy source and is particularly vulnerable
to changes in the price of fossil fuel if a CC plant is used.
One of the major advantages of the kind of carbon farming
proposed here is that the project produces its own fuel after
the third year in the form of tree trimmings and is thus rela-
tively immune to the escalating price increases that will be-
come inevitable as fossil fuels become rarer and more costly
to extract. In our analysis, producing the fuel comes under
the operational costs for the plantation so the cost of the de-
salinated water is mostly incurred for building, running and
maintaining the machinery. This cost is therefore likely to be
much closer to Methnani’'s HGRT estimates than those for
CC and probably even lower since an atomic reactor is not
required. We therefore use a global figure of 0.5 EURm

all subsequent calculations.

The carbon farming costs are estimated using the re-
sults from the Luxor plantation and other pildatropha
curcasplantations in India and Madagascar complemented
by secondary data (Lal, 2004; Francis et al., 2005; Pruek-
sakorn and Gheewawa, 2008). From these data, we com-

Several thousand desalination plants of various capacitiepiled a comprehensive database disaggregated to the var-
presently operate worldwide producing more than 50 millionious farming activities (e.g., fertilization, irrigation, prun-
m? of desalinated water per day. The largest plants are usting, and harvesting), each specified in terms of labor, ma-
ally coupled directly to a power station for their energy chinery and cash requirements as well as harvested prod-
supply and deliver around 5000 ! per unit. The to- ucts and carbon sequestered. We then submitted these
tal energy needed to desalinate sea water can be as little asput—output parameters to sensitivity testing and came up
5 kWh 2 for a large state-of-the-art reverse osmosis desaliwith the following average cost estimates for carbon farm-
nation plant (Shannon et al., 2008). The fresh water produceéhg: The costs include land lease (10 EURhgr—1), run-
is used in industry, agriculture and the home. ning the plantation including establishment and cultivation

To estimate the costs of the carbon farming method pro{200 EUR halyr~1), erecting and running the irrigation
posed above, we considerJatropha curcasplantation of  system (100 EURha yr—1) and other running costs not
10000 ha. It is assumed that the plantation is started on vireonnected with water (310 EUR hayr—1). With an annual
gin desert land and cultivated over a period of 20yr. Forwater demand of 880#ha 1yr—1, the total running costs
the climate simulations the locations of the plantation arewould be 1060 EURha yr—1. In the coming 20yr, 92—
arbitrarily chosen to be in Oman and Mexico. Based on138tC ha ! can be sequestered equivalent to capturing 338—
data from the plantation in Luxor, Egypt, the annual wa- 506tCQ ha ! from the atmosphere. Thus, the total cost for
ter demand bylatropha curcasplanted at 940 plants h& carbon farming would be 42—63 EUR%CO,, which is sim-
is 880 n¥ ha 1yr—1. For a plantation of 10,000 ha practising ilar to the cost estimates of conventional CCS technology
placed irrigation, this would mean 24108 dr 1. The nom-  which are around 54 EUR CO, (IPCC, 2005).
inal capacity of a suitable desalination plant should therefore We estimate that it would take around 3 yr before the plan-
be around 25 000 #d—2. tation could provide enough spare biomass in the form of

There are many and varied estimates of the cost of detrimmings to produce the necessary heat to run the desalina-
salinated water. Yerimiyahu et al. (2007) gives a figuretion plant (either directly in the case of TD or indirectly to
of 0.55USD (0.42EUR) per mof drinking water and  run a generator for a RO plant). Until that time, the shortfall
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in energy would have to come from older, more maturecoupled to the NOAH land surface model (LSM) (Chen
plantations, from the electricity grid or from other sources. and Dudhia, 2001). In order to minimize systematic er-
The biomass burned would release carbon as,®0t this rors due to large-scale conditions, WRF-NOAH was driven
would be a small amount compared with the total carbon seby European Centre for medium-Range Weather Forecasts
questered as biomass. Another obvious option would be thECMWF) analyses with a resolution of T799 (about 12.5 km
use of solar power plants. grid resolution in the domains of interest). The nested do-
main was chosen to be a few tens of km larger than the
planted region in the centre of the high-resolution domain. At
the boundaries, one-way nesting was applied because we as-
sumed that the scale of the planted region was still too small
3.3.1 Feedback processes in desert regions to induce large-scale feedback processes to the exterior do-
main.

Charney (1975) proposed self-stabilization effects in sub- As far as possible, the physics of WRF-NOAH was
tropical deserts related to feedback processes between siudapted to the physics of the ECMWF model for minimiz-
face albedo and precipitation. Prentice et al. (1992) extendeénd inconsistencies at the boundaries and the interior of the
this research by considering the feedback processes betweégsted regions. The WRF physics included the short-wave
Vegetation and the hydro|ogica| Cyc|e_ By Coup”ng a cli- and the long-wave radiation schemes of Dudhia (1989) and
mate model to a dynamic vegetation model (Claussen, 1994)llawer et al. (1997), respectively, the Yonsei University
and application of conceptual models (Brovkin et al., 1998),boundary layer parameterization (Hong et al., 2006), and the
two stable regimes were found in the Sahara: a desert equfwo-moment cloud microphysics of Morrison et al. (2009).
librium with low precipitation and absent vegetation and a Deep and shallow convection were not parameterized.
green equilibrium with moderate precipitation and perma- To obtain simulations with optimal performance, WRF
nent vegetation cover. The impact of greening the planetvas operated with a convection permitting grid resolution
on global temperature was studied by Kleidon et al. (2000).0f about 4km. This scale was chosen in order to simulate
They demonstrated that greening the planet would result ifeedback processes between areas with different land-surface
a reduction of global mean surface temperature mainly dudroperties, atmospheric boundary layer (ABL), convection
to enhanced surface evapotranspiration in combination wittinitiation, clouds and precipitation as realistically as possible.
a modification of the global water cycle. Recent results of convection-permitting simulations confirm
In the subtropical regions, which are under considerationtheir superior performance compared to models with convec-
in this work, a change of weather conditions can also betion parameterization with respect to the resolution of land-
expected, as large-scale effects are produced by subsidengérface heterogeneity and orography (Schwitalla et al., 2008;
caused by the Hadley circulation while significant horizontal Wulfmeyer et al., 2008, 2011; Rotach et al., 2009a, b) and
moisture transport is present at least in the summer seasof? €nhanced forecast skills (Schwitalla et al., 2011; Bauer
In Oman, these effects are due to humid air advected fronet al., 2011). Convection-permitting resolution is essential in
the south over the Arabian Sea whereas in Mexico, moist aithis study, particularly considering the relatively small spa-
is transported from the Gulf of Mexico to the Sonora desert.tial domain of thelatropha curcaplantation. This was set to
These events are a prerequisite for the induction of precipabout 100 kmx 100 km oriented along the coast lines in both
itation processes. However, the greening of the desert by &gions, Oman and Sonora (see Table 3).
plantation with low levels of irrigation has more influence A key accomplishment of this study was the optimization
on the sensible heat flux and on changes of the atmospherief an advanced land-surface model (LSM), in this case that
flow than on a change of evapotranspiration in the region ofof NOAH, in the regions of interest. This required an ac-
the plantation. Consequently, greening dry coastal areas hagirate description of sub-surface and surface soil properties
the potential to mitigate climate change, curb desertification2nd vegetation which we achieved by applying an advanced

localize regional water cycles, and, consequently, promote20-category vegetation-land use data set (Friedl et al., 2002).
rural development. Several improvements were implemented in the LSM in or-

der to achieve the most realistic results. These included mod-

ification of the vegetation parameters to make them appropri-
3.3.2 Model setup ate forJatropha curcasind simulation of constant, regular ir-

rigation. At the date of this study, a detailed parameter table
To investigate whether the scenario mentioned above was

Il'kely to occur in Igrge—scaIeJatropha curcas planta- . INOAH: joint land-surface model of N =National Center for
tions, we used a specially adapted land-surface-vegetationgnyironmental Prediction (NCEP); O=Oregon State University
atmosphere model and applied it to two proposed pilot sitegpept of Atmospheric Sciences); A= Air Force; and H = Hydrologic
in Oman and Mexico. The study was executed with theResearch Lab — NWS (National Weather Service) (now Office of
Weather Research and Forecasting (WRF) model version 3.Hydrologic Division).

3.3 Impacts on regional climate

Earth Syst. Dynam., 4, 237251, 2013 www.earth-syst-dynam.net/4/237/2013/



K. Becker et al.: Carbon farming in hot, dry coastal areas 245

for Jatropha curcasvas not available. However, as the veg-
etation properties aJatropha curcasare close tdvergreen
Broadleaf Fores{land use category 2), we started with this
data set and optimized all parameters by a thorough study
of recent published vegetation propertiesJatropha cur-
cas(Gupta et al., 2002; Holl et al., 2007; /A et al., 2004).
The main differences from land use category 2 are the maxi-
mum leaf area index (3.2 instead of 6.48) and the minimum
stomatal resistance (130shinstead of 150smt). The
main difference between the vegetation and desert is that the
albedo is lower in the former from 0.38 to 0.12, but the in-
crease of the roughness length from 0.01 m to 0.5m can alsc
play a role in the development of convection in the target re-
gions. This translates into different energy partitioning over
the plantations. The remaining differences were not consid-
ered critical for this study, as these were expected to affect
the resulting impact of the vegetation cover on atmospheric
variables only at a secondary level.

Another special requirement was a reasonable esti-
mate of the effect of irrigation. It turns out that irri-
gation has a negligible effect on the evapotranspiration,
as long as the irrigation amounts derived in Sect. 3.2
are realistic. This is due to the fact that an irri-
gation of about 100 mmyrt=0.27 mmday?!, which is
taken as reasonable approximation from Sect. 3.2 (Holl
et al.,, 2007; Gebel and ¢e, 2008), translates into
a rather low upper limit of transpiration during day- . e s -
time: 0.27 mmday!=0.27 mm/(1260-60s)= 16 W 2. | Pl
This result may be modified, if further data concerning veg- o o o
etation dynamics and irrigation amounts become availablerig. 4a. Upper panel: location of the plantation in Oman. Bottom
However, even if errors of around 100 % are made, the parpanel: 2-D plots of the reduction in albedo causedatyopha cur-
titioning of fluxes in the energy balance closure remainscasplantations in Oman.
mainly driven by the sensible heat flux, which amounted
to more than 500 W rr? during daytime both in Oman and

Sonora. Consequently, area averaged irrigation of the soil in | ati fth dified land ters in th
the grid cell could be neglected and details of irrigation tech-'mpPiementations ot the modined land use parameters in the

niques did not have to be altered so that the soil moisture WaJSSM' The soil type in both Oman and Mexico was similar

kept the same as the initial values specified in the ECMWFACToss the respective regions' and the locations of the plan'-
driving data. Furthermore, the resulting low latent heat quxtat'onS at the coasts are easily detected due to changes in

minimizes potential errors with respect to the assumptionsalbedo'

made as to soil properties such as hydraulic conductivity. It

is also worthwhile to point out that during our simulations the 3.3.3  Results

soil moisture remained very low but was still, with values of

about 0.08, higher than the wilting point of loam (0.06) or The model system was operated for a full year (2007) in order

sandy loam (0.047), which are the dominant soil types in theto detect feedback processes with high statistical confidence

regions of interest. This demonstrates once again the consisturing all seasons. Four simulations were performed for the

tency and reality of our results. Finally, care had to be takenwhole of 2007: Oman CONTROL (no changes of vegetation

to ensure the correct simulation of the vegetation in each grigproperties), Oman IMPACT (modification of land-surface

cell of interest. A corresponding vegetation mask was develproperties by planting witldatropha curcasn selected re-

oped and carefully tested in order to make sure that changegion), Sonora CONTROL, and Sonora IMPACT. The year

in land surface properties implemented in the model systen2007 was chosen, as typical weather prevailed and the most

exactly matched those in the regions selected in Oman anddvanced and recent driving data could be used. For each

Sonora (Mexico). simulation, seasonal averages and mean diurnal cycles with
Figure 4a and b present the locations of the plantations irtheir corresponding standard deviations were determined for

Oman and the Sonora, respectively, as well as the successfalrface flux and atmospheric variables. The boundary layer

035000
026000 0.32000 0.38000
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Table 3. Configuration of the WRF model.

K. Becker et al.: Carbon farming in hot, dry coastal areas

Properties Oman Mexico

Model domain (horizontal) 88 80 grid points 75 x 75 grid points (rotated)
18.96' N, 55.88 E 30.19 N, 114.89 W
—21.63 N,58.72 E —32.73 N, 111.92 W

Coordinates ofatropha NE: 20.45 N, 57.98 E NE: 31.92 N, 112.97 W

curcasplantations SE:19.7N, 57.65 E SE: 31.33N, 113.25 W
SW: 20.08 N, 56.7% E SW:31.9N, 114.7 W
NW: 20.9 N, 57.22 E NW: 32.37 N, 114.453 W

Number of vertical layers 45 45

Horizontal resolution 4Kkm 4km

Time step 24s 24s

035000

0.080000 014000 020000 0.26000 0:32000 0.38000

development. The diurnal cycles of the surface heat and the
latent heat fluxes were substantially enhanced, particularly
in summer. Whereas the latent heat flux was almost positive
throughout the day, it became negative during night-time in
spring, fall, and winter. This effect led to the formation of
dew. For instance, in Oman, the formation of dew amounted
to 46 g nT 2 per night. Dew can be used by plants thus reduc-
ing the amount of water that has to be provided by irrigation.
The exact amount, however, will be subject of future experi-
ments and investigations.

The mean average surface temperatures oveldtiepha
curcasplantations in both Oman and Mexico fell by more
than 1°C during all seasons. This effect was due to a non-
linear modification of the diurnal cycle of the sensible heat
flux. We attribute the stronger cooling during night-time to
the high emissivity of the plants. The increase of surface tem-
perature during daytime was overcompensated by a reduction
of temperature during night-time resulting in a decrease in
mean temperature.

Another substantial effect was an increase of the atmo-
spheric boundary layer (ABL) depth, particularly during
summer time. This is demonstrated in Fig. 5, which shows
the spatially resolved difference between the IMPACT and
CONTROL planetary boundary layer depth (PBLH) over
Oman and the Sonora. The mean PBLH over the plantations
rose by more than 250 m. The modification of the ABL de-
pends on the local upstream conditions (wind speed and wind
shear), the land surface energy balance closure (EBC, which

Fig. 4b. Upper panel: location of the plantation in the Sonora. Bot- Was quite similar over both plantations), the local vertical sta-

tom panel: 2-D plots of the reduction in albedo causeddtyopha
curcasplantations in the Sonora.

bility of the ABL, the strength of the capping inversion, and
the subsidence in the free troposphere. These effects resulted
in a growth of a thermal internal ABL over the plantation on
the upwind side and wake effects downstream of the planta-

depth, the cloud coverage, the rain rate, and the formation ofions. Interestingly, in the Sonora and Oman an increase and

dew were also analyzed.

a decrease of the ABL were found downstream of the plan-

The differences in albedo and transpiration betweentations, respectively. These complex and non-linear effects
CONTROL and IMPACT lead to substantial changes in are currently the subject of further studies. The increase of
surface variables and atmospheric boundary layer (ABL)the ABL depth due to the higher sensible heat flux over the

Earth Syst. Dynam., 4, 237251, 2013
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Fig. 5.Mean difference between IMPACT and CONTROL ABL top Fig. 6. Predicted differences in precipitation between planted and
in summer over Oman (upper panel) and Sonora (bottom panel). desert regions in Oman (upper panel) and Sonora (bottom panel) in
summer 2007.

Compared with previous studies of land-surface—
plantations caused a strong diurnal cycle. In the Sonora, ategetation—atmosphere feedback processes with respect
local noon, the ABL increased from 1800 m to 2580 m be-to precipitation (Charney, 1975; Claussen, 1994; Brovkin
tween CONTROL and IMPACT and, over Oman, the cor- et al., 1998; Ornstein et al., 2009) our model had a much
responding increases were 2000m to 2750 m, respectivelyfiner resolution. This gave a much deeper insight into the
The mean ABL increased from 750 m to 976 m in Oman andcomplex chain of processes leading to a positive precipi-
from 685 m to 895 m in the Sonora. These increases mainlyation feedback over the plantations and, more generally,
occurred during daytime. to a greening of desert regions. The processes simulated

Simultaneously, the increased latent heat flux caused moregn Oman and Sonora leading to precipitation are reliable
moisture to be mixed vertically in the ABL. In combination and reasonable. To our knowledge, this study is the first to
with the enhanced ABL depth, this led to an increased like-simulate the effect of the development of substantial plant
lihood reaching the lifting condensation level in the ABL. cover in a tropical desert region with a specially adapted
Consequently, vertical stability was reduced increasing thdand-surface—vegetation—atmosphere model at such a fine
probability of deep convection during summer time (June,resolution.

July, August) both in Oman and Sonora. In the future, it is essential that this process chain is

Figure 6 shows the predicted changes in precipitation ovestudied in more detail and related to the size, shape, and
100 kmx 100 km Jatropha curcasplantations in both re- orientation of plantations as well as to the mean air flow.
gions. Changes in rainfall were complex and tended to occuParticularly, it needs to be investigated whether, at a cer-
in streaks due to several events where convection was initain size of plantation, a point of self-stability can be reached
tiated. The increase in rainfall is substantial in summer andwhere the precipitation enhancement is large enough for ar-
can amount to 160 mm along the streaks. This localizatiortificial irrigation to be no longer necessary. The GMC model
of the water cycle would be very beneficial for the biosphereof Ornstein et al. (2009) proposed increases in precipitation
in this region. Overall, precipitation increased on average byof up to 1400 mm per year for greening the Sahara. How-
approximately 11 mm and 30 mm in Oman and the Sonoragver, based on our research and experience with quantitative
respectively, and occurred mainly in summer. precipitation simulations, it is essential to confirm this with
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the new generation of convection-permitting models. In plan-include the topography of the site, off-shore bathymetry,
tations of up to 100 knx 100 km, the predictions of our geology/seismology, and environmental concerns especially
model are much more modest, datropha curcasvould al-  where brine from the desalination process is returned to the
ways require water from desalination. It is for this reason thatsea. The irrigation by desalination plants and waste water
we have postulated the use of only those desert areas whiamay lead to soil salinization. The accumulation of salt in the
are near the coast in order to minimize the costs of transsoil and the sensitivity of the plants to salinization have to be
porting water to the plants both vertically and horizontally. monitored continually in order to investigate potential nega-
In any case, the precipitation increase of 11 mm and 30 mmtive effects and to develop methods for minimizing the im-
in Oman and the Sonora, respectively, would spare some gbact of soil salinization on plant growth and crop yield.
the water needed for irrigation by the plantations in the sum- As mentioned previously, we expect soil carbon stocks to
mer season, which was estimated to be 25 mm. It is importanincrease as plantations mature. Also, as forests and planta-
to quantify this in connection with the “self-stability” of the tions mature, large amounts of carbon are also sequestered in
plantations. However, it should be noted that the precipita-the soil. Mueller-Landau (2009) states that in African trop-
tion increase is not the amount that ends up in the root zonécal forests, the soil holds as much carbon as the trees. Fer-
for irrigation. This value depends on the runoff, the intercep-ric Acrisols in the semi-arid coastal savannah zone of Ghana
tion, the evapotranspiration, and the infiltration into the soil. which is part of the extensive savannah belt of West Africa
The precipitation increase exhibits a diurnal cycle and, as itwere found to contain 16-53t of carborrfaunder differ-
is driven by the increase of sensible heat flux, the accumulaent types of cultivation (Dowuona and Adjetey, 2010). These
tion of water in the soil depends on the diurnal cycle as well.figures give an idea of the potential for soil carbon storage
Therefore, the increase in soil moisture and thus the reduci one were to start irrigating desert soils from scratch. Al-
tion of water demand depends, in a non-linear manner, on théhough decomposition will tend to reduce soil carbon stocks
temporal and spatial evolution of the single, induced precip-on a timescale of decades to centuries (Bird et al., 1999),
itation events. These analyses are beyond the scope of thise assume that in a hot, dry desert climate an appreciable
work and subject of another publication, which is in prepara-portion will not be returned to the atmosphere (Lewis et al.,
tion. 2009). Therefore, carbon storage as woody organic matter
So far, in our simulations, effects on atmospheric variablesmay not be a permanent solution but at least it would pro-
downstream of the plantations were small. If larger scalevide a breathing space during which longer term methods of
plantations are simulated, the teleconnection of weather patstorage and reduction of G@missions could be found.
tern also needs to be studied by increasing the domain sim- The ultimate fate of the plantations proposed in this paper
ulated in the model around the plantations substantially orcan only be studied by further extensive experiments. It is
even by global simulations. probable that the trees on many of them would continue to
grow, albeit at an ever decreasing rate, until it was no longer
worthwhile irrigating them. At this stage, they could either
4 Other expected impacts be harvested or irrigation could be ceased. Harvested ma-
terial could be stored or used as fuel. Using the material as
The oil in Jatropha curcasnuts is a viable and valuable fuel will, of course, release G{back into the atmosphere so,
source of biofuel (Devappa et al., 2010). Harvesting the nutseven if the cleared areas are replanted, the potential for net re-
would reduce the amount of carbon sequestered by the plammoval of atmospheric COwill be limited to that achievable
tation as a whole by about a third but in some situations thisin the first 20 yr of growth, plus any carbon accumulated in
would be worthwhile in order to provide local employment the soil.
and as an additional source of income for the plantation own- The option of storing the material could be achieved most
ers. easily by simply ceasing irrigation since the sites proposed
In some situations, one of the sources of “income” would for the plantations are hot dry deserts. This would be the only
be the increase in value of the land on which fa¢ropha  option in sites where the salinity of the soil had accumu-
curcaswas grown. The provision of a source of water and lated enough after 20 yr to inhibit optimal growth. Inciden-
roads and the growth of vegetation would turn some desertally, this will almost certainly be the case in our test site in
coastal areas into desirable locations for the establishment dfuxor where the irrigation water derived from sewage is rel-
towns and villages. atively saline and may also contain other undesirable mineral
On any proposed site, current land use rights and systemsompounds. Once again the amount of carbon sequestered is
must be carefully checked and respected. Land may be usdimited to that accumulated during 20 yr.
for occasional grazing, collection of desert fruits and flowers, The most optimistic scenario would be one in which the
extraction of minerals and other natural resources, huntingplantations caused sufficient increase in precipitation, as pre-
tourism, cultural and religious uses, military training, etc.  dicted by our climate model, to maintain vegetative growth
Regarding desalination plants, environmental impacts willand establish permanent woodland or forest without artificial
have to be considered at each specific location. Issuesrigation.
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5 Conclusions mitigation strategies. Overall, we hope that we have demon-
strated that carbon farming is a promising mitigation strat-
We have introduced a transdisciplinary project for simulatingegy deserving at least as much attention as many of the other
the technological, economic and climatological impacts ofgeoengineering options, which are currently being discussed.
carbon farming bylatropha curcaplantations in dry coastal The interdisciplinary combination of simulations presented
areas as well as their usefulness with respect to the Cleam this work can be considered as a starting point for study-
Development Mechanism (CDM). We have determined bothing the sustainability of carbon farming.
by estimations and by field measurements that plantations
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