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ABSTRACT
Recent advances in technology permit the irrigation of dry, coastal areas, avoiding the use of fossil water
and conflicts with other land use (e.g., for food production). Consequently, it becomes reasonable to consider
large-scale plantations for mitigating increases in atmospheric concentrations by carbon sequestration and to
study local modifications of weather and climate. This work investigates the impact of plantations in Oman
and the Sonora Desert in Mexico assuming an area of about 100 km 3 100 km. For this purpose, an advanced
land surface–atmosphere model was adapted to the local changes of land cover and operated on the convectionpermitting scale. Explicit simulations of the impact of the plantation on soil–vegetation–atmosphere feedback
were performed for a duration of 1 yr. A strong modification of diurnal cycles of variables such as surface fluxes,
temperature, and boundary layer depth was found. Over the plantations, the mean temperature decreased as
a result of nonlinear changes of the diurnal cycle caused by less warming during the day than cooling during the
night. Moreover, the plantations caused an increase in vertical instability and a modification of the horizontal
flow leading to the development of convergence zones. During several isolated cases in summer, this process
led to convection initiation and precipitation with an enhancement of about 30 mm in both areas, respectively.
These convection-permitting simulations lend confidence that an increase in precipitation could be induced at
the mesoscale by the introduction of vegetation in desert regions. Furthermore, this effect should be included
in a quantitative assessment of climate engineering by afforestation.

1. Introduction
Afforestation has become an important option for
reducing the negative effects of anthropogenic climate
change. As a result of the Clean Development Mechanism of the Kyoto Protocol and the Certified Emission
Reduction, it became an alternative concept for carbon
capture and storage. Afforestation can become economically interesting for companies, which are large emitters of
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carbon dioxide. In the following, we define the economic
application of afforestation as carbon farming and the
analysis of its impact on weather and climate as climate
engineering by afforestation (CEA). Afforestation projects are biogeoengineering efforts that, when implemented
through mono/mixed forestry/agroforestry systems or
managed timber forests, could potentially offer multiple
benefits such as 1) carbon sequestration in vegetation
and soil carbon stocks, 2) carbon trading under national
and international agreements, 3) commercial crop value
by production of oils and energy production, 4) environmental services such as soil protection and water filtering, and 5) mesoscale climate modification by changes
in land surface properties. Because of its carbon binding
potential, CEA is considered a mitigation option within
the Intergovernmental Panel on Climate Change (IPCC;
Metz et al. 2007).
It is interesting to compare the impact of afforestation
with other geoengineering approaches currently under consideration. An overview is given, for example, in
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Lenton and Vaughan (2009). Geoengineering options
are characterized by their impact on the top-of-theatmosphere radiation balance and on the surface energy
budget, which both translate into a radiative forcing
potential. While conceding that this may provide a first
insight, this approach disregards important feedback
processes in the Earth system (e.g., with respect to regional changes in evapotranspiration and the mesoscale
water cycle).
Thus, anthropogenic modifications to Earth’s energy
balance (e.g., from land-use change or CO2 emissions)
would not simply be reversed by geoengineering methods.
To take just one example of aerosol injection, Haywood
et al. (2013) suggest that three of the four driest Sahelian
summers were preceded by substantial Northern Hemisphere volcanic eruptions. In other words, apart from any
potential global forcing induced by CO2 sequestration or
changes in atmospheric albedo, the possibility of localized and synergistic effects must also be considered. This
renders the outcome from all geoengineering methods
highly uncertain. Extreme care therefore needs to be
taken in the analysis of the net effects on the Earth system, both globally and regionally. The IPCC states that
areas of concern are (i) effects on the global or regional
climate system including the land, atmosphere, and ocean
and (ii) that significant effects would span national boundaries (Edenhofer et al. 2012). This requires conducting
a comprehensive assessment, if this is indeed possible, of
induced feedback mechanisms in water, matter, and biogeochemical cycles, starting at Earth’s surface.
Large-scale afforestation strategies need to be assessed
from a holistic perspective, particularly in regard to
multiscale impacts and threats to food security. Glenn
et al. (1992) highlighted a fundamental problem with
reforestation: ‘‘much of the same land required to grow
trees may be needed for food production and other
uses as the world’s population continues to grow.’’ They
discussed a potential for halophytes, or salt resistant
species, to be planted in arid regions as a climate change
mitigation strategy. Afforestation could therefore take
place in hot and dry coastal areas, in order to avoid
competition with other land uses. Nowadays, robust perennial plants are better understood with respect to their
physiological properties and carbon binding potential
(Fairless 2007; Righelato and Spracklen 2007). For instance, Becker et al. (2013) demonstrated that Jatropha
curcas could capture 17–25 tons of carbon dioxide per
hectare per year from the atmosphere (averaged over
20 yr). The same progress holds for key technologies such
as the setup and operation of desalination plants, which
eliminates the use of fossil water for irrigation. A holistic,
transdisciplinary approach is necessary (McAlpine et al.
2010). A corresponding study of suitable land areas,
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carbon farming, and CEA with respect to its economic
value is presented in Becker et al. (2013).
Another key topic concerning plantations in desert regions are potential influences on regional weather and
climate. Because of the decrease of the surface albedo in
combination with a change of the partitioning of the fluxes
in the energy balance closure (EBC), a modification to the
local circulation can be expected. If such plantations induced net beneficial changes in local climate such as more
moderate surface air temperatures and increased cloud
formation and rainfall, this would add to the attractiveness
of carbon farming projects. Such changes must be thoroughly investigated though at different time and spatial
scales before any strong statements can be made, however. Storage of water by a localization of the water cycle
through the formation of dew and precipitation would
increase the efficiency of water usage in the carbon
farming concept. In this work, this modification of the
water and energy cycle is studied in two regions in detail,
explaining the processes leading to the changes of precipitation induced by plantations in two study areas, the
Oman and the Sonora, as shown in Becker et al. (2013).
A careful consideration of geoengineering options requires the application of Earth system models on regional
scales with detailed description of the feedback between
land surface, vegetation, and atmospheric processes. In
our study, we apply an advanced model system of this
kind to study CEA with unprecedented detail providing
spatially resolved quantitative results. We present climatological mean values and variances of diurnal cycles
as well as impacts of jatropha plantations on land surface
and atmospheric key variables. In particular, we study
the mechanisms leading to convection initiation over the
planted area, which in turn lead to increased cloud coverage and precipitation. Understanding these processes is
essential for a future, sustainable application of CEA.

2. Climate feedback mechanisms in desert regions
a. Overview
The climate and feedback mechanisms in desert regions have been subject of extensive research (for a
general overview see, e.g., Mahmood et al. 2014). Pioneered by Charney (1975), self-stabilization effects in
subtropical deserts were related to feedback processes
between surface albedo and precipitation. Prentice
et al. (1992) considered the feedback processes between
vegetation and the hydrological cycle as well. By coupling
a climate model to a dynamical vegetation model
(Claussen 1994), as well as through conceptual models
(Brovkin et al. 1998), two stable regimes were found in
the Sahara: a desert equilibrium with low precipitation
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and absent vegetation as well as a green equilibrium with
moderate precipitation and permanent vegetation cover.
Kleidon et al. (2000) studied different climates of a
green planet and a desert world with a global climate
model and found that the surface temperature was
mainly controlled by changes in the hydrological cycle.
In spite of the lower albedo of a forested planet, the
green planet would have a lower mean surface temperature than a desert world. This is mainly due to a modification of the energy balance by evapotranspiration and
a change of the water cycle including cloud development.
In subtropical regions, similar albedo–precipitation effects can be expected. We are focusing on the Oman and
the Sonora where large areas of unused, barren land are
found at the coast. Here, the large-scale forcing is determined by subsidence caused by the Hadley circulation
while horizontal moisture transport is present at least in
the summer seasons. In Oman, this is due to humid air
advected from the south over the Arabian Sea whereas
moist air is transported from the Gulf of Mexico to the
Sonora Desert. This is a prerequisite for the induction of
precipitation processes, which are studied within this work.
Results based on coarse-resolution climate–biome or
conceptual models hint that modified feedback processes over jatropha plantations may bring about a new
stable climate regime or change the water cycle (e.g.,
Charney 1975; Brovkin et al. 1998). Whether these
phenomena would actually occur though is uncertain, as
these models are relying on a variety of assumptions.
These include a coarse representation of the EBC dependent on land surface heterogeneity and vegetation
properties. Furthermore, it has been demonstrated that
the parameterization of deep convection, which is necessary down to a grid increment of ’.4 km, led to
substantial systematic errors in the simulation of precipitation (Schwitalla et al. 2008; Wulfmeyer et al. 2008,
2011; Rotach et al. 2009a,b; Weusthoff et al. 2010; Bauer
et al. 2011). Comparisons between convection-permitting
models and models with convection parameterization
reveal substantial differences between the soil, cloud, and
precipitation feedback processes (Hohenegger et al.
2009; Kendon et al. 2012; Warrach-Sagi et al. 2013).
Therefore, simulations should be performed on the
convection-permitting scale without parameterization of
deep convection. Convection-permitting resolution optimizes the simulation of land surface exchange, surface
heterogeneity, and orographic effects. Recent studies of
weather forecast models (Rotach et al. 2009a; Wulfmeyer
et al. 2011; Bauer et al. 2011) and regional climate models
(Feldmann et al. 2008; Kendon et al. 2012; Warrach-Sagi et al.
2013) confirmed the improvement in model performance.
A variety of high-resolution studies of land surface–
vegetation–atmosphere feedback processes have already
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been performed. Dalu et al. (1996) found that the daytime
convective boundary layer (CBL) starts to be affected by
landscape heterogeneity on the scale of 1–10 km. Changes
in CBL properties, clouds, and precipitation over this
domain as well as mesoscale circulations determine the
modification of weather and regional climate (see, e.g.,
Mahfouf et al. 1987; Pielke et al. 1991; Avissar and Liu
1996; Pielke et al. 2007). Feedback mechanisms initiated
by land-use changes are nonlinear as a result of simultaneous changes of surface albedo and evapotranspiration. The partitioning of surface fluxes changed the
boundary layer depth and humidity, which eventually
led to the formation of clouds and precipitation.
Observational studies confirmed these subtle relationships, for example, due to heterogeneity of soil moisture,
land use, and vegetation properties (Bougeault et al.
1991; Lyons et al. 1993; Rabin and Martin 1996). Cutrim
et al. (1995) found indications of changes in cloud cover
due to deforestation and Spracklen et al. (2012) found a
strong relationship between land cover and precipitation
in tropical regions. A step further was made in Weaver
and Avissar (2001), where changes in land surface properties by human influence (agriculture) were analyzed
and an influence on the atmospheric boundary layer
(ABL) and cloud development was detected.
Although the effects of tropical deforestation have
been the subject of various studies (e.g., HendersonSellers et al. 1993; Polcher and Laval 1994; Cutrim et al.
1995; Spracklen et al. 2012), similar research in arid regions is not so prevalent. For instance, Perlin and Alpert
(2001) investigated the impact of past and simulated
land-use changes in Israel on convection and found
a dependence on land surface conditions. More studies
in other regions dependent on different meteorological
forcing conditions are needed. Particularly, we are not
aware of an afforestation study focusing on the understanding of land surface–atmosphere feedback specifically in dry coastal regions for optimizing the weather
and climate modification. This is the research goal we
are addressing with this work.
The scarcity of previous studies is likely due to the
limited feasibility of the reforestation of large arid areas
(e.g., irrigation with low environmental impact). Profound knowledge in the cultivation of suitable plants
such as Jatropha curcas was also lacking. Major strides in
agricultural and crop engineering within the last decade
(Li et al. 2010) mean that it is now reasonable to simulate the impact of planted areas on weather and climate.
This includes the operation and modification of highresolution land surface–vegetation–atmospheric models
to simulate the irrigation of plants.
Based on these considerations, we prefer the smallscale to large-scale approach for studying the impact of
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FIG. 1. (top) The 10-m wind field and 2-m mixing ratio during (left) July and (right) December 2007 over the
Arabian Peninsula. The location of the plantation is indicated by the red circle. (bottom) Corresponding fields for
(left) July and (right) December for the Gulf of California. The location of the plantation is also shown. The atmospheric fields were extracted from operational ECMWF analyses.

land surface modifications over large domains; the first
priority was set on temporally and spatially highly resolved quantitative simulations of the water cycle with
a convection-permitting model, which demonstrated
high skill with respect to the simulation of precipitation
(Weisman et al. 2008; Schwitalla et al. 2011). This permits the verification of model results using small-scale
plantations and the subsequent increase of their domains while maintaining high confidence in the simulations. In the model system, the size of the plantation can
be enlarged to the entire domain of unused land in desert regions where irrigation is possible by desalination
plants or waste water usage. In this initial study, we are
focusing on a size of 10 000 km2 for simulating carbon
farming and afforestation. Our results can be considered
to be baseline information concerning the potential of
large-scale plantations for CEA.

b. Climate conditions in Oman and the Sonora
Two desert regions located in the Northern Hemispheric subtropics were selected, the Oman Desert at

about 208N along the eastern coast of the Arabian
Peninsula and the Sonora Desert at about 328N between
the northern coast of the Gulf of California and the U.S.
border. Because of their location in the subtropical belt,
the insolation in the two regions is very similar in summer. In winter, the differences in latitude lead to
stronger insolation in Oman. Although both locations
are deserts in the Northern Hemispheric subtropics, the
climatological conditions in the two regions clearly differ (Warner 2004).
In the Oman Desert, relatively flat terrain dominates
with elevations less than 200 m. The temperatures are
high throughout the year. The climate diagram at the
Masirah airport station (20.658N, 58.888E) on an island
at the eastern coast of Oman shows temperatures between 258 and 308C throughout the year with the maximum in summer. The annual precipitation sum is 35 mm
without a significant annual cycle. In winter, along the
coast of Oman, cooler northeasterly winds blow from
the Asian continent over the Arabian Sea, merging with
a northeasterly flow from the land (Fig. 1, top-right
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panel, for December 2007). Because of the larger friction over the land surface, the wind direction is deflected
toward the continent whereas the winds remain parallel
to the coastline over the ocean. This causes low-level
divergence and subsidence along the coast but a slight
convergence zone is formed over land. The 2-m mixing
ratio is ’14 g kg21 in this region. In summer, the wind
direction changes and strong southwesterly winds are
prevalent along the coast of Oman, where they collide
with a stronger northeasterly flow from the land (Fig. 1,
top panel, for July 2007). Although the divergence effect
along the coast is also present in summer, the convergence zone over land becomes stronger as a result of the
development of a heat low over the southeastern part of the
Arabian Peninsula. Therefore, the humidity along the coast
increases to values of ’18 g kg21, leading to more favorable conditions for convection initiation during summer.
Most of the year, the Sonora is dominated by the
North Pacific subtropical high to the west (Fig. 1, bottom). It blocks low pressure systems from reaching the
west coast and the large-scale subsidence suppresses the
development of local convection. The high pressure
system is shifted with season. In summer it is strong and
located at about 388N. During winter it is weaker and
centered off the coast of lower California at around 208–
258N. A mountain range along lower California, reaching elevations up to 2000 m, stabilizes the warm and dry
conditions throughout the year. Winter storms from the
Pacific are generally weakened. The rain shadow effect
increases the stability of the downwind atmosphere and
reduces the water vapor available for the development
of precipitation (Warner 2004). In winter, northerly
winds dominate, transporting dry and much colder air
from the elevated deserts in the United States into the
region and suppressing convection and precipitation. In
summer, strong heating occurs in the Sonora Desert,
causing the development of a weak heat low. As a consequence, the circulation over the Gulf of California
changes and with southeasterly winds, moist air is advected along the Gulf of California into the region of
the Sonora Desert. This transport is part of the North
American monsoon system transporting moisture from
the tropical Pacific and the Gulf of Mexico into the region. Because of the cool northerlies in winter and the
strong heating in summer, the annual cycles of temperature, moisture, and precipitation are stronger in the
Sonora than in Oman. For instance, at the Puerto Pe~
nasco
station at the northern tip of the Gulf of California (31.358N,
113.528W), maxima in summer reach 358C and ’18 g kg21.
In contrast, minima in winter of 158C and ’5 g kg21 were
observed. With 76 mm, the annual amount of precipitation received is twice as much as in Oman with a minimum in late spring.

For our study, the year 2007 was chosen to utilize the
most recent operational analysis data available from the
European Centre for Medium-Range Weather Forecasts (ECMWF) at the time. The representativeness of
conditions in 2007 against a 30-yr mean was compared in
terms of mean monthly 2-m air temperatures, using data
from the closest weather stations to the plantations,
Masirah in Oman and Puerto Pe~
nasco in the Sonora
(not shown). Monthly temperatures in 2007 varied only
slightly from the long-term mean in both the annual
pattern and magnitudes. Deviations throughout the
year are generally 0.58C or less in Masirah. At Puerto
Pe~
nasco, 2007 temperatures were similar in summertime
(slightly warmer by 0.28–18C) but substantially cooler in
winter than the mean (up to 38C). This could be a result
of the strong La Ni~
na effect present in 2007 or just due to
interannual variability. As will become apparent, the
emphasis of this paper centers on the summer period
(June–August: JJA), in which case the representativeness of the year 2007 was satisfactory in terms of temperatures for both central Oman and the Sonoran Desert.

3. Modeling strategy
The simulations were performed with an advanced,
coupled land surface–vegetation–atmospheric model
(Weather Research and Forecasting–Noah land surface
model: WRF–Noah) on the convection-permitting scale.
Simulations were run for a full year (2007) in order to
assess feedback processes with high statistical confidence during all seasons. In particular, we investigated
the modification of surface variables such as flux partitioning by the EBC scheme, temperature, and humidity.
Furthermore, the boundary layer depth, the cloud coverage, the rain rate, and the formation of dew were analyzed. For improving process understanding, we present
a case study of a convection initiation event in 4D and
the chain of events leading to the formation of clouds and
precipitation. Some seasonally averaged results of these
simulations were already presented in Becker et al.
(2013). Here, we are focusing on a detailed analysis of
feedback processes in the land surface–vegetation–
atmosphere systems and a case study of convection
initiation.

a. Setup and adaptation of the coupled model system
Version 3.1 of the WRF model coupled to the Noah
land surface model (LSM) was employed. Recent studies demonstrated a good level of performance for this
model system with respect to the simulation of soil moisture (Greve et al. 2013).
To minimize systematic errors due to large-scale conditions, WRF–Noah was driven by operational analyses
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TABLE 1. The configuration of the WRF model.
Properties
Model domain (horizontal)
Coordinates of jatropha plantations

No. of vertical layers
Horizontal grid increment (km)
Time step (s)

Oman

Mexico

80 3 80 grid points;
18.968221.638N, 55.888258.728E
NE: 20.458N, 57.988E
SE: 19.78N, 57.658E
SW: 20.058N, 56.758E
NW: 20.98N, 57.228E
45
4
24

75 3 75 grid points (rotated);
30.198232.738N, 114.8982111.928W
NE: 31.928N, 112.978W
SE: 31.358N, 113.258W
SW: 31.98N, 114.78W
NW: 32.388N, 114.458W
45
4
24

of the ECMWF. The nested domain was chosen to be
a few tens of kilometers larger than the planted region in
the center of the domain. At the boundaries, one-way
nesting was applied because we assumed that the scale
of the planted region was still too small to induce largescale feedback processes to the exterior domain. How
large the inner domain must become before this assumption deteriorates is left to future studies.
It was possible to avoid additional nests by application
of ECMWF data on a 12.5-km grid, as good performance of the nested WRF with a grid increment ratio of
3 between the boundaries and the inner domain was
demonstrated. The sizes of the plantations were 10 000 km2
in both cases. Although the land area used was the same
in both regions, the plantation geometries were different
mainly because of land-use types and properties in their
respective locations. In Oman, it was possible to find
a nearly square area on arid land, and in the Sonora, a
more flattened rectangular shape was necessary, limited
by the U.S.–Mexico border between and surrounding
land use.
Based on previous and ongoing work on the verification of various combinations of parameterizations (e.g.,
Schwitalla et al. 2011; Warrach-Sagi et al. 2013; Greve
et al. 2013; Vautard et al. 2013; Milovac et al. 2013), the
following combination of parameterizations was chosen:
the shortwave radiation by Dudhia (1989), the longwave
radiation with the Rapid Radiative Transfer Model
(RRTM) model by Mlawer et al. (1997), the Yonsei
University (YSU) boundary layer turbulence scheme
(Hong et al. 2006), and the Morrison cloud microphysics
(Morrison et al. 2009). The Noah LSM (Chen and
Dudhia 2001) contains a Penman-based energy balance
approach including a stability-dependent aerodynamic
resistance (Mahrt and Ek 1984; Chen et al. 1996). The
WRF model configuration and its parameterizations
are presented in Tables 1 and 2. We performed a 1-yr
downscaling experiment driven by ECMWF analyses
during 2007. We applied this setup to study the changes
in the statistics of land surface and atmospheric variables by the plantations by performing a CONTROL

run without changes to the land surface properties and an
IMPACT run with implementation of the plantations.

b. Incorporation of the jatropha vegetation properties
and irrigation
A key topic of this study was the adaptation of Noah
to the regions of interest as well as to the modification of
land surface properties by the plantations. For this
purpose, we initialized the model with the advanced 20category vegetation–land-use International GeosphereBiosphere Programme (IGBP) Moderate Resolution
Imaging Spectroradiometer (MODIS) dataset (Friedl
et al. 2002). A modification of the vegetation parameters
of Jatropha curcas and a change in the handling of irrigation were implemented in the Noah LSM in order to
achieve most realistic results.
From the 20 categories in the IGBP MODIS data, the
vegetation type evergreen broadleaf forest comes closest to Jatropha curcas. We optimized the parameter
set for this vegetation type so that it was most consistent
with recent published vegetation properties of jatropha.
The maximum leaf-area index was reduced from 6.48 to
3.2 and the minimum leaf-area index was increased from
3.08 to 3.2 (Holl et al. 2007). The standard minimum
anel
stomata resistance of 150 s m21 was set to 132 s m21 (H€
and L€
opmeier 1997). The main difference between the
vegetation and the desert concerns the decrease of the
albedo from 0.38 to 0.12, but the increase of the roughness length from 0.01 to 0.5 m can also play a role in the

TABLE 2. Parameterizations chosen in the WRF model.
Model physics
Shortwave radiation
Longwave radiation
Boundary layer
turbulence
Land surface
Cloud microphysics
Convection

Parameterization scheme
Dudhia (1989)
RRTM model (Mlawer et al. 1997)
YSU (Hong et al. 2006)
Noah LSM (Chen and Dudhia 2001)
Morrison et al. (2009)
No parameterization of shallow
and deep convection
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TABLE 3. Vegetation parameters for evergreen broadleaf forest and its optimization for jatropha. Land-use type 2 is for evergreen
broadleaf forest, with the standard values shown in parentheses; modifications are marked in boldface. References either confirm the
present or the changed values. In comparison, land-use type 16 (barren or sparsely vegetated) is also shown.

Parameter

Description

SHDFAC
RS (s m21)

Green vegetation fraction
Min stomatal resistance

MAXALB
LAIMIN
LAIMAX
EMISSMIN
EMISSMAX
ALBEDOMIN
ALBEDOMAX
Z0MIN (m)
Z0MAX (m)
RGL (W m22)
HS (1 hPa21)
NROOT
SNUP (not relevant
in the regions
of interest)

Upper bound on max albedo over deep snow
Min leaf area index
Max leaf area index
Min emissivity
Max emissivity
Min albedo
Max albedo
Min roughness length
Max roughness length
Radiation stress parameter used in the F1 term in canopy resistance
Coef used in the vapor pressure deficit term F2 in canopy resistance
No. of soil layers from the top down reached by roots
Water-equivalent snow depth upper threshold at which
1) 100% snow cover is achieved for given vegetation class
2) max snow albedo is achieved for given
vegetation class

modification of the surface wind field. The albedo may
be subject to change too if suitable measurements become available, but these results had not yet been published as of the time of our simulations. The resulting
jatropha parameters are presented in Table 3. Remaining systematic deviations were not considered critical for
this study, as these were expected to affect the resulting
impact of the vegetation cover on atmospheric variables
to second order.
Another requirement was a reasonable consideration
of irrigation. For this purpose, any water stress of the
plant should be avoided by setting the soil moisture at
least to the wilting point. Within the land surface model
code, we constrained the volumetric soil moisture content so that it did not fall below 0.08, which was higher
than the wilting point of loam (0.06) or sandy loam
(0.047), the two dominant soil textures in the regions of
interest. The remaining effect of irrigation can be estimated as follows. Based on real field results presented
in Becker et al. (2013), the irrigation amount per year
for Jatropha curcas is rather low (’100 mm yr21). This
translates into ’0.27 mm day21 5 6.25 3 1026 L m22 s21 ’
16 W m22 maximum available latent heat flux by evapotranspiration during daytime, if the soil is dry and no
precipitation is present. This was mainly the case in
summer. Consequently, the influence of area-averaged
irrigation on the surface latent heat flux can be neglected,
and this is still the case, if even considerably higher irrigation amounts are considered.

Land-use
type 2 1 jatropha

Land-use
type 16

0.94 (0.95) (Vina et al. 2004)
132 (150) (H€anel
and L€
opmeier 1997)
35
3.2 (3.08) (Holl et al. 2007)
3.2 (6.48) (Holl et al. 2007)
0.95
0.95
0.12
0.12
0.5 (Gupta et al. 2002)
0.5 (Gupta et al. 2002)
30
41.69
4
0.08

0.01
999
75
0.1
0.75
0.9
0.9
0.38
0.38
0.01
0.01
999
999
1
0.02

Figure 2 present the soil textures in Oman and the
Sonora. The locations of the plantations at the coasts in
Oman and Mexico are easily detected. Large-scale maps
of the locations of the plantations and the changes in
albedo are presented in Becker et al. (2013). The significant changes of the albedos are also indicated in the
captions. For soil texture, Food and Agriculture Organization of the United Nations (UN/FAO) data were
used (IUSS 2007) and are included in the preprocessing
package of WRF. In Oman, in the plantation region, the
soil is sandy loam (ISLTYP 5 3) and loam (ISLTYP 5
6) (Fig. 2, top), whereas in the Sonora it is sandy clay
loam (ISLTYP 5 7) (Fig. 2, bottom). However, it is
certainly suspicious that the soil texture changes along
the border between Mexico and the United States. We
did not make an attempt to correct this because, on the
one hand, data with higher quality are missing and, on
the other hand, the effect is a small and due to the low
and constant soil moisture results in a relatively constant
bias of the soil heat flux.

c. Performance of model runs
To study the impact of the modification of the vegetation properties in the domains of interest with high
statistical certainty, four simulations were performed for
the entire year 2007: Oman CONTROL (no changes to
the vegetation properties), Oman IMPACT (modification of land surface properties by a jatropha plantation
in selected regions) as well as Sonora CONTROL
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FIG. 2. The 2D plots of the soil texture in the (left) Oman and (right) Sonora modeling domains. The shape of the
simulated plantation is also indicated by the green line. Because of the land-use change, the albedo decreases from
’0.38 in Oman and ’0.23 in the Sonora to ’0.13 over the plantation.

and Sonora IMPACT. The Oman CONTROL and
IMPACT runs were performed in a region from 18.968
to 21.638N and 55.888 to 58.728E with 79 3 79 grid points
at 4 km horizontal grid increments. The Sonora runs
were performed covering 30.198–32.738N and 111.928–
114.898W using 74 3 74 grid points at 4-km increments
as well (see Table 1). To the best of our knowledge, these
are the longest duration convection permitting simulations to have been performed in these regions to date.
Eight variables were selected in order to detect feedback
processes in the land surface–vegetation–atmosphere system: 2-m atmospheric temperature, 2-m-atmospheric
specific humidity, surface sensible heat flux, surface latent
heat flux, ground heat flux, ABL depth, cloud coverage,
and accumulated precipitation. For each simulation, seasonal averages and their standard deviations were determined for all these variables. Furthermore, for these eight
variables, mean diurnal cycles and their standard deviations were produced. The diurnal cycles were only
averaged in the region where the vegetation properties
were changed. For the presentation of the surface energy balance, the micrometeorological convention was
used that fluxes directed away from the surface are positive
and the transport of energy toward the surface is negative.

4. Results
a. Oman site statistics during summer and winter
The difference in albedos between CONTROL and
IMPACT led to substantial changes in surface fluxes and

variables as well as CBL development over the plantation. Figure 3 presents the diurnal cycles of the fluxes
contributing to the EBC for summer. In the top panel of
Fig. 3, the surface energy balance over the desert was
simulated. During daytime, which is the time period with
positive solar incoming radiation, the net radiation, which
reached ’2450 W m22 around local noon, was balanced
by the surface heat flux and the ground heat flux. During
nighttime, the positive net radiation loss of 50–100 W m22
was mainly balanced by the ground heat flux.
Over the plantation, the partitioning of the fluxes
changed considerably. During daytime, the net radiation
decreased to ’2650 W m22 at noon. This resulted in an
increase in the sensible heat flux to 600 W m22 at local
noon whereas the ground heat flux and the latent heat
flux remained ,50 W m22, respectively. For the ground
heat flux this was due to the dense vegetation cover, for
the latent heat flux this was due to the low soil moisture
and a reduction of transpiration at high temperatures.
During nighttime, the ground heat flux remained low
so that the positive net radiation was mainly balanced
by a negative sensible heat flux. This led to a stronger
cooling of the vegetated surface than over the desert.
The fluxes contributing to the EBC during wintertime
are shown in Fig. 4. Over the desert (Fig. 4, top), during
daytime, less net radiation was available (’2350 W m22)
so that the sensible heat flux and the ground heat flux
decreased, too. The relative contribution of the ground
heat flux balancing net radiation is higher than during
summertime. During nighttime, the net radiation was
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FIG. 3. Diurnal cycles of the surface energy balance in Oman: (top) CONTROL, or desert
conditions; (bottom) IMPACT, or conditions over the plantation.

similar to that during summer. It was balanced by
a combination of the ground heat flux and the sensible
heat flux with a slightly higher contribution of the latter
than during summer.
Over the plantation (Fig. 4, bottom), during daytime,
the net radiation decreased to ’2550 W m22 at noon so
that an albedo effect still existed during this season. But

now the plants were permitted to transpire more water
so that the latent heat flux became an important contributor to the surface energy balance whereas the
ground heat flux remained ,50 W m22. During nighttime, the net radiation was smaller than over the desert,
indicating a low temperature over the plantation. Now,
the ground heat flux, the sensible heat flux, and even the
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FIG. 4. As in Fig. 3, but for winter.

latent heat flux were contributing to the balance. The
latter led to the formation of dew. Negative values of the
latent heat flux were found in spring and fall, too (not
shown). This effect may be considered to use dew formation for reducing irrigation amounts.
The resulting impacts on 2-m temperature and 2-m
mixing ratio in Oman are presented in Fig. 5. Both
in winter and summer, the amplitude of the diurnal

cycle of 2-m temperature was enhanced. Temperatures increased over the vegetation during daytime
by 1–2 K and decreased by 2–4 K during nighttime in
summer and winter, respectively. This response was nonlinear and resulted in an effective reduction of the mean
temperature over the plantation. This temperature decrease was relatively small in summer (about 0.3 K) but
substantial in winter (about 1.8 K). This is an interesting
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FIG. 5. Diurnal cycles of 2-m atmospheric (left) temperature and (right) specific humidity during (top) summer and (bottom) winter in Oman.

effect, which may be considered for climate change
mitigation.
The reduction in humidity between summer and
winter confirmed the large-scale analyses presented in
Fig. 1 and discussed in section 2b. However, the response
of 2-m specific humidity to the plantation was rather
complex. In summer, during daytime, the humidity was
reduced by about 1 g kg21. This may appear counterintuitive but it is reasonable as long as the latent heat flux
is small and the sensible heat flux large leading to strong
vertical mixing of surface humidity in a deeper CBL.
In winter, during daytime, stronger evapotranspiration
occurred, leading to a slight increase in humidity,
whereas during nighttime, a reduction of humidity was
found and was likely due to a negative latent heat flux.
The results confirm the significant and nonlinear
modification of the regional water and energy cycle by
the plantation, requiring high-resolution, high quality
3D simulations. Also, dynamics in the region was influenced by the modification of the land surface properties.

Increased surface roughness and sensible heat led to
more vigorous vertical mixing and the development of
a higher ABL top. This is demonstrated in Fig. 6, which
shows the spatially resolved increase of the IMPACT
ABL depth over Oman during summer. The mean ABL
depth over the plantation was higher by several 100 m in
comparison to the surrounding area. The ABL depth
was subject to a strong diurnal cycle with an increase
from 2000 m over the desert to 2700 m over the plantation around local noon (not shown) following the diurnal cycle of the sensible heat flux. The increase of the
ABL depth over the plantation was spatially not homogeneous but was due to the development of an internal thermal CBL. Therefore, the increase of the
daytime CBL depth was lower upstream and higher
downstream of the monsoon flow, respectively (Fig. 6).
The increased CBL top resulted in a higher likelihood
to reach the lifting condensation level and in a higher
convective instability, respectively. These effects are studied in detail in section 4c. Indeed, a higher frequency of
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FIG. 6. Mean IMPACT ABL depth (m MSL) over Oman in summer.

clouds was simulated (not shown). Whereas the region
was essentially cloud free in summer, the cloud frequency increased to about 1% over the plantation. This
corresponded to at least one cloud occurrence in each
cell column over the domain during the summer.
Of particular interest was the potential modification
of precipitation over the plantation. Figure 7 shows the
IMPACT and CONTROL precipitation amounts accumulated during summer. An increase in precipitation
over the plantation was simulated. This effect only occurred in summer and was connected with the enhancement of the airmass vertical instability and with a
modification of the surface flow. The amount of the
simulated change of precipitation is expected to be dependent on the size of the plantation. Using an area of
100 km 3 100 km, the precipitation enhancement averaged over the domain was ’10 mm in summer. This
corresponded to a doubling of the precipitation amount
in comparison to the CONTROL run. The precipitation
enhancement was very complex and heterogeneous
(Fig. 7). As expected in the real world, this was due to
a series of single convective events, which are identified
in section 4c.

b. Sonora site statistics during summer and winter
in comparison with Oman
Figures 8–10 present the resulting diurnal cycles of the
fluxes contributing to the EBC for summer and winter,
respectively, as well as the diurnal cycles of 2-m temperature and 2-m specific humidity. As expected from

the analyses in section 2b, an EBC closure similar to that
in Oman could be expected.
Indeed, during summertime over the desert and during daytime, the net radiation reached ’2450 W m22,
balanced by the sensible heat flux and the ground
heat flux. The slope of the ground heat flux during the
morning transition was higher than in Oman, which is
likely due to the slightly different soil texture and moisture.
During nighttime, a similar net radiation (50–100 W m22)
mainly balanced by the ground heat flux was found.
Over the plantation during daytime, the net radiation
decreased to ’2630 W m22 at noon, resulting in an increase in the sensible heat flux (550 W m22) while the
latent heat flux and the ground heat flux remained low
(,50 W m22). The contribution of the ground heat flux
was slightly higher than in Oman, which explains the
difference in the sensible heat flux at noon. During
nighttime, the net radiative loss was ’50 W m22, balanced by the sensible heat flux and the ground heat flux
with nearly similar contributions.
During winter over the desert (see section 2b and
Fig. 9, top) and during daytime, significantly less net
radiation was available than in Oman (’2280 W m22
around noon). The balance was maintained by the
ground heat flux and the sensible heat flux with similar
contributions. Again the slope of the ground heat flux
during the morning transition was higher than in Oman
leading to a phase delay in the diurnal cycles of the
ground heat flux and the sensible heat flux. During nighttime, the net radiative loss was 50–100 W m22, mainly
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FIG. 7. Summer precipitation for (top) IMPACT and (bottom) CONTROL. The labels show
the precipitation amounts in millimeters per season.

balanced by the ground heat flux similar to that in
Oman.
Over the plantation (Fig. 9, bottom) during daytime,
the albedo effect was still present, leading to a decrease
in the net radiation to ’2400 W m22. In a relative sense,
a similar pattern of behavior for the ground heat flux, the
latent heat flux, and the sensible heat flux was found as in
Oman. The latent heat flux started to play a substantial

part in the surface energy balance reaching ’130 W m22
at local noon. During nighttime, the net radiative
loss and the sensible heat flux were slightly higher than
in Oman but otherwise the balance turned out to be
similar.
The diurnal cycles of 2-m atmospheric temperature
and 2-m atmospheric specific humidity in the Sonora are
presented in Fig. 10. During summertime over the desert,
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FIG. 8. Diurnal cycles of the surface energy balance in the Sonora: (top) CONTROL, or desert
conditions; (bottom) IMPACT, or conditions over the plantation.

a qualitatively similar pattern of behavior for temperature compared with Oman was simulated except that the
absolute temperatures were higher in Oman by about
2 K. During winter, the differences in temperature between Sonora and Oman were higher and amounted to
approximately 9 K, mainly driven by different surface
heating. Over the plantation, the amplitudes of the diurnal

cycle of temperature were intensified in summer and
in winter, respectively. In summer during nighttime over
the plantation, a stronger cooling was found in the Sonora
than in Oman. This may be due to a slightly more negative ground heat flux in the Sonora. In the Sonora over
the plantation, mean temperature reductions of 1.25 K in
summer and 1.57 K in winter were simulated. Also in

Unauthenticated | Downloaded 01/09/23 05:19 AM UTC

MAY 2014

WULFMEYER ET AL.

1157

FIG. 9. As in Fig. 8, but for winter.

summer, the increase of evapotranspiration was not sufficient to enlarge the 2-m atmospheric specific humidity
throughout the day. In winter, a slight increase in humidity
was simulated but a small reduction was found during the
nighttime as well. Both in summer and winter, the humidity was significantly less in the Sonora by ’2–3 g kg21
and even 5 g kg21, respectively, in contrast to Oman, as
expected from the analyses presented in section 2b.

Figure 11 presents the mean summer ABL depth of
the IMPACT run in the Sonora. The ABL depth increased by about 210–1200 m, mainly over the central
part of the plantation (see Becker et al. 2013). Upstream
of the plantation and at the southern edges of the
plantation, a slight reduction of ABL depth was simulated due to the development of a daytime thermal internal CBL. In this region, the mean ABL depth increased
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FIG. 10. Diurnal cycles of 2-m atmospheric (left) temperature and (right) specific humidity during (top) summer and (bottom) winter
in the Sonora.

from 1800 m over the desert to 2600 m over the plantation at local noon. This mechanism is very similar to that
in Oman. Again, the ABL depth was not constant but
was maximal mainly in the northwestern and southeastern corners of the plantation caused by the mean
wind direction from the southeast. Downstream, the
ABL depth remained higher than in CONTROL for
about 20 km. Here, the internal ABL was mixing in a
complex way with the less convective downstream ABL.
This effect was different between Oman and the Sonora
and depended in a complex way on the vertical stability
of the air masses over and downstream of the plantations
as well as on the vertical stability and subsidence above
the ABL.
Figure 12 presents the IMPACT and CONTROL
precipitation amounts accumulated during summer in
the Sonora. A significant increase in precipitation over
the plantation was simulated, reaching 160 mm at specific

locations. Thus, the precipitation increase was stronger
than in Oman. The heterogeneous structures indicate
that the increase in precipitation was due to several
convection initiation events. But there was also a reduction in precipitation downstream of the plantation.
This demonstrates that in the Sonora the enhancement
of precipitation was not only due to convection initiation of previously nonexistent precipitation events but
also due to the enhancement, modification, and displacement of precipitation, which was already present
in CONTROL.

c. Study of convection initiation: Oman, 7 June 2007
It is important to understand the combined effect of
surface forcing processes leading to convective events.
This gives insights into whether convection initiation in
the model is simulated in a realistic and reasonable way.
Particularly, trigger mechanisms in the model leading to
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FIG. 11. Mean IMPACT ABL depth (m MSL) in summer over the Sonora.

deep convection, such as the formation of convergence
zones, need to be analyzed with respect to process understanding. We stress that a modification of the vertical
stability of the air mass over the plantation is a necessary
but not sufficient condition for convection with significant amounts of precipitation. Only if a strong and
temporally and spatially persistent trigger mechanism is
present can deep and coherent vertical convection be
initiated and maintained. We study whether the land
surface heterogeneity of the plantation inserted in the
desert can be the driver of these processes by means
of 3D visualization of several land surface and atmospheric variables.
All simulations for summer were analyzed from day to
day in both regions. Only in this season was a significant
precipitation enhancement observed. For each of the
92 days, the precipitation amount was calculated and a
comparison between IMPACT and CONTROL was
performed. Only a few cases contributed to the precipitation enhancement. Tables 4 and 5 summarize the
most important events. These cases are ordered according to the strength and the evidence of whether land
surface changes triggered the event. This is particularly
clear when convection initiation took place in the
IMPACT run only. In the Oman simulations, it was found
that convection initiation took mainly place either at the
northeastern or the southwestern corner of the plantation. Depending on the wind shear between the CBL
and the free troposphere, a convective system developed,
which propagated southeast or north into the plantation,

respectively. In the Sonora, the convection was triggered
by or amplified an existing event either along the northern border of the plantation or in the southeast of the
plantation.
In the following, we select the Oman case 1 from Table 4
for studying convection initiation as well as cloud and
precipitation development on 7 June 2007. We focus on
7 June 2007 because on this day localized convection
initiation took place over the plantation in IMPACT
while almost no precipitation was found in CONTROL.
The vertical stability can be studied by calculating
2D fields of the convective available potential energy
(CAPE) and of the convective inhibition (CIN). These
results are presented in Fig. 13 for 0700 UTC shortly
before convection initiation. Substantial differences in
the CAPE fields were simulated, including a high spatial variability in the region of the plantation. In the
IMPACT run, upstream and in the southern part of the
plantation, the CAPE was higher by about 200 J kg21,
reaching values of 1750 J kg21. Downstream and in the
northern part of the planted domain, the CAPE was
lower in IMPACT by about 200–400 J kg21. This spatial
structure was strongly related to the development of the
thermal internal CBL over the plantation. In contrast,
the CIN field did not exhibit such a strong spatial dependence. But it was significantly reduced in IMPACT
by ’40 J kg21 so that the CIN was virtually eliminated
by the change of the thermodynamical structure of the
CBL. This effect substantially increased the likelihood
of convection initiation in the IMPACT run.
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FIG. 12. Sonora summertime precipitation: (top) IMPACT and (bottom) CONTROL
precipitation amounts. The labels show the precipitation amounts in millimeters per season.

For the development of a convective precipitating
system, a trigger mechanism such as a convergence zone
must be present so that the resulting vertical lifting delivers a coherent updraft overcoming CIN and reaching
the lifting condensation level. Indeed, a convergence
zone developed, which was related to the changes in the
land surface properties. The modified surface energy
balance led to a substantial increase in the surface temperature, as discussed above. Figure 14 (top) presents
the differences in T2 at 0700 UTC. The temperature in
IMPACT was about 28–38C higher, particularly in the
northwestern corner of the plantation.
The impact on the sea level pressure field is demonstrated in Fig. 14 (bottom). The CONTROL run showed
a typical pressure gradient between the ocean and the

land surface (Fig. 14, bottom left). Some fine structures
were likely due to differences in soil properties. The
increased temperature over the plantation produced a
heat low with a significant pressure reduction over the
plantation of up to 1 hPa (Fig. 14, bottom right).
The impact on the surface wind field is particularly
strong, if the pressure disturbance changes the sign in
the pressure gradient field. This can be realized, if we
assume that over limited time periods, the surface wind
field is balanced by the acceleration due to the Coriolis
effect, the pressure gradient, and the friction terms so
that
1
f k 3 V 5 2 $p 2 aCD jVjV.
r0

(1)
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TABLE 4. Important precipitation events in Oman demonstrating that the precipitation enhancement is due to several isolated convection
initiation events in the IMPACT runs.
Priority

Date

Meteorological situation

1

7 Jun

2

25 Jun

3

27 Jun

4
5
6

23 Jul
26 Jun
22 Jul

Convection initiation in the northeast corner of the plantation but also in the center of the
domain with . 20 mm day21
Convection initiation in the southwest corner of the plantation . 20 mm day21, almost no
precipitation in CONTROL
Primarily convection initiation in the northeast corner of the plantation . 30 mm day21
but there is also a cell in this region in CONTROL
Precipitation in the center of the plantation; however, also slight precipitation in CONTROL
Strong cell in southwest of the plantation, with a less pronounced cell in CONTROL
Some precipitation in the south of the plantation but also a convective cell in
CONTROL, southwest of the plantation

The friction term was taken from Taylor (1916), which is
a reasonable assumption for the 10-m wind so that an
analytical analysis is possible. In Eq. (1), f is the Coriolis
parameter, k, is the vertical unity vector, V is the horizontal wind vector, r0 is the surface air density, $p is the
horizontal pressure gradient, a is a constant, and CD is
the surface drag coefficient.
This equation can be transformed in the following way
in order to understand the perturbation of the wind field
by surface friction:
aCD jVj
f
2
k 3 $p 2
$p 5 (f 2 1 a2 CD
jVj2 )V.
r0
r0

(2)

As is well known, the deviation from the geostrophic
wind direction points to the negative pressure gradient.
The convergence of the wind field is particularly strong,
if on both edges of the plantation the pressure gradients
have opposite signs, which is the case here. As the perturbation of the wind field is proportional to the drag
coefficient, the deviation from the CONTROL run is
amplified as a result of the increase in surface friction by
the plantation. For the sake of completeness we are
adding the path to the solution of Eq. (1), which after
some algebra results in

4 6
2 4
V 1 2f 2 a2 CD
V
a 4 CD
#
"
2 ($p)2
a 2 CD
f2
4
V 2 2 2 ($p)2 5 0.
1 f 2
2
r0
r0

(3)

This cubic equation for V 2 can be analytically solved.
The direction of the wind deformation is found by inserting the solution of Eq. (3) into Eq. (2).
The pressure and surface drag modifications had important consequences. Figure 15 presents the structure
of the low-level temperature and wind fields at 0700 UTC
just before deep convection was triggered in IMPACT
while convection initiation was absent in CONTROL.
The 2-m temperature structures over land in CONTROL
such as in the northwestern corner of the model region
are likely due to different soil properties (Fig. 2, left). In
both panels in Fig. 15, the wind fields outside the plantation region show the summer monsoon flow from the
southwest, which was nearly parallel to the coastline in
agreement with the pressure field shown in Fig. 14. This
was beneficial for the advection of relatively moist air in
the region of the plantation. Just in the region of the
plantation, Fig. 15 shows a striking difference in the lowlevel wind field. Because of different surface pressure
fields but also because of different surface drag, a strong
flow deflection was caused in IMPACT. The pressure

TABLE 5. Important precipitation events in the Sonora showing that the precipitation enhancement is due to convection initiation and
amplification during several events in the IMPACT runs.
Priority

Date

Meteorological situation

1

2 Aug

2

1 Aug

3

27 Jul

4

26 Jul

5

24 Jul

Cell and significant convection in the center but also a cell in the northeast . 50 mm day21
in both IMPACT and CONTROL
Convection initiation in there center of the plantation propagating to the southeast,
where there is strong precipitation, which is much weaker in CONTROL
Strong small cell east over the plantation with 50 mm day21 but also weak convection in the
northeast corner, both in IMPACT and CONTROL.
Some precipitation in the center of the domain; however, there is also slight precipitation
in CONTROL at the northeast corner of the plantation.
Weak cell in the east of the plantation, with different development east of the domain
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FIG. 13. (left) CAPE and (right) CIN fields in Oman at 0700 UTC 7 Jun 2007, shortly before convection initiation
for (top) CONTROL and (bottom) IMPACT.

gradient and the friction were bending the surface flow
significantly toward the plantation, leading to a convergence zone at its lee side. This is the coherent trigger
mechanism we were looking for so that deep convection
could be initiated and maintained, overcoming the remaining CIN in the lower troposphere.
Figure 16 presents a vertical cross section of the 3D
rendered humidity field shortly before convection initiation took place. The 2-m temperature field and the
wind barbs at 300 m are also shown. The humidity mixing ratio in the CBL was significant and amounted up to

15 g kg21. An internal thermal CBL with an increasing
top along the low-level wind direction and wake effects
downstream of the plantation is visible. The exact
form was determined by the wind direction and speed as
well as by the vertical stability. The maximum depth of
the CBL was reached in the region of the convergence
zone.
Figure 17 presents the evolution of the convective
system at 0800 UTC (top panel) and 1000 UTC (bottom
panel). The 2-m temperature field overlaid by the
300-m wind field as in Fig. 15 are shown but in addition
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FIG. 14. (top) Difference in 2-m atmospheric temperature between IMPACT and CONTROL in Oman at 0700 UTC 7 Jun 2007, shortly
before convection initiation was initiated. (bottom) Corresponding sea level pressure in (left) CONTROL and (right) IMPACT.

isosurfaces for vertical wind, cloud liquid water, ice
clouds, and precipitation are presented in 3D for
studying the interaction of convection initiation as well
as cloud and precipitation processes.

Between 0700 and 0800 UTC, convection initiation
took place and evolved in a cloud cluster above the
convergence zone. The vertical wind speed below this
cluster was about 0.6 m s21, which was sufficient to
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run, convection initiation took place in the northeastern corner of the plantation from the enhanced convergence as outlined above. The main part of the
precipitation was induced in the region of the initial convergence zone with ’20 mm; some further precipitation was produced during the propagation of the
convective system to the southwest. Another small cell
was triggered west of the plantation before the system
was decaying. The bottom panel in Fig. 18 shows the precipitation difference between IMPACT and CONTROL,
demonstrating that almost all precipitation was induced
in the IMPACT run. Convection initiation was mainly
caused by the pressure difference or friction-induced
deviation of the surface flow but not by significant changes
in the humidity field.

5. Summary

FIG. 15. The 300-m flow and 2-m temperature fields in the (top)
CONTROL and (bottom) IMPACT runs at 0700 UTC 7 Jun 2007.
As expected, the wind speed is higher over the sea surface than
over land.

overcome any remaining CIN at the CBL top. The
cluster was spreading out upstream of the convergence
zone as a result of an outflow boundary caused by
downdrafts originally produced by convection initiation.
The bottom panel in Fig. 17 presents the convective
system at 1000 UTC with several isosurfaces for liquid,
ice, and rainwater. At this time, the vertical extent of the
convective system was reaching the tropopause. Ice
phase processes caused a significant amount of rainwater. The rain was mainly falling along an outflow
boundary propagating against the mean wind direction. The whole system had a life time of about 6 h
and started to decay when reaching the western
boundary of the plantation.
The resulting precipitation patterns are presented in
Fig. 18. The top panel in Fig. 18 presents the daily integrated precipitation amount of the IMPACT run and
the middle panel that of the CONTROL run. Essentially
no precipitation was present in the CONTROL run,
although some spurious amounts may be present in the
northwestern corner of CONTROL. Only in the IMPACT

In this study, the effects of the modification of land
surface and atmospheric properties caused by jatropha
plantations with an area of about 10 000 km2 in Oman
and the Sonora Desert in Mexico were presented and
discussed. The influence of plantations in these coastal
desert regions was studied by means of a 1-yr downscaling experiment driven by ECMWF boundaries
during 2007. The simulations were performed using
the WRF–Noah model system without and with a plantation adapted to the land cover properties of jatropha
plants and operating on the convection-permitting
scale.
The impact of the plantation caused the following
effects. The difference between vegetated and unvegetated surface albedo and therefore net surface radiation
produced changes of the diurnal cycle of the partitioning
of the surface fluxes in the EBC. The modification of the
partitioning of surface fluxes depended on the amount of
evapotranspiration and the availability of soil moisture.
In summer, the contribution of the latent heat flux was
small, resulting in strong increases in the sensible heat
flux and surface temperature. Interestingly, the mean
temperature of the plantations decreased in comparison
to the desert situation. This was due to an overcompensation of the increase in temperature during daytime
by a strong cooling during nighttime over the plantations.
Because of the increase in the sensible heat flux during
daytime over the plantations, a deeper internal thermal
convective boundary layer developed than over the
desert. This increased the likelihood that air parcels
reached the lifting condensation level where they induce
convection initiation.
During summer both in Oman and in the Sonora,
an onset and/or an enhancement of precipitation were
simulated, which were caused by several convection
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FIG. 16. Cross section through 3D-rendered humidity field over the 2-m atmospheric
temperature at 0700 UTC 7 Jun 2007. The wind barbs at 300 m MSL are also shown.

initiation events. An Oman case study from 7 June 2007
demonstrated that the precipitation was due to the development of convergence zones at the edges of the
plantations. Local heating during daytime over the
plantations produced a slight pressure perturbation—
a heat low—over the domain. Furthermore, a higher
roughness length increased the surface drag. Both effects resulted in a deviation of the surface flow, which
eventually led to the development of convergence zones.
The shape and the orientation of the domain of the
plantation determined the modification of the surface
mean flow due to these pressure perturbations, causing
local wind and moisture convergence at the edges of the
domain and thus increasing the vertical wind speed and
moisture transport. The combination of this coherent,
mesogamma-scale transport with increased convective
instability over the domain resulted in enhanced cloud
and precipitation development. These findings support
the existence of a positive feedback between surface

albedo, vegetation, and precipitation starting already on
the mesoscale.
We are convinced that quantitative analyses of
changes in the water cycle have to be performed with the
next generation of mesoscale models, with their sophisticated representations of vegetation on the convectionpermitting scale. These simulations provide improved
analyses of the impact of the plantations for three reasons: 1) more accurate simulation of the modification of
the surface fluxes in the EBC, 2) resolution of the changes
in flow patterns and the development of convergence
zones as a result of land surface heterogeneity, and 3) the
elimination of severe errors due to the parameterization
of deep convection.
These effects scale with the size of the plantation. At
a scale of 10 000 km2, precipitation enhancement is evident both in Oman and the Sonora. In the future, the
impact on local climate dependent on plantation size,
orientation, and shape will be studied in more detail with
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FIG. 17. (top) Low-level wind and 2-m temperature fields as well as red and gray isosurfaces
of vertical wind speed and cloud liquid water, respectively, at 0800 UTC when convection was
initiated. The isosurface values are 0.6 m s21 and 0.074 g kg21, respectively. (bottom) Welldeveloped convective system at 1000 UTC including green isosurfaces for ice clouds (1.6 mg kg21)
and blue isosurfaces for rainwater (0.1 g kg21). The color scales indicate the wind speed of the
flow field for the top panel and the 2-m atmospheric temperatures for the bottom panel.

respect to convection initiation. The sensitivity of the
model results could be investigated by ensemble runs
using different model physics and resolutions. Detailed
understanding and correct modeling of the transpiration
of the plants in combination with precise irrigation

management could even provide us with the ability to
partially control for local climate effects. This type of
afforestation could then be considered a form of climate
engineering, which we define as climate engineering by
afforestation.
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