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Abstract
The questions of how land use change aﬀects climate, and how climate change aﬀects land use, require examination of societal and
environmental systems across space at multiple scales, from the global climate to regional vegetative dynamics to local decision making
by farmers and herders. It also requires an analysis of causal linkages and feedback loops between systems. These questions and the conceptual approach of the research design of the Climate–Land Interaction Project (CLIP) are rooted in the classical human–environment
research tradition in Geography.
This paper discusses a methodological framework to quantify the two-way interactions between land use and regional climate systems,
using ongoing work by a team of multi-disciplinary scientists examining climate–land dynamics at multiple scales in East Africa. East
Africa is a region that is undergoing rapid land use change, where changes in climate would have serious consequences for people’s livelihoods, and requiring new coping and land use strategies. The research involves exploration of linkages between two important foci of
global change research, namely, land use/land cover (LULC) and climate change. These linkages are examined through modeling agricultural systems, land use driving forces and patterns, the physical properties of land cover, and the regional climate. Both qualitative
and quantitative methods are being used to illustrate a diverse pluralism in scientiﬁc discovery.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
The analysis of the interaction between land use and climate systems at multiple scales requires conceptual frameworks and analytical methods that are both comprehensive
enough to capture the inter-scalar dynamics, and ﬂexible
enough to accommodate temporal dynamics (Campbell,
1998; Ewel, 2001; Kinzig, 2001). The theoretical and conceptual challenges involved in coupling natural and human
systems have been explored from a number of perspectives
including political ecology (Blaikie and Brookﬁeld, 1987;
Peet and Watts, 1996; Zimmerer and Bassett, 2003), hierarchy theory (O’Neill et al., 1989), panarchy (Gunderson and
Holling, 2001; Holling, 1997) and resilience in coupled
human and environment systems (Redman and Kinzig,
2003; Walker et al., 2004). Evaluating the historical processes of coupled natural and social changes and projecting
future changes in this type of complex system requires
methodological pluralism (Norgaard, 1989). Methodological pluralism is the integration of diﬀerent methods from
diverse disciplines. Multiple methods and information
sources are being used to conﬁrm interpretations, delineate
the way in which such categories have changed, and identify the impacts on the system (Campbell et al., 2005).
This paper presents key elements of a research framework that are crucial to developing a cohesive system capable of analyzing the climate–land interaction loop and
identifying feedback eﬀects. It describes generally how the
datasets, models and analyses have been developed to facilitate the coupling of the components (climate, land use,
land cover and primary productivity), and how they have
been calibrated and adapted to the East African region in
order to study historical and future trends in climate and
land interaction.
The plural methods and multiple foci (climate, ecosystem productivity, land cover, drivers of land use change)
have provided conceptual and methodological challenges
associated with diﬀerences in eﬀective temporal and spatial
scales, data type and quality, and requirements for computing capacity. Key conceptual issues relate to the understanding of complexity illustrated by themes of time,
space and uncertainty. In addition, accurate representation
of the realities of livelihood systems that determine the patterns and dynamics of land use is essential in that they
determine the land–atmosphere boundary conditions.
This paper presents examples of integrating diverse
methods within a conceptual framework to quantify the
two-way interactions between land use and regional climate systems, using ongoing work by a team of multi-disciplinary scientists examining climate–land dynamics at
multiple scales in East Africa. We apply a variety of methods from the social and biophysical sciences to understand
complex dynamics in coupled natural–human systems. The
research project, called the Climate–Land Interaction Project (CLIP), is focused principally on the research question
‘‘what is the magnitude and nature of the interaction
between land use and climate change at regional and local
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scales?’’ The research involves exploration of linkages
between two important foci of global change research,
namely, land use/land cover (LULC), and climate change.
These linkages are being examined through modeling agricultural systems, land use driving forces and patterns, the
physical properties of land cover, and the regional climate
(Fig. 1). Both qualitative and quantitative methods are
being integrated and thus illustrate a form of pluralism in
scientiﬁc discovery. The global carbon cycle can inﬂuence
the concentration of atmospheric greenhouse gases, but it
is beyond the scope of this project.
Our research is being conducted in East Africa. The
region is a useful location to examine climate–land interaction since people are necessarily highly responsive to climate variability and change. Much of the region is arid,
semi-arid or sub-humid and yet highly populated by pastoralists and agro-pastoralists dependent on rainfed pasture
and crops. Indeed, the largest extent of land use change
in East Africa has been the conversion of former savanna
in these areas to crops. Although the pastoral system is
comparatively resilient to droughts and variable rainfall,
farming is not and people respond to droughts and low
yields with a variety of activities including, for example,
deciding to not clear land, or if cleared to abandon it
(Olson et al., 2004b). Droughts can act as catalysts or triggering events shifting the land use system away from farming or even herding. Identifying this critical threshold
beyond which reliance on natural resources is no longer
an option is diﬃcult since such decisions are made in the
context of a variety of farm and non-farm options; it has
often been the conﬂuence of events including drought that
triggers change (Campbell, 1999; Campbell et al., 2000).
Modeling land use change is thus a challenge because of
the heterogeneity in the spatial patterns and driving forces
acting on this system. East Africa is characterized by extremely dynamic land use change, but it is occurring in some
locations and not others (Olson et al., 2004b). In-migration
and the expansion of cropped agriculture, for example, are
shaped by policy events or market opportunities aﬀecting
only some cultural or political entities. Detailed information on drivers and patterns of change is available only
at the case study level from prior ﬁeld research; indeed
the only socio-economic temporally dynamic, spatial dataset available for the 12 countries of the project’s domain is
population density. Complex patterns and data limitations
also aﬀect other analyses such as historical climate.
Weather station data are incomplete and stations are clustered in higher rainfall zones, while rainfall varies greatly
over short distances due to strong orographic, and lake
and ocean inﬂuences. Other climate data, such as radiosonde data, are even sparser.
Research in this region reveals the challenges inherent in
understanding biocomplex systems. The critical processes
driving the climate–land interactions, and that need to be
incorporated are eﬀective at fundamentally diﬀerent spatial
scales, from the one hectare average family farm to global
atmospheric circulation dynamics. Similar diﬀerences are
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Fig. 1. Climate–land interaction project conceptual framework.

found between components in temporal scales of analysis.
The human system is usually analyzed on an annual or decadal period with land use change predictions rarely surpassing 20 years due to the inherent uncertainty in that
system (Pontius and Spencer, 2005), whereas climate simulations are often conducted over centuries so that the signal
to noise ratio can be exceeded and causal relationships
identiﬁed (Houghton et al., 2001).
To capture the complexity of the system within the limitations of data and to reduce levels of uncertainty, the
team adopted a pluralistic approach using a triangulation
of data and information sources, and multiple analytical
methods operating at various scales. Global remote sensing
products and land cover classiﬁcations, for example, were
compared to our land use case studies and against ﬁeld
measurements. Net primary productivity simulations based
on global soils and climate databases were compared
against available yield data from agricultural research stations, government statistics, and surveys. Global gridded
climate datasets were compared to weather station data.
Statistical challenges involved in integrating such diverse
datasets and information include the treatment of missing
data and quality checks. For example, weather station data
needed to be cross-validated by analyzing its structure
(time trends and environmental conditions) before supplementing it with coarse resolution global data to infer spatial and temporal trends. A ﬁnal example is that the
development of the land use model was informed by local
case studies, by a spatial database populated by data from
numerous sources, by role play simulations of farmer and
herder groups, and by information from expert systems
workshops held in each country. These expert groups will

also critique the land use model simulations. The regional
land use model was trained against case study change patterns. In short, the development and interpretation of the
models and statistical analyses are being complemented
by qualitative information and narratives.
Key components of the climate–land interaction
research framework (Fig. 1) include (from the bottom
counterclockwise): local and regional land use change analyses and modeling to project future land use change; analyses of satellite imagery to translate the eﬀects of land use
change to land surface characteristics; simulations of the
impact of land surface changes on the regional climate,
simulations of the impact of climate change on net primary
productivity (NPP); and ﬁnally, analyses of the eﬀect of
productivity changes on people and their use of the land.
The new land use and land surface characteristics would
then impact the climate in a feedback loop.
In addressing the interaction between these components,
the team is integrating models to study the complex feedbacks between land and climate through a series of experiments comparing and contrasting diﬀerent ways in which
systems are coupled. The team is using these results and
experiences to address system-wide questions such as the
nature of feedbacks; temporal and spatial dynamics, types
of driving forces that aﬀect the system; nature of perturbations, the presence of tipping points, and uncertainty given
the complexity of both the interactions and the models.
Previous research on land use and climate change coupling has been based on more limited methodological
approaches. The work of Defries et al. (2002), Feddema
et al. (2005), and Stitch et al. (2005), for example, relies
on the use of one land use change model, the IMAGE
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model, and its general global scenarios, and global climate
models run at coarse spatial resolutions. Vegetation
dynamics are simulated with broad, global vegetation classes using models such as Lund Potsdam Jena (LPJ; cf.
Stitch et al., 2005) or remote sensing derived plant phenology. Comparison of these global model outcomes are necessarily general and rarely provide information about how
local scale phenomena such as adaptations to climate
change might impact regional and global scale factors.
Since these simulations are computationally rigorous, only
a few time periods are usually compared.
Few studies have examined climate–land use couplings
at regional scales. The work of Verburg et al. (2001,
2006) is one. It relies on statistically based, regional land
use and climate change models to examine how changes
in agricultural practices might impact greenhouse emissions. Their recent work (Verburg et al., 2006) uses two
case study sites to validate regional models. They state,
however, that relying on such simple statistical models at
regional scales is ‘‘troublesome’’ and that upscaling is likely
to introduce large uncertainties in regional estimates.
Both general approaches examining land–climate interactions at the global and at the regional scale lack important considerations that this project has attempted to
address such as (1) the feedbacks that occur between land
use and climate change brought on by human behavioral
responses to these changes; (2) validation of their model
outcomes using non-modeling approaches; and (3) examining temporal and spatial scales issues simultaneously using
model experimental approaches. Furthermore, we are not
aware of any study that has incorporated qualitative
approaches, such as expert judgment and role playing simulation to help frame model development or assess model
accuracy, nor of other studies that have attempted to combine diﬀerent models to simulate the same phenomenon,
such as land use change.
2. The role of geography
The questions of how land use change aﬀects climate,
and how climate change aﬀects land use, require examination of human and environmental systems over time and
across space at multiple scales, from the global climate to
regional vegetative dynamics to local decision making by
farmers and herders, and it requires an analysis of causal
linkages and feedback loops between systems. These questions and the conceptual approach of the research design
are rooted in the classical human–environment research
tradition in geography.
The conceptual and methodological approaches combine the experience of geography and related disciplines.
While geography through regional synthesis and spatial
analysis, together with conceptual frameworks such as
political ecology, is the foundation of this project, it is
essential in collaborative research to recognize the importance of perspectives from the ecological, natural and
social sciences, for example, hierarchy theory and resilience
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theory (O’Neill et al., 1989; Redman and Kinzig, 2003;
Walker et al., 2004).
3. Challenges in calibrating and coupling the models
To couple human and biophysical processes, our
research has adopted an approach that links models of
each component of the system to examine the interaction
of land use and climate change. The critical juncture is
the boundary between the land and atmosphere. At this
juncture, land use is represented by a set of land cover
parameters, including albedo, leaf area index (LAI) and
surface roughness that directly aﬀect regional climatic processes. A key aspect of climate change aﬀecting land use
and land cover is the changing productivity of vegetation
including crop yields, and how people respond by changing
their agricultural system and land use. These individual elements and how they have been developed to better represent the region and to facilitate interaction with other
components are described below.
3.1. The regional climate model responds to land use change
A suite of regional climate simulations is providing information on whether, and if so how, land use and land cover
change aﬀects the regional climate. It is also providing
information on projected climate to inform NPP models
and thus identify the climate change impact on vegetative
productivity. In order to best capture these relationships,
we are using a regional climate model with explicit land
surface variables. We use version 4.4 of the Regional
Atmospheric Modeling System (RAMS; Pielke et al.,
1992; Cotton et al., 2003) with a single grid domain covering most of Africa and centered on East Africa. A signiﬁcant eﬀort was required to parameterize RAMS for East
Africa’s situation. Two sets of calibration activities were
undertaken—one to modify the generic climate model
using supplemental climate data, and the other to calibrate
the land surface parameters that are the critical input variables to RAMS (described below). The calibration of
RAMS to the East African climate was complicated due
to the limited amount of reliable climate data, and the
highly heterogeneous nature of the physical landscape
and resulting complex climatic processes. First, a number
of sensitivity tests were conducted to test the relative
impacts of diﬀerent topographic schemes, convective
parameterizations, radiation/cloud schemes and grid sizes
using data from NASA’s Tropical Rainfall Measuring Mission (TRMM), the Moderate-Resolution Imaging Spectroradiometer Land Surface Temperature (MODIS LST)
product, temperature data from meteorological stations,
and data from NOAA and NASA’s Geostationary Operational Environmental Satellites (GOES-9).
Second, improvements were made to the model’s generic
vegetation and land surface characteristics since East
Africa has rainfall patterns and vegetation atypical of
equatorial areas. The model’s default vegetation parame-
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terization represents a globally-averaged equatorial phenology that is essentially constant throughout the year—
an approach that fails to account for East Africa’s longrains/short-rains bimodality and thus to accurately represent the surface energy budget. To address this shortcoming, we employed MODIS satellite data products to
develop phenology spline functions that more accurately
capture the bimodal annual cycle of greening and senescence of vegetation. The calibration of the model to spatial
and seasonal patterns of vegetation in East Africa was
eﬀected using the LEAF-2 vegetation scheme (Walko
et al., 2000). In addition, we developed an improved land
cover classiﬁcation scheme (CLIP Cover) (these are further
described below).
The term ‘‘climate impacts’’ can take on a variety of
meanings. For CLIP, climate impacts focuses mainly on
monthly precipitation and temperature data passed from
RAMS to the NPP models (a crop-climate and a vegetation
model). Detecting signiﬁcant changes in climate requires
simulations of at least a decade to identify the model’s
inherent variability and to establish whether mean changes
over the duration of the model run are signiﬁcant. Central
processing unit (CPU) time constraints have limited our
grid spacing to 36 km, meaning we can resolve atmospheric
features of 144 km. The diﬀerence in spatial scales
between the relatively coarse regional climate model,
higher resolution 1 km remote sensing data and the NPP
model’s 5 km soil maps has presented a challenge in passing climate data to the NPP models. To address this, we
use statistical downscaling from monthly RAMS data as
a secondary input to the crop model. We are also conducting simulations under conditions of large, average and
small extents of modeled agricultural expansion to examine
the sensitivity of climate to realistic land cover changes.
To assess the projected climate impacts of LULC, we
are also simulating the decade from 2040 to 2050. The
large-scale boundary conditions for this period have been
extracted from NCAR’s Community Climate System
Model (CCSM). A variety of coupled eﬀects can arise from
using variable LULC data and diﬀerent boundary conditions, so our experiments have been structured to isolate
the coupled/synergistic eﬀects from the individual eﬀects.
The following list shows our approach to identifying each
element’s eﬀects and incorporating feedbacks among the
various models:
• Case 1 (2000–2010): Present meteorological boundary
conditions and present LULC;
• Case 2 (2040–2050): Future meteorological boundary
conditions with present LULC;
• Case 3: Present meteorological boundary conditions
with projected LULC based on socio-economic factors;
• Case 4: Future meteorological boundary conditions with
projected LULC based on socio-economic factors;
• Case 5: First landscape feedback scenario: like case 1,
but with an updated LULC that incorporates vegetative
and human responses to the forecasted climate change;

• Case 6 (2040–2050): Future meteorological conditions
based on Case 5, with a projected LULC from socioeconomic factors alone;
• Case 7 (2040–2050): Closing the land–climate–land–climate loop: future meteorological boundary conditions
and projected LULC based on the socio-economic factors and people’s land use responses to climate change.
Assessing diﬀerences between Case 1 and Case 2 will
show the eﬀects of land surface boundary condition
changes alone; assessing diﬀerences between Case 1 and
Case 3 will show the eﬀects of LULC change alone. To
identify the synergistic eﬀects of altered boundary conditions and LULC together, a comparison will be made of
Case 4 + Case 1  Case 2  Case 3.
An example of our analysis of the sensitivity of climate
to land use change is illustrated by the comparison of Case
3 and Case 1 (Moore et al., 2005, 2006). Using the projected 2050 land cover for one simulation and current land
cover for a second, we simulated the atmospheric response
for both covers and compared the distributions of rainfall.
The conversion from savanna to cropping is producing distinctly diﬀerent land cover attributes with brighter albedos,
lower fractional cover (especially after harvest), and much
lower transpiration of moisture (shallower root systems).
Fig. 2 shows the diﬀerence in annual accumulated rainfall
over the domain. The declines in rainfall are widespread
and particularly acute over the highlands, which have historically been the wettest areas. Preliminary results suggest
that conversion to cultivation would also lead to a decline
in nighttime temperatures and a reduction in near-surface
humidity. These ﬁndings support research indicating that
land use change (and agriculture in particular) may be a
more important driver of climate change than previously
thought (Pielke et al., 2002, Pielke et al., 2007; Marland
et al., 2003).
3.2. Remote sensing data for improved land cover
characterization
Land surface conditions, which manifest human activities of land use and land cover, have a critical role aﬀecting
climate by inﬂuencing the radiation budget and energy
balance, and are thus integral to regional climate models.
To better represent the surface conditions in East Africa
we replaced the default Olson Global Ecosystem (OGE;
Olson, 1994) land scheme in RAMS with a new cover speciﬁc to the region. Satellite images from various sensors
including AVHRR, MODIS, and Landsat ETM+, provided land surface information for the region, which was
then calibrated with ﬁeld and airborne collected data at
selected sites. Land cover classiﬁcation schemes were also
evaluated with multiple assessment techniques for their
suitability and accuracy in East Africa. Furthermore, evaluation methodologies for land use/cover accuracy assessment were developed using a biophysical evaluator and
traditional assessment metrics.
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sion and commission errors, and misclassiﬁcation patterns.
The second technique included the comparison of the land
covers against high resolution data from air borne videography and from land use case studies (Torbick et al., 2005).
The digital video data were used as a reference source to
assess land product accuracies and land surface biophysical
characteristics. Existing high resolution case studies provided supplemental land use accuracy information (Olson
et al., 2004b). It was found that agricultural land uses generated substantial errors and disagreement in the globally
available LULC products and that Africover (Latham,
2001; Africover, 2002) was found to have signiﬁcantly
higher accuracy in the distribution of agricultural classes
than the others (Torbick et al., 2005). From the above
product assessments, we developed a hybrid classiﬁcation,
named CLIP Cover, that captures the strengths of two of
the LULC products—the agricultural classes of Africover
and the natural vegetation classes of GLC2000 (Torbick
et al., 2006).
3.3. Remote sensing data informing land surface parameters

Fig. 2. Eﬀect of land cover change on precipitation: the diﬀerence in
annual precipitation (red decline; blue increase) due to projected land
cover change (2050 cover minus current cover) simulated in RAMS.

The ﬁrst evaluation was a statistical analysis of ﬁve globally available land cover datasets for their accuracy in the
East African region (Ge et al., 2007). The ‘‘Q’’ indicator
was designed to evaluate biophysical characteristics of land
cover products for their application to climate modeling
activities. We tested GLC2000 (Bartholome et al., 2002;
Bartholome and Belward, 2005), MODIS, OGE, Africover
(Africover, 2002) and LEAF-2 for phenological consistency within each land cover class. The phenological characteristics were derived from multi-year bi-weekly LAI
time series from MODIS data. The Q indicator spatially
aggregates within-class LAI variations, and a smaller Q
indicates lower LAI variability suggesting a better classiﬁcation accuracy. We found that GLC2000 classes have signiﬁcantly less within class variability than the other three
land covers at a 30 · 30 km quadrate size (approximately
the grid spacing of the CLIP RAMS model).
The second evaluation of land cover products used two
traditional assessment metrics. The ﬁrst compared levels of
agreement/disagreement of land categories in the study
region between ﬁve globally available land cover products
in the form of contingency, or confusion, tables. The tables
indicate particular class trends, overall accuracies, omis-

Key land surface variables used in RAMS, LAI and fractional cover, were then parameterized for East Africa using
remote sensing data. LAI exerts a strong inﬂuence on the
radiation budget at the surface, and when incorporated into
climate models it can improve accuracy (Lu and Shuttleworth, 2002). The absence of equatorial seasonality in the
land surface variables in RAMS is inappropriate for East
Africa due to its signiﬁcant bimodal rainfall regime. LAI
and fractional cover are modeled in RAMS with a simple
trigonometric function. To better characterize the regional
phenological characteristics, the enhanced vegetation index
(EVI) data product from MODIS for 2001–2004 was
employed to construct site-speciﬁc phenological patterns
for each major land cover class using spine functions (Xue
and Yang, 2006; Wang, 2006). The new functions replace
the original LAI and fractional cover phenologies in RAMS.
The phenological response of LAI and fractional cover
reﬂected in the spline functions accurately captures the
‘‘green-up’’ pursuant to the passage of the Inter-Tropical
Convergence Zone in April–May and October–November.
Fig. 3 illustrates two examples of the seasonal variation
in LAI for common classes in the study area, ‘‘Rainfed
Herbaceous Crop’’ and ‘‘Open to Very Open Trees’’. The
MODIS LAI and resultant spline functions are distinctly
diﬀerent from the RAMS/LEAF-2 default parameterization, with the LEAF-2 parameterization failing to capture
the seasonality at the equator or in the regions ±5 degrees
away. The spline functions accurately capture bimodal
greening events at the equator, unimodal features away
from the equator, and the very low LAI in seasonal cropping areas following harvest.
Fig. 4 shows LAI values on 8 May 2000 for three combinations of land cover and LAI phenology, and with
a MODIS LAI image for comparison. Fig. 4(a) shows
grid-cell-averaged LAI for the default OGE with LAI
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Fig. 3. LAI phenological curves of RAMS versus spline functions of MODIS data. The red solid curves are at the equator, green dotted curves are for
north 5 degrees, the blue dashed curves for south 5 degrees: (a) rainfed herbaceous crops; (b) open to very open trees.
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Fig. 4. Leaf Area Index (LAI) as shown with improved land cover and improved parameterizations: (a) Olson Global Ecosystem (RAMS default) land
cover and default LAI parameterization; (b) CLIP Cover with default LAI parameterization; (c) CLIP cover with new spline functions; (d) MODIS
observed LAI for that period.

values assigned from LEAF-2. Fig. 4(b) shows CLIP Cover
cross-walked with the same vegetation classes in the
LEAF-2 look-up table. Fig. 4(c) shows the LAI distribution using the CLIP Cover classes, but with LAI values
assigned based on the MODIS-derived spline functions.
Here, time class-speciﬁc curves of LAI (splines) have been
estimated for diﬀerent regions to generate look-up tables
for LAI more appropriate for these regions than LEAF-

2. Fig. 4(d) shows MODIS LAI for the date selected. The
profound diﬀerence in LAI from 2(a) to 2(d) at the Equator
shows that the LEAF-2 function is essentially treating the
semi-desert of eastern Kenya as having high LAI with no
variation. The combined improvements have given a more
precise surface parameterization (R2 = 0.63). The
improved land surface characterization for East Africa
has thus been incorporated into RAMS.
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3.4. NPP responds to climate change
The climate model responds to the altered land surface
with modiﬁed precipitation and temperature patterns.
The modiﬁed climate then aﬀects the growth of vegetation,
or net primary productivity (NPP). One of the most
dynamic elements of NPP is in the agricultural system as
changes in crop productivity impact humans and their land
use decisions. We are therefore investigating the interrelationship between the productivity of a representative staple
food crop, maize, and climate variability and change across
the CLIP domain over two time frames: (i) historical
(1901–2002) and (ii) projected future (present–2050). The
deterministic crop simulation model CERES-Maize from
the DSSAT V. 4.0.2.0 model version (Hoogenboom
et al., 2004) was used to simulate maize production. The
global climate database WorldClim (Hijmans et al., 2005)
was used to calibrate the crop-climate model. Its 3000
(1 km) resolution was aggregated to 10 0 (18.5 km) resolution to cover the CLIP domain. The 1950–2000 period
was analyzed to produce monthly climate normals representative of the climate in about 1990. The climate normals

were used as inputs to MARKSIM software that stochastically generated daily weather data (Jones and Thornton,
2000), which are required for the crop model. Future crop
simulations (2001–2050) are being carried out with daily
climate data from the RAMS regional climate model
embedded within the CCSM global climate model. Representative soils data were obtained from the Food and Agriculture Organization digital 1:5,000,000 soil map of the
world (FAO, 1974). Agricultural suitability for maize production of all soils in each grid box across the CLIP
domain was determined based on FAO soil unit ratings
(FAO, 1978). For each soil found to be suitable, we assembled a ﬁle of representative physical soil proﬁle characteristics based on the International Soils Reference and
Information Centre’s World Inventory of Soil Emission
Potentials (WISE) database (Batjes and Bridges, 1994).
East African agricultural management information was
obtained during ﬁeld surveys and in literature reviews.
Historical maize production was simulated under a variety of input soils data and agronomic assumptions (e.g.,
planting date, irrigation) informed by ﬁeld surveys and literature in order to determine their relative importance

Fig. 5. Simulated maize yields (kg/ha) under current climate conditions in the primary rainy season in areas with agriculturally suitable soils and with a
40-day per year growing period.
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compared to climate in the production system. For example, simulated maize yields for each pixel in the CLIP window using appropriate planting dates and FAO soils for
the 1901–1930 time frame are illustrated in Fig. 5. We
are using a nominal rate of 5 kg N fertilizer per ha so that
the spatial variability exhibited is due to agronomic suitability (weather, climate and soil type) rather than to management or technological factors. The relatively higher
simulated maize yields in western Kenya, western sections
of Uganda–Burundi–Rwanda and in southern Tanzania
are in close agreement with current regional production
patterns. Overall, soil type and associated water holding
capacity across the CLIP domain were found to be of
relatively greater importance in determining potential
crop productivity than is the case in mid-latitude production areas. Based on analytical methods suggested by Andresen et al. (2001), time series outputs from the simulation
studies are being used to produce cumulative probability
distributions (CPD) of crop yield and water balance components. These CPDs are inputs in the land use change
model to inform potential distribution of crops, and are
providing information on how climate change may aﬀect
household decisions on crop choice and land use. Complementary analyses of the impact of climate change on natural ecosystems are being conducted using the LPJ
vegetation model and are being incorporated into the land
use model.
4. Land use change aﬀecting land surface conditions and thus
climate, and climate change impacting people and their land
use decisions
Human activities at the local and community scales
cumulatively change the distribution of land uses at the
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regional level. Modeling human activity and land use
change at the regional level to eﬀectively interact with the
climate, land cover, and NPP models requires tools and
methods that identify complex drivers of change operating
at diﬀerent scales, accommodate large amounts of data,
incorporate the various spatial interactions inherent in land
use change analysis, and that address data quality issues
that are common in developing regions. The project
employs a GIS and artiﬁcial neural network (hereafter as
neural nets) based model, called the Land Transformation
Model (LTM) (Pijanowski et al., 2002, 2005), to project
scenarios of future land use that will demarcate future conditions at the land–atmosphere boundary. Neural nets are
a machine learning land change modeling tool (Pijanowski
et al., 2006) that can handle large quantities of data and yet
are not sensitive to data errors (Bishop, 1999). The GIS is
used in the LTM to manage and process large spatial datasets and to present the data to the neural nets. The neural
nets then learn about spatial relationships in the data that
relate to driving forces.
For example, Fig. 6 illustrates an initial projection of the
expansion of cropping to 2040 in East Africa under UN
projections of population growth and with other variables
assuming stability in the location of national parks. Much
of the current and future expansion of cropping is expected
to replace savanna vegetation. The outcome is reﬂected in
changes to the distribution of land use classes in CLIP
Cover and thus altered RAMS land surface parameters
such as albedo, LAI, and surface roughness.
The parameterization of the East Africa LTM was
informed by a series of local and regional level activities
that provided information on historical and current patterns of land use change, and their complex driving forces.
These included analysis and modeling of existing local land

Fig. 6. LTM scenario of the expansion of annual crops (in yellow) in Kenya, Tanzania and Uganda by 2040 using a per capita agricultural expansion rate
based on UN population estimates and other variables. Crops were excluded from parks.
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use case studies, role playing simulations, and expert system workshops conducted in each country.
Local scale LTM modeling was conducted to explore
the interaction of spatial drivers of land use change using
30 year land use case study data from Kajiado, Kenya
and 50 year data from Embu and Mbeere, Kenya (Campbell et al., 2005; Olson et al., 2004a). Cross site comparisons of these and similar case studies in Uganda and
Tanzania conducted under a previous project, LUCID
(http://www.lucideastafrica.org) provided information on
common and unique patterns of land use change, the complex driving forces of change, and how available spatial
data such as changing population density and agricultural
potential could be used in the LTM as surrogates of the
complex driving forces (Olson et al., 2004b).
The case studies documented the historical trends in
farming and herding livelihood systems, and the interaction between them. Over the past century, processes altered
long-established relations between farming and herding,
land tenure regimes, distribution of land holdings, and economic opportunities. Contemporary processes include
rural to rural migration of farmers who clear vegetation
for cropping, rural to urban migration, rapidly growing
urban and foreign markets for agricultural produce, and
tourism associated with wildlife viewing fostered by the
demarcation of large areas as parks and reserves. These
have led to rapid agricultural expansion and urbanization,
and to frequent changes in crop choice and livestock keeping approaches. The livelihood systems have also
responded to environmental conditions such as rainfall
variability, diseases, soil degradation, and opportunities
for irrigation. Droughts have acted as catalysts leading to
long-term alterations in the livelihood and land use systems
when antecedent conditions stressed the system.
In addition to the case studies, information on how
competition over land between farmer and pastoralist
groups leads to alterations in land use was derived from
role playing simulations conducted in Kenya, and with
East Africans at Michigan State University and Purdue
University. These simulated how farmer and herder groups
would respond to inﬂuences such as policy changes and climate change. The method was based on an earlier farmer/
pastoralist land use decision making simulation (Campbell
and Palutikof, 1978). Workshops were also conducted in
Kenya, Uganda and Tanzania in which national academics, ministry planners, and rural development practitioners
came to a consensus using expert system methods to identify current and future drivers of land use change, and to
draw maps of expected future land use patterns. This provided information such as planned new roads and bridges,
planned agricultural policies, and probable directions of
urban expansion. The information and maps assisted in
the development and choice of variables for the LTM,
and provided guides to evaluate the modeled expansion
of agriculture and urban centers.
Such expert system analyses are also essential in interpreting the climate and NPP simulations in terms of how

communities are likely to respond to the altered crop yields
and climate variability. The potential impact of climate and
agricultural yield changes as provided by RAMS and NPP
simulations on communities are being assessed with information of the impact of past droughts from the case studies
(e.g., Campbell, 1999; McCabe, 2004), and a second round
of expert system analysis. Lessons from recent droughts in
semi-arid areas indicate that people will conduct a range of
short- and long-term strategies. These include moving to
search for jobs and food in towns, diversifying their income
sources towards commerce or other non-farm sources;
competing over water and forage; abandoning cropping
in some areas; developing irrigation; and maintaining livestock in the livelihoods system.
This case study and expert system information on
responses to climate and NPP change will be used to rerun the LTM and derive a second iteration of land use
whose land cover parameters will be used in the second
iteration of RAMS (Case 7). This represents a feedback
to a second iteration of climate–land interaction, thus closing the loop of land use ! climate ! land use ! climate.
5. Conclusion
Analyzing the interactions between climate and land
over time and space has provided conceptual and methodological challenges. At the methodological level, it has
required that datasets, models and other analytical techniques be adapted or that new techniques be developed
to improve coupling and to better represent the biocomplex
system of East Africa. At the conceptual level research
designs from the biophysical and human sciences have
had to be integrated into a common analytical framework.
This required a willingness among the team members to
learn each others’ scientiﬁc traditions and language, and
appreciate and respect diﬀerent analytical and methodological approaches. The CLIP research design calls for ‘‘conversations’’ among diﬀerent analytical models in which
the outputs of one activity serve as inputs to another. Challenges inherent in such analyses include datasets and models operating at diﬀerent spatial and temporal scales, and
processes and driving forces of change represented by
vastly diﬀerent types of quantitative and qualitative
information.
Conducting the analysis in East Africa has represented
both an opportunity to examine climate–land interactions
where the iterative impacts and repercussions are signiﬁcant, and a challenge in populating and calibrating models
with less than optimal data. The results are necessarily
indicative. Nevertheless, initial results of the coupled analyses reveal that the projected large expansion of cropping
into former savannas will produce distinctly diﬀerent land
surface attributes that would lead to drier conditions across
the region. The decline in rainfall, combined with the
increasing temperatures already occurring, would have signiﬁcant consequences especially for the people farming
and herding in sub-humid and semi-arid areas. Most prior

J.M. Olson et al. / Geoforum 39 (2008) 898–911

coupled land climate studies have examined the potential
eﬀects of deforestation. The ﬁnding that the seemingly subtle land use change from savanna to cropping may have a
signiﬁcant regional climate impact is important from a climate change science perspective, and points to the beneﬁts
of using regionally calibrated models and realistic land use
scenarios in order to produce meaningful results.
The activities of the CLIP team have resulted in a number of principles that fostered its transdisciplinary research,
and may inform similar studies elsewhere. These include:
Building an eﬀective multi-disciplinary team: This requires
establishing a scientiﬁc consensus and developing a common language. In addition personal and professional
trust, respect for diﬀerent disciplinary approaches and
research methods is vital. Working in an international
team has also taught us to be aware of the pitfalls of ‘‘scientiﬁc imperialism’’ associated with issues such as funding, authorship, and data mining.
Disciplinary conceptual frameworks and methods. It is
important to embrace the intellectual pluralism of diﬀerent scientiﬁc traditions and disciplinary perspectives. The
debate over the scientiﬁc merits of qualitative versus
quantitative methods, and between positivist science versus the more relativist conceptual frameworks of social
science, is irrelevant as qualitative approaches help
inform quantitative models and vice versa. Together they
provide more comprehensive understanding than either
one in isolation.
Issues of spatial and temporal resolution. These arise at
the level of processes, data, and model structure, and
are inﬂuenced by computing capacity. CLIP is examining the interactions between multiple processes, each
of which has its own ‘‘eﬀective’’ temporal and spatial
characteristics. Are the temporal and spatial scales of
information produced in one component of the project
compatible with the input needs of another component?
For example, we ﬁnd that higher temporal resolution of
atmospheric models requires higher spatial resolution of
land use change models and that the relatively low-resolution climate modeling reduces the need for calibration
of land use change models with regard to pattern and
location accuracy.
High Resolution versus systemic patterns and processes.
The case studies provide high-resolution information.
This is useful in parameterizing models and in evaluating model outcomes. However, empirical and processbased models need to be coupled to project larger system-wide behaviors.
The complexity of interactions between ecological and
societal processes over time and across space challenges
eﬀorts to understand the linkages between land use and
land cover change and land–atmosphere relationships.
These linkages diﬀer from area to area, reﬂecting history,
socio-economic conditions and ecological circumstances.
Such complex interactions are inherent in coupled
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human-natural systems. Addressing them requires a robust
yet ﬂexible approach that reﬂects the scientiﬁc knowledge
and experience of both the social and biophysical sciences.
CLIP draws on the traditions of both. For example, geography oﬀers regional synthesis and spatial analysis along
with related qualitative and quantitative methods and conceptual frameworks. Resilience theory engages the biophysical and the social sciences, including the concept of
human adaptation, while hierarchy theory addresses the
complex structure and behavior of systems with multiple
levels and has an analog in the structure-agency dialectic
in the social sciences. The challenges of biocomplexity
research force transdisciplinarity and the resultant scientiﬁc
dialogue oﬀers the prospect of innovative and perhaps
transforming integrative perspectives on the interactions
between society and the biophysical environment.
Acknowledgements
The CLIP research was designed and is being conducted
by scientists from Michigan State University, Purdue University, the National Oceanic and Atmospheric Administration, the University of East Anglia, the University of
Edinburgh, the International Livestock Research Institute,
the University of Dar es Salaam, Makerere University, the
University of Nairobi and the Government of Uganda.
Funding for the CLIP Project has been provided by the
US National Science Foundation under NSF awards numbers 0119821 ‘‘BE/CNH: Climate and Land Use Change
Processes in East Africa’’ and 0308420‘‘ BE/CNH: An Integrated Analysis of Regional Land–Climate Interactions’’,
and by Michigan State University.
References
Africover, 2002. Africover-Eastern Africa module. Land cover mapping
based on satellite remote sensing. Food and Agriculture Organization
of the United Nations. <http://www.africover.org/download/documents/Short_Project_description_en.pdf>.
Andresen, J.A., Alagarswamy, G., Rotz, A.A., Ritchie, J.T., LeBaron,
A.W., 2001. Weather impacts on maize, soybean, and alfalfa production in the Great Lakes Region, 1895–1996. Agronomy Journal 93,
1059–1070.
Bartholome, E., Belward, A., 2005. GLC2000: A new approach to global
land cover mapping from earth observation data. International
Journal of Remote Sensing 26, 1959–1977.
Bartholome, E., Belward, A., Achard, F., Bartalev, S., Carmona-Moreno,
C., Eva, H., Fritz, S., Gregoire, J., Mayaux, P., Stibig, H., 2002.
GLC2000: Global land cover mapping for the year 2000, EUR 20524
EN, European Commission, Luxembourg.
Batjes, N.H., Bridges, E.M., 1994. Potential emissions of radiatively active
trace gases from soil to atmosphere with special reference to methane:
development of a global data base (WISE). Journal of Geophysical
Research 112 (D5), D05107.
Bishop, C., 1999. Neural Networks for Pattern Recognition. Oxford
University Press, Oxford.
Blaikie, P., Brookﬁeld, H., 1987. Land Degradation and Society. Methuen
& Co. Ltd., London.
Campbell, D.J., 1998. Towards an analytical framework for land use
change. In: Bergstrom, L., Kirschmann, H. (Eds.), Carbon and

910

J.M. Olson et al. / Geoforum 39 (2008) 898–911

Nutrient Dynamics in Natural and Tropical Agricultural Ecosystems.
CAB International, Wallingford, UK, pp. 281–301.
Campbell, D.J., 1999. Response to drought among farmers and herders in
Southern Kajiado District, Kenya: A comparison of 1972–1976 and
1994–1996. Human Ecology 27 (3), 377–416.
Campbell, D.J., Palutikof, J.P., 1978. Allocation of land resources in semiarid areas: a simulation based on the East African experience.
Discussion Paper, 262, Institute for Development Studies, University
of Nairobi, Nairobi, Kenya.
Campbell, D.J., Gichohi, H., Mwangi, A., Chege, L., 2000. Land use
conﬂicts in S.E. Kajiado District, Kenya. Land Use Policy 17, 338–
348.
Campbell, D.J., Lusch, D.P., Smucker, T.A., Wangui, E.E., 2005.
Multiple methods in the study of driving forces of land use and land
cover change: a case study of SE Kajiado District, Kenya. Human
Ecology 33 (6), 763–794.
Cotton, W.R. et al., 2003. RAMS 2001: Current status and future
directions. Meteorological and Atmospheric Physics 82, 5–29.
Defries, R., Bounoua, L., Collatz, G., 2002. Human modiﬁcation of the
landscape and surface climate in the next ﬁfty years. Global Change
Biology 8, 438–458.
Ewel, K.C., 2001. Natural resource management: the need for interdisciplinary collaboration. Ecosystems 4, 716–722.
Feddema, J.J. et al., 2005. The importance of land-cover change in
simulating future climates. Science 310, 1674–1678.
Food and Agricultural Organization (FAO), 1974. FAO-UNESCO soil
map of the world 1:5 000 000, vol. 1. Legend, UNESCO, Paris, France,
and Rome, Italy.
Food and Agricultural Organization (FAO), 1978. Report on agroecological zones project, vol. 1: Methodology and results for Africa.
World Soils Resources Report 48, UNESCO, Paris, France/Rome,
Italy.
Ge, J., Qi, J., Lofgren, B.M., Moore, N., Torbick, N., Olson, J.M., 2007.
Impacts of land use/cover classiﬁcation accuracy on regional climate
simulations. Journal of Geophysical Research-Atmosphere 112 (D5),
D05107.
Gunderson, I., Holling, C.S., 2001. Panarchy: Understanding Transformations in Human and Natural Systems. Island Press, Washington,
DC.
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005.
Very high resolution interpolated climate surfaces for global land
areas. International Journal of Climatology 25, 1965–1978.
Holling, C.S., 1997. Regional Responses to Global Change. Conservation
Ecology 1 (2), 3 (online).
Hoogenboom, G., Jones, J.W., Wilkens, P.W., Porter, C.H., Batchelor,
W.D., Hunt, L.A., Boote, K.J., Singh, U., Uryaswv, O., Bowen, W.T.,
Gijsman, A., Du Toit, A., White, J.W., Tsuji, G.Y., 2004. Decision
Support Systems For Agrotechnology Transfer (DSSAT) Version 4.0.
Computer Model: Decision Support System.
Houghton, J., Ding, Y., Griggs, D., Noguer, M., van der Linden, P., Dai,
X., Maskell, K., Johnson, C., 2001. IPCC 2001, Climate Change 2001:
Working Group I: The Scientiﬁc Basis. In: Contribution of Working
Group I to the Third Assessment Report of 21 the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge.
Jones, P.G., Thornton, P.K., 2000. MarkSim: Software to generate daily
weather data for Latin America and Africa. Agronomy Journal 92,
445–453.
Kinzig, A.P., 2001. Bridging disciplinary divides to address environmental
and intellectual challenges. Ecosystems 4, 709–715.
Latham, J., 2001. AFRICOVER East Africa. LUCC Newsletter 7, 15–16.
Lu, L.X., Shuttleworth, W.J., 2002. Incorporating NDVI-derived LAI
into the climate version of RAMS and its impact on regional climate.
Journal of Hydrometeorology 3, 347–362.
Marland, G., Pielke, S., Roger, A., Apps, M., Avissar, R., Betts, R.A.,
Davis, K.J., Frumhoﬀ, P.C., Jackson, S.T., Joyce, L.A., 2003. The
climatic impacts of land surface change and carbon management, and
the implications for climate-change mitigation policy. Climate Policy
3, 149–157.

McCabe, J.T., 2004. Cattle Bring us to our Enemies: Turkana Ecology,
Politics, and Raiding in a Disequilibrium System. University of
Michigan Press, Ann Arbor.
Moore, N., Lofgren, B., Andresen, J., Pijanowski, B., Olson, J., 2005.
Projected changes in precipitation variability and distribution due to
land cover change in East Africa. Paper presented at the American
Geophysical Union fall 2005 Meeting, San Francisco, CA.
Moore, N., Lofgren, B., Torbick, N., Wang, J., and Andresen, J., 2006.
Modeling changes in energy budget variability and distribution due to
land cover parameterization in East Africa. Paper presented at the 1st
iLEAPS Science Conference, Boulder, CO.
Norgaard, R.B., 1989. The case for methodological pluralism. Ecological
Economics 1 (1), 37–58.
Olson, J.S., 1994. Global ecosystem framerwork-deﬁnitions. USGS EROS
Data Center Internal Report, Sioux Falls, SD.
Olson, J.M., Butt, B., Atieno, F., Maitima, J., Smucker, T.A., Muchugu,
E., Murimi, G., Xu, H., 2004a. Multi-scale analysis of land use and
management changes on the Eastern Slopes of Mt. Kenya. LUCID
Working Paper 20, International Livestock Research Institute,
Nairobi.
Olson, J.M., Misana, S.B., Campbell, D.J., Mbonile, M.J., Mugisha, S.,
2004b. The spatial pattern and root causes of land use change in East
Africa. LUCID Working Paper 47, International Livestock Research
Institute, Nairobi.
O’Neill, R., Johnson, A.R., King, A.W., 1989. A hierarchical framework
for the analysis of scale. Landscape Ecology 3, 193–205.
Peet, R., Watts, M., 1996. Liberation Ecologies: Environment, Development, Social Movements. Routledge, New York.
Pielke Sr., R.A. et al., 1992. A comprehensive meteorological modeling
system—RAMS. Meteorology and Atmospheric Physics 49, 6991.
Pielke, R.A., Marland, G., Betts, R.A., Chase, T.N., Eastman, J.L., Niles,
J.O., Niyogi, D., Running, S.W., 2002. The inﬂuence of land-use
change and landscape dynamics on the climate system: relevance to
climate-change policy beyond the radiative eﬀect of greenhouse gases.
Philosophical Transactions of the Royal Society London A 360, 1–15.
Pielke Sr., R.A., Adegoke, J.O., Chase, T.N., Marshall, C.H., Matsui, T.,
Niyogi, D., 2007. A new paradigm for assessing the role of agriculture
in the climate system and in climate change. Agricultural and Forest
Meteorology 142, 234–254.
Pijanowski, B.C., Brown, D.G., Manik, G., Shellito, B., 2002. Using
neural nets and GIS to forecast land use changes: a land transformation model. Computers, Environment and Urban Systems 26 (6), 553–
575.
Pijanowski, B.C., Pithadia, S., Shellito, B.A., Alexandridis, K., 2005.
Calibrating a neural network-based urban change model for two
metropolitan areas of the Upper Midwest of the United States.
International Journal of Geographical Information Sciences 19 (2),
197–215.
Pijanowski, B., Alexandridis, K., Mueller, D., 2006. Modeling urbanization in two diverse regions of the world. Journal of Land Use Science
1, 83–108.
Pontius, R.G., Spencer, J., 2005. Uncertainty in extrapolations of
predictive land-change models. Environment and Planning B 32,
211–230.
Redman, C.L., Kinzig, A.P., 2003. Resilience of past landscapes: resilience
theory, society, and the longue durée. Conservation Ecology 7 (1), 14
(online).
Stitch, S., Brovokin, V., von Bloh, W., van Vuuren, D., Eickhout, B.,
Ganopolski, A., 2005. Impacts of future land cover changes on
atmospheric CO2 and climate. Global Biogeochemical Cycles 19,
GB2013.
Torbick, N., Lusch, D., Olson, J., Ge, J., Qi, J., 2005. Assessment of land
use land cover for climate–land modeling using videography. In:
Proceedings of the 25th International Geoscience and Remote Sensing
Symposium, Seoul, Korea.
Torbick, N., Lusch, D., Qi, J., Olson, J., Ge, J., 2006. Developing land
use/land cover parameterization for climate–land modeling in East
Africa. International Journal of Remote Sensing 27 (19), 4227–4277.

J.M. Olson et al. / Geoforum 39 (2008) 898–911
Verburg, P., van der Gon, H., 2001. Spatial and temporal dynamics of
methane emissions from agricultural sources in China. Global Change
Biology 7, 31–47.
Verburg, P., van Bodegom, P., van der Gon, H., Bergsma, A., van
Breemen, N., 2006. Upscaling regional emissions of greenhouse gases
from rice cultivation: methods and sources of uncertainty. Plant
Ecology 182, 89–106.
Walker, B., Holling, C.S., Carpenter, S.R., Kinzig, A., 2004. Resilience,
adaptability and transformability in social–ecological systems. Ecology
and Society 9 (2), 5.
Walko, R.L., Band, L.E., Baron, J., Kittel, T.G.F., Lammers, R., Lee,
T.J., Ojima, D., Pielke Sr., R.A., Taylor, C., Tague, C., Tremback,

911

C.J., Vidale, P.L., 2000. Coupled atmosphere-biophysics-hydrology
models for environmental modeling. Journal of Applied Meteorology
39, 931–944.
Wang, J., 2006. The Application of B-Spline Smoothing: Conﬁdence
Bands and Additive Modelling. Ph.D. Thesis, Department of Statistics
and Probability, Michigan State University.
Xue, L., Yang, L., 2006. Additive coeﬃcient modeling via polynomial
spline. Statistica Sinica 16 (4), 1423–1446.
Zimmerer, K.S., Bassett, T.J., 2003. Political Ecology: An Integrative
Approach. The Guilford Press, New York.

