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Abstract
This study investigated the behavior of the terrestrial biosphere during times of
significant drought, particularly in regard to carbon fluxes. The Simple Biosphere Model
Version 3 (SiB3) was used to facilitate an investigation of ecosystem drought response.
The Standardized Precipitation Index (SPI) was evaluated from 1983 to 2006 in order to
produce historical drought maps, which were used to facilitate a subjective analysis of
drought behavior and to identify geographic point locations in the SiB3 model for further
temporal study. Standardized maps were produced for modeled physiological variables
(gross primary productivity, respiration, net ecosystem exchange, and soil water stress
factor) over time in order to determine general regional drought response patterns.
Physiological response variable data for particular spatial locations was then analyzed
over time during drought years for anecdotal comparison with observational study data.
While the SPI, which standardizes precipitation, was predicted to be an indicator of
ecosystem drought response, this did not appear to be the case. The droughts modeled in
the SiB3 model, which included the droughts in the United States Southwest and
Australia in 2002 and in Europe in 2003, were found to respond heterogeneously in terms
of carbon fluxes to similar droughts. The U.S. Southwest and Australia appeared to
respond to drought in a manner consistent with anecdotal evidence with regard to
perturbations in gross primary productivity (GPP), ecosystem respiration, and net
ecosystem exchange (NEE), while Europe appeared to respond in a manner dissimilar to
published descriptions of that drought. The behavior of the soil water stress factor in
Australia and Europe seemed to be incorrect as well. Precipitation input data, derived
from a reanalysis dataset from the National Centers for Environmental Prediction
(NCEP), the treatment by the SiB3 model of the soil water stress factor, and the possible
heterogeneous vegetative response to seasonality between regions were identified as
potential causes of these disparities.
Keywords: Drought, carbon flux, gross primary productivity, ecosystem respiration, net
ecosystem exchange, Simple Biosphere model, Standardized Precipitation Index
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1.

INTRODUCTION

1.A.

Background: Drought and why it matters
Drought has made headlines frequently over the last few decades, striking the

United States and the rest of the world multiple times a year. Drought is one of the
costliest natural disasters in the world in terms of economic damages (AMS, 2004;
LiveScience, 2005a; Livescience, 2005b), and it affects the most people worldwide
compared to other catastrophes (AMS, 2004). In the U.S. and some other countries,
drought occurs nearly on a continual basis (WMO, 2006; Wilhite et al., 2005; National
Drought Policy Commission, 2000). In fact, contrary to the beliefs of many scientists and
policy makers, drought is actually part of normal climate, not a deviation from it (Glantz,
2003; Wilhite and Buchanan-Smith, 2005; WMO, 2006). The advent of anthropogenic
climate change may, unfortunately, cause the severity and duration of future droughts to
increase (IPCC, 2001; Sheffield and Wood, 2007). It is thus of vital importance that we
understand drought and its effects on both society and the environment, so that we may
properly plan for and react to significant drought events—and, perhaps, reduce our role in
their creation.
Our understanding of drought is not, however, complete. Drought is a complex
phenomenon, involving the coincidence of numerous meteorological and climatological
factors, and the full extent of the relationships between these factors is not yet—and
perhaps never fully can be—described completely (Ji and Peters, 2003; Wilhite and
Buchanan-Smith, 2005). Similarly, drought has numerous effects on environmental as
well as social systems, not all of which have been thoroughly elucidated. One important
system that drought events affect is the carbon cycle, which—depending on various
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feedback loops and other factors—may be suppressed or augmented with varying
amounts of rainfall.
This study aims to investigate our understanding of drought and its effects on
carbon fluxes in terrestrial ecosystems, using the responses of a computer model—the
Simple Biosphere Model Version 3 (SiB3)—to drought events as a tool, since such
models represent our current understanding of complex natural systems.

1.A.i. Academic context
Drought does not have a single, simple definition (Wilhite and Buchanan-Smith,
2005). The American Meteorology Society (AMS) outlines four distinct yet related types
of drought: meteorological, hydrological, agricultural, and socioeconomic (Heim, 2002;
Glantz, 2003; Wilhite and Buchanan-Smith, 2005; WMO, 2006). Meteorological drought,
which is the focus of this study, involves a decrease (or absence) of precipitation below
expected levels (Heim, 2002). Meteorological drought is akin to the common conception
of drought (Glantz, 2003), and is ultimately the root cause of the other three types of
drought (Wilhite and Buchanan-Smith, 2005). Hydrological drought occurs when a
prolonged shortage of precipitation begins to suppress hydrological cycles, meaning
reduced surface and subsurface flow, and below-normal levels in bodies of water such as
lakes and reservoirs (Heim, 2002). Agricultural drought is relative to the precipitation
needs of crop vegetation, occurring when the soil layers surrounding crop roots are too
dry to facilitate normal growth (Heim, 2002). Socioeconomic drought refers to the
impacts of the previous three types of drought on human economic systems (Heim,
2002). While these definitions are useful for distinguishing between types and
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consequences of drought, especially for policymakers and land managers, scientists use
specialized quantitative methods to further analyze drought.
To evaluate drought objectively, the scientific community utilizes what are known
as drought indices, which quantitatively describe drought in order to compare events over
spatiotemporal scales (Heim, 2002; Hounam, 1975). Countless such indices have been
developed (Palmer, 1965; Heim, 2002; Keyantash and Dracup, 2002; Niemeyer, 2009)—
in fact, the sheer number of indices currently or formerly in use by drought scientists is a
testament to the convoluted nature of drought and the difficulty we face in describing it.
Drought indices each have particular uses and limitations, and vary widely in
complexity and sophistication—some require only basic information about precipitation
in a region over time; others base detailed calculations on multiple input variables like
soil moisture content and humidity (Heim, 2002).
Drought researchers, like many scientists in environmentally-related fields, use
computer models to simulate environmental processes. Such models, ideally, represent
the current state of the science and are a direct manifestation of our understanding of
ecological and physical processes. Likewise, our understanding of droughts and droughtrelated processes should be reflected in our computer models. If we do indeed understand
well how drought works, our understanding will be demonstrated by the realistic
performance of land-surface models during times of drought, while incomplete or
inaccurate responses of such models to drought may be symptomatic of a fundamental
gap in our knowledge of drought processes.
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1.B.

Significant drought events
Drought events were chosen for this study to represent different geographical

regions. Within the temporal restriction imposed by the range of the input dataset used to
initialize the SiB3 model, significant large-scale, well-discussed droughts were identified,
relying on both peer-reviewed literature and popular media sources. This study focuses
on the following three meteorological droughts: the U.S. Southwest in 2002, Australia in
2002, and Europe in 2003.

1.B.i. 2002 – Southwestern United States
The 2002 drought in the United States affected 30 states, costing more than $10
billion (2002 U.S. dollars) in economic losses (LiveScience, 2005b). The drought has
been described as a 300-year event for the U.S. Southwest—streamflow was reduced to
levels last seen in the region in 1685, according to a dendrochronology, or tree-ring,
analysis (Best, 2004; Woodhouse, 2004). The region’s troubles started early in 2002, due
in part to the fact that the Colorado snowpack had been built up to between only 40-80%
of average levels; much of this meager amount melted and evaporated by April (Doeskin
et al., 2003). Over the course of the year, a large portion of the state of Colorado received
far below-average precipitation, resulting in widespread hydrological shortages (Doeskin
et al., 2003). Additionally, multiple wildfires affected many states in the U.S. Southwest
(Zeng et al., 2005; van Leeuwen et al., 2010). In addition to the Southwest, the 2002
drought also significantly affected the Great Plains and parts of the East Coast
(LiveScience, 2005b).
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1.B.ii. 2002 – Australia
Australia experienced an extreme drought during 2002, which shortly afterwards
was termed the worst in the country’s history (ABC National Rural News, 2003).
Agricultural production fell by 28.5% over the previous year—the worst drop seen in
nearly half a century—and farming-related gross domestic product fell by close to 70%
(ABC National Rural News, 2003). The Murray-Darling Basin in southeastern Australia,
which provides around 40% of the country’s agricultural production and uses 60-70% of
its irrigation water (CSIRO, 2008; Nicholls, 2004), was particularly hard-hit during the
2002 drought (Cruz et al., 2010; Nicholls, 2004; Windram, 2009). The Murray-Darling
Basin also contains three of the continent’s longest rivers (Nicholls, 2004), which were
reduced to some of the lowest streamflow levels ever recorded in the region during the
drought (CSIRO, 2008).

1.B.iii. 2003 – Europe
The European drought in the summer of 2003 brought about severe environmental
as well as socioeconomic strife to countries across Western Europe (UNEP, 2004). The
drought caused exceptional losses to the agricultural sector in nations such as Italy,
Germany, Austria, Spain, France, and Portugal (Kirby, 2003). The heat wave associated
with the drought, found to be the worst since the year 1500 (Rebetez et al., 2006;
Luterbacher et al., 2004), was responsible for the deaths of thousands of elderly people
(UNEP, 2004).
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1.C.

Hypothesis
Drought is a highly complex phenomenon, with many climatological and

physiological processes interacting and affecting one another. The Standardized
Precipitation Index (SPI) attempts to describe drought in a way that allows comparison
between regions, vegetation types, and time, given similar droughts. The three droughts
investigated in this study occurred in the United States Southwest in 2002, Australia in
2002, and Europe in 2003. The responses of the ecosystems in these regions to these
particular droughts, when analyzed in the output of the Simple Biosphere Model Version
3 (SiB3), were predicted to respond similarly in terms of carbon fluxes values,
particularly in terms of gross primary productivity (GPP), respiration, and net ecosystem
exchange (NEE) to droughts of comparable severity. GPP was expected to drop during
each drought, due to the shortage of available water that vegetation needs to
photosynthesize, causing the net carbon flux (NEE) to increase, signaling higher carbon
release in times of drought. These behaviors in carbon flux were expected to be visible in
anecdotal scientific evidence.
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2.

METHODS

2.A.

Approach
This study primarily analyzed the output data of the land surface model Simple

Biosphere 3 (SiB3) (Sellers et al., 1986; Sellers et al., 1996; Sellers et al., 1997), using
National Centers for Environmental Prediction (NCEP) reanalysis scaled with Global
Precipitation Climatology Project (GPCP) data (Baker et al., 2010) as input data, in order
to ascertain the extent to which our understanding of drought and its effects are
accurately understood. The intent of this study was to determine if the Standardized
Precipitation Index (SPI) could be used as an indicator for ecosystem carbon flux
response to significant drought. The output of the SiB3 model was used to determine if
realistic responses to similar droughts could be found, as compared to anecdotal evidence
from scientific sources. The SiB3 output data was analyzed spatially with drought maps
and ecosystem response maps, and temporally with data from particular points (or model
grid cells) within each region of drought.

2.B.

Drought indices
Two of the most widely used drought indices (Heim, 2002; Hayes, 2000) are the

Palmer Drought Severity Index (PDSI; Palmer, 1965) and the Standardized Precipitation
Index (SPI; McKee et al., 1993). While the PDSI is often the index chosen in studies
relating to drought, partly due to its already-widespread use (Hayes et al., 2005) the SPI
was chosen for this investigation due to its simplicity and effectiveness when compared
to other drought indices (Kayantash and Dracup, 2002). Efforts are even underway to use
the SPI to predict drought (Liu et al., 2011).
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2.B.i. Standardized Precipitation Index (SPI)
The Standardized Precipitation Index (SPI) was developed by a team of
atmospheric scientists at Colorado State University in the 1990s in response to several
complicated yet sometimes unreliable or incomplete indices, notably the PDSI, which
does not explicitly define a time scale and leaves out key water reserves (McKee et al.,
1993; Guttman, 1998; Guttman, 1999; Hays, 2000).
The SPI intakes only monthly precipitation data for a given region, and outputs a
value that represents the severity of drought in that area. Varying averaging periods are
used, ranging from one to 48 months. The SPI is defined as the number of standard
deviations the precipitation of a given period of time in a region differs from the
climatological average for that period of time; that is, for example, a 3-month SPI for
July through September 2009 would compare that 3-month period with each July through
September period in the dataset (McKee et al., 1993). The index generally returns values
between -3 and +3, ranging from extreme drought to extreme wetness (McKee et al.,
1993). As is the goal with many drought indices, this SPI value is comparable across
spatiotemporal scales, meaning that an identical SPI value in two regions at the same
point in time, in one region over varying points in time, or in two regions at two different
times, would indicate a similar severity of drought, regardless of local climatic factors
like aridity and precipitation.
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2.C.

Computer models
Computer models have been used to simulate environmental systems and

processes for many decades, increasingly in recent years. Many models have been created
to investigate issues ranging from climatological change to unquantified ecological
variables. Some are designed for simplicity and usability in many applications; others
attempt to depict worldwide cycles and circulation patterns. One high-profile use of
various computer models is by the Intergovernmental Panel on Climate Change (IPCC),
which has produced numerous reports on the future of climate change and its possible
effects (IPCC, 2007a; IPCC, 2007b; IPCC, 2007c; IPCC, 2007d).
The Simple Biosphere Model (SiB) was chosen for this study because it is an
established, well-used, and broadly applicable land-surface model (Hayes, 2000; Baker et
al., 2010). Such models relate the physiological properties of vegetation to fluxes of
carbon, water, heat, and other related variables, and can be used as components of
comprehensive atmospheric general circulation models (AGCMs) (Sellers et al., 1997).

2.C.i. Simple Biosphere Model Version 3 (SiB3)
The Simple Biosphere Model (SiB), a land-surface parameterization scheme, has
applications in multiple disciplines—SiB was originally designed to depict biophysical
processes within and between the biosphere and the atmosphere (Sellers et al., 1986), and
has subsequently been used to model physiological ecosystem processes (Denning et al.,
1996; Baker et al., 2010). Since its development in the 1980s (Sellers et al., 1986), SiB
has undergone various revisions (Sellers et al., 1996; Baker et al., 2003). The third
version, used in this study, is termed SiB3 (Baker et al., 2003; Baker et al., 2010).
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SiB3 calculates photosynthesis based on the methodology of Farquhar et al.
(1980), and is dependent on meteorology and climate, especially in terms of surface
energy balance (Collatz et al., 1991; Collatz, et al., 1992; Sellers et al., 1996; Randall et
al., 1996). Incoming solar radiation is separated into direct radiation and diffuse
radiation—solar energy that bounces off of particles or other surfaces before
encountering vegetation—using calculations based on those of P.J. Sellers (1985). SiB3
calculates temperature, moisture, and trace gas values within forest canopies in a
prognostic—or predictive—manner (Vidale and Stöckli, 2005). The model incorporates
robust calculations of soil hydrology and thermodynamics, and includes a sophisticated
treatment of snow (Dai et al., 2003).
It is important to note that SiB3 currently focuses primarily on short-term, intraannual carbon fluxes, and not longer-term inter-annual carbon sources and sinks
(Denning et al., 1996). Carbon fluxes out of the atmosphere and into the terrestrial
biosphere, and vice versa, are set to equalize annually—ecosystem respiration is scaled to
GPP so that net carbon flux is zero over the course of an entire year (Denning et al.,
1996).

2.C.ii. Model input data
SiB3 requires the input of certain information—generally a dataset based on
observational data from the physical world—so that the model may calculate variables
that are not directly measurable. The data that SiB3 initially requires includes
temperature, humidity, pressure, precipitation, wind, and radiation (Baker et al., 2010).
Because the model must return values as it runs for each point (1 degree grid cell pixel)
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on the Earth’s land surface, it must have initialization data for each point. This data,
unfortunately, simply does not exist. Data may exist for particular variables in some areas
but not others, or may only be measured at localized scales with meteorological
instrumentation that cannot be feasibly installed at all points on the Earth’s surface. To
address this problem, modelers turn to reanalysis products—datasets that use computer
modeling technology to fill in “gaps” between observational data points, and to
incorporate other data such as satellite remote sensing (Kalnay et al., 1996). The
reanalysis dataset used by the SiB3 model in this study was the National Centers for
Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996), which was scaled
with Global Precipitation Climatology Project (GPCP) data (Adler et al., 2003)—another
product that combines data from various observational sources—to correct for biases
known to exist in climatological variables such as precipitation (Baker et al., 2010).
After a reanalysis dataset is input into the model, but before the model is used to
produce output, a procedure known as model “spin-up” is performed. This involves
running the model over the entire spatial and temporal dataset—in this case, the 24 years
of the NCEP/GPCP reanalysis dataset from 1983 to 2006, over the entire land surface of
the Earth—twice (Baker et al., 2010). This process is undertaken in order to allow the
model to assume realistic soil variables (such as moisture and temperature) relative to the
input meteorological data, using the calculations built into the model for these variables
(Yang et al., 1995). This is especially important given that the model will base its
calculations for other variables like carbon fluxes on these soil moisture values.

11

2.D.

Vegetative response variables
Relevant output variables included gross primary productivity (GPP), total

ecosystem respiration, net ecosystem exchange (NEE), and the vegetative soil water
stress factor.
Gross primary productivity (GPP) is tied to the chemical process of
photosynthesis, whereby plants convert carbon dioxide (CO2) into sugars. GPP is the total
amount of CO2 that the plants “fix,” or convert to a usable form, thus removing carbon
from the atmosphere and sequestering it in the terrestrial biosphere (Kirschbaum et al.,
2001; Hemes, 2011). Net primary productivity (NPP) differs from GPP, as the concurrent
process of respiration releases carbon out of vegetation and into the atmosphere
(Kirschbaum et al., 2001; Hemes, 2011).
Ecosystem respiration is the chemical process for GPP in reverse. The sugars
created during photosynthesis are broken down to create energy, which allows the plants
to live, repair damage, and grow; CO2 is released into the atmosphere as a byproduct
(Kirschbaum et al., 2001; Hemes, 2011).
Net ecosystem exchange (NEE) is somewhat more challenging to define;
interpretations and calculations of NEE can vary from academic field to field. In general,
NEE represents the net carbon flux between the terrestrial vegetation and the atmosphere
(Kirschbaum et al., 2001). For the atmospheric modeling community, NEE is calculated
as,

NEE = Recosystem – GPP
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with Recosystem signifying the total respiration carried out by the ecosystem, including not
only the respiration of plants but of the other organisms that feed on them (Hemes, 2011).
Under the atmospheric modeling definition of NEE, positive values mean that carbon is
being released out of the terrestrial biosphere and into the atmosphere, and negative
values imply carbon uptake into the biosphere out of the atmosphere (Hemes, 2011).
The soil water stress factor is numerical multiplier, ranging from 0.1 to 1.0, that
scales GPP based on the level of vegetative stress due to a lack of soil moisture. Lower
values signify more soil water stress; higher values signify less. The soil water stress
factor represents the effects of, but not the processes behind, soil moisture stress (Colello
et al., 1998). The calculation of the soil water stress factor was refined by Baker et al.
(2008) to better represent dependent mechanisms on the canopy scale.

2.E.

Regional climatological and physiological drought maps
Global and regional drought and response variable maps were scrutinized in order

to ascertain the particular geographical locations where drought effects were the greatest,
and to determine prime areas for further temporal study.

2.E.i. Standardized Precipitation Index (SPI) maps
Using the FORmula TRANslator (FORTRAN) programming language, the
NCEP/GPCP reanalysis precipitation data was used to create SPI maps of varying
averaging periods (3-, 6-, 12-, and 24-months). The SPI FORTRAN code was procured
from the Colorado Climate Center (2010). SPI maps were created for the entire land
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surface of the Earth (not including Antarctica), for each month of the dataset (January
through December, 1983-2006), and as mentioned, for each averaging period.
A visual analysis was performed on the SPI maps, for each averaging period and
for each of the aforementioned droughts, in an attempt to identify drought duration,
intensity, and spatial extent. To characterize drought duration and intensity, the
methodology put forth by McKee et al. (1993) was utilized—a drought was taken to be
“a period in which the SPI is continuously negative and the SPI reaches a value of -1.0 or
less. The drought begins when the SPI first falls below zero and ends with the positive
value of SPI following a value of -1.0 or less.” When looking at the drought maps, which
cover many “points” instead of merely one, the precise month in which a broad region
begins or ceases to experience drought is difficult to pinpoint; judgments on these dates
were made arbitrarily but as accurately as possible. Drought intensity was described
using the standard SPI values, of -3 to +3 ranging from extremely dry to extremely wet
(McKee et al., 1993), and the value that appeared to affect the largest portion of the
region was chosen as the reported SPI value. For example, in October during the
Australian 2002 drought, some parts of the region experienced drought with an SPI of -1
or -2, but the majority of the area was subjected to drought with an SPI of -3; thus, the
reported SPI for the most intense month of the Australian 2002 drought was -3. If more
than one SPI value appeared to affect a region equally, either both values were reported
(in the case of SPI values of -1 and -3 dominating, but not -2) or the SPI was reported as
a range.
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For each drought, one of the averaging periods was chosen to best represent the
characteristics of the particular drought—in each case where the drought substantially
appeared in the SPI maps, the 6-month averaging period was chosen.

2.E.ii. Standardized “Variable” Index (SVI) maps
In order to analyze the SiB3 output data for the biosphere response variables of
interest, maps similar to the aforementioned SPI maps were created. According to one of
the developers of the SPI, the same analysis can be performed on variables besides
precipitation, as long as the data generally takes the form of a zero-bounded gamma
distribution (Kleist, J. 2011, pers. comm., 29 June; McKee et al., 1993). Such a
distribution is unimodal, has no values below zero, and is skewed to the right—
increasingly higher values in such distributions decrease rapidly in frequency compared
to mean values (Figure 1).
The maps created in this analysis were termed “Standardized Variable Index”
maps, with “Variable” representing the particular output variable examined. The
variables scrutinized in this manner were gross primary production (GPP) and respiration.
Worldwide maps for each variable were created for each month within the dataset and for
each averaging period. An analysis similar to that of the SPI maps was used to identify
the duration, intensity, and spatial extent of suppression (or proliferation, as the case may
be) for the particular variables in response to drought.
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2.F.

Individual point analysis
Preliminary points were chosen, somewhat arbitrarily, to best represent the effects

of severe drought on particular spatial points (Figure 2). These single points were chosen
for each drought at locations where the reduction of precipitation was the most extreme,
based on 6-month SPI maps of scaled NCEP/GPCP reanalysis data, and where other
variables seemed to be correspondingly affected, according to 6-month SVI maps. Using
a FORTRAN program, graphs of response variables could be examined temporally.
Monthly data for particular years in question—for each drought, the calendar year during
which the most intense drought occurred, if necessary along with the years before and
after—were compared with monthly averages over the entire range of the model runs,
between 1983 and 2006. Relevant variables included precipitation (recall that model
output in this case is really the scaled NCEP/GPCP reanalysis input data), GPP,
ecosystem respiration, NEE, and the soil water vegetative stress factor. Percentage plots
were also created in order to gauge the relative effects of drought on the different
ecosystems. These plots, which were produced for precipitation, GPP, respiration, and the
soil water stress factor for each of the three droughts, were made by dividing droughtyear values by average values for a particular month, thus producing percent of average
data.
Once significant trends could be identified in the preliminary point data, six
subsequent points were chosen for each drought in order to determine if the patterns seen
in the preliminary point data were descriptive regionally (Figure 2). The points were
chosen arbitrarily, with the intent of gauging overall drought response across the varying
vegetation types of the particular region studied during its respective drought. As with the
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preliminary points, these secondary points were located in areas of the most severe
portion of drought.
Once points were chosen for each drought, the corresponding SiB3 output grid
cell data for the relevant study variables was aggregated in order to elucidate general
trends over the different points. Each month during the drought year was averaged across
all of the points chosen for the particular drought—for example, to create the aggregated
point data for January precipitation in the Australia 2002 drought, the precipitation values
for January 2002 from the six chosen points were averaged. This data was compared
graphically to the monthly average values, which were again averaged over each point—
in the Australian example, the average data for each January in the dataset between 1983
and 2006 for each of the six points were averaged together, yielding spatially- and
temporally-averaged January data.
Percent of average plots were made for the aggregated point data similar to those
made for the preliminary points. These plots describe the percentage above or below
average a particular variable was over the six chosen points during the drought year.
In order to investigate the role of seasonality in carbon flux processes, the
spatiotemporally-averaged monthly data for precipitation, GPP, and temperature were
graphically compared for each of the three droughts. This average data came from the
aggregated point data.

2.G.

Anecdotal analysis
The SPI maps produced from the NCEP/GPCP reanalysis data, for the months

identified as the most severe of the particular drought, were visually compared to
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published SPI maps (where available) for the same month, region, and SPI averaging
period. This analysis was primarily qualitative—if drought severity and extent appeared
consistent, the two maps were deemed similar. If severity was dramatically different
between the two maps, as in the case of drought visible on one map in a particular region
but not on the other, the maps were said to be in disagreement.
Point data was compared anecdotally to relevant scientific literature. That is, a
study reporting that GPP was suppressed and that NEE became more positive than
usual—signaling a shift from carbon uptake to carbon release—during the 2003
European drought, would validate the findings that the SiB3 model described GPP as
decreasing and NEE becoming more positive in the region during the particular drought.
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3.

RESULTS

3.A.

2002—Southwestern United States

3.A.i. Regional climatological and physiological drought maps
The 2002 drought in the Southwestern United States was evident in the
NCEP/GPCP reanalysis data from August 2001 to November 2002, lasting 16 months.
The intensity of the drought ranged from -2 to -3 SPI, and the most intense month of
drought appeared to be May of 2002 (Figure 3a). The suppression of GPP in the SiB3
model output data occurred between May and December of 2002, lasting eight months
and being most intense in March 2002 (Figure 3b). Intensity was either -1 or -3 SVI.
Respiration appeared to be suppressed in the model output data between May of 2002 and
March of 2005, for a total of 35 months, with February of 2004 being the most intense
(Figure 3c). Intensity over the period was either -1 or -3 SVI.

3.A.ii. Individual point analysis
In the NCEP/GPCP reanalysis data at the preliminary point for the United States
Southwest drought, precipitation during much of the 2002 drought was markedly below
the average level for each month, although in September 2002 this point received about
twice the average amount of rainfall (Figures 4a, f). GPP at this particular point was
suppressed between May and September 2002, particularly so during June through
August, were GPP levels dropped between 50 to 60% of average (Figures 4b, f).
Ecosystem respiration, however, did not vary as greatly from the monthly average during
2002 in any particular month; in fact, the largest departure from the average value was
barely more than 20 percent (Figures 4c, f). The suppression of GPP together with only a
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slight change in ecosystem respiration yielded NEE values for 2002 that deviated from
average values during most months. Notably, in June and September, the 2002 monthly
NEE value was positive, while the average value was negative (Figure 4d). During these
months, carbon was being released into the atmosphere, while in average years the
ecosystem would experience carbon uptake during those times. The soil water stress
factor was less than the average for the entire year (Figures 4e, f), meaning that
vegetation was more stressed due to a lack of soil water than usual.
To determine if the relationships and patterns seen at the preliminary point held
true throughout the rest of the U.S. Southwest, aggregated point data was scrutinized with
the same process.
The aggregated SiB3 model point data did indeed return similar results to the
preliminary analysis. Precipitation averaged over these points was, as in the preliminary
data, much reduced during each month of 2002 (besides September) compared to a
typical year (Figures 5a, f). GPP was suppressed for most of the calendar year,
particularly between May and September (Figures 5b, f), where levels dropped between
about 60 to 75% of average values. Ecosystem respiration in 2002 followed average
values very closely, deviating only by up to about 10% (Figures 5c, f). With the change
seen in GPP, and the lack of a change evident in respiration during the drought year, NEE
was thus clearly affected. In May 2002, less carbon uptake than in average years
occurred, while in June through September, carbon was released into the atmosphere
instead of being sequestered as in an average year (Figure 5d). The soil water stress factor
for the average of these points behaved in a similar manner to that of the preliminary
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point, with reduced values during the entire year, indicating a higher level of soil waterrelated vegetative stress in 2002 than in average years (Figures 5e, f).

3.A.iii. Anecdotal evidence analysis
When visually compared to a published 6-month SPI map of the same month
(National Drought Mitigation Center 2011), the NCEP/GPCP reanalysis SPI map
appeared to mirror the published data closely (Figure 6)—of course, this should be the
case, being that precipitation was used as an input variable and thus ought to be
consistent with reality.
In the scientific literature, the notion is supported that the U.S. Southwest
experienced significant changes in carbon fluxes during the 2002 drought. A study by
Zeng et al. (2005) showed that the western United States was a significant source of
carbon being released into the atmosphere during the 2002 drought, despite contributing
strongly to a Northern Hemisphere carbon sink from 1980 to 1998. Zhao and Running
(2010) and Zhao et al. (2011) found a decrease in net primary productivity (NPP)—
photosynthesis disregarding the energy required by cellular respiration—in the western
United States during the 2002 drought.

3.B.

2002—Australia

3.B.i. Regional climatological and physiological drought maps
The 2002 Australia drought was evident in the NCEP/GPCP reanalysis SPI maps
during the 13 months between May 2002 and January 2003. This drought was quite
severe, maintaining a relatively constant SPI of -3 over the affected region, with October
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of 2002 being particularly intense (Figure 7a). An analysis of the SiB3 output SVI maps
revealed that GPP was suppressed from June 2002 to August 2003, for 15 months, with
an intensity of -1 or -3 SVI. The most extreme month of GPP suppression was September
2002 (Figure 7b). Suppression of respiration seemed to occur for a prolonged period
between August 2002 and December 2006, for a total of 53 months, with an intensity of 1 or -3. The most severe respiration reduction did not appear to occur until December
2004 (Figure 7c).

3.B.ii. Individual point analysis
Precipitation for the preliminary point in the Australian 2002 drought in the
NCEP/GPCP reanalysis data was considerably less in each month during the entirety of
2002 than in each month during an average year, excepting the month of February, and
even then monthly precipitation was only about 20% greater than average (Figures 8a, f).
In fact, the drought is evident in the data beginning in early 2001. Correspondingly, GPP
in the SiB3 model output data was found to be suppressed almost consistently from
March 2001 through the end of 2002, though the relative monthly pattern was similar to
the average in both years. GPP was suppressed to between about 40 to 85% of average
during the entirety of 2002 (Figures 8b, f). Ecosystem respiration was higher than
average during each month of 2001, but then became abruptly reduced below average
beginning in January 2002 and remained so until late 2003 (Figures 8c, f). This behavior
seen in respiration is likely a manifestation of the treatment of long-term carbon balance
in the SiB3 model—ecosystem respiration is scaled to GPP to prevent long-term carbon
sources or sinks (see section 2.C.i.). The modeled changes in GPP and ecosystem
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respiration caused modeled NEE to be more positive than average during all of 2001,
indicating more carbon release in each month of that year than during any average month
(Figure 8d). During August through September at this particular point, NEE is negative
during average months, signifying a period of time during 2001 when carbon was being
released instead of stored as it would have been in an average month during that time.
NEE returned closer to the average for each month from February to July 2002, but
became more positive than average once again in August 2002 and remained so for the
rest of the year. August, November, and December were months of carbon release in
2002 while usually months of carbon uptake. The soil water stress factor for this point
was below average for each month between August 2001 and July 2003, but
interestingly, from December 2001 to December 2002, the stress factor held a constant
value of 0.1 (Figure 8e). This is the lower limit for the soil water stress factor, meaning
that vegetation is assumed to be under total stress as a result of a shortage of soil water.
The preliminary analysis indicated a potential problem in the soil water stress
factor that allowed vegetation to experience complete soil water stress. The aggregated
point data was analyzed to investigate this phenomenon.
NCEP/GPCP reanalysis precipitation in the aggregated SiB3 model point data for
the Australian 2002 drought was reduced consistently between March and December of
2002, with only about 10 to 20% of average precipitation falling during each month
between March and August (Figures 9a, f). GPP was reduced below average value during
2002, with about 55 to 85% of average levels occurring between May and December
(Figures 9b, f). Conversely, ecosystem respiration was increased between about 103 and
140% above average values during each month of 2002 (Figures 9c, f). These changes in
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GPP and respiration are evident in the NEE results, which show that NEE was more
positive during each month of 2002 than during average months (Figure 9d). In April and
August through November, 2002 NEE was positive while average NEE is negative. Thus,
during these times, carbon was released into the atmosphere and not sequestered as would
have been the case in average months. The aggregated SiB3 model point data did not
reflect the oddity in soil water stress that appeared in the preliminary point data. The soil
water stress factor began 2002 at about 115% above average levels, but subsequently
dropped to between 80 to 85% of average from July to December (Figures 9e, f).
The discrepancy in soil water stress factor responses between the preliminary
point and the aggregated points is due to the fact that the majority of the aggregated
points did not exhibit the strange behavior seen in the preliminary point analysis, though
one aggregated point did. This finding prompted the use of a spatial analysis, which was
carried out on the soil water stress factor during October, the most intense month of the
2002 Australian drought in the NCEP/GPCP reanalysis data. This analysis revealed a
broad region that experienced total soil moisture stress during that month as a result of
the drought (Figure 10).

3.B.iii. Anecdotal evidence analysis
As Australia does not regularly utilize the SPI in its published drought maps, and
instead uses a dissimilar index, a visual comparison between the NCEP/GPCP reanalysis
input precipitation and a published SPI map could not be carried out.
Information about carbon flux changes resulting from the 2002 Australian
drought is lacking. It was reported in Zhao and Running (2010) as well as in Zhao et al.
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(2011) that NPP was decreased in Australia during the severe drought—this lends some
confidence to the idea that Australia experienced widespread effects to carbon flux during
the 2002 drought. However, the rest of the scant relevant literature seems to discuss
Australian regions less affected by the 2002 drought.

3.C.

2003—Europe

3.C.i. Regional climatological and physiological drought maps
The 2003 European drought lasted 10 months in the NCEP/GPCP data, at a 6month SPI averaging interval, from April 2003 to January 2004. The drought reached
intensities from -2 to -3 SPI, with the worst of the drought occurring in July 2003 (Figure
11a). The suppression of GPP in the SiB3 model output data lasted 17 months, from July
2003 to November 2004, with an intensity of -1 or -3 SVI. December 2003 saw the
strongest suppression of GPP (Figure 11b). Severe GPP suppression, however, did not
nearly match the spatial extent of intense drought. Respiration experienced suppression
between January 2004 and May 2005, lasting 17 months. Severity of ecosystem
respiration reduction ranged from -1 to -3 SVI, and was particularly strong in February
2004 (Figure 11c).

3.C.ii. Individual point analysis
2003 precipitation in the NCEP/GPCP reanalysis data at the preliminary point
fluctuated from below (about 30% of average values in February and March) to
moderately above (140% in October) the average monthly values, with seven months of
the year receiving less than the average for that particular month (Figures 12a, f). GPP in
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the SiB3 model output data, however, did not seem to show more than a modest
reduction during any month in 2003 below average monthly levels (Figures 12b, f; note
that percentages from early and late in the calendar year are distorted by the small values
in GPP during these times). Ecosystem respiration also appeared to follow average
monthly values closely during 2003, departing from average only by about 10 to 30%
throughout the year (Figures 12c, f). NEE values experienced only marginal departures
from average during 2003, with no clear overall effect—NEE was more positive than
average from January to March and in June, but more negative in May and September
(Figure 12d). Interestingly, the soil water stress factor also appeared to experience no
major adverse effects during 2003, despite the severe drought conditions, with values
between 0.91 and 0.98—an indication that in the SiB3 model, vegetation at this point was
under almost no stress due to soil water shortage (Figures 12e, f). In fact, the departure
from average was negligible during each month of 2003.
The analysis of the preliminary point suggested that during the 2003 drought in
Europe, the SiB3 model did not adequately translate the effects of the drought into
vegetative stress due to reduced soil moisture. Thus, ecosystems were able to weather the
drought without undue effects on carbon fluxes. The aggregated point data was used to
investigate further.
Precipitation in the NCEP/GPCP reanalysis data for the aggregated SiB3 model
points was reduced by about 40 to 80% below average monthly totals in the 2003
European drought, between February and September, and again in November and
December, though precipitation in January and October was 140% higher than average
monthly totals (Figures 13a, f). The effects of this drought on GPP appear relatively
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scant. GPP in the SiB3 model output for Europe in 2003 was only reduced to about 90%
of average monthly values for most of the year (excepting the beginning months of the
year when low GPP numbers distort percentages), though in August and October, drought
year GPP was reduced to between 75 and 80% of the average level (Figures 13b, f).
Indeed, in March, May, and November, 2003 GPP was about 105 to 110% above average
values. Ecosystem respiration in 2003 differed very little from average values in each
month except June and August. In these two months, 2003 respiration was increased by
about 110 to 120% over average monthly levels (Figures 13c, f). Drought year NEE in
the SiB3 model output data did not seem to change drastically in most months, differing
only slightly above or below average levels in January through May and September
through December (Figure 13d). 2003 NEE in June through August did, however,
become more positive than average. In fact, NEE was positive in July 2003 but negative
during this month on average, signaling one month of net carbon release instead of the
carbon uptake experienced during an average July. Similar to the response found in the
preliminary point analysis, the soil water stress in the aggregated point data did not show
a strong drought response: as before, the soil water stress factor varied only between 0.88
and 0.96 or about 97 to 102% of average, indicating that vegetation in the SiB3 model
over these points during 2003 were experiencing very little stress due to a lack of soil
water (Figures 13e, f).

3.C.iii. Anecdotal evidence analysis
A visual comparison of the NCEP/GPCP reanalysis SPI data and a
contemporarily-published European 6-month SPI map (DMCSEE, 2012) revealed a
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discrepancy in some geographical regions, with drought occurring in the published map
where an unusually-wet period was transpiring in the reanalysis data, or with drought
visible on both maps but with a much greater severity in the published data (Figure 14).
The scientific literature relating to the 2003 European drought supports the notion
that the ecosystems represented by the SiB3 model should have experienced advanced
deleterious effects from the drought. GPP and ecosystem respiration were seen to
decrease dramatically, and a marked and unusual period of carbon release into the
atmosphere was observed (Ciais et al., 2005). Along with photosynthesis and respiration,
soil water stress was found to have decreased substantially during the drought (Granier et
al., 2007).
While not identical to the ecosystem variables investigated in this study, fraction
of absorbed photosynthetically active radiation (FPAR) was observed using satellite
remote sensing products and eddy-covariance flux tower data to be diminished across
Europe during the 2003 drought (Gobron et al., 2005; Reichstein et al., 2007), which
signals a strong drought effect. FPAR represents the efficiency with which vegetation
photosynthesizes and absorbs incoming solar radiation. If an environmental stress such as
drought is present, photosynthesis will not be as prolific, and FPAR will drop (Gobron et
al., 2005).
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4.

DISCUSSION

4.A.

Overview
The carbon-related ecosystem responses of the 2002 United States Southwest

drought and the 2002 Australian drought (though anecdotal evidence for this region was
scant), as seen in the output data of the SiB3 model, seemed consistent with anecdotal
evidence, but this was not the case during the 2003 European drought. None of the three
studied droughts appeared to exhibit similar carbon flux responses, despite the incidence
of droughts quantified as similar in severity by the SPI. Thus, this study only partly
supported the original hypothesis that the similar droughts would elicit similar carbon
cycle responses of terrestrial ecosystems, and that the carbon flux output of the SiB3
model would match anecdotal descriptions.

4.A.i. NCEP/GPCP Reanalysis
The finding that the NCEP/GPCP reanalysis dataset was consistent visually with
published precipitation data during the most severe month of the U.S. Southwest 2002
drought (Figure 6), but not during the 2003 European drought (Figure 14), may explain in
part why the carbon flux responses were more consistent with expected behavior in the
U.S. Southwest than in Europe. This discrepancy may be due to a difference in the
thoroughness of our understanding of the ecosystem carbon flux responses between these
two regions in times of severe drought. Perhaps the datasets agree more definitively in
the U.S. Southwest than in Europe because drought response in the latter region is
actually less well-understood, contrary to what was previously thought. In fact, Ciais et
al. (2005) found that European ecosystems did not respond as anticipated to the 2003
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drought, with a homogeneous instead of a heterogeneous suppression of GPP and a
decrease in respiration despite expectation that it would increase. In contrast, a study by
Gobron et al. (2005), ecosystem response to the 2003 drought in the form of carbon flux
variations was found to vary significantly across Europe. These seemingly contradictory
findings, produced in the same year concerning the same drought, may indicate that yet
more study will be necessary in order to sufficiently understand why European
ecosystems do not appear to behave as anticipated during times of drought.

4.A.ii. Soil Water Stress Factor
The soil water stress factor was found to behave unusually in the 2002 Australian
and 2003 European droughts in the SiB3 model output data, but appeared realistic in the
2002 U.S. Southwest drought. The previous version of the SiB model (SiB2) was shown
to have issues with the soil water stress factor (Colello et al., 1998); perhaps these issues
have not been fully resolved.
In the U.S. Southwest, the soil water stress factor behaved as expected, with 2002
drought levels dropping below average monthly values, but keeping the same general
pattern as seen in average years (Figures 4e and 5e). The SiB3 model response in soil
moisture to severe drought was accompanied by similarly expected responses in carbon
flux variables—GPP, NEE, and respiration results (Figures 4b-d and 5b-d) were
consistent with anecdotal scientific evidence.
In Europe, the SiB3 model represented the 2003 drought-affected ecosystems as
largely unchanged in terms of carbon fluxes compared with non-drought years (Figures
12b-d and 13b-d). This lack of a significant drought response came together with a
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seemingly unaffected soil water stress factor. In fact, in both the preliminary analysis and
the aggregated point data, the soil water stress factor began the calendar year 2003
slightly greater than average values, and did not fall below average until many months
after the drought took hold (Figures 12e and 13e). Even when the 2003 soil water stress
factor finally did drop to below average values, the difference between drought year
values and average monthly values was slight. This may signal that the SiB3 model
allows precipitation from previous months, such as from during 2002 or even years prior,
to keep soil moisture high even during times of drought. Thus, even if no or little new
precipitation falls during a drought, the SiB3 model can allow vegetation in European
ecosystems to escape the drought largely unharmed, as plants are not stressed due to the
store of soil water available to them. In reality, vegetation was significantly stressed by a
lack of soil moisture during the European 2003 drought, and thus carbon fluxes were
dramatically impacted (Granier et al., 2007).
The SiB3 model also appears to mishandle the soil water stress factor in Australia.
The soil water stress factor in portions of Australia fell to minimum values during the
2002 drought (Figures 8e, 10), despite significantly reduced yet still-present rainfall.
Vegetation likely does not experience total soil water stress even during extreme drought;
in fact, vegetation stressed to this level probably would not even survive such a drought
event, much less photosynthesize or respire as the SiB3 model indicated. Perhaps the
failure of the SiB3 model to accurately portray the response of the soil water stress factor
to the 2002 Australian drought calls the behavior of carbon fluxes into question—since
these variables are fundamentally related to soil water, the suppression that they
experience in the model output data may be over-represented. Thus, despite appearing to
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be in agreement with the admittedly scant available scientific literature in terms of
anomalous carbon fluxes, the SiB3 model may not truly describe the behavior of
Australian ecosystems under drought stress.
The findings of this study put forward the notion that for better-understood
regional ecosystems, or at least ecosystems with readily-available historical observational
data for research, soil water processes are described more accurately in the SiB3 model.
Observational data informs the processes and mechanisms calculated by such computer
models, and so these models tend to be based on these areas of ample observational data.
If an area that is not as thoroughly understood behaves differently—for instance in terms
of soil water processes—than better-studied regions, the former may not be described
accurately in computer models.

4.A.iii. Regional differences—what went wrong?
The results of this study suggest that we do not fully understand the effects of
drought on ecosystem carbon fluxes. The standardized precipitation index (SPI), which
standardizes precipitation across regions, vegetation types, and time, was predicted to
forecast similar ecosystem responses to similar drought, in terms of severity and duration.
This did not seem to be the case; similar droughts in the United States, Europe, and
Australia led to widely different ecosystem responses.
Although it is not possible to know for certain which processes prevent a clear
understanding of how drought works, some factors may good candidates. Seasonal cycles
may play an important role, specifically in terms of the incidence of drought. Figure 15
shows that seasonality varies between the three regions in terms of precipitation,
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temperature, and GPP. In the U.S. Southwest, all three of these variables covary together,
rising together in the growing season during the middle of the calendar year and falling
off towards winter. In Australia, GPP remains relatively constant throughout the year, but
precipitation and temperature follow an opposite pattern to the U.S. Southwest due to
Australia’s southern hemisphere location. In Europe, precipitation does not vary
drastically, but temperature and GPP covary together, with a large increase during the
mid-year growing season. These differences in seasonality may explain in part why the
SiB3 model had trouble representing the latter two droughts, and thus why our
understanding seems to be incomplete—perhaps ecosystems with different seasonal
patterns do not respond to drought in the same way, even if the drought is shown by the
SPI to be similar among the regions.
Another possibility is our understanding of the relationship between respiration
and GPP—the SiB3 model does not calculate long-term carbon sources or sinks, and
instead scales respiration to GPP in order to keep net annual carbon fluxes relatively
balanced. This treatment may not be accurate, as it can affect the intra-annual carbon
fluxes examined in this study, which may not actually add up to no net carbon uptake or
release over a long period of time.
Physical soil properties may also be part of the issue, especially if regions with
arid soils (such as in the U.S. Southwest and Australia) respond differently to drought
than more fertile soils (such as in Europe). Perhaps vegetation adjusted to functioning
with less water in general is more resistant to drought than vegetation acclimated to
copious rainfall, despite similar instances of drought according to the SPI, which is
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intended to standardize precipitation to remove the effects of climate factors such as
aridity.

4.B.

Future study
Future steps will include the use of model validation techniques, using satellite

products and flux tower data to validate the response of the SiB3 model to drought. Such
techniques are complex and not without caveats and drawbacks (Medlyn et al., 2005), but
would aid in determining whether the SiB3 model can indeed accurately portray
ecosystem response to drought. Before executing a model validation analysis, flux tower
data would also need to be sorted into groups based on ecosystem biome type.
The employment of a thorough statistical and quantitative analysis of drought
characteristics will also be necessary, building upon the largely qualitative investigation
carried out during this study. The use of SVI analysis on non-precipitation ecosystem
variables will have to be justified statistically, instead of generally and visually as in this
study; that is, it will need to be shown conclusively that the distributions of such variables
can indeed be approximated with zero-bounded gamma functions. Statistics to
demonstrate the representativeness of particular points for entire regions will be helpful
in establishing confidence in the choice of these points. Analysis of more ecosystem
variables, such as NPP and FPAR, will likewise be helpful.
Naturally, this study could be expanded to investigate the drought responses in the
SiB3 model at other geographic locations—the Amazon Rainforest and the United States
Southeast would be two such regions. This endeavor would further test the ability of the
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SiB3 model to approximate real-life processes in different geographical areas with
differing biomes and ecosystems.
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5.

CONCLUSION
Drought is an unfortunate, yet common and natural phenomenon. It has serious

implications for natural systems, particularly in terms of carbon fluxes. As described by
this study, drought often causes ecosystems that function as carbon sinks under normal
circumstances to shift into sources of carbon to the atmosphere. This anomalous flux of
carbon—particularly carbon dioxide (CO2), which is a greenhouse gas—upwards can
influence global climate change processes (van der Molen et al., 2011), which in turn
have been linked to an increase in drought incidence, duration, and intensity (IPCC,
2001; Sheffield and Wood, 2007). It is thus imperative that we understand the relative
contribution of drought-related carbon fluxes to already elevated atmospheric greenhouse
gas concentrations.
However, the results of this study suggest that our current understanding of the
processes linking drought and terrestrial carbon cycling is far from complete. Droughtaffected ecosystems did not, as expected, respond similarly to comparable droughts as
measured by the SPI. Also, despite the apparent accuracy with which the Simple
Biosphere model approximated ecosystem responses to the 2002 U.S. Southwest drought,
the inability of the model to capture observed reductions in GPP and changes in NEE
during the 2003 European drought, or to realistically portray the behavior of soil moisture
during the 2002 Australian and 2003 European droughts, would suggest that the
underlying calculations and parameterizations of the model relating to these regions need
to be revisited. On a broader scale, the computer models that scientists utilize represent
the current state of our understanding of complex environmental phenomena; if, as in this
case with the SiB3 model, these models cannot accurately describe these processes, then
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our knowledge of how such processes work must be incomplete. Further study is needed
to compare modeled data to observed data, so that our models can be made to be as
accurate as possible—at the very least, capture the essence of ecosystem processes. In
this regard, additional field research is needed to better describe real-world systems and
the reactions of such systems to drought stress, particularly in terms of carbon flux
mechanisms, and especially in under-studied regions such as Australia.
In addition to its effects on natural ecosystems, drought also has consequences
for human systems; however, as is the case with all natural disasters, the incidence of
drought does not automatically imply catastrophe—our level of preparedness and
responsiveness determines the severity of the calamity (WMO, 2006). Should current
trends continue, and drought becomes more frequent, more severe, and more widereaching in the future, much of humanity will be adversely affected. Both society-wide
change to reduce anthropogenic climate forcing and a concerted effort to understand
drought and its consequences for the environment can help mitigate the danger posed to
society by future drought.
Drought may be insidious, slow, complex and far from fully understood, but these
traits should not divert our attention away from its dangers or discourage us from
furthering our knowledge about the phenomenon and its effects. Public awareness,
careful research, and foresight from decision makers will ensure both that we continue to
increase our understanding of drought and its effects on ecosystems and prevent droughtrelated social catastrophes.
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FIGURES
Figure 1: Vegetative response variable distributions
Figure 1a: Sample gamma distribution plot for GPP

Bin

Figure 1b: Sample gamma distribution plot for ecosystem respiration

Bin
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Figure 2: Preliminary and aggregated point locations
Figure 2a: U.S. Southwest

Figure 2b: Australia

Figure 2c: Europe
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Figure 3: U.S. Southwest 2002 climatological and physiological drought maps
Figure 3a: NCEP/GPCP reanalysis SPI map for the U.S. Southwest, for the six month
period ending in May 2002

Figure 3b: SiB output GPP SVI map for the U.S. Southwest, for the six month period
ending in March 2002

6-Month SVI

Figure 3c: SiB output ecosystem respiration SVI map for the U.S. Southwest, for the six
month period ending in February 2004

6-Month SVI
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Figure 4: U.S. Southwest 2002 preliminary point data
Figure 4a: NCEP/GPCP precipitation

Figure 4b: SiB output GPP
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Figure 4d: SiB output NEE
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Figure 4c: SiB output ecosystem respiration
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Figure 4e: SiB output soil water stress factor
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Figure 4f: U.S. Southwest preliminary point—percent of average
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Figure 5: U.S. Southwest 2002 aggregated point data
Figure 5a: NCEP/GPCP precipitation

Figure 5b: SiB output GPP
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Figure 5c: SiB output ecosystem respiration

Figure 5d: SiB output NEE
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Figure 5e: SiB output soil water stress factor
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Figure 5f: U.S. Southwest aggregated points—percent of average
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Figure 6: U.S. Southwest 2002 SPI drought map comparison
Figure 6a: Published SPI map for the U.S. Southwest, for the six month period ending in
May 2002 (National Drought Mitigation Center 2011)

Figure 6b: NCEP/GPCP reanalysis SPI map for the U.S. Southwest, for the six month
period ending in May 2002

45

Figure 7: Australia 2002 climatological and physiological drought maps
Figure 7a: NCEP/GPCP reanalysis SPI map for Australia, for the six month period
ending in October 2002

Figure 3b: SiB output GPP SVI map for Australia, for the six month period ending in
September 2002

6-Month SVI

Figure 3c: SiB output ecosystem respiration SVI map for Australia, for the six month
period ending in December 2004

6-Month SVI
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Figure 8: Australia 2002 preliminary point data
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Figure 8c: SiB output ecosystem respiration

Figure 8d: SiB output NEE
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Figure 8e: SiB output soil water stress factor
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Figure 8f: Australia preliminary point—2002 percent of monthly average
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Figure 9: Australia 2002 aggregated point data
Figure 9a: NCEP/GPCP precipitation

Figure 9b: SiB output GPP
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Figure 9c: SiB output ecosystem respiration
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Figure 9e: SiB output soil water stress factor
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Figure 9e: Australia aggregated points—2002 percent of average

50

Figure 10: Australia 2002 soil water stress factor—regions of maximum stress in October
2002
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Figure 11: Europe 2003 climatological and physiological drought maps
Figure 11a: NCEP/GPCP reanalysis SPI map for Europe, for the six month period
ending in July 2003

Figure 11b: SiB output GPP SVI map for Europe, for the six month period ending in
December 2003

6-Month SVI

Figure 11c: SiB output ecosystem respiration SVI map for Europe, for the six month
period ending in February 2004

6-Month SVI
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Figure 12: Europe 2003 preliminary point data
Figure 12b: SiB output GPP
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Figure 12e: SiB output soil water stress factor
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Figure 12f: Europe preliminary point—2003 percent of average
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Figure 13: Europe 2003 aggregated point data
Figure 13a: NCEP/GPCP precipitation

Figure 13b: SiB output GPP
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Figure 13f: Europe aggregated points—2003 percent of average
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Figure 14: Europe 2003 SPI drought map comparison
Figure 14a: Published SPI map for Europe, for the six month period ending in July 2003
(DMCSEE, 2012)

Figure 14b: NCEP/GPCP reanalysis SPI map for Europe, for the six month period
ending in July 2003
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Temperature

Precipitation

ACRONYM LIST
AMS

American Meteorological Society

AGCM

Atmospheric General Circulation Model

CO2

Carbon Dioxide

CSIRO

Commonwealth Scientific and Industrial Research Organisation

DMCSEE

Drought Management Centre for Southeastern Europe

FORTRAN

Formula Translator programming language

FPAR

Fraction of Absorbed Photosynthetically Active Radiation

gC

Grams of Carbon

GPCP

Global Precipitation Climatology Project

GPP

Gross Primary Productivity

IPCC

Intergovernmental Panel on Climate Change

mm

Millimeter

NCEP

National Centers for Environmental Prediction

NEE

Net Ecosystem Exchange

NPP

Net Primary Productivity

PDSI

Palmer Drought Severity Index

Recosystem

Total Ecosystem Respiration

SiB3

Simple Biosphere Model Version 3

SPI

Standardized Precipitation Index

SVI

Standardized “Variable” Index

UNEP

United Nations Environment Programme

WMO

World Meteorological Organization
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