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ABSTRACT
To quantify impacts of climate change and anthropogenic activities on land surface dynamics a novel diagnostic tool is introduced, an application to the South American continent is presented, and the results are
compared with observational studies. The diagnostics are performed in an ecohydrological state space
spanned by surface flux ratios of excess energy U (loss by sensible heat H over supply by net radiation N)
versus excess water W [loss by runoff (Ro) over gain by precipitation P]. The attribution of a changing state is
deduced by rotating the (U, W ) coordinates of its trajectory onto the external (or climate) and internal (or
anthropogenic) forcings dependent of the regional state of aridity at the origin of the trajectory of change.
Vegetation greenness (NDVI) is included in the attribution analysis as an active tracer. The first and second
periods (1982–93 and 1994–2006; ERA-Interim) are chosen for change attribution analysis. 1) State space
climates are characterized by a bimodal distribution with two distinct geobotanic regimes (forest and steppe)
of high and moderate vegetation greenness. 2) Area changes between the first and second period are attributed to external (or climate)-induced (about 83%) and internal (or human)-induced (17%) processes.
3) In regions of significant (U, W ) changes the significant vegetation greenness decreases in 36.2% (increases
in 63.8%) of the area independent of vegetation type and aridity. 4) In these regions the water-limited areas
tend to become drier, while energy-limited parts get wetter.

1. Introduction
Climate change and land use have an impact on
catchment water balance and hence on water yield and
groundwater recharge (Barnett et al. 2008; Milly et al.
2007; Voepel et al. 2011; Wagener et al. 2010; Zhang
et al. 2001). Early quantitative analyses of rainfall–
runoff chain dynamics on watershed scales as part of
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the climate system have employed the Budyko (1974)
framework, which is centered on the aridity index relating water demand to supply combining energy and
water supply. In particular, through its incorporation of
an equation of state to the surface water and energy flux
balances, Budyko’s diagnostic framework has guided
extensive analyses on streamflow sensitivity in general
(Arora 2002; Dooge 1992; Roderick and Farquhar 2011;
Wang and Alimohammadi 2012) and on the causes of
streamflow change induced by external/climatic and
internal/anthropogenic impacts (Wang and Hejazi 2011;
Zhan et al. 2014). The external/climate-induced change
can be due to natural climate variability, global climate
change, and the regional and local climate effects of
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human activities (Wang and Hejazi 2011), all of which
are top-down processes from the atmosphere. The human impact on the climate also includes modification of
the interrelation between evapotranspiration and potential evaporation and its effect on the recycling of
precipitation (Brutsaert and Parlange 1998; Roderick
and Farquhar 2002; Szilagyi 2007), which are bottom-up
processes from a hydrology point of view.
Later, an ecohydrological Ansatz has emerged (Renner
et al. 2012; Tomer and Schilling 2009), which is based on
state variables separating energy and water supply, and
without introducing the limiting conditions of Budyko’s
approach based on an equation of state. This ecohydrological concept utilizes two nondimensional flux ratios as
ecohydrological state variables separating water and energy flux components, which characterize the hydroclimatic state of a basin and carry information of how
water and energy fluxes are partitioned on the catchment
scale to distinguish climate from land-use-induced change
effects on streamflow (Tomer and Schilling 2009). Cai
et al. (2015) prove and expand the application of the
ecohydrological conceptual model to regional scales by
combining remote sensing and reanalysis data in an ecohydrological state space spanned by relative excess energy U and excess water W.
Specifically, as suggested by Tomer and Schilling
(2009), the ecohydrological conceptual model relates
internal/anthropogenic (or external/climate) changes
to a partitioning of distances in the (U, W ) state space
along (or perpendicular to) a constant dryness ratio as
the baseline separating energy- from water-limited regimes. This Ansatz adheres to the assumption that
internal/anthropogenic (or external/climate) changes are
independent of the regional state of aridity at the origin
of the trajectory of change. That is, this attribution
model keeps the baseline fixed (aridity index D 5 1) for
change analysis no matter of the original aridity state.
However, this assumption may be an issue if applied to
regional-scale change where the original aridity state
differs from the fixed baseline, although global land
surface climates have been found to be aligned along
D 5 1 separating energy- from water-limited regimes
[see global land surface frequency distribution in Cai
et al. (2014)]. Renner et al. (2014) propose an equation
accounting for the aridity index and used the assumption
of orthogonality between climatic and anthropogenic
changes to quantify the impacts on evapotranspiration/
runoff and predict land-cover changes in line with vegetation damage diagnostics.
Therefore, it is the aim of the subsequent analysis 1) to
incorporate the origin of the trajectory (in terms of different initial dryness ratios) into the ecohydrological attribution model and 2) to apply this new approach to South
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America, where many studies have documented extensive
deforestation and land-cover changes (Aide et al. 2013;
Grau and Aide 2008; Hansen et al. 2014) but there are also
many local studies reporting forest recovery. These contrasting dynamics have been largely attributed to demographic and socioeconomic changes. Thus, a diagnostic
is required that evaluates surface information of the
changing rainfall–runoff chain ( jointly with remote sensing
observations) with the aim to attribute and quantify these
changes to external or internal (climatic or human induced) causes on grid-based continental scale, which, to
our knowledge has not been performed.
After introducing the coupled ecohydrological conceptual model considering dryness change (section 2),
applications and its effective functioning will be tested in
South America, which has the largest area of tropical
forests, the greatest amount of biodiversity, and the
largest reservoir of above- and below-ground carbon
stock in the world (Aide et al. 2013; Grau and Aide 2008;
Hansen et al. 2014). The climate- and anthropogenicinduced impacts are estimated and compared with independent data such as vegetation greenness, followed
by an analysis of aridity dynamics (section 3) before a
concluding summary (section 4).

2. Ecohydrological state space analysis
Regional ecosystem changes are the consequence of
both climate change and local anthropogenic activities.
Ecohydrological analysis (Renner et al. 2012; Tomer
and Schilling 2009) is a possible method to diagnose the
controlling factors of the rainfall–runoff chain on watershed scale (section 2a) and to analyze the changes of
the long-term average fluxes coupling soil, vegetation,
hydrologic, and atmospheric compartments and to attribute their causes (section 2b).

a. State space
Introducing flux ratios is a common feature of the
Budyko framework to analyze watersheds, which is
supported by the aspect of their similarity. Here Budyko’s approach is being modified: separating energy and
water flux components (Milne et al. 2002) leads to a
physical approach, which allows external forcings by
energy (net radiation) and water fluxes (precipitation)
to be separated from the respective internally affected
flux partitionings:
energy 1 5 E/N 1 H/N
water

1 5 E/P 1 Ro/P .

and

(1a)
(1b)

That is, the energy-related climate forcing (net radiation
N or potential evapotranspiration E) balances the
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indices, E/N 5 1 2 U and E/P 5 1 2 W; their ratio
yields the Budyko (1974) aridity or dryness index:
D 5 N/P 5 (1 2 U)/(1 2 W) ,

FIG. 1. Ecohydrological states in the (U, W ) diagram spanned
by relative excess water (runoff vs precipitation) and energy
(sensible heat flux vs net radiation) with lines of constant dryness (net radiation vs precipitation). The rainfall–runoff chain
related to Budyko’s framework can also be included in the
ecohydrological state space: U 5 1 1 (1 2 W )/log(W) represented by the empirical formula from Schreiber (1904) [for the
stochastic interpretation as an ideal rainfall–runoff chain, see
Fraedrich (2010)].

energy flux partitioning of evapotranspiration and sensible heat flux H (i.e., E 1 H ); and the water-related
climate forcing (precipitation P) balances the water flux
partitioning of evapotranspiration and runoff (Ro; i.e.,
E 1 Ro). Note, that all energy variables X 5 (N, E, H)
are in units of water flux equivalents (kg m2 s21). Energy
variables X are converted to water flux variables X 0 via
X0 , 2X/L, with L being the latent heat of water (L 5
2.5 3 106 J kg21).
The following flux ratio triplet, introduced by Milne
et al. (2002) and Budyko (1974), is obvious from Eqs.
(1a) and (1b):
1) First, the relative excess energy U 5 H/N is the
portion of energy supply not being used for evapotranspiration from surface and thus available for
direct sensible heating of the atmosphere (and also
for photosynthesis).
2) Second, the relative excess water W 5 Ro/P characterizes the portion of water supply not being used by
the ecosystem and thus available for geomorphological formation. Jointly these two components characterize the flux partitioning by separating water and
energy fluxes (or water demand).
3) The ratios of excess energy and water fluxes are
connected by the two evapotranspiration-related

(2)

which separates wet (energy limited) regimes, 0 , D , 1,
from dry (water limited) regimes, D . 1. Interpreting
the energy input N as potential evapotranspiration, the
dryness or aridity index represents the flux ratio of water
demand to supply. Note that the dryness ratio includes a
biospheric classification, which is embedded in a physically based framework of climate analysis. Budyko
(1974) has introduced thresholds separating land surface
geobotanic states, which relate dryness to biomes: tundra (D , 1/ 3) and forests (1/ 3 , D , 1) are energy limited
(D , 1) with low available energy N for given precipitation, while steppe and savanna (1 , D , 2),
semidesert (2 , D , 3), and desert (D . 3) are waterlimited climates (D . 1) with high available energy for
given precipitation.
Now the ecohydrological state space is introduced
spanned by coordinates, which represent the flux ratios of excess energy and water (instead of using dryness D and other flux ratios). The (U, W ) space
characterizes forcing and flux partitioning and separates energy from water fluxes, and its dimensionless
metric extends from zero to unity. The demarcation
line separating energy from water-limited regions is
characterized by the main diagonal, D 5 1, which,
indicating balanced water–energy flux conditions, cuts
the (U, W ) state space into two halves (see Cai et al.
2015). Other dryness values correspond to lines
through an origin at (U, W ) 5 (1, 1), whose metric can
be visualized to span a 08–908 angle sector covering the
D range from zero to infinity (Fig. 1). Besides the
aridity or dryness index (as a geobotanical measure),
the rainfall–runoff chain dynamics (in the Budyko
framework) can be included in the ecohydrological
state space: U 5 1 1 (1 2 W )/log(W ). Here the
rainfall–runoff chain is represented by the empirical
formula from Schreiber (1904) [for its stochastic interpretation as an ideal rainfall–runoff chain or
equation of state, see Fraedrich (2010)].

b. Attribution of change
Internal and external processes can now be distinguished in terms of relevant flux ratios, to allow an
identification of the causes leading to watershed
changes. Such a change diagnostic is based on a model to
determine the underlying physical causes behind the
regional evolution of watersheds as represented by trajectories in state space; that is, depending on their origin,
the direction of flow, and its length. The direction (and
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FIG. 2. Ecohydrological states in the (U, W ) diagram spanned by relative excess water (runoff vs precipitation) and energy (sensible heat
flux vs net radiation) with lines of constant dryness (net radiation vs precipitation). Ecohydrological states are denoted by squares and
circles: the reference states (squares) represent the first period, which is followed by subsequent shift to the second period (circles).
Directions and lengths of arrows connecting first with second period provide the attribution of change (see text). Trajectories along
(across) the main diagonal characterize the attribution of change by internal (external) forcing.

also the magnitude) of change can be directly interpreted by the subsequent Gedanken experiment [following Cai et al. (2015)]:
1) Changes caused by internal processes: Assume constant
climate forcing (P and N constant) but evapotranspiration having changed over time; then, dU 5 2dE/N and
dW 5 2dE/P represent an internal change in flux
partitioning (say dE) affecting the watershed, such as a
change in vegetation or land surface, which results in a
deviation toward the positive diagonal (Fig. 2a, pink first
quadrant and light blue third quadrant).
2) Changes caused by external processes: Assume that
E is constant; then dD . 0 (dD , 0) leads to
increasing (or decreasing) U 5 1 2 E/N and decreasing (or increasing) W 5 1 2 E/P. That is,
climate-induced change occurs along the negative
diagonal directed toward the yellow second quadrant
and dark blue fourth quadrant (see Fig. 2a).

Specifically, as suggested by Tomer and Schilling (2009)
and Renner et al. (2012), the conceptual attribution
model relates internal/anthropogenic (or external/
climate)-induced state changes to a partitioning of the
tracks [covered by trajectories in (U, W ) state space]
into their components directed along and perpendicular
to the (D 5 1) slope. This adheres to the assumption that
internal/anthropogenic (or external/climate)-induced
changes are independent from the aridity at the origin
of the trajectory of change. That is, the attribution
concept refers the initial state of the trajectory to satisfy
D 5 1 no matter where its original location in (U, W )
space is.
Although a bimodal frequency distribution of global
land surface dryness has been found to be aligned near
D 5 1 [see Fig. 2c in Cai et al. (2014)], the aridity dependence of climatic changes in evapotranspiration/
runoff was shown for arid catchments in the United
States by Renner and Bernhofer (2012). Therefore, such
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an assumption on a regional scale still needs to be revisited, because it is necessary to incorporate the origin
of the trajectory into the ecohydrological attribution
model. That is, a new modified regional change analysis
is introduced here incorporating the origin (U1, W1) of
the trajectory into the ecohydrological attribution
model by the first period dryness ratio D1 and subsequently shifting and rotating the (U, W ) coordinates
accordingly (step 1). Then, a qualitative classification of
change attributions is obtained (step 2), whose magnitudes are quantified (step 3). Finally, analysis will be
carried out over the whole Altiplano and regions of
significant (U, W ) changes (components exceeding
standard deviations of U or W ) and significant vegetation greenness normalized difference vegetation index
(NDVI) change (NDVI exceeding standard deviations).

1) STEP 1—CHANGING STATES (FIG. 2A)
Changing states in the (U, W) plane of the original
ecohydrological analysis are characterized by pieces of
trajectories with their initial positions, the directions of their
flow, and the distances covered. Two of the four quadrants
(first and third) are centered on the initial (D 5 1) slope,
which determines the attribution of the cause of change
in terms of 1) internal/anthropogenic-induced changes:
both increasing (dW and dU . 0, first quadrant from
08 to 908; pink) or both decreasing (dW and dU , 0, third
quadrant from 1808 to 2708; light blue); and 2) external/
climate-induced changes: increasing W and decreasing
U (dW . 0 and dU , 0, fourth quadrant from 2708 to
3608; dark blue) or vice versa (dW , 0 and dU . 0,
second quadrant from 908 to 1808; yellow) [Cai et al.
2015; Tomer and Schilling 2009; see also Eq. (3) herein].
This is equivalent to the assumption that initial aridity is
kept constant with D 5 1, although regional climate
conditions vary from watershed to watershed:


dW
dU




5
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W2
U2




2

W1
U1




5

W2 2 W1
U2 2 U1


.

(3)

2) STEP 2—STATE COORDINATE ROTATION
(FIG. 2B)
The preceding original ecohydrological analysis is expanded to adapt more diverse climatic conditions by
shifting and rotating the four quadrants and thereby considering the first period D1 5 N1/P1 5 (1 2 W1)/(1 2 U1).
That is, four attribution quadrants of internal/anthropogenicor external/climate-induced changes are associated with
the initial D1 line in (U0 , W0 ) state space, which result
from a rotation, aligning the original (U, W ) state space
[associated with the (D 5 1) line] along the initial D1
line [see Eq. (2)]:

dW 0

!

"
5

dU 0

cos(u 2 458)

#

sin(u 2 458)

2sin(u 2 458) cos(u 2 458)
!
W2 2 W1
.
3
U2 2 U1

(4)

Thus ecohydrological analysis in (U 0 , W 0 ) state space
(with rotation) is now associated with four modified conditions of change: 1) both increasing (dW 0 and dU 0 . 0,
pink first quadrant, from 08 to 908) or decreasing (dW 0
and dU 0 , 0, light blue third quadrant, from 1808 to 2708)
for internal/anthropogenic-induced changes, and 2) increasing W 0 and decreasing U 0 (dW 0 . 0 and dU 0 , 0,
dark blue fourth quadrant, from 2708 to 3608) or the
converse (dW 0 , 0 and dU 0 . 0, yellow second quadrant,
from 908 to 1808) for external/climate-induced changes.
Not unlike step 1, step 2 provides the qualitative attribution
of change as provided by the direction of the trajectory.

3) STEP 3—ORTHOGONALIZATION (FIGS. 2C,D)
Now, to quantify external/climate forcings (CT) and
anthropogenic activities (AT), the changes on land
surface are traced and orthogonalized in an anthropogenic- and a climate-related (A, C) state space [see Eq.
(3) herein; see also Renner et al. (2014)]. It quantifies the
attribution in terms of distances traveled by the trajectory of change after being projected along and across the
dryness D1 line through its origin:
CT
AT

!

"
5

cos(u 2 908)

sin(u 2 908)

2sin(u 2 908) cos(u 2 908)
!
W2 2 W1
.
3
U2 2 U1

#

(5)

In summarizing, the attribution model based on trajectories in (A, C) state space assumes that the climate state
of the first period represents the reference stationary
condition of the time period preceding the change.
Considering now that both climate forcing terms (P and
N) and the evapotranspiration are changing over time,
we obtain for naturally occurring climate fluctuations
that the excess energy–water flux state moves up and
down the axis perpendicular to the D1 line. On the other
hand, changing flux partitioning drives the excess
energy–water flux state away from the line perpendicular to the D1 line, which is attributed to internal (or
anthropogenic)-induced forcing. That is, internal/
anthropogenic (or external/climate)-induced changes
are associated with the distances covered by the flow
moving along D (or perpendicular to D) quantified in
(A, C) coordinates.
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The modified diagnostics have the following advantages compared with the original ecohydrological analysis: first, the regional attribution accuracy is improved,
especially for regions that are extremely wet or dry; and
second, quantitative measures can be obtained for the
controlling effects of external/climate change and internal/
anthropogenic change on regional land surface (or
watershed) scale. In this sense, the ecohydrological analysis has to include rotation of the (U, W) coordinates that
are implemented by the three steps discussed here and
displayed in Fig. 2.

3. Analyses in geographical and ecohydrological
state spaces
a. Data and preprocessing
The ecohydrological attribution model described in
section 2 requires the input of regional climate parameters. The datasets used to attribute changes in the water
and energy balance to climatic and anthropogenic impacts for South America are ERA-Interim produced by
the ECMWF, including net surface radiation (sum of
surface net solar radiation and surface net thermal radiation), total precipitation, and evaporation for calculating runoff (Ro 5 P 2 E), and sensible heat flux
(H 5 N 2 E) (downloadable from http://apps.ecmwf.int/
datasets/).
The periods of 1982–93 and 1993–2006 from the ERAInterim (Balsamo et al. 2012) and Global Inventory
Modeling and Mapping Studies (GIMMS) NDVI
(Forkel et al. 2013; Tucker et al. 2004) datasets are used
with one large-scale ERA-Interim geographic pixel
corresponding to about 100 small-scale NDVI pixels [for
detailed data resampling and energy fluxes conversion
to water equivalents, see Cai et al. (2014)]. The selection
of the two periods is suggested by the length limitation
of the remote sensing–based GIMMS NDVI data, and
by the physical relevance [also mentioned in Cai et al.
(2015)], that is, the recent change in temperature as well
as carbon dioxide levels in the late twentieth century
(Richardson et al. 2010).
Before providing a comprehensive analysis of the
impact of climate change and anthropogenic activities
on the South American land cover (sections 3d,e),
geographical and state space statistics are presented
(sections 3b,c). In addition, we validate our findings
through comparison with previous studies in South
America based on independent datasets: 1) observed
land-cover changes including both reforestation and
deforestation (Aide et al. 2013; Grau and Aide 2008;
Hansen et al. 2014), and 2) a pronounced atmospheric
circulation mode characterized by a water-column
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dipole that represents a dry-gets-dryer and wet-getswetter climate change pattern (see Bordi et al. 2015).

b. Geographical and climatological setting
Geographical distributions of (U, W)-state variables,
vegetation greenness, and their related changes are presented first (Fig. 3) with 2527 ERA-Interim area units of
South America (corresponding to ;17 840 000 km2). The
climate mean distributions of the first period (Figs. 3a–c)
show the (U, W) climate states, which are associated with
the dryness-related biomes (and their percentage cover of
South America): tundra (D , 1/ 3, 1.54%) and forests (1/ 3 ,
D , 1, 51.56%); steppe and savanna (1 , D , 2, 36.53%);
semidesert (2 , D , 3, 4.55%); and desert (D . 3, 5.82%).
The changes to the second period show that relative excess
water change dW (or relative excess energy change dU)
shares similar area percentage of W (or U) increase and
decrease, dW . 0 versus dW , 0, ;52.87% versus 47.13%
(or dU . 0 vs dU , 0, ;52.95% vs 47.05%). Most of the
simultaneously occurring W increase and U decrease are
observed in the Amazon basin, while most of the W decrease and U increase are found in northeastern Brazil and
northern Argentina. Decreasing vegetation greenness
amounts to 39.62% of the total area, which occurs in the
central part including northern Argentina, Paraguay,
eastern Bolivia, and southwestern Brazil.

c. Distributions of frequencies and vegetation
greenness in state space
The land surface states are presented in the ecohydrological (U, W) state space as frequency (number density)
distributions (Figs. 4a,b). The frequency distribution of
climate means (1982–93; Figs. 4a,b) shows the following
results. First, its mass concentrates in the energy-limited
domain (D , ;1) indicating a bimodal structure with
peaks near D 5 1 and D 5 1/ 2. Second, the masses of two
largest probability densities fall onto a Budyko-type curve
U 5 1 1 (1 2 W)/log(W), which represents the equation of
state from Schreiber (1904) [for a stochastic derivation see
Fraedrich (2010)] and describes the physical properties of
an ideal rainfall–runoff chain on a watershed scale. Although deviations reflect the complexity of the regional
soil–vegetation dynamics, this state space feature indicates
that the rainfall–runoff chain is apparently in equilibrium
during the first period.
Vegetation greenness (NDVI) changes can be attached
to (U, W) trajectories (at a fixed location) as ‘‘active
tracers.’’ In this sense vegetation greenness is embedded in
the ecohydrological state space and thus associated with
the ecohydrological changes between the two periods
(Figs. 4c,d). Greenness includes very low values (0.1 and
below) corresponding to barren areas, sand, or snow;
low values representing shrub and grassland (0.1–0.3);
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FIG. 3. Geographical distributions of ecohydrological climate means (1982–2006): (a) relative excess water (W 5 Ro/P)
and (b) relative excess energy (ratio of sensible heat and net radiation, U 5 1 2 E/N) from ERA-Interim; (c) satellite-based
vegetation greenness index (NDVI) based on remote sensing data: very low values of NDVI (0.1 and below) correspond to
barren areas, sand, or snow; moderate values represent shrub and grassland (0.1–0.3); and high values indicate temperate
and tropical rain forests (0.6 and above). Geographical distribution of ecohydrological climate change [second period (1994–
2006) minus first period (1982–93)]: (d) relative excess water, (e) relative excess energy, and (f) satellite-based vegetation
greenness index. Black boundaries include excess energy and water (U, W) changes exceeding std dev(U) or std dev(W).
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FIG. 4. Frequency distributions of excess energy and water (U, W ) for (a) 1982–93 and (b) 1994–2006; and
frequency distributions of vegetation greenness index (NDVI smoothing from scatterplot by linear interpolation;
see also Cai et al. 2014) for (c) 1982–93 and (d) 1994–2006. Very low values of NDVI (0.1 and below) correspond to
barren areas, sand, or snow; moderate values represent shrub and grassland (0.1–0.3); and high values indicate
temperate and tropical rain forests (0.6 and above). The total land area corresponds to the total number of equal
area units. The threshold separating energy- from water-limited regimes (D 5 1) is also included.

a moderate transition range (0.3–0.6); and high values,
which characterize temperate and tropical rain forests (0.6
and above) (Weier and Herring 2005). Projecting the areaaveraged NDVI onto the (U, W) plane (Figs. 4c,d with
smoothed frequencies) shows low, moderate, and high
(gray, brown, and green, respectively) vegetation greenness values of 1.96, 9.51, and 7.30 (3106 km2) for the first
period versus 1.90, 8.82, and 8.08 (3106 km2) for the second period. The water-limited domain shows only low and
moderate vegetation greenness, while the energy-limited
domain, D , 1, reveals low, moderate, and high vegetation

greenness. Note that in the second period the regions of
high vegetation greenness have larger deviations from the
Budyko curve compared with the first period.

d. Attribution of change
Regions of change are qualitatively attributed to
external and internal causes by first partitioning the
direction of change in state space into four quadrants
(step 2), and then the external and internal changes are
quantified in dimensionless (U, W ) units (step 3) and
displayed geographically (Figs. 5a–c):
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FIG. 5. Distributions of attribution classes of ecohydrological change in South America separating internal from
external causes. Geographical distributions of (a) the four quadrants of attribution depending on initial dryness
ratio, (b) internal (anthropogenic)-induced changes, and (c) external (climate)-induced changes. Black boundaries
include excess energy and water (U, W ) changes exceeding std dev(U ) or std dev(W).

1) Attribution in South America (Fig. 5a) shows external
(second or fourth quadrant, yellow or dark blue) and
internal (first or third quadrant, pink or light blue)induced changes that affect 39.65% or 43.33% and
10.45% or 6.57% of the respective areas; that is, changes
are predominantly caused by external processes
(82.98%). Separating the CT and AT processes provides
further details of local change attributions (Figs. 5b,c;
color bars represent the respective magnitudes).
2) External changes occur in water-limited regions with
dryness increasing in southern Brazil, Paraguay, and
northern Argentina (second quadrant, yellow) and in
energy-limited regions with dryness decreasing in the
Amazon basin of the northern part of South America
(fourth quadrant, dark blue).

3) Internal activities include deforestation and/or displacement of biome regimes (first quadrant, pink). This is in
agreement with Barona et al. (2010), Walker (2012), and
Aide et al. (2013). They document that deforested areas
in the Amazon region have been replaced by new
pastures; that sugar cane and soybean have been
expanded into the pastures of southwestern Brazil; and
that deforestation has prevailed in northern Argentina,
the Santa Cruz region of Bolivia, the Pucallpa region of
Peru, and south of Lake Maracaibo in Venezuela.
4) Internal activities are also related to afforestation
(third quadrant, light blue) as observed in the desert/
xeric regions of northeastern Brazil and the Andes of
Colombia, Venezuela, Peru, and Ecuador, in agreement with Aide et al. (2013).
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FIG. 6. Trajectories of excess energy and water (U, W ) changes exceeding std dev(U) or std dev(W) are shown for
regions of significant (a) increasing (green) and (b) decreasing (red) vegetation greenness [NDVI exceeding std dev
(NDVI)]. Frequency distributions (dryness change vs dryness in the first period) are shown for (c) South America
and (d) the significant regions. The threshold separating energy- from water-limited regimes (D 5 1) is also
included.

For regions of significant (U, W ) change (Figs. 5a–c), it
is found that 1) areas exceeding the standard deviations
[i.e., std dev(U) or std dev(W)] cover 16.82% (425/2527)
of South America. External (second or fourth quadrant, yellow or dark blue) and internal (first and third
quadrant, pink and light blue) changes comprise 130
or 290 and 4 or 1 pixels. That is, 98.82% of the significant change-affected areas are due to external
processes, although extensive deforestation and forest
recovery have been documented. 2) The area cover of
all three figures is the same. Figure 5a shows the attribution in terms of quadrants, which measure the
prevailing direction (angle) of change, while Figs. 5b

and 5c quantify the magnitude of the contributing
components AT and CT (see color bars as in Figs. 5b,c).
These magnitudes indicate that although the total
change is dominated by the external (climate)-induced
influence, the intensity of the internal (anthropogenic)-induced watershed modification is, on average,
smaller but of almost similar magnitude. Most of these
climatic changes coincide with nonsignificant increases
of greenness (Fig. 3f). 3) One area in central Amazon
(;108S, 588W), however, is under anthropogenic influence with massive deforestation in terms of internal attribution changes (Fig. 5a) as well as greenness decrease
(Fig. 3f). This pasture area is known to be one of the
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FIG. 7. Geographical distribution of ecohydrological climate means of (a) dryness ratio (1982–2006), (b) dryness
change [second period (1994–2006) minus first period (1982–93)], and (c) dry remaining dry or getting dryer and wet
remaining wet or getting wetter and dryness change crossing the (D 5 1) threshold [second period (1994–2006)
minus first period (1982–93)]. Black boundaries include excess energy and water (U, W ) changes exceeding std dev
(U ) or std dev(W ).

fastest-growing regions for cattle ranching, the latter
being among the largest drivers of deforestation
(Sparovek et al. 2012).

e. Wet gets wetter and dry gets drier?
Time evolution is represented as a flow in the ecohydrological space and displayed by pieces of trajectories.
Figures 6a and 6b show (only) the significant (U, W )
changes associated with significant increasing and decreasing vegetation greenness [NDVI exceeding std dev
(NDVI)], as follows. 1) The direction of the flow diverges near the threshold D ; 1, which, separating
energy- from water-limited regimes, indicates that wet
gets wetter and dry gets dryer. Wet tendencies occur in
the northern parts of South America (fourth dark blue

quadrant; increasing W and decreasing U), while dry
tendencies occur in the southern areas (yellow second
quadrant; decreasing W and increasing U; see Fig. 5a).
2) The associated vegetation dynamics, however, appear
to be independent from the dryness changes. There is
increasing and decreasing vegetation greenness in both
northern and southern regions. 3) State space statistics
of the (dD, D) diagram for all regions (Fig. 6c) are
characterized by a unimodal distribution, while the significant regions (Fig. 6d) are characterized by a bimodal
distribution with 90 dry pixels (or 88.24%) in the first
period getting drier in the second period, and 280 wet
pixels (or 86.69%) getting wetter. 4) While the dry-getsdrier and wet-gets-wetter paradigm does not appear
to hold everywhere in South America, a pronounced
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100 (13.58 1 86.42)

100
52.81 (10.16 1 42.65)

1355 (184 1 1171)

2558
1351 (260 1 1091)

21.62 (D , 1) (3.32 1 18.30)
12.55 (D . 1) (0.15 1 12.40)
47.19 (7.15 1 40.03)

100 (21.53 1 78.47)

11.89 (D , 1) (0.75 1 11.14)
26.27 (D . 1) (9.48 1 16.79)
65.83 (10.11 1 55.72)
61.85 (11.31 1 50.54)

Total

293 (D , 1) (45 1 248)
170 (D . 1) (2 1 168)
1207 (183 1 1024)
From wet (D , 1)

1203 (259 1 944)

143 (D , 1) (9 1 134)
316 (D . 1) (114 1 202)
892 (137 1 755)
744 (136 1 608)
From dry (D . 1)

Total (A 1 C)
Percentage to
wetter (A 1 C)
Percentage to
drier (A 1 C)
Total (A 1 C)
Number to wetter
(A 1 C)
Number to drier
(A 1 C)
From/to

TABLE 1. Transitions of energy- and water-limited regime changes in South America. where A represents anthropogenic-induced change and C represents climate-induced change.
Columns 2–4 (5–7) show the number of area units (the percentage) of changes from dry to drier/wetter or from wet to wetter/drier. Dryness ratios (D , 1) or (D . 1) in parentheses
represent dryness ratios crossing the (D 5 1) threshold from energy- to water-limited regimes and vice versa.
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atmospheric circulation or water-column dipole pattern
[and its geographical location; see Bordi et al. (2015) and
also Fig. 3a herein] corresponds well with that of the
required dryness-ratio change satisfying the paradigm
(Figs. 7a–c).
Geographical distributions of aridity and aridity
change (dD 5 D2 2 D1) in South America are presented
in Fig. 7. Water-limited or dry regimes (D . 1) getting
drier (dD . 0) or wetter (dD , 0) and energy-limited or
wet regimes (D , 0) getting drier (dD . 0) or wetter
(dD , 0) in all regions and the significant ones are
highlighted in Fig. 7c. This corresponds to the frequency
distribution densities shown in Figs. 6c and 6d, which are
summarized as probability matrices in Tables 1 and 2,
after integration over the respective four quadrants.
Note the pronounced dry-gets-drier and wet-gets-wetter
dipole displayed for the significantly changing South
American area units (Fig. 6d).

4. Conclusions
Ecohydrological states and their changes are suitably
characterized by distributions and trajectories in a surface climate state space spanned by (U, W ) coordinates
separating (relative) supplies of energy versus water.
Ecohydrological dynamics is represented by trajectories
in this (U, W ) space, which provides an attribution of the
causes of change to 1) climate impact (in terms of precipitation and net radiation) as external forcing and
2) internal processes (induced by anthropogenic activities)
as they modify the partitioning of the related compensating surface fluxes. Biogeophysical underpinning as
indicated in the Budyko framework is embedded in
terms of dryness D 5 (1 2 W )/(1 2 U) providing a
physical measure of biome classes. An additional variable such as vegetation greenness embedded into the
(U, W ) space is viewed as an active tracer that following ecohydrological trajectories, is linked to their
attributions of change, that is, to external/climate- and
internal/human-induced effects.
This study has upgraded and applied the ecohydrological conceptual model (Cai et al. 2015) by relating
internal/anthropogenic (or external/climate)-induced
regional changes to the directions of trajectories in
(U, W ) state space and their distances as projected onto
(or perpendicular to) the dryness line of the initial state.
Hence internal/anthropogenic (or external/climate)induced changes depend on a reference state defined by
the initial regional aridity [and not on the fixed (D 5 1)
baseline]. It is this projection that, projected onto the
constant initial dryness base, yields the external/internal
(CT/AT) positive or negative directions and provides
a quantification of attribution to external or internal

100
68.71 (0.47 1 68.24)

100 (0.93 1 99.07)

425
292 (2 1 290)
Total

25 (D , 1) (2 1 23)
18 (D . 1) (0 1 18)
133 (3 1 130)
From wet (D , 1)

323 (3 1 320)

7.74 (D , 1) (0.62 1 7.12)
5.57 (D . 1) (0 1 5.57)
31.29 (0.71 1 30.59)

9.80 (D , 1) (0 1 9.80)
1.96 (D . 1) (0.98 1 0.98)
86.69 (0.31 1 86.38)
88.24 (0.98 1 87.26)
102 (2 1 100)

10 (D , 1) (0 1 10)
2 (D . 1) (1 1 1)
280 (1 1 279)
90 (1 1 89)
From dry (D . 1)

Percentage to
wetter (A 1 C)
Percentage to
drier (A 1 C)
Total (A 1 C)
Number to wetter (A 1 C)
Number to drier
(A 1 C)
From/to

TABLE 2. As in Table 1, but for significant changes [(U, W ) change exceeds std dev(U) or std dev(W), respectively].

100 (1.96 1 98.04)
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Total (A 1 C)
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causes measured by the projected distances of change in
state space. Ecohydrological state space analysis is applied to the geographically and biologically complex
South American region, which shows the following
results:
1) The Budyko framework of analysis defines vegetation types (tundra, forest, grass, semidesert, and
desert) associated with long time scales and thus
adapting to natural climate variability. A regionalscale analysis of change focusing on the South
American continent is presented in this paper. The
statistics of the whole South American domain align
along the Budyko-type curve from Schreiber (1904)
with bimodality centered near the border separating
energy- from water-limited regimes, D ; 1, and in
the forest class, D ; 1/ 2. Classes of vegetation are also
captured by vegetation greenness embedded into the
(U, W ) space. Vegetation greenness increases and
decreases in the significant (U, W ) change regions
are independent of changing dryness, including vegetation types of forests and grassland.
2) Changes in South America are predominantly
affected by external/climate-induced processes.
Internal/human-induced changes are due to direct
deforestation and indirect displacements, which prevail in the Amazon forests, southwestern Brazil,
northern Argentina, the Santa Cruz region of Bolivia, the Pucallpa region of Peru, and south of Lake
Maracaibo in Venezuela, while forest recovery occurs mainly in the desert/xeric regions, particularly in
northeastern Brazil and in the Andes of Colombia,
Venezuela, Peru, and Ecuador.
3) In regions of significant (U, W ) change, more than
98% of this area is affected by external/climateinduced processes (second yellow and fourth dark
blue quadrants). Areas within the water-limited regime (D . 1) become drier, which occurs dispersedly
in southern South America (yellow second quadrant), while the change tendency within the energylimited regime (D , 1) gets wetter, which appears in
the western part of Amazon basin (dark blue, fourth
quadrant).
Despite the possible limitations of ERA-Interim in representing direct land surface change, the atmospheric
data implicitly contain information about the hydrological parameter in terms of (observed) atmospheric responses. For example, land surface change (such as
urbanization and high population regions) was found in
the work of Cai et al. (2015), which shows that the observed circulation variables, which have been assimilated
into ERA-Interim, lead to changing evapotranspiration
and sensible heat fluxes. It is so far one of the best and
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most consistent datasets available on continental or even
worldwide scale, in particular for poorly accessible locations with a thin observational network. Other data
sources, such as MODIS-based remote sensing products
(also under our consideration), were not selected because
of their limited period length. The ecohydrological attribution model described in this study is based on
observed climate parameters. However, how much improvements of the surface flux parameterization schemes
(used by ERA-Interim) affect our results is beyond the
scope of this study. It should, therefore, be noted that all
interpretations so far are subject to how well ERAInterim can simulate the internal variability and trends
of evapotranspiration.
In summarizing, the results obtained and methodologies applied are relevant for regional near-surface
climate diagnostics by 1) analyzing frequency distribution changes of excess energy and water instead
of assessing the corresponding means and variances
of the underlying ecohydrological variables (runoff,
precipitation, evaporation, potential evaporation,
and sensible heat flux) in geographical space and
2) quantifying the geographical distributions of attribution classes for separating the internal/climatic from
the external/anthropogenic causes.
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