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Abstract Climate regimes of watersheds are determined by the
rainfall-runoff chain, which comprises processes of a wide range of
time and space scales. They are presented here in geographical and
eco-hydrological state spaces combining observations and minimalist concepts. (i) Water supply and demand govern the rainfall-runoff
chain: Rainfall provides the water supply, net radiation represents
the water demand which, related to water supply, separates water from energy limited regimes and determines the discharge as
the probability of rainfall reaching the soil water reservoir. This
macro-state of the rainfall-runoff chain is described by an empirical equation of state and derived by a (micro-state) biased coinflip Ansatz. (ii) Eco-hydrologic spaces spanned by water and energy fluxes or flux ratios, embed the states of the rainfall-runoff
chain as occurrence probabilities and their time changes as trajectories. Tracers, like vegetation-greenness, can also be included
to estimate watershed resilience and, based on the trajectories, to
attribute the changes to external (or climate) and internal (or anthropogenic) causes. (iii) Geo-morphological patterns like the area
ratios of closed lakes (lake/basin), soil moisture storage of watersheds, and drainage densities of river systems, can be functionally
related to eco-hydrological climates. Suitable minimalist models
of the rainfall-runoff chain provide estimates of regional climate
regimes governing the watersheds of the past, present, or future.
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Introduction

Analyzing, modeling, understanding and applying the dynamics of complex
processes which govern the Earth’s environment can be described in a set of
spaces: A space of complexity captures the required or envisaged details of
understanding, modeling and applications, which range from comprehensive
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to conceptual – depending on the degree of freedom – that is, for example,
from state of the art global climate models versus minimalist toys (Fraedrich
et al., 2005). In this sense this is an analogy to Popper’s (1972) complexity
spectrum described in the essay “Of Clocks and Clouds” commonly related
to the essence of predictability and probability (see Fraedrich, 2007). Here
we are also following a minimalist path for eco-hydrological modeling and
diagnostics on watershed scale in order to complete the “climate dynamics
on the global scale” (Fraedrich et al., 2015c) contributing to analyses on resilience, hysteresis and the attribution of climate change. In the geographic
space the measured reality is presented displaying climate or sequences of
the weather evolution as observed by in situ and remote sensors or simulated. Physical state spaces are spanned by the measured or simulated
physical variables describing the dynamics of the eco-hydrological processes.
And, finally, the link to the human dimension possibly connects the quantitative assessment of uncertainties (of climate models, Holden et al., 2014)
with quantitative estimates of global risk measures including estimated uncertainties (Beese et al., 1998).
The aim of this chapter1 is to present – in a comprehensive way – results
and novel interpretations of the eco-hydrological dynamics on watershed
scale and presenting it in the geographical and physical spaces utilizing a
minimalist modeling and analysis approach. First, the ideal rainfall-runoff
chain is introduced, which communicates between water supply and demand satisfying water and energy budgets and an equation of state (Section
2, see Fraedrich, 2010). Secondly, the eco-hydrological state spaces, their
variables and diagrams are presented including first analyses of geobotanic
classifications, a validation of the parsimonious concept of the rainfall-runoff
chain and its application to sensitivity (or elasticity) analyses (Section 3,
Fraedrich and Sielmann, 2011; Fraedrich et al., 2013, 2015b). Finally, geomorphological patterns related to vegetation, rivers, soil, and lakes are
analyzed, conceptually modeled, and applied following the parsimonious
approach described (Section 4, Cai et al., 2014; Fraedrich, 2015a). The
conclusion provides a brief outlook to the human dimension (Section 5).

2 Ideal rainfall-runoff chain between water supply
and demand
Land surface climates on catchment scale are controlled by long term means
and area averaged water and energy fluxes satisfying the respective flux
1
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balance equations (defined by water equivalents of energy units)
Water flux balance

0 = P − Ro − E

(1)

Energy flux balance

0=N −H −E

(2)

Precipitation P and net radiation N are forcing terms representing water
supply and demand. The balancing fluxes are subjected to processes which,
partitioning runoff Ro plus evaporation E at the ground, and sensible heat
H plus moisture fluxes to the atmosphere, E, comprise the rainfall-runoff
chain and link atmosphere, biosphere and pedosphere. These climate variables are functionally related by an equation of state for ideal land surface
climates that, not unlike the ideal gas law, has been discovered empirically
(Schreiber, 1904) and represents physical and stochastic properties of the
rainfall-runoff chain.
Equation of state

Ro = P exp (−N/P )

(3)

Equation 3 relates the discharge to the rainfall which has not been evaporated; that is, the probability of the water supply to reach the soil water
reservoir. In this sense an increasing runoff-rainfall ratio W is linked to a
decreasing dryness ratio D = N/P (or increasing wetness ratio 1/D) and
vice versa.
The random process of daily rainfall P transferring water through the fast
biospheric reservoir to the slow soil water reservoir appears to be a process
analog to random molecules transferring momentum through reflection to a
slow wall. While the former yields an equation of state for the ideal rainfallrunoff chain (empirically discovered more than a century ago), the latter
has led to the ideal gas law (empirically discovered long before theoretically
substantiated). The theory (Fraedrich, 2010) underlying Schreiber’s (1904)
empirical rainfall-runoff chain in equilibrium is based on the following concept: The rainfall chain commences from a fast stochastic water reservoir of
limited small capacity representing water intercepted in vegetation, mulch,
etc., which feeds into a slow (almost stationary) soil moisture reservoir of
large capacity balancing its runoff Ro after long-term averaging. The fast
reservoir’s water is supplied by rainfall, prescribed by a maximum entropy
(exponential) distribution determined only by its expected value P . Its
capacity is defined by (the water equivalent of) net radiation N , which is
available to evaporate water. Thus, if rainfall entering the fast biospheric
reservoir is “larger” or “smaller” than its capacity, a biased coin-flip statistics establishes the following day-to-day occurrence probability for water
surplus: precipitation larger than capacity enters the slow reservoir while
the residual evaporates so that the fast reservoir can re-start as “empty”.

3

Rainfall below capacity evaporates completely and the residual available energy provides sensible heat H to the atmosphere; now the fast reservoir can
re-start again as “empty”. The water surplus for the slow (soil) reservoir
integrated over the occurrence probability of the biased coin-flip provides
the climate mean discharge as given by Schreiber’s empirical formula (Eq.
3).

3 Eco-hydrological state spaces: Variables and
Diagrams
Water and energy fluxes and their combination to non-dimensional fluxratios characterize, not unlike the similarity measures in fluid dynamics,
the climate mean state of a watershed. Pairs of these quantities (fluxes
and flux-ratios) enumerated below are used to span two-dimensional spaces
to embed the (climate mean) states of continental watersheds and their
changes in terms of trajectories.
3.1

Fluxes and flux ratios

The following flux ratios and their functional relationships provided by
the water and energy balance and equation of state (Eqs. 1 to 3) are displayed in ecohydrological state spaces (Fig. 1) spanned by the flux ratios.
Dryness ratio (aridity index): Dryness or aridity combines energy and
water fluxes into one parameter relating water demand (energy supply) to
water supply and it separates water from energy limited regimes at D =
1. Following Budyko (1974) the dryness ratio (aridity index) characterizes
geobotanic states of watersheds:
D = N/P
Runoff-rainfall ratio (or excess water): Relating water fluxes to their
supply by rainfall yields the runoff ratio
W = Ro/P
It describes the streamflow of rivers on a regional or catchment scale, characterizes the natural rainfall-runoff chain in terms of relative excess rainfall
(P − E)/P , and represents the fraction of water unused by an ecosystem
(but available for terrain formation, Milne et al., 2001) when compared to
the total water supply. In this sense the runoff-rainfall ratio is also a measure of the water efficiency of an ecosystem. Negative excess rainfall occurs
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if evaporation is supported by hydrologic and not by atmospheric processes.
With the equation of state we obtain W = exp(−D). Note that the evaporation ratio F = 1 − W is more frequently used in hydrological analyses
and both ratios are easily envisaged in Fig. 1a.
Energy flux ratio (or excess energy): Relating energy fluxes to their
supply yields a relative energy flux ratio
U = H/N
which describes the fraction of energy unused by the system when compared
to its supply. That is, the relative excess energy (N − E)/N (available for
photosynthesis, Milne et al., 2001) which, not unlike the water efficiency
W , is a measure of the energy efficiency of an ecosystem. Both water and
energy excess (or efficiency) describe proportions of available water and
energy which, remaining unused, appear to be relevant to identify the causes
of climate and basin change. Note that U and W determine the dryness
ratio, D = (1 − W )/(1 − U ) and, the equation of state (Eq. 3) can be
formulated as U = 1+(1−W )/ ln(W ), with the slope of change (dU/dW ) =
−{exp(D) − (D + 1)}/D2 .
Bowen-ratio: The Bowen ratio describes the latent-versus-sensible heat
flux ratio connecting water and energy flux balances, and B = H/E =
U D/(1 − W ). Introducing Schreiber’s formula, the steady state energy flux
balance E = N/(1 + B) provides a Bowen ratio B = D/F = D/{1 −
exp(−D)} − 1.
Geobotanic zonality and meridionality: The Earth surface climate
states are characterized by watershed scale eco-hydrologic regimes in terms
of the mean fluxes and/or flux ratios satisfying the rainfall-runoff chain
(Eqs. 1 to 3), which are generated by microstate fluctuations of rainfall,
modulated by the biospheric interception, and averaged over the timescale
of the slow soil reservoir. A set of essential state space diagrams is introduced to display and analyze eco-hydrological states and their dynamics. In
Budyko’s framework, climate states can be embedded in a two-dimensional
state space spanned by net radiation N (representing the meridionality of
zonal the mean energy forcing; see Fig. 2) and dryness D, which comprises
the climate mean sources of the rainfall-runoff chain, that is water demand
versus supply:
(i) The state space displays climate variables such as precipitation, presented by the slopes of isolines through the origin, N = P D, and the
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Figure 1. Eco-hydrologic state space spanned by ratios of mean fluxes functionally related by the stochastic rainfall-runoff chain (equation of state):
(a) Bowen ratio B, runoff ratio W (excess water), and evaporation ratio F
depending on the dryness index D. The lake area ratio A and soil moisture ratio are also introduced. (b) (W, U )-diagram spanned by excess water
W = Ro/P (runoff-rainfall ratio) and excess energy U = H/N , displaying
the dryness ratio D and the ideal rainfall-runoff chain (equation of state,
Eq. 3).

isolines of total supply, N = (P + N )D/(D − 1), attain the slope of
dN/dD = P + N at the origin (N = D = 0).

(ii) This state space has also been used to include the biosphere and
vegetation-based climate classification into a physics-based framework
of climate analysis. Interpreting the energy input N as potential evapotranspiration, the dryness or aridity index D represents the flux ratio of water demand to supply. This ratio also provides a quantitative
geobotanic measure of the climate-vegetation relation (Budyko, 1974):
Tundra, D < 1/3, and forests, 1/3 < D < 1, are energy limited because available energy N is low, so that runoff exceeds evaporation
for given precipitation, E ∼ N . Steppe and Savanna, 1 < D < 2.0,
semi-desert 2.0 < D < 3.0, and desert 3.0 < D, are water limited
climates, where the available energy is so high that water supplied by
precipitation evaporates, which then exceeds runoff.

6

Figure 2. State space diagrams of the surface climate; the (N, D)-space
(Budyko, 1974) is spanned by net radiation N (or potential evapotranspiration) and dryness ratio D: (a) Precipitation, N = P · D, corresponds to
the slope of straight lines through the origin; the total supply of energy and
water curve satisfies N = (N + P ) · D/(D + 1), all units in m/year water
equivalent. (b) Geobotanic types are adapted from Budyko (1974, Figure
103); the boundary (full line) includes all area-units of (N, D)-pairs observed
on the global land surface; dryness or D-classes are separated by vertical
lines (dashed) with additional sub-classes depending on the magnitude of
net radiation. The D = 1 threshold separating energy from water limited climate regimes (vertical line) is included. The (H/E)-diagrams (from
Stephenson, 1990, Figure 3) spanned by sensible heat flux H and evapotranspiration E: (c) The slope of lines through the origin represent the inverse
of the constant Bowen ratio B = H/E, while the off-diagonals present lines
of constant net-radiation N (potential evapotranspiration) E = N − H; (d)
Geobotanic types (Stephenson, 1990) represent N-American biomes, which
are basically aligned along a latitude circle of about constant net-radiation.
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3.2

Eco-hydrological diagnostics

Budyko’s (1974) framework of analysis is first presented as a two-dimensional frequency distribution in the related eco-hydrological state space before being employed to validate the performance of the minimalist Ansatz
(Eqs. 1 to 3) to represent the climate mean hydrological cycle on watershed
scale. This is followed by sensitivity studies to interpret causal relations in a
linear framework and, finally to introduce a diagnostics of the attribution of
the causes of observed changes. The climates analyzed are based on ERAInterim observations (25-yr averages: 1982-2006) and simulations by a state
of the art GCM (present day IPCC4 scenario of 20th century control period
1958-2001, see Roeckner et al., 2006), which provide suitable datasets of
regional land surface climate averages. Note that the simulations do not
include direct human induced watershed and land surface changes.
State space distributions: The climatology is defined by the frequency
distributions of the observed states in the (N, D)-diagram (for the global
continents; Cai et al., 2014) and in the (W, U )-diagram for S-America. The
global distribution (Fig. 3a) shows meridional change in terms of net radiation (vertical axis) increasing from small values at the pole to high values
at the equator and the peaks are aligned along the D = 1 threshold separating water (D > 1) from energy limited regime (D < 1), which is related
to tropical and mid-latitude forests, respectively. The S-America frequency
distribution (Fig. 3b) of excess water versus excess energy in the (W, U )diagram is very well aligned along the rainfall-runoff equation of state (Eq.
3) with its primary peak at the (D = 1) threshold and the secondary occupying the energy limited regime (D < 1).
Validation – consistency and predictability: The ideal rainfall-runoff
chain is validated in two steps: (i) Consistency is assessed comparing the
ideal rainfall-runoff chain with the coupled GCM simulation by sampling the
simulated Koeppen classes (Koeppen, 1936, A to F) in bins of the simulated
dryness ratio D. The sample averages and standard deviations (vertical
and horizontal axes centered on the means) show that the discrete Koeppen climate types (Fig. 4a) are well aligned along the ideal rainfall-runoff
chain’s dryness dependent runoff ratio (Fig. 4b, the black line indicates the
ideal rainfall-runoff chain of Eq. 3). The geobotanic dryness D and Koeppen classes may fit Schreiber’s equation better after suitably regrouping
the Koeppen climate classes (including the subclasses; see Hanasaki et al.,
2008). (ii) Predictability is analyzed comparing the simulated runoff R with
the runoff Ro∗ derived by Schreiber’s equation of state using simulated dry-
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Figure 3. Frequency distribution of the climates of land surface fluxes
and flux ratios based on grid point from ERA-Interim (the total land area
corresponds to the total number of equal area units): (a) (N, D)-pairs of net
radiation N and dryness D for the global continents; the D = 1 threshold
separating energy- from water-limited regimes (vertical line) is included. (b)
(U, W )-pairs of energy excess U and water excess W for S-America. The
dryness D isolines are included and the equation of state (Eq. 3).

ness ratio D and precipitation P (Fig. 4c,d). It is verified as demonstrated
by the (Ro, Ro∗ )-scatter plot. The consistency between GCM-simulated
dryness D dependent runoff-rainfall ratios W is also presented sampled in
W -bins with means and standard deviations (large dots and horizontal lines)
being compared with Schreiber’s formula (Eq. 3, dashed) in (W, D)-space.
These results demonstrate the stochastic rainfall-runoff chain’s consistency
with the phenomenological (Koeppen) climate classes and its predictability
(within a consistent data set) for runoff, excess rainfall or energy.
Sensitivity, elasticity, susceptibility: Sensitivity to small changes of
boundary conditions is deduced, because it is of relevance for interpreting climate change estimates and model performance. Focusing on runoff
changes, these are described to first order, ∆Ro = RoP ∆P + RoN ∆N , by
partial differentials, RoP and RoN . For example, the Schreiber-Budyko
Ansatz as an ideal or reference rainfall-runoff chain yields RoP = (1 +
D) exp(−D) and RoN = − exp(−D). Rearrangement shows that the runoff
sensitivity, ∆Ro/Ro, depends on the sensitivities of water supply, ∆P/P ,

9

Figure 4. Validation of an ideal rainfall-runoff chain in a GCM environment
with present day surface climates simulated: (a) Koeppen (1936) climates
and (b) their locations in the idealized (W, D)-diagram (see Fig. 1a). (c)
Ro∗ derived by Schreiber’s formula (using simulated dryness D and rainfall
P ) is compared with the GCM-simulated runoff Ro in a (Ro, Ro∗ )-scatter
plot. (d) GCM-simulated dryness D and excess rainfall W sampled in W bins (means, standard deviations as dots, horizontal lines) follow Schreiber’s
formula (Eq. 3, dashed).
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and demand, ∆N/N ,
∆Ro/Ro = (Ro; P )∆P/P + (Ro; N )∆N/N
weighted by the system’s runoff elasticities (Ro; X) = (∆Ro/Ro)/(∆X/X).
These, in turn, are also related to water supply and demand and add up
to one, (Ro; P ) + (Ro; N ) = 1. Now, simulated elasticities for changing
climates are interpreted by the ideal rainfall-runoff chain. For example, at
fixed water demand (or energy supply, N =constant), model output under
a climate change scenario with changing precipitation only, ∆P (e.g. a
shift of the monsoonal circulation), provides estimates of the rainfall dependent runoff elasticity. That is, GCM simulations determine the elasticity
(Ro; P ) = (∆Ro/Ro)/(∆P/P ), which needs to be compared with the ideal
runoff elasticity, (Ro; P ) = 1 + D∗ , (from Eq. 3). The latter depends only
on the dryness D∗ = − ln(W ) or runoff ratio relation W = Ro/P , provided
by the control experiment.
Consequences are as follows: (i) Fig. 5 shows this runoff elasticity for the
GCM’s global change environment (dots) and for the ideal rainfall-runoff
chain (dashed line). Note that the majority of the GCM gridpoint elasticities follows the ideal slope but with an additional offset (that reduces the
elasticity by about −0.5 to −1). That is, dryness related GCM runoff elasticity (Ro, P ) = (∆Ro/∆P )/W underestimates that of the ideal rainfallrunoff chain. This indicates long term memory of soil moisture storage when
precipitation change is associated with a reduced runoff change. In addition,
negative values of change, (∆Ro/∆P ) < 0, may occur in areas where evaporation (exceeding precipitation) is supported by an external water supply,
which are also subject of climate change. (ii) Note that net radiation dependent runoff elasticity can also be deduced, as ∗ (Ro, N ) = −D∗ satisfies
the balance ∗ (Ro, P ) + ∗ (Ro, N ) = 1, if N and P are uncorrelated.
Attribution: Further insight into the rainfall-runoff processes is gained
through analyzing external climate forcing and internal (say human induced) basin change by extending the classical Budyko framework to state
space trajectories (following Milne et al., 2001; Tomer and Schilling, 2009;
Renner et al., 2012; Cai et al., 2015). That is, utilizing relative excess
rainfall and energy changes, dW and dU , which separate the water and
energy related contributions, one obtains estimates of change attribution.
This is measured by the attribution-ratio (dU/dW ) which, for the idealized rainfall-runoff chain (see Figs. 1b and 6a), yields (dU/dW ) ∼ −1 in
the dryness range, 0 < D < 2 to 3, from Tundra via Forests and Steppe
to Semi-deserts. Under the ideal conditions of watersheds in equilibrium,
the following “Gedanken” experiment can be made to relate the trajecto-
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Figure 5. Analysis of rainfall induced runoff elasticity (Ro, P ) based on
simulations by ECHAM5 (20C and A1B-scenario): a) (Ro, P ) and b)
∆Ro/Ro vs. ∆P/P grouped and regressed (the slopes of the four regression
lines indicate the elasticity) over dryness D (scatter plot). c) Rainfall and
potential evapotranspiration N induced relative runoff change, dRo/Ro, and
d) elasticity (Ro, P ) by regression ∆Ro/Ro = (Ro, P ) · (∆P/P ) over D
classes and runoff elasticitiy ∗ based on Schreiber’s formula (red line).
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ries (dU, dW ) of change to the attribution of the causes of the change in
(U, W )-state space:
(i) Assume constant climate forcing (P and N constant) but evapotranspiration E having changed over time: then, dU = −dE/N and
dW = −dE/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 from the positive diagonal (Fig.
6b, pink first quadrant and light blue third quadrant).
(ii) On the other hand, assume that E is constant; then dD > 0 (< 0)
leads to increasing (or decreasing) U = 1 − E/N and decreasing (or
increasing W = 1 − E/P ). That is, climate induced change tends
along the negative diagonal toward the yellow second quadrant and
dark blue fourth quadrant.
(iii) Finally, the change can be partitioned into four quadrants (Fig. 6a)
and be displayed geographically (Fig. 6b) to associate regions of
change with the attributed causes. For the Tibetan Plateau a first
and second period (1982-93 and 1994-2006) are selected for the attribution analysis and geographical distributions of significant areas of
(U, W ) change exceeding std(U ) or std(W ) are displayed.
Changes in Tibet are predominantly affected by external processes (dark
blue fourth quadrant: increasing W and decreasing U , or decreasing aridity). That is, wet tendencies in Tibet control vegetation dynamics in most
regions, although overgrazing combined with small mammal outbreaks are
considered as primary cause of increased degradation of alpine meadows.
Internal (anthropogenic) effects are detected in regions (light blue third
quadrant) where vegetation and excess water and energy decrease. A possible cause is related to population density increasing by about half a million.
Spatial overlap between permafrost and external change-controlled regions
(dark blue fourth quadrant) indicates a significant influence. Of the 21%
of Tibet affected by significant (U, W )-change, 70% is attributed to external causes and 30% to internal. Note that these results refer to large-scale
(U, W )-changes with related area-averaged NDVI; they compare well with
Chen et al. (2014) analyzing the impact of climate change and anthropogenic
activities on alpine grassland over Tibet based on a net primary production
model for grassland: averaged from 1982 to 2011, about 68.5% (31.5%)
of the area of actual grassland change is attributed to a changing climate
(human activities). More details are described in Cai et al. (2015).
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Figure 6. Attribution analysis and results for Tibetan Plateau (from Cai
et al., 2014): (a) Eco-hydrological states in the (U, W ) diagram spanned
by relative excess water W (runoff vs precipitation) and energy U (sensible
heat flux vs net radiation) with lines of constant dryness D (net radiation vs
precipitation). Eco-hydrological 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:
Trajectories along (across) the main diagonal characterize a change of the
internal (external) partitioning. (b) Geographical distributions of attribution classes of eco-hydrological change on the Tibetan Plateau separating
internal from external causes: Geographical distributions of all significant
areas of (U, W ) change exceeding std(U ) or std(W ).
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Geomorphological patterns

Lakes are patterns of the Earth’s surface which, jointly with drainage densities of river systems, vegetation and soil moisture characterize regional climates. In particular, terminal (closed or endorheic) lakes which, embedded
in a closed basin, describe the hydrological relation between geomorphological structure of the land-lake topography, the geobotanical properties of the
land-vegetation-climate system and the large-scale atmospheric conditions.
In this sense, lake-basin area ratios (as a geomorphological measure) and
vegetation classes (a geobotanic quantity) represent climate variables corroborating response and feedback to the atmosphere’s forcing of the global
circulation (in terms of the net incoming radiation and precipitation) and
to the Earth’s climate system.
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4.1

Terminal lakes

The climatological relevance of the dryness index and its threshold, D =
1, separating water and energy limited climates, is demonstrated by another
regional surface climate indicator as follows.
Lake area ratio: The terminal (closed or endorheic) lake area ratio combines the areas of lake, alake and watershed, aland , to obtain
A = alake /(alake + aland )
Lake overflow occurs at A > 1, when aland = 0. An equilibrium model
of terminal lakes can be derived from the lake area averaged water fluxes,
Plake = Rolake +Elake . Lake properties, like precipitation and runoff (= lake
inflow) are indicated by subscripts. An area ratio A, which depends on basin
and on lake evaporation, E and Elake , and on the common precipitation,
P , can be derived. Combining with the land surface water balance (Eq.
1) after weighting by the land and lake areas, and further assumptions (see
Fraedrich, 2015a, for more details on this subsection): A = (P −E)/(Elake −
E).
Minimalist model: Water balance and equation of state (Eqs. 1 and
3) determine the lake-land equilibrium climate state. This approach has
been suggested by Kutzbach (1980) and successfully employed to paleolakes since. Instead of parameterizing land and lake radiative fluxes and
the related Bowen ratios, which requires a large set of parameters, we assume the potential evaporation of lake and catchment to be of the same
magnitude, Elake = P E = N . Thus only land information is required to
determine the lake’s structural behavior. The lake area ratio can now be
reformulated employing the equation of state. This leads to a minimalist
model of terminal lakes which depends only on the dryness ratio D = N/P ,
and thus on the geobotanic state of the lake’s environment (see Fig. 1a):
A∗ = W/(D − 1 + W ) = exp(−D)/[D − 1 + exp(−D)]
The star superscript is used to identify the approximation induced by the
equation of state (Eq. 3). Given the relative lake area A∗ , the dryness ratio
D can be determined as all other flux ratios. With Elake being parameterized by the potential evaporation P E = N of the catchment basin, the
maximum possible terminal lake area ratio is attained at A = 1, when the
dryness ratio yields the threshold value at D = 1, which separates water
from energy limited climates. This structure change occurs under the topographically idealized condition of a constant height basin boundary. Then
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the terminal lake reaches its natural overflow threshold at its largest possible extent or aland = 0. That is, closed or terminal lakes, 0 < A < 1, exist
only under water limited land conditions, 1 < D < ∞ and the lake area
ratio decreases for increasing dryness ratio D. In contrast, overflow occurs
under energy limited regimes (and ideal topography) for D < 1 (see Fig.
1).
Qinghai Lake – a validation analysis: Qinghai Lake (Koko Nor) is
situated in the cold and arid climate of the north-eastern Qinghai-Tibetan
plateau (37◦ N, 3200 m). It is one of China’s largest closed-basin lakes, which
is affected by the major Asian circulation systems: the East and SW-Asian
monsoon in summer and the dry westerlies of northern Eurasia. The lake is
considered to be sensitive to climate change with its area almost doubling
between the extremes from present day to maximum extent during earlier
climate states in the Holocene (10 to 5 kyrs bp), alake ∼ 4,300 to 7,655
km2 , which is embedded in a basin area of alake + aland ∼ 29·103 km2 . This
corresponds to a lake area ratio ranging from A ∼ 0.145 to Amax ∼ 0.258,
or interval δA ∼ 0.113 (Rhode et al., 2010).
Water flux diagram: All land and terminal lake water fluxes (y-axis) depending on rainfall (x-axis) can be presented in a diagram (Fraedrich, 2015a,
Figure 2; see also Fig. 7) calibrated by the dryness ratio D of the drainage
area, which is determined by the lake area ratio A. The main diagonal
or (1 : 1) line separates water fluxes on land (below) and lake (above the
diagonal). Given the Qinghai Lake area ratio A ∼ 0.145 (and thus the related dryness or runoff ratios, D ∼ 1.89 or W ∼ 0.15) and the rainfall P ∼
0.36 m/yr, one obtains the following results: (i) Land evaporation (below
the main diagonal) E = P (1 − W ) ∼ 0.31 m/yr and runoff Ro = P W ∼
0.05 m/yr add up to the rainfall P ∼ 0.36 m/yr (main diagonal). (ii) Lake
evaporation (above the main diagonal), Elake = DP ∼ 0.68 m/yr (steepest
line) is balanced by rainfall P = Plake (main diagonal) plus inflow from
the catchment, Rolake ∼ 0.32 m/yr. The latter agrees with the measured
runoff from the drainage area, Roland (1 − 1/A) ∼ 0.32 m/yr, because land
runoff and lake inflow balance, aland Roland + alake Rolake = 0. Note that,
for a closed catchment-terminal lake system in equilibrium, the total rainfall
balances the total evaporation at the surface and there is no net divergence
or convergence of atmospheric or subsurface water.
Lake Chad – a sensitivity analysis: The Lake Chad basin covers an
area of about 2.5 million km2 , which is situated in Northern Africa (6 to
24◦ N, 7 to 24◦ E). Its climatological setting shows a large meridional gradient of rainfall with 1.6 m/yr and larger (0.15 m/yr and smaller) in the
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Figure 7. Water fluxes derived from the minimalist model of terminal Lake
Qinghai with lake area ratio A ∼ 0.145 dependent dryness ratio, D ∼ 1.9
and the rainfall P ∼ 0.36 m/yr. (i) Land water fluxes comprise evaporation
E and runoff Ro adding up to precipitation P (main diagonal). (ii) Lake
evaporation P E = Elake = DP for D > 1 exceeds the main diagonal (1 : 1)
because it is balancing the sum of precipitation P (main diagonal) and
inflow (Ri) from the catchment, Rolake = P − P E = (1 − D)P < 0.

southern (northern) regions dominated by the West-African monsoonal circulation. The vegetation is characterized by desert and steppe in the north,
savanna and woodland in the south. The complex structure of the Lake
Chad basin allows the classification of present and paleo-lake state related
to topographical thresholds.
(i) Validation and Normal Chad : The water budget of Normal Lake Chad
(1954-1969) has been extensively analyzed (see Fraedrich, 2015a) and serves
as reference for validating the minimalist model. The Normal Lake Chad
area ratio, A0 ∼ 0.008 corresponds to the dryness and runoff ratios (D, W )0 ∼
(3.6, 0.027). Given the mean annual pre-1970 runoff, Ro ∼ 0.017 m/yr,
we obtain minimalist model estimates of catchment mean precipitation
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(P = Ro/W ), P ∼ 0.63 m/yr, and lake evaporation (Elake = P E = DP ),
P E ∼ 2.3 m/yr. These water fluxes correspond surprisingly well with the
observed data. The annual average zonal mean precipitation over Africa
from 6 to 24◦ N, 7 to 24◦ E (meridional extent of Lake Chad catchment) decreases from about 1.3 to 0.05 m/yr or less (see Krinner et al., 2012, Figure
1) leading to an estimate of an average of about 0.65 m/yr. This validated
dataset provides the reference state, A0 and P0 , for the subsequent sensitivity analysis, to estimate the change of area ratio, δA, from present day
to Mega-Chad conditions using a partially linear tangent approach of the
minimalist equilibrium model.
(ii) Sensitivity and Mega-Chad : Under water limited conditions, D > 1, a
sensitivity analysis of the reference climate state (subscript 0) is expressed
in terms of dryness ratio variations:
δD/D0 = δP E/P E 0 − δP/P0
For dryness sensitivity to be negative (left), the increase in rainfall needs
to be larger than the increase of potential evaporation. Under water limited or dry climate conditions, D > 1, a changing dryness ratio, δD =
(δP E −D0 δP )/P0 , shows that only a small amount of rainfall increase is required to shift the dryness to a wetter state (and vice versa): δP E  D0 δP .
Thus, in particular, the sensitivity of dry (steppe and savanna) and very
dry (semi-desert and desert) climates is strongly affected by changes in rainfall, even if these changes are rather small; that is, δD ∼ −D0 δP/P0 , or
D ∼ D0 (1 − δP/P0 ), which gives the dryness changing with rainfall or vice
versa, D ∼ D0 (2−P/P0 ) or P ∼ P0 (2−D/D0 ). Now, Mega-Chad (subscript
“mega”) is characterized by a substantially larger area ratio Amega ∼ 0.14
and wetter climate with dryness and runoff ratios (D, W )mega ∼ (1.90,0.15)
deduced by the minimalist model. Our sensitivity analysis yields a rainfall
estimate of Pmega ∼ P0 (2 − Dmega /D0 ) ∼ P0 (2 − 1.9/3.6) ∼ 0.93 m/yr (see
Krinner et al., 2012, Figure 1). In the Holocene, the annual average zonal
mean precipitation over Africa between 6 and 24◦ N (meridional extent of
Lake Chad catchment) has been simulated to increase by about 1.6 and
0.2 m/yr leading to an average of about 0.9 m/yr. “The relative precipitation increase” (compared to the control run) is particularly strong, in
excess of 50%, in the central and western Sahara, where the annual mean
precipitation rates are about 0.25 m/yr. In summary, the minimalist model
of terminal lakes provides sensitivity estimates for past climates without
requiring the large number of land and/or lake surface parameters (such
as albedo, net radiation, Bowen ratio, but only two, which characterize the
reference climate (subscript “0”): Here rainfall P0 and lake area ratio A0 (or
dryness D0 ) refer to present day climate. Note that our minimalist model

18

has been successfully applied to lake Eyre in Australia (Larsen, 2011).
4.2

Fractional soil moisture

When long time scales are analyzed, the chaotic nature of the water
cycle (including soil water storage change dV /dt) is averaged out and only
residuals emerge so that surface energy and water budgets account for most
of the responses. However, the soil water volume, V = ZS, is relevant as
a climate mean state variable, because it describes the vertically averaged
relative soil-moisture S, which is related to an effective (with respect to
soil porosity) soil water bucket model with (root) depth Z, and to the
evaporation process
S = E/N
Employing the equation of state, one obtains S ∗ = 1 − U = 1 − exp(−D)/D
(see Fig. 1a). It appears (Fig. 8) that the bucket model for soil moisture
(based on the Schreiber formula, Eq. 3) is a useful soil moisture indicator
for watershed scale, which depends on dryness as the only climate indicator.

Figure 8. Fractional soil moisture from ERA-40 data (1958 to 2001): (a)
vertical mean and (b) soil moisture bucket, S ∗ = E/N = 1 − exp(−D)/D,
based on the equation of state (Eq. 3) and dryness D.

4.3

Vegetation: Dryness and NDVI climate and variability

Before demonstrating the seasonal and interannual variability the geographical distribution of the long term means of (a) energy demand versus
water supply (or dryness index D) from ERA-Interim and (b) vegetation
from NDVI datasets are presented (Fig. 9). The first enters the analysis in
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terms of the dryness ratio, D = N/P , to measure the climate’s water (or
energy) limitation; at D = 1 water and energy limitation separated. According to Budyko (1974), dryness is divided into five biome ranges (see Fig.
2, D=0–0.3, 0.3–1, 1–2, 2–3, and >3). Vegetation is presented by NDVIgreenness (Weier and Herring, 2005; Wittich and Hansing, 1995): very low
values (0.1 and below corresponding to barren areas, sand, or snow) plus
moderate values (0.2–0.3 as shrub and grassland), and high values (0.6–0.8
for temperate and tropical rainforests) are combined so that three ranges
are obtained: 0.1 – 0.3 (grey), 0.3 – 0.6 (brown), and 0.6 – 1 (green).

Figure 9. Geographical distributions of a) Budyko’s dryness index and b)
NDVI greenness index.

Seasonal variability: The interaction between dryness D and NDVI
(Fig. 10) indicates a significant seasonality. Previous works about NDVI
show that very low values of NDVI (0.1 and below) correspond to barren areas, sand, or snow. Therefore, in annual seasonal effect analysis, we did not
consider those non-vegetation types, but focus on the relationship among
vegetation growth (0.1–1), water availability and solar radiation intensity.
Vegetation (NDVI in the classes 0.2–0.3 and 0.6–0.8) shows more seasonal
dependency compared to the moderate values representing shrub and grassland (0.2–0.3), while high values indicate temperate and tropical rainforests
(0.6–0.8). Thus, the seasonal dependency proves that, although temperate
and tropical rainforests are under energy-limited conditions in non-summer
seasons, they grow because of sufficient water supply. That is when energy
increases in summer, their growth increases as well.
Interannual variability: The combination of ERA-Interim climate and
GIMMS NDVI vegetation information in the (N, D) diagram provides a
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Figure 10. Temporal distributions of bi-monthly Vegetation Index: NDVI
grouped by dryness index. JF represents NDVI mean from January to
February, similarly, MA = March April, MJ = May June, JA = July August,
SO = September October, ND = November December.

suitable background to extend the analysis beyond the first moments and
to include interannual variability. The coefficient of variation as the ratio
of standard deviation to the mean (or inverse of signal to noise ratio) is
used to compare the measure of dryness (ERA-Interim) and NDVI. A small
coefficient of dryness variation demonstrates that high values of climate
mean NDVI (straddling D = 1) favor regions with small dryness variability
or, vice versa, the green vegetation (associated with forests) leads to small
variations of dryness. The median of the coefficients of variation binned in
NDVI classes of greenness (width of 0.1) clearly decrease with increasing
dryness. Apparently vegetation greenness tends to smooth the volatility of
the year-to-year fluctuations of dryness. That is, large NDVI greenness of
vegetation straddles the water-energy limitation (at D = 1) where also minimum values of the coefficient of year-to-year dryness variation are attained.
The dryness variation versus dryness mean boxplot supports the analysis.
Note that bins in Fig. 11c are chosen according to Budyko’s D-classes.
Values for desert conditions are grouped in a single class, D >3.
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Figure 11. Vegetation analysis in the net radiation dryness (N, D) diagram
(units in m/yr water equivalent; smoothing by linear interpolation): (a)
Northern Hemisphere NDVI-greenness and (b) coefficient of year-to-year
dryness variation (ratio of standard deviation to climate mean). Box plots
present the statistics of the coefficients of dryness variation depending on
(c) mean NDVI greenness vegetation and (d) mean dryness D.

5 Summary and Outlook: On the human dimension –
risk state space
The processes along the rainfall-runoff chain, which characterize the Earth
surface, are analyzed in the Budyko framework using a set of non-dimensional
water and energy flux ratios spanning eco-hydrological state spaces. First,
the ideal rainfall-runoff chain is introduced communicating between water
supply and demand and satisfying water and energy budgets and an equation of state. Secondly, various eco-hydrological state spaces, their variables
and diagrams are presented including first analyses of geobotanic classifications, a validation of the parsimonious concept of the rainfall-runoff chain.
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The application to change is presented in terms of sensitivity (or elasticity) analyses and a diagnostic of change attribution to internal and external causes, that is climate and human induced. Finally, geomorphological
patterns related to vegetation, rivers, soil, and lakes are analyzed and conceptual modeling following the parsimonious approach is applied. Here in
the conclusion a brief outlook to the human dimension is given. It is associated with the risk concept, by which the diagnostics of damage and its
circumstances turns into a prognosis provided by an estimate of the probabilities of its occurrence. Linking physical and human dimension is obtained
by a two-dimensional space of risks spanned by damage versus probability
of occurrence, in which three regions are identified: Normal, transition and
prohibited areas. Adding confidence intervals to the damage and the probability estimates enlarges the two dimensional phase space of Global Change
risks, whose dimension can be further increased by including information on
their spatial extent, their duration and type of evolution, that is the ubiquity, persistence and irreversibility of the global risks. In this effectively
higher dimensional phase space risk classes are formed, which may contain
risks of different origin. Seven global risk classes have been identified which,
except for the unknown risk, are coined after the Greek mythology: Cyclops,
Cassandra, Medusa, Pandora, Damocles, Phythia (Beese et al., 1998, Figures A2-2, A2-3; see also Fig. 12). For example: Cyclops are mighty giants
who, for all their strength but being one-eyed, can only perceive one side
of reality. Thus, Cyclops class risks are characterized by a probability of
occurrence, which is highly uncertain but, if damage occurs, it is very large.
Many natural events like floods and earthquakes fall in this class. The high
uncertainty of occurrence requires three strategies: ascertaining the probability, prevent surprises, and manage emergency. This introduction of the
human dimension, associated with predictability or uncertainty estimates of
Global Change may suffice as a snapshot of a research area linking the social, economic, and natural science communities but it needs to be extended
to regional risks on watershed scale.
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Figure 12. Risk Classes of Global Change: Their location in the normal,
transition and prohibited regions of the (damage, probability)-space. Action
of society may move a risk from one region to another, even by perception.
A concerted action, however, is required, if risks are to be reduced and
shifted to the normal region. Therefore, each risk class requires its own
reduction strategy, which is related to its location in phase space and the
uncertainty of its estimate (from Beese et al., 1998, Figure A4.1-1).
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