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Abstract

Earth’s vegetation plays a pivotal role in the global water balance. Hence, there is a need to model dynamic interactions and
feedbacks between the terrestrial biosphere and the water cycle. Here, the hydrological performance of the Lund—Potsdam—
Jena model (LPJ), a prominent dynamic global vegetation model, is evaluated. Models of this type simulate the coupled
terrestrial carbon and water cycle, thus they are well suited for investigating biosphere—hydrosphere interactions over
large domains. We demonstrate that runoff and evapotranspiration computed by LPJ agree well with respective results from
state-of-the-art global hydrological models, while in some regions, runoff is significantly over- or underestimated compared to
observations. The direction and magnitude of these biases is largely similar to those from other macro-scale models, rather than
specific to LPJ. They are attributable primarily to uncertainties in the climate input data, and to human interventions not
considered by the model (e.g. water withdrawal, land cover conversions). Additional model development is required to perform
integrated assessments of water exchanges among the biosphere, the hydrosphere, and the anthroposphere. Yet, the LPJ model
can now be used to study inter-relations between the world’s major vegetation types and the terrestrial water balance. As an
example, it is shown that a doubling of atmospheric CO, content alone would result in pronounced changes in
evapotranspiration and runoff for many parts of the world. Although significant, these changes would remain unseen by
stand-alone hydrological models, thereby emphasizing the importance of simulating the coupled carbon and water cycle.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction for the distribution (Stephenson, 1990) and pro-
ductivity (Churkina et al., 1999) of terrestrial

Vegetation and the water cycle are intrinsically vegetation around the globe. In turn, the composition

coupled (Hutjes et al., 1998; Kucharik et al., 2000; and distribu.tion of plant communiti.es are of
Arora, 2002). Site water balance is a key determinant fundamental importance for evapotranspiration and
runoff generation (e.g. Dunn and Mackay, 1995).

* Corresponding author. Fax: +49-331-288-2640. Plants exert considerable effects on runoff via features
E-mail address: dieter.gerten@pik-potsdam.de (D. Gerten). such as albedo and interception (Eckhardt et al.,

0022-1694/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhydrol.2003.09.029


http://www.elsevier.com/locate/jhydrol

250 D. Gerten et al. / Journal of Hydrology 286 (2004) 249-270

2003), stomatal behaviour and transpiration
(e.g. Skiles and Hanson, 1994), rooting strategy
Milly, 1997), leaf area (Neilson, 1995; Kergoat,
1998), and phenology (Peel et al., 2001). It is
well-known, for example, that a reduction in forest
cover increases runoff by decreasing evapotranspira-
tion, whereas reforestation usually lowers runoff
(Bosch and Hewlett, 1982).

Effects of vegetation on the hydrological cycle can
also be seen at the global scale. For example,
differences in the variability of annual runoff among
continents are controlled not only by differences in
precipitation amount but also by the geographical
distribution of evergreen and deciduous vegetation
(Peel et al., 2001). Additionally, the level of
atmospheric CO, content influences regional and
large-scale evapotranspiration and runoff generation
by influencing the water use efficiency of plants
(Wigley and Jones, 1985; Loukas and Quick, 1999).
At elevated CO, concentrations, carbon uptake by
plants and, thus, photosynthesis rate and vegetation
productivity are usually higher per unit of water
transpired, while conductance of water through the
stomata may be smaller. Experimental evidence
suggests that stomatal conductance may decrease by
up to 30—40% at 2 X CO, (e.g. Eamus and Jarvis,
1989), since plants tend to reduce stomata opening to
maintain an optimal balance between water loss and
CO, absorption (Lockwood, 1999). Cramer et al.
(2001) provided an example for this effect on the
global scale. The vegetation models used in their
study projected a notable increase in global runoff as a
net effect of climate change and the fertilization effect
of CO,. This change in runoff could not be explained
by increased precipitation alone, but was also driven
by decreased stomatal conductance and alterations in
vegetation composition and distribution (Cramer et al.,
2001). There is an ongoing debate on the extent to
which non-linear vegetation responses and land-—
atmosphere feedbacks, such as increased primary
production, higher leaf temperatures, and seasonal
changes in soil moisture, counteract the antitranspir-
ant effect (e.g. Kimball et al., 1999).

Global water resources and runoff from large river
basins can now be more or less realistically
simulated by macro-scale hydrological models
(Arnell, 1999a,b; Fekete et al., 2002; Alcamo et al.,
2000; Vorosmarty et al., 2000; Doll et al., 2003).

However, parameterisation of vegetation is
insufficient in these models, and the inter-play
between vegetation and water is not described in a
process-based manner. Therefore, important bio-
sphere—hydrosphere interactions, and particularly
their temporal dynamics, may be neglected by
stand-alone hydrological models. For instance, they
cannot capture sufficiently hydrological effects
resulting from changes in vegetation composition
and distribution. Such effects, however, are likely to
occur in response to climate change (Gitay et al.,
2001), and therefore have been considered in climate
change impact studies by use of equilibrium biogeo-
graphy models (Neilson et al., 1998).

Thus, realistic assessment of spatio-temporal
variability in the terrestrial water budget requires
models that mechanistically link vegetation
dynamics and hydrological processes. Among
candidate models to meet this requirement are land
surface schemes used in climate models, but they
also do not simulate transient changes in vegetation
structure and distribution (e.g. Levis et al., 1996;
Nijssen et al., 2001). In addition, the computed
water balance usually is less reliable than those
from explicit hydrological models (see Doll et al.,
2003). Alternative candidates are equilibrium and
dynamic global vegetation models (DGVMs). The
latter are able to simulate transient structural
changes in Earth’s major vegetation types in
response to variations in, among other factors,
climate, water availability, and atmospheric CO,
content. This is ensured, for instance, via explicitly
describing the coupling between photosynthetic
demand for CO, and water loss through the stomata
(for an overview, see Churkina et al., 1999).
DGVMs, thus, are well suited tools for the
assessment of hydrological consequences arising
out of environmental change at large scales. But,
they require thorough validation of the embodied
water balance. The hydrological output of some
global vegetation models have been tested recently
(Neilson, 1995; Foley et al., 1996; Kucharik et al.,
2000). However, it remains unclear how well these
models reproduce runoff at the scale of single
basins, and to what extent these estimates deviate
from those of stand-alone hydrological models.
Problems in the hydrological performance of global
vegetation models and potential ways to overcome
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such shortcomings have not been specified so far
(but see Lenters et al., 2000; Foley et al., 2002 for
regional applications).

The present study provides a hydrological
evaluation of a leading DGVM, the Lund-Pots-
dam—Jena model (hereafter LPJ; Sitch et al., 2003).
The scope is to identify shortcomings in runoff
estimation by an uncalibrated DGVM, and
potential advantages over hydrological models.
Therefore, simulated long-term mean annual runoff
was compared with observations from over 600
macro-scale river basins around the world. Inter-
annual and seasonal runoff dynamics were explored in
more detail for a subset of these basins. To assess
the performance of the LPJ-DGVM relative to
stand-alone global hydrological models, simulated
continental runoff fields were compared with those
replicated by three state-of-the-art models of that
type. Additionally, simulated evapotranspiration was
validated against, respectively, large-scale estimates
and stand-level observations from a range of sites
across Europe.

To provide an idea to what extent terrestrial
vegetation affects the large-scale water balance, the
model was run under a hypothetic CO,-doubling
scenario without assuming climatic changes.
The resulting spatial patterns of change in runoff
and evapotranspiration compared to the standard run
were analysed.

2. The Lund-Potsdam—Jena model

Lund—-Potsdam—Jena (LPJ) is a coupled non-
equilibrium biogeography—biogeochemistry model,
which combines process-based representations of
terrestrial vegetation dynamics and land—atmosphere
carbon and water exchanges in a modular framework
(Fig. 1). Since it is described in detail elsewhere (Sitch
et al., 2003), only a short overview will be provided
here. LPJ explicitly considers key ecosystem
processes such as vegetation growth, mortality,
carbon allocation, and resource competition, though
their representation is of intermediate complexity to
allow for global applications. To account for the
variety of structure and functioning among plants,
10 plant functional types (PFTs) are distinguished
(Table 1). Leaf phenology of summergreen and

raingreen PFTs is determined daily, depending on
temperature and water stress thresholds.
Gross primary production is computed based on a
coupled photosynthesis—water balance scheme; net
primary production is given by subtracting
autotrophic respiration. After additional subtraction
of a reproduction cost, the remaining carbon is
allocated to three pools for producing new tissue.
Carbon from dead leaves and roots enters litter;
decomposition of litter and soil organic matter is
driven by soil temperature and water content.
A PFT-specific mortality rate is determined at the
end of each year as a result of heat stress, low growth
efficiency, a negative carbon balance, light
competition, or violation of bioclimatic limits.
The presence and fractional coverage of PFTs is
thus  determined annually according to
individual bioclimatic, physiological, morphological,
and fire-resistance features (Sitch et al., 2003). The
structure and distribution of the PFTs is decisive for
the simulated site water balance, since evapotran-
spiration, soil water content, and runoff generation are
modulated by PFT-specific attributes such as inter-
ception storage capacity, seasonal phenology, rooting
depth, and photosynthetic activity.

Overall, LPJ simulates well the global terrestrial
carbon pool sizes and fluxes, and captures the
biogeographical distribution of Earth’s major
biomes (Sitch et al., 2003). Recent applications of
the model include assessments of the carbon balance
of the terrestrial biosphere (Prentice et al., 2000;
Cramer et al.,, 2001; McGuire et al., 2001), the
representation of fire regimes (Venevsky et al.,
2002), and the simulation of transient vegetation
responses to climate warming (Joos et al., 2001;
Lucht et al., 2002).

The version of LPJ presented here incorporates an
improved representation of the water cycle compared
to the model described in Sitch et al. (2003).
The most important changes encompass the inclusion
of additional processes such as interception and soil
evaporation, and the stochastic distribution of
precipitation (Fig. 1). A few PFT parameters had to
be re-adjusted to ensure realistic simulation of
vegetation features and the carbon balance after
these modifications. A detailed description of the
water balance computations is given in the following
sections.
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Input data

Longitude/latitude; soil type; PFT parameters (static)

Climate (monthly)

CO, (yearly)

Derived and interpolated data

Air temperature, precipitation, cloudiness (daily)

Insolation, potential evapotranspiration (daily)

Rain Snow
Vegetation .
structure, —Interception
function, and loss, E,
dynamics |__Transpiration, Photosynthesis
E]' -
Water supply
Phenology |
A fall, Pry
Evaporation, Snowmelt, M
Es p-Surface runoff, R
Percolation, i
P1, Pz >Subsurface runoff, R;

Fig. 1. Schematic representation of the water balance computed for each grid cell by the dynamic global vegetation model LPJ. The thick arrows
indicate water fluxes; the abbreviations of these fluxes are defined in the text.

2.1. Potential evapotranspiration

Daily equilibrium evapotranspiration rate (Eg, in
mm d~ ') at the regional scale depends primarily on
net radiation and temperature, and is given by

where R, (J m~2d ™) is net radiation (net short-wave
flux minus net long-wave flux) calculated from
latitude, day of the year, sunshine hours and air
temperature following a standard approach (for further
detail, see Prentice et al., 1993). A is the rate of
increase of the saturation vapour pressure with

Ey = [A(A+ yIR,/L () temperature, 7y the psychrometer constant
Table 1

Hydrologically relevant PFT parameter values

Plant functional type (unit) Epax (mmd™ 1) i Zmin (MM sThH SDnin Z 2
Tropical broadleaved evergreen tree 7.0 0.02 0.5 0.0 0.85 0.15
Tropical broadleaved raingreen tree 7.0 0.02 0.5 0.1 0.60 0.40
Temperate needleleaved evergreen tree 5.0 0.06 0.3 0.0 0.70 0.30
Temperate broadleaved evergreen tree 5.0 0.02 0.5 0.0 0.70 0.30
Temperate broadleaved summergreen tree 5.0 0.02 0.5 0.0 0.70 0.30
Boreal needleleaved evergreen tree 5.0 0.06 0.3 0.0 0.90 0.10
Boreal needleleaved summergreen tree 5.0 0.06 0.3 0.0 0.90 0.10
Boreal broadleaved summergreen tree 5.0 0.06 0.5 0.0 0.90 0.10
C3 perennial grass 5.0 0.01 0.5 0.2 0.80 0.20
C4 perennial grass 7.0 0.01 0.5 0.1 0.80 0.20

E..x, maximum transpiration rate; i, coefficient for calculation of interception; g;,, minimum canopy conductance; SD,;,, ratio between
water supply and demand below which stomata close; z;, fraction of roots in the upper soil layer; z,, dto., lower soil layer.
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(~65Pa Kil), and L the latent heat of vaporization of
water (~2.5 X 10°J kg™ "). Potential evapotranspira-
tion is determined by multiplying E; with the
Priestley—Taylor coefficient, « (Priestley and Taylor,
1972). We assume « = 1.32, a value that Hobbins
et al. (2001) have re-examined for large-scale
applications; computation of plant transpiration
requires an upper limit for « (see below).

2.2. Actual evapotranspiration

Actual evapotranspiration is the sum of (a)
interception loss and (b) plant transpiration for all
PFTs, plus (c) evaporation from bare soil, calculated
as follows.

2.2.1. Interception loss

Canopy storage capacity (S;, mm d ') is defined as
a function of biome, leaf area index (LAI),
and precipitation amount (Pr, mmd~"), following
the approach of Kergoat (1998)

S;=PrxXLAIXiXfy )

where fy denotes the fraction of the grid cell covered
by vegetation, taking account of daily phenology.
The factor i is a dimensionless biome-dependent
proxy for the rainfall regime (Table 1).
Storage capacity is relatively high in boreal forests,
and lower in tropical forests due to high rainfall
intensity. Also, i is lower for grasslands than for
forests (Kelliher et al., 1993). Precipitation is
differentiated between rain and snow depending on
whether daily mean air temperature is above or below
0 °C. All precipitation on days with negative mean
temperature adds to snowpack; we do not distinguish
between interception of rain and snow. Daily
interception loss (Ey) is then given by

Ey = Ejaw 3

where w represents the fraction of day-time that the
canopy is wet, defined as follows (Kergoat, 1998):

w = Min(Sy/[Eqal, 1) 4

Night-time fluxes are neglected; the remaining
day-time canopy-available energy (1-w) is used for
plant transpiration.

2.2.2. Transpiration

Transpiration is modelled as the lesser of an
atmosphere-controlled demand function (D) and a
plant-controlled supply function (S), as proposed by
Federer (1982):

Er = Min(S, D)fy &)

Transpirational supply is determined by the
maximum transpiration rate that can be sustained
under well-watered conditions (E,,,x), and declines
linearly with relative soil moisture (wr)

S = Epgwr ©)

Eax should exhibit minor differences among
vegetation types, and is assigned a value of
5-7mmd~" (e.g. Kelliher et al., 1993; Table 1).
wr gives the ratio between current soil water content
and plant-available water capacity (Wpax, the
texture-dependent difference between field capacity
and wilting point). The soil is treated as a simple
bucket consisting of two layers with fixed thickness
(upper [d;], 0.5 m; lower [d>], 1.0 m). A third layer
representing the top 0.2m is distinguished to
calculate soil evaporation (see below). The wr
ratio is computed for both soil layers by weighting
their relative soil water contents (w, w,; see below)
with the fraction of roots present in the respective
layer (z;, zo; Table 1).

Atmospheric demand represents >unstressed tran-
spiration< (Federer, 1982), which occurs when
stomatal opening is not limited by reduced water
potential in the plant. Following Monteith (1995),
daily demand is a hyperbolic function of canopy
conductance (the sum of stomatal conductance of all
leaves for a given PFT):

D=(- W)Eqam/(1 +gm/gpot) (7N

Following Huntingford and Monteith (1998), a
maximum Priestley—Taylor coefficient, a,, = 1.391,
and a scaling conductance, g, =326 mms !, is
defined. Demand approximates Egca, when the
canopy is dry and g,,—the potential canopy
conductance that can be achieved when there is no
water limitation—tends to infinity. gy, (mm s is
directly related to the photosynthesis rate as
follows (details in Haxeltine and Prentice, 1996;
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Sitch et al., 2003):
8pot = &min + 16Adt/[cd(l - Ml (8)

Here, gmin is a PFT-specific minimum canopy
conductance (Table 1) that accounts for plant water
loss not directly linked to photosynthesis
(e.g. guttation). Ay is daytime net photosynthesis
(gC d! mfz); ¢, is ambient CO, (mole fraction). A is
the stomata-controlled ratio between intercellular and
ambient CO, partial pressure in the absence of water
limitation; it is lower for warm-zone C4 grasses (0.4)
than for C3 plants, i.e. trees and cool-zone grasses
(0.8). Thus, at high CO, concentrations, plants
increase their water use efficiency by transpiring less
water per unit of carbon fixed (Lockwood, 1999).
The coupled modelling of photosynthesis and
transpiration accounts for the capacity of plants to
balance water loss and CO, assimilation at varying
CO, levels (see Section 1). Furthermore, actual
canopy conductance is computed to fall below g
if S < D. Decreasing water availability thus limits
simultaneously both the transpiration rate and the
photosynthesis rate. It is assumed that stomata close
completely when the ratio of S over D reaches a
threshold value (SD,;,, Table 1).

2.2.3. Soil evaporation

Daily evaporation from bare soil (Es) occurs at the
simulated fraction of the grid cell (1 — fy/) not covered
by vegetation (determined annually), which may
extend towards the plant-covered area according to
the daily status of PFT-specific leaf phenology
(see Fig. 1). Evaporation declines linearly as the soil
dries, a simple approach that is suitable for large
scales (Huang et al., 1996)

Eg = Eqawny(1 — fy) )

where wr,o represents the relative moisture in the
upper 20 cm of the soil column, which is updated
daily by Pr and Es. Et from this layer, and
percolation, are determined as a fraction of the
respective values for the upper soil layer (d;). Et is
weighted by a factor of 1.3 (derived from Jackson
et al., 1996), as more roots can be expected in the
upper 20cm than below. Capillary rise
from groundwater is not taken into account due to
the lack of global data on the height of the
groundwater table.

2.3. Soil water storage and runoff generation

Water content of both soil layers is updated daily
taking account of snowmelt (M), throughfall (Pr, =
Pr — E;), transpiration, evaporation, percolation
through the layers, and runoff:

Aw; = Pr,+M — By X Er — Eg — p,

- Rl)/(wmaxdl) (10)

Aw, = (py — Ba X Er — Ry — p2)/(Winaxds) (11)

Here, Aw; and Aw, are daily changes in soil water
content of both layers (expressed as a fraction of the
respective w.,); B and 3, represent the fractions of
water extracted for transpiration from each layer
(such that B; 4+ B, =1). Snowmelt (mm dfl) is
computed using a degree—day method (Choudhury
et al., 1998)

M = (1.5 + 0.007Pr)T, (12)

where T, is air temperature above 0 °C. Percolation
rate from the upper to the lower soil layer
(p1, mm dfl) depends on soil texture and layer
thickness, and declines exponentially with soil
moisture

pra = kwi (13)

where k is the texture-dependent conductivity, vary-
ing from 5.0 mm d~' for sandy soils to 0.2 mm d ™"
for vertisols. The model diagnoses surface runoff (R;)
and subsurface runoff (R,) from the excess of water
over field capacity of the upper and the lower soil
layer, respectively. In addition, the amount of water
percolating through the second soil layer is assumed
to contribute to subsurface runoff (p,, mm dh.
The sum of the three runoff components (R; + R, +
p2) is used for validation. There is no lateral
redistribution of water among grid cells, and no
routing in the stream network.

3. Data and methods
3.1. Model input

The LPJ model was run for the period
1901-1998, preceded by a 1000-year spinup period
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to reach an initial equilibrium with respect to carbon
pools and vegetation cover (see Sitch et al., 2003).
The simulations were driven by gridded monthly
fields (0.5° resolution) of air temperature,
precipitation, number of wet days, and cloud cover
from the CRUOQS database (provided by the Climate
Research Unit, University of East Anglia; New et al.,
2000), and by texture for nine soil types (Zobler,
1986; FAO, 1991; details on soil parameterisation in
Sitch et al., 2003). Non-gridded model inputs include
annual CO, concentrations (one global value)
derived from ice-core measurements and atmospheric
observations, provided by the Carbon Cycle Model
Linkage Project (McGuire et al., 2001). Furthermore,
various parameters are assigned to the different PFTs
(Sitch et al., 2003; Table 1). Cloud cover data are not
available for 1997/98, so the monthly means of the
previous 30 years are used for this period. Daily air
temperature and cloud cover are disaggregated by
linear interpolation of the monthly values. The cloud
cover data are scaled to generate daily fields
of sunshine hours, on which the calculation of
short-wave radiation is based. Daily precipitation is
disaggregated using a stochastic weather generator.
Precipitation occurrence is simulated based on a first
order Markov chain, using the fraction of wet days
per month and transition probabilities from Geng
et al., 1986. Precipitation amount on wet days is
determined using an exponential distribution.
Data are not adjusted for potential measurement
biases, since no convincing global data set on
precipitation correction factors is available (see Dol
et al., 2003).

3.2. Data for validation

Simulated runoff was compared with (i) global and
zonal estimates from various sources (Baumgartner
and Reichel, 1975; Shiklomanov, 1997; Cogley,
1998), (ii) long-term observed mean annual runoff
from 663 basins with an area >10%km? and an
observation period > 10 years (Fekete et al., 1999),
and (iii) annual and monthly time series of obser-
vations for eight large river basins (>8 X 10° km?)
selected to represent a range of climatic conditions
and hydrological regimes (RivDIS database, Vords-
marty et al., 1996). The runoff data from Cogley
(1998) are map-derived values (mainly from Korzun

et al., 1978) gridded to a 1° resolution. Additionally,
simulated monthly runoff was verified at the con-
tinental scale using aggregated observations from
Fekete et al. (1999) and respective results from three
state-of-the-art global hydrological models (WBM,
Vorosmarty et al., 1998; Fekete et al., 1999; Macro-
PDM, Arnell, 1999a; Nigel Arnell, pers. comm.;
WaterGAP, Alcamo et al., 2000; Petra Doll, pers.
comm.). As it is not our scope to discuss differences
among the latter, their individual results are not
identified. It should be noted that the above-men-
tioned hydrological models differ in various aspects
from LPJ. For instance, they are based on prescribed
vegetation from diverse sources, and plant transpira-
tion is not explicitly modelled. Furthermore, runoff is
routed among cells in WBM and WaterGAP, and
subsurface flow is delayed within the cells in Macro-
PDM, while LPJ does not consider any time-lag. All
models—except for WBM—are driven by the same
climatic input (CRU database), but Macro-PDM uses
precipitation data corrected for potential measurement
errors (Arnell, 1999a). Note that human water
consumption, as described in Doll et al. (2003), is
not taken into account in the runoff data from
WaterGAP used here.

Simulated actual evapotranspiration was vali-
dated against (i) latitudinal estimates documented
in the literature (Baumgartner and Reichel, 1975;
Henning, 1989), and (ii) stand-level observations
from various forest sites across Europe (data from
the EUROFLUX project; Valentini, 2003). The
latter were compared with total evapotranspiration
computed for the grid cell in which the sites are
located, without adjustment to local conditions.
Note that the observed data were multiplied by a
factor of 1.2 to account for an average under-
estimation of 20% (Wilson et al., 2002). Simulated
soil moisture fields are not discussed here.
However, there is strong evidence that LPJ well
reproduces seasonal and inter-annual variability in
near-surface soil moisture, as our results largely
agree with a global, multi-annual soil moisture data
set derived from spaceborne microwave measure-
ments (Wagner et al., 2003). Moreover, Sitch et al.
(2003) found good agreement between modelled
and observed monthly soil water content for a
number of sites in Europe and Asia, although with
a former version of LPJ.
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3.3. Validation methods

The quality of runoff simulations was determined
by Willmott’s (1982) index of agreement (A) and the
mean bias error (B) (Eq. (14)). B indicates the mean
absolute deviation between predicted (P;) and
observed values (0O;). The standardized A-index
describes the modelling quality with respect to the
variance and the mean of the observations. A =0
indicates complete disagreement between P and O,
while A = 1 indicates complete agreement (Willmott,
1982):

A=1-— [Z(Pi — 0)1> (P, = Ol +10; — O|)2]
(14a)

D.(P; = 0)

n

B (14b)

3.4. 2 X CO, simulation experiment

To explore specific contributions of DGVMs to
global hydrological assessments in view of climate
change, and to examine potential influences of veg-
etation on macro-scale runoff and evapotranspiration,
an alternative model run was performed. Only the
atmospheric CO, content was changed in this model
setup, inthatthe input values of CO, concentration were
doubled for each year of the historical period under
consideration, including the spinup. As noted above,
transpiration through the stomata should decrease under
this scenario as a consequence of increased water use
efficiency. Furthermore, vegetation is expected to be
more productive, which may counteract the water
savings due to decreased transpiration. In turn, the
changes in transpiration rate, vegetation structure and
production should feed back to soil water content and
runoff generation. Since LPJ computes the dynamic
relations among these processes, the net effect of
increased atmospheric CO, concentration and of
associated transient vegetation changes on the water
balance can be quantified. Changes in annual runoff,
transpiration, evaporation, and interception under
the CO,-doubling scenario were assessed for each
grid cell by the two-tailed Mann—Whitney test. The test
indicates whether the components of the water balance

simulated with the alternative model setup differ
significantly (p < 0.05) from the respective values
calculated in the standard model run.

4. Results of model validation

Annual means of runoff and evapotranspiration
computed by LPJ lie well within the range of other
estimates around the world (Figs. 2 and 3; Table 2).
Simulated individual components of annual evapo-
transpiration—transpiration, interception, and evap-
oration—are also in good agreement with
respective estimates from biosphere models (Levis
et al.,, 1996; Choudhury et al., 1998; data not
shown). The general quality of the LPJ simulations
agrees very well with that of state-of-the-art global
hydrological models (Table 3, upper panel). Three
zones can roughly be distinguished with respect to
simulation quality of annual runoff (Fig. 2). (i)
Model results are good for the temperate regions
and large parts of Central Asia and North America.
(i) Overestimations occur in semi-arid and arid
regions, particularly in northern Africa, parts of
South America, and India. (iii) Underestimations
are frequent particularly in subarctic regions.
Seasonal hydrographs simulated by LPJ are also
in general accordance with results from global
hydrological models (Fig. 4). However, notable
deviations between observed and predicted runoff
occur at times in certain regions. Specifically, LPJ
as well as the three hydrological models over-
estimate year-round runoff in Africa, and tem-
porally in Australia. Moreover, the hydrographs
generally appear to be advanced by several weeks
especially in South America, but also during spring
in Europe, Asia, and North America (Fig. 4).

This large-scale pattern reflects the variable model
performance at the scale of single river basins (Figs. 5
and 6; Table 3), and at the stand-level,
respectively (Fig. 7). LPJ reproduces well inter- and
intra-annual runoff variations for rivers such as the
Danube and the Mississippi. Analogously, simulated
evapotranspiration is in surprisingly good agreement
with observations for a range of sites across Europe,
considering that no adjustment with respect to local
climate and soil properties was made for the
calculations (Fig. 7). While annual runoff of
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Fig. 2. Long-term annual means (mm) of runoff: (a) LPJ simulations for the period 1961-1990. (b) Observations from Cogley (1998) for diverse
time periods. (c) Differences (mm) between simulated and measured runoff for 663 basins, based on time periods with different lengths (Fekete
et al., 1999). Hatched areas indicate basins where simulated runoff is <50% (vertical lines), and >200% of observed discharge, respectively
(horizontal lines; including basins with negative runoff in Fekete et al., 1999). Time series for the indicated individual basins are presented in
Figs. 5 and 6.
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evapotranspiration calculated by Henning (1989).

Table 2
Global estimates of average annual runoff from land (km?), excluding Antarctica

Source LPJ-DGVM Model 1 Model 2 Model 3
Runoff (km?) 40,143 38,928 35,332 44,795
Source Baumgartner and Reichel (1975) Shiklomanov (1997) Cogley (1998)
Runoff (km?) 37,713 42,648 42,353

The terrestrial area is defined as the common denominator of the model-specific land masks from LPJ, WBM, WaterGAP, and Macro-PDM
(~131 % 10° kmz). The data of Baumgartner and Reichel (1975), Shiklomanov (1997) both are based on an area sized ~ 135 X 10° km?. The
time period is 1961—1990 for the model results, and varies among basins and regions for Baumgartner and Reichel (1975), Shiklomanov (1997),
and Cogley (1998).
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Table 3

Measures of agreement between observed (Fekete et al., 1999) and simulated annual runoff (km?)

All basins  LPJ Model 1 Model 2 Model 3

(n = 663)

A 0.89 0.89 0.92 0.9

B —407 —1471 —386 442

Basin Amazon  Danube MacKenzie Mississippi Murray Nile Yenisei  Zaire
(Obidos)  (Leatal Izmail)  (Norman Wells)  (Tarbert Landing) (Lock 9 Upper) (El Ekhsase) (Igarka) (Kinshasa)

n (years)® 32 60 19 16 16 12 49 59

A 0.43 0.82 0.47 0.55 0.12 0.01 0.26 0.47

B 999 -17 —-78 194 71 470 —220 193

Upper panel: long-term means (1961-1990) computed by LPJ and the three hydrological models for 663 basins (various time periods).
Lower panel: LPJ simulations for a selection of large rivers. See Section 3 for definition of the index of agreement (A), and the mean bias

error (B).
? The respective time periods are indicated in Fig. 6.

the Amazon and the Zaire is also well captured, it is
underestimated for the MacKenzie and the Yenisei.
Particularly, the spring peak of the latter is computed
too low. In contrast, LPJ simulates too high runoff for
rivers crossing semi-arid and arid regions, such as the
Nile and the Murray (Figs. 5 and 6; Table 3).

The overall nature and magnitude of the simulation
biases, and the hydro-climatic zones in which they
occur, are in agreement with findings from other
macro-scale models (e.g. Fekete et al., 2002; Fig. 3 in
Doll et al., 2003; Fig. 4). This evidence suggests that
the relevant reasons for biases in our runoff
estimates are common to large-scale models, i.e.
they are not specific to LPJ. For example, much of
the overestimation for Africa (Fig. 4) is due to the
significant bias for sub-Saharan rivers such as the
Niger and the Senegal (Fig. 2¢) and, particularly, for
the Nile (Fig. 5). These deviations, however, are not
surprising, as the modelled hydrographs clearly
follow the seasonal distribution of precipitation
(Fig. 6), although in reality the relationship between
basin-wide rainfall and runoff is not straightforward in
these regions (e.g. Conway and Hulme, 1993).
The influence of precipitation on those rivers’ down-
stream runoff is masked by a variety of other
processes, such as evaporation loss from lakes,
reservoirs, wetlands, non-perennial ponds and from
the river channel; flood plain—channel interactions;
seepage into groundwater; inter-basin transfers; and
human water withdrawal (Kite, 1998). These pro-
cesses are not yet accounted for explicitly in
global vegetation models such as LPJ. However,
global hydrology models also tend to overestimate

runoff in arid regions (see Africa and Australia in
Fig. 4), owing to inadequate representation of these
processes (Ddll et al., 2003).

The poor seasonal performance of all four models
in South America (Fig. 4) can be seen in their failure
to reproduce the Amazon’s runoff. The LPJ-simulated
hydrograph of this stream follows the seasonal course
of precipitation, which leads to a pronounced
mismatch in the timing of calculated monthly runoff
generation and observed discharge at the gauge,
Obidos (Fig. 6). This time-lag is due to the model’s
lack of a river routing scheme: simple addition of
daily runoff from each grid cell within a river’s basin
unrealistically reaches the river mouth that day.
Similar problems are inherent in other models that
do not consider river routing (e.g. Nijssen et al.,
2001). However, even WaterGAP and WBM—which
include a simple routing component—also do not
capture sufficiently the seasonal dynamics of runoff
and retention within the Amazon basin (Fig. 4), since
the low flow velocity of this stream requires additional
model tuning (D61l et al., 2003). Moreover, sparseness
of precipitation data, and possibly poor representation
of precipitation distribution in mountainous regions,
contribute notably to the general poor performance in
this region (Fekete et al., 1999). The fact that
neighbouring basins in this region are either over- or
underestimated by LPJ (Fig. 2c) may reflect such
uncertainties in the underlying precipitation data.

The rather low runoff computed for many northern
high-latitude rivers such as the MacKenzie and the
Yenisei (Figs. 2¢ and 5) is also not specific to LPJ, yet
well-known from other macro-scale models (Fekete
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et al., 1999; Ddll et al., 2003; Fig. 4). Again, biased
estimates of precipitation contribute to the overall
underestimation in these snow-dominated regions.
The simulated early runoff (Fig. 6) is likely due to
the fact that river routing and retention by wetlands
and lakes are not considered in DGVMs such as LPJ.
The tendency towards zero runoff in winter, and the
high-magnitude of the spring peak (both of which are
also obvious for the Danube) are probably related to
the linear interpolation of monthly air temperature to
daily values, and to the simplified representation of

snow formation and melt (Eq. (12)). This approach
neglects short-term snow melt events, and may lead to
an overestimation of accumulated snowpack; Doll
et al. (2003) documented similar problems with
WaterGAP. Moreover, LPJ currently does not con-
sider permafrost, which exerts significant influences
on both the magnitude and the timing of runoff
generation.

One might expect that DGVMs should perform
worse than other models in agricultural regions,
because they consider natural vegetation only, thereby
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ignoring human land-use conversions (crop cultiva-
tion, deforestation, etc.). These impacts are pervasive;
Ramankutty and Foley (1998) suggest that about
18 million km? of the land surface are currently under
cultivation. Consequently, simulated runoff should be
too low in regions where the model diagnoses a
dominance of woody PFTs, although cropland
actually dominates. The tendency towards low runoff
estimates (especially during the summer season)

across parts of Europe and North America (Fig. 4)
may be related to the missing representation of
cropland. To test this hypothesis, we compared
simulated and observed runoff for 41 European basins
where agricultural land use predominates, and for
another 23 >undisturbed< basins (runoff data from
Fekete et al., 1999). Grid cells were classified as
cropland based on a MODIS global land cover data
set for 2000/2001 (Friedl et al., 2002). Basins were
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considered as dominated by cropland if >80% of all
grid cells within the catchment area each contain
>50% crops according to the MODIS data. Analysis
was focused on Europe, since impacts of water
consumption and irrigation are weak there compared
to, for example, the US and Southeast Asia (D61l and
Siebert, 2002). It was found that the underestimation
of simulated runoff is in fact most pronounced in those
basins where agricultural land use dominates

(B= —-36.7;, A=0.79), while there is very
good agreement for woodlands (B = 1.9; A = 0.86)
(Fig. 8). To assess whether consideration of cropland
would improve the simulation results, we forced the
model to suppress growth of trees in the cropland-
dominated areas, such that only grasses were allowed
to establish. As a result, simulation quality for these
basins was indeed improved considerably (A = 0.92).
Analysis of monthly results (data not shown) revealed



D. Gerten et al. / Journal of Hydrology 286 (2004) 249-270 263

150 4 Flakaliden
64.12°N, 19.45°E

150 - Aberfeldy
56.62°N, 3.8°W
100
50
0
150 Weidenbrunnen
50.15°N, 11.87°E
100
501
0
150 Sarrebourg

48.67°N, 7.08°E

1996 1997 1998

150 Hyytidla
61.85°N, 24.28°E
100
50 A
0
150 Braschaat

51.3°N, 4.52°E

150 Tharandt
50.97°N, 13.63°E
100
50
0
150 Castel Porziano

41.75°N, 12.37°E
100

1996 1997 1998

Fig. 7. Measured (open symbols) and simulated (filled symbols) monthly evapotranspiration (mm) for diverse European forests (EUROFLUX
sites, 1996—1998). The observed values are scaled by a factor of 1.2 to account for measurement imbalance (see text).

that the underestimation in summer runoff across the
continent (Fig. 4) becomes negligible when grassland
is introduced. However, runoff is still underestimated
in winter, and, as a consequence, annual totals remain
somewhat too low (B = —31.0). This bias is likely
related to the above-described problems in snow
modelling, and to the fact that delayed runoff
from groundwater reservoirs is not considered in
the model.

5. Results of the 2 X CO, simulation experiment

Fig. 9 shows regions with statistically significant
changes in runoff and evapotranspiration predicted
under a hypothetic doubling of atmospheric CO,
content (period 1961-1990). Runoff increases
significantly (p < 0.05) under this scenario in the
northernmost latitudes, and in the wet tropics. In
contrast, it decreases particularly in subtropical
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regions (Fig. 9a). These changes in runoff gener-
ation are mainly related to concurrent changes in
plant transpiration (Fig. 9b). While a significant
decrease in transpiration occurs in large parts of the
world, it is most pronounced in inner-tropical
regions (up to 170 mm year ' in Central Africa).
The overall decrease in transpiration reflects an
increased carbon assimilation rate and an associated
decrease in water loss through the stomata, which is
a corollary of elevated CO,. This effect is most
pervasive in non-water limited environments such as
the wet tropics (Fig. 9a), whereas in drier regions,
water stress restricts transpiration irrespective of
ambient CO, concentration (supply limitation,
Eq. (5)). The lower transpiration results in increased
evaporation (Fig. 9¢), as there is more water stored
in the soil column. The significant runoff increase in
subpolar regions suggests that reduced transpiration
cannot be compensated for by soil evaporation from
the upper 20 cm (Eq. (9)). The runoff decrease in
semi-arid regions (Fig. 9a) is obviously related to
some expansion of forests into savannah and grass-
land into dry regions, owing to increased water use
efficiency (Cramer et al., 2001). Accordingly,
transpiration increases in these regions, whereas
soil evaporation decreases (Fig. 9b and c). The
generally higher interception loss (Fig. 9d) is
probably attributable to an overall increase in
net primary production and associated higher LAI
(Eq. (2); Lockwood, 1999).

On balance, pronounced changes in the com-
ponents of evapotranspiration would occur at doubled

atmospheric CO, content. The net effect on runoff,
however, is moderate (+5.5% change globally),
although regional differences are prominent. These
changes are driven by dynamics within the plant—
water system, which are not accounted for in stand-
alone hydrological models. For example, earlier
studies with hydrological models likely overestimated
effects of CO,-induced vegetation changes on the
water balance, due to a number of simplifying
assumptions (Idso and Brazel, 1984; Kite, 1993). In
particular, physiological changes in vegetation were
emulated in these studies by only reducing evapo-
transpiration, while feedback mechanisms between
vegetation and water cycling were omitted. Similarly
to the present study, however, previous work based on
equilibrium biogeography models also suggests
moderate changes in evapotranspiration and runoff
due to CO,- and climate-driven changes in stomatal
conductance (physiological effect) and leaf area
(structural effect). For instance, Neilson and Marks
(1994) found an increase in global runoff by about
13% in response to doubled CO,. The difference to
our projections may stem from the fact that those
authors used an earlier climatic database, and omitted
effects of transient changes in vegetation structure and
distribution, which can only be determined by
dynamic vegetation models such as LPJ. Further
evidence that our simulations are realistic is provided
by Hickler et al. (2003), who found that effects of
elevated CO, simulated by LPJ lie well within the
range observed at the Duke Forest FACE (Free Air
CO; Enrichment) experiment.
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6. Discussion and conclusions

Global hydrological models are essential tools for
examining variations in water balance components on
scales larger than regional (Arnell, 1999b; Alcamo
et al.,, 2000; Vorosmarty et al., 2000; Doll et al.,
2003). Although these models adequately represent
most of the hydrological processes relevant at the
macro-scale, they largely lack mechanistic links
between the biosphere and the hydrosphere, such as
the coupling of plant transpiration to atmospheric CO,
content and related feedbacks to soil moisture and
runoff generation. The simulation of dynamic inter-
actions between terrestrial vegetation and water,
however, is a crucial prerequisite for realistic assess-
ment of past and future changes in large-scale water
supply and demand. DGVMs are well suited tools for
elucidating such biosphere—hydrosphere inter-
relations, given that the computed water balance is
thoroughly validated. As documented here, the
hydrological performance of LPJ, a well established
model in this field, is largely similar to that of stand-
alone global hydrological models. Moreover, the
simulation experiment clearly demonstrated that
dynamic modelling of the coupled terrestrial carbon
and water cycle is not trivial, as it enables to quantify
important processes that would be neglected other-
wise. In fact, a doubling of atmospheric CO, content
alone—performed for demonstrational purposes here,
but highly relevant for future projections—resulted in
significant changes in evapotranspiration and runoff
around the world. The signature of these changes is
strongly regional.

The overall correspondence among runoff simu-
lations of LPJ and other models indicates that both
macro-scale hydrology models and DGVMs are
subject to the same major sources of uncertainty.
Thus, we reinforce the hypothesis that the accuracy of
modelled water budgets is considerably compromised
by the quality and spatial resolution of climate input
data (Arnell, 1999a; Fekete et al., 2002). Possible
ways to deal with this problem are an overall
correction for precipitation measurement errors
(Arnell, 1999a), basin-specific corrections for pre-
cipitation biases (Fekete et al., 2002; Milly and
Shmakin, 2002), or tuning of computed runoff (Doll
et al., 2003). To avoid ‘over-tuning’, analysis may
be restricted to those regions for which reliable

precipitation records are available, or for which
underlying uncertainties can be quantified (Milly
and Dunne, 2002). Furthermore, uncertainties in the
soil data, and the definition of only two soil layers
with fixed thickness may bias LPJ-computed evapo-
transpiration and runoff. Therefore, it is planned to
introduce additional soil layers, and to consider
subgrid-scale variability of soil moisture as related
to topography (e.g. Walko et al., 2000).

The general tendency towards early runoff in the
LPJ simulations does not necessarily mean that the
calculations are inaccurate. These biases are rather
artefacts, because in the absence of river routing,
simulated basin-wide runoff generation certainly
cannot match discharge observed at the basin outlet.
Implementation of a river routing scheme, consider-
ation of water storage in lakes, reservoirs and
wetlands, and better representation of snow storage
and melt, will allow for direct comparison of
simulated runoff and observed discharge. Moreover,
preliminary simulations of the extent and seasonal
variation of an active permafrost layer substantially
improved runoff estimates for subarctic regions
(Christian Beer, unpublished data). These model
refinements are expected to generally improve the
seasonal timing of runoff computed by the LPJ model
(Coe, 2000; Oki et al., 2001). Additional improve-
ment should be attained by explicit representation of
evaporation from perennial and ephemeral water
bodies. Refined parameterisation of vegetation
responses to water stress (e.g. a PFT-specific supply
approach, and the dynamic representation of rooting
depths) will further improve the water balance
computed by LPJ.

Given that runoff generation is simulated realis-
tically, biogeochemical applications of DGVMs
(assessments of carbon pools, biogeographical dis-
tribution of PFTs, etc.) should not be affected by the
lack of a routing scheme and the missing represen-
tation of human water withdrawal from rivers and
lakes. Once runoff has reached the river network, it
is largely unavailable to terrestrial vegetation.
However, reliable estimates of water transport
among grid cells, as well as water storage and
consumption within the cells, will be required if the
model were to be applied as an integrated tool for
assessing global freshwater supply and demand for
human use (Doll et al., 2003). For instance, studies
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of inter-dependencies between water availability and
food requirements and their future changes rely on
accurate estimates of downstream water transport,
storage in lakes and reservoirs, and consumptive use
for irrigation (Cai and Rosegrant, 2002; Do6ll and
Siebert, 2002). Since such assessments also require
consideration of cropland, a number of >crop
functional types<, complementary to the PFTs, are
currently being implemented into the LPJ model.
This addition is expected to also eliminate the
underestimation of runoff in agricultural regions, as
discussed above.

The 2 X CO, simulation experiment demonstrates
that the LPJ model is adequate to explore possible
vegetation-driven changes in the terrestrial water
balance in response to a warmer future climate.
Analogously, reverse effects of changing hydrological
conditions on vegetation and the carbon balance can
be investigated. It has to be stressed, however, that
feedbacks from the biosphere to the atmosphere are
not considered in LPJ. For example, structural
changes in vegetation may warm the land surface by
lowering its albedo, or cool it by enhancing
evapotranspiration (Betts et al., 1997). In turn, such
effects would feed back to vegetation and the water
cycle. Studies of complex atmosphere—biosphere
interactions and their repercussions to land surface
hydrology require fully coupled dynamic vegetation
and climate models (Foley et al., 1998).

In summary, the capacity of the LPJ-DGVM to
simulate the coupled terrestrial carbon and water cycle
makes it a useful tool for examining ecohydrological
processes at large scales. The importance of explicitly
modelling plant—water relationships and their spatio-
temporal dynamics was clearly demonstrated by the
CO,-doubling simulation experiment. DGVMs such
as LPJ, hence, are poised to contribute essentially to
the understanding of inter-dependencies between the
terrestrial water budget and the world’s major
vegetation types at annual to centennial time scales.
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