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Abstract. Global freshwater resources are sensitive tol Introduction

changes in climate, land cover and population density and

distribution. The Land-surface Processes and eXchangedccurate representations of freshwater fluxes and their re-
Dynamic Global Vegetation Model is a recent developmentsponses to global environmental change are needed in order
of the Lund-Potsdam-Jena model with improved represenio quantify the availability of global water supplies, particu-
tation of fire-vegetation interactions. It allows simulta- larly with regard to identifying regions susceptible to floods
neous consideration of the effects of changes in climateand droughts and for studies of global water resources in
CO, concentration, natural vegetation and fire regime shiftsa changing world (e.g. Arnell, 1999, 2004; Lehner, 2006;
on the continental hydrological cycle. Here the model isAlcamo, 2007). The global hydrological cycle is expected
assessed for its ability to simulate large-scale spatial ando intensify under climate change, but with considerable
temporal runoff patterns, in order to test its suitability for interannual and regional variability as a result of forcing by
modelling future global water resources. Comparisons ardiumerous climatic and anthropogenic drivers (e.g. Betts et
made against observations of streamflow and a compositél-, 2007; Piao et al., 2007; Gerten et al., 2008; Milliman
dataset of modelled and observed runoff (1986-1995) an@t al., 2008). As such, comprehensive assessments of the
are also evaluated against soil moisture data and the Paimé&lobal water cycle require vegetation processes to be fully
Drought Severity Index. The model captures the mainembedded in hydrological models (Cramer et al., 2001;
features of the geographical distribution of global runoff, Gerten et al., 2004). Increasingly advanced dynamic global
but tends to overestimate runoff in much of the Northernvegetation models (DGVMs) are evolving into multi-purpose
Hemisphere (where this can be somewhat accounted for bjools for representing land surface processes and feedbacks
freshwater consumption and the unrealistic accumulation ofnfluencing the major components of the hydrological cycle
the simulated winter snowpack in permafrost regions) and(€.9. Gerten et al., 2004; fler et al., 2006) and other
the southern tropics. Interannual variability is representecexchanges of materials between the biosphere and the atmo-
reasonably well at the large catchment scale, as are seasorffhere (Arneth etal., 2010). Application of DGVMs to water
flow timings and monthly high and low flow events. Further resources questions requires that they be critically evaluated,
improvements to the simulation of intra-annual runoff might and improved where necessary, using hydrological observa-
be achieved via the addition of river flow routing. Overes- tions as the benchmark. This has been conducted for a range
timates of runoff in some basins could likely be corrected of DGVMSs, including LPJ (Lund-Potsdam-Jena; Gerten et

by the inclusion of transmission losses and direct-channef!., 2004), IBIS (Kucharik et al., 2000), ORCHIDEE (Ngo-
evaporation. Duc et al., 2007), MOSES (Elshamy and Wheater, 2009),

along with an intercomparison between several terrestrial
Correspondence tcS. J. Murray
BY (steve.murray@bristol.ac.uk)

ecosystem models (Gordon et al., 2004).
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Interactions between vegetation and hydrology operate omine plant functional types (PFTs). An in-depth discus-
micro to macro scales. For example, itis well established thasion of carbon allocation and vegetation establishment was
vegetation regulates runoff at the macro scale via interceptiopresented by Sitch et al. (2003) in LPJ, while terrestrial
(Winsemius et al., 2005; Murray, 2011), changes in albeddbiosphere parameter uncertainties have been considered by
(Mylne and Rowntree, 1992), transpiration (Levis et al., Zaehle et al. (2005). Gerten et al. (2004) detailed the
2000) and land cover change (Bosch and Hewlett, 1982hydrological process representations, which are summarised
Foley et al., 2005; D’Almeida et al., 2007). Influencing here.
runoff at the micro level are reductions in stomatal conduc-
tance in response to increasing atmospheric carbon dioxidé-1.1 Runoff generation, interception and soil moisture
concentrations, resulting in a greater carbon dioxide intake storage

per unit of water transpired (Gedney et al., 2006). This

physiological effect has been proposed to account for a 6943Unoff is determined on a daily basis, as net precipitation
increase in mean global runoff since pre-industrial times(@fter interception) minus transpiration from two fixed-depth

(Betts et al., 2007). However, its importance has been conS°!l [ayers (upper 0.5m; lower 1.0m) and surface evapo-

tested, as the physiological effects of carbon dioxide could@tion from the top soil layer (Sitch et al., 2003; Gerten
lead to compensating increases in leaf area index (LAI) (Piadt &l 2004). Precipitation is determined as snow below
et al., 2007; Huntington, 2008). DGVMs attempt to resolve 0°C &ir temperature, which melts at the following rate
such discrepancies by quantifying the various competingBeer etal., 2007):

processes and allowing them to work together. The extent, _ (15+40.007-P)-T 1)
to which they do so correctly can only be evaluated through
extensive comparison with observations. whereM is daily snowmelt (mmday'), P is monthly pre-

This paper aims to evaluate the macro-hydrological per-cipitation in mm (stochastically distributed to approximate
formance of a leading DGVM of intermediate complexity — daily values; Prentice et al., 2011) afidis air temperature
LPX (Land-surface Processes and eXchanges: Prentice et ak,0°C. Daily interception canopy storage is a function of
2011). LPX is one of the most recent developments from theprecipitation, LAI, daily phenology and biome. There is no
LPJ model (Sitch et al., 2003) with improved hydrology as built-in river routing algorithm, as in LPIJmL (LPJ-managed
introduced by Gerten et al. (2004). We compare simulated-ands; Rost et al., 2008) so any runoff generated is assumed
runoff fields against observations of global streamflow andto reach the basin outlet at the end of each model day. Surface
an independent composite, model-adjusted runoff dataset. and subsurface runoff are distinguished via determination of

Previous and complementary versions of LPJ have beeivater in surplus to field capacity for each soil layer. Soil
evaluated with regard to carbon storages and fluxes (Sitctinoisture is the water remaining after daily transpiration,
et al., 2003), soil moisture (Wagner et al., 2003), crop€vaporation, infiltration and runoff have been accounted for.
phenology (Bondeau et al., 2007) and hydrology (Gerten eMWater percolating through the lower soil layer is assumed
al., 2004; Rost et al., 2008). Comparative evaluations ofto contribute to subsurface runoff, the rate of which is a
LPX and several other DGVMSs, including two versions of function of soil texture, moisture and depth. This water flux
LPJ, are underway for seasonal, interannual and interdecadé summed along with surface and subsurface runoff for use
indicators of carbon cycling, water cycling and remotely in this evaluation.
sensed green vegetation cover (E. M. Blyth et al., personal . o
communication, 2010). LPJ has been shown to perform?-1-2 Evaporation and transpiration
reasonably well in comparison to similar models at both
the basin scale (thirteen US basins; Gordon et al., 2004

and the global scale (Cramer et al, 2001). = Gerten et2001) through net radiation and temperature. Transpiration is

al. (2004) reported that runoff and evaporation agree well ) . .
with comparable hydrological models, although considerablethe lesser of an atmospheric demand term (which combines

discrepancies in runoff estimation persisted in some regionsﬁﬂogﬁg:;: ei’ggg)ra;fg ;r;((j)i|7ulgﬁfemg?sr':3:§t23cef f'?e”r(r)w\"nm(nag
particularly in the tropics. : P PPy

maximal rate determined by plant hydraulic properties, re-
duced as a function of declining soil moisture content).
Where water is not supply limited, stomatal conductance is
governed by photosynthesis rate, and@0ncentration and

21 The LPX model partial pressure (Gerten et al., 2004). A third soil layer cov-
ering the top 0.2 m is used to calculate daily soil evaporation.

LPX simulates global biospheric dynamics through proCeSS_Moisture loss occurs from bare soil and decreases linearly as
based representations of biogeochemical and biogeophysicdfsiccation increases.
processes at the land surface afGpatial resolution, using

otential evaporation is calculated based on the Priestley-
aylor equation (Priestley and Taylor, 1972; Hobbins et al.,

2 Methods
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2.1.3 Wildfires are used to assess the simulation of hydrological and me-
teorological drought respectively. Agricultural or ecolog-
Aside from the version of Climate Research Unit (CRU) ical drought is evaluated using gravimetric soil moisture
input data used (CRU TS 3.0 c.f. CRUO5; New et al., 2000),observation point data from the Global Soil Moisture Data
the main distinctions between LPX and LPJ of Gerten etBank (GSMDB; Robock et al., 2000) for river catchments
al. (2004) concern its wildfire innovations. Consistent with in Russia. Data are available for the upper 1m soil layer of
experimental observations of humans pre-empting, rathenatural grass plots 0f0.1 ha for 1978-1985. These have
than exacerbating, the natural fire regime (e.g. Higgins ebeen formed by averaging four measurement points in each
al., 2007), anthropogenically-induced ignitions have beenplot every ten days during the growing season and once per
removed from the model (Prentice et al., 2011). Fire ignitionmonth during winter (Robock et al., 2000). Monthly means
probability is also now also dependent on monthly wet-dayhave subsequently been created for each of the Amur (based
frequency and fuel drying follows a modified relationship on 11 soil moisture stations), Lena (17 stations) and Ob
between litter moisture, mass, surface area (fixed for thre¢13 stations) catchments. It should be noted however, that
fuel classes) and the Nesterov fire danger index, rathesoil moisture content is inherently heterogeneous through
than a simple assumed desiccation-fuel class relationshigpace, and thus the values presented should be interpreted
(Prentice et al., 2011). Litter decomposition is now alsowith necessary caution. This study applies these data as a
resolved daily, rather than annually, which has been showmeans of assessing the relative timing of agricultural drought
to improve the timing of seasonal fire regime simulations in compared to other drought indices.
herbaceous or shrubby vegetation in the presence of fine fuels
(Prentice et al., 2011). 23 Data
Fire is known to play an important role in determining

vegetation distribution, type and density, and thus has sub- . . .
sequent effects on hydrology in the affected region (e.g.A global gridded model-observation composite dataset and

Shakesby and Doerr, 2006). two river discharge observation datasets are used to evaluate
' LPX simulated runoff, in addition to estimates of freshwater
2.2 Evaluation techniques consumption.
Global observations of monthly runoff are relatively sparse
2.2.1 Comparison with the Palmer Drought Severity and discrepancies in monitoring frequency, quality and tech-
Index (PDSI) nigue combine to make it difficult to synthesise such data in

a common format and assess their reliability. One source of
LPX annual and monthly runoff is compared to the Palmerglobal gridded runoff is a product of the International Satel-
Drought Severity Index (PDSI; Palmer 1965). The PDSI is lite Land-Surface Climatology Project, Initiative Il (ISLSCP
a hybrid index based on antecedent precipitation, moisturdl) project: the University of New Hampshire-Global Runoff
supply and demand (following Thornthwaite, 1948; Dai Data Centre (UNH-GRDC) Composite Global Runoff Fields
et al., 2004). The index is most effective on an annual(Fekete et al., 1999; Fekete et al., 2002). This represents
basis, while interpretation of monthly soil moisture values @ combination of climate-driven water balance runoff model
for northern latitudes requires caution due to the exclusion of WBM) outputs and GRDC observed river discharge obser-
snow accumulation and potential evaporation being assumewations for the period 1986-1995, on a monthly basis &t 0.5
(according to Thornthwaite, 1948). However, the PDSI hasresolution. Observations account for 72% of the actively
been shown to correlate with soil moisture content duringdischarging ¢3mmyear?) global land area (Fekete et al.,
warm seasons in lllinois and Eurasia, and streamflow from2002). River discharge measured at a point and WBM-
large global catchments (Dai et al., 2004). Regional-scalesimulated runoff are disaggregated between pre-defined in-
studies of recent and historical droughts have been conductei@rstation domains and corrected according to observations
using the PDSI (e.g. Karl, 1986; Lloyd-Hughes and Saun-(Fekete etal., 2002). Monthly outputs are adjusted via annual
ders, 2002; Fye et al., 2003; Ntale and Gan, 2003), while DaForrections to account for mistimings in intra-annual runoff
et al. (1998) also used this index to estimate the influence owvhich may arise as a result of storage in excess of a month
the El Niio-Southern Oscillation on global variability in wet (Fekete et al., 1999).

and dry periods. Observations of mean monthly global river discharge pro-
vided by the GRDC are also used to evaluate runoff for the

2.2.2 Comparison with high flows and indicators of twelve largest catchments in the world by area (O’Connor
drought and Costa, 2004). Data from the furthest downstream gaug-

ing station have been selected, since this should approximate
Basin sums of monthly LPX runoff, Global Runoff Data aggregated catchment runoff. While such measurements are
Centre (GRDC;http://grdc.bafg.dd/ observed streamflow usually estimated to incur error in magnitude of between 5—
(converted to mm/month) and CRU TS 3.0 precipitation 10% (Rantz, 1982) and up to 20% (Hageman arignenil,
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2.4 Model set-up

380
- 780 A spin-up period was used to initialise the model, which

was forced with input variables detrended using the lowess
technique (see Prentice et al., 2011, for more details). The
1948-2000 period was recycled using detrended CRU and

360 —
\ [ 760

(0]
£ 340 | 740 % NCEP data at 286 ppm GOand 1850 HYDE croplands
b= 3 (Klein Goldewijk et al., 2007), until the fifty year means of
g 207 | 720%”; all carbon pools varied by2% for each grid cell. LPX was
§ § subsequently run for 1850-2006, forced with°OmBonthly
F 3007 3 gridded fields of air temperature, precipitation, wet day
3 - TS frequency and cloud cover fraction from the CRU TS 3.0
280 s = archive (e.g. Mitchell and Jones, 2005), detrended prior
° LEXSimuaton - msumpton <\ - 680 to 1901 (using CRU TS 2.1), along with global annually
260 - © Dai et al. (2009) Converted River Discharge || (0] ' varying CQ concentrations (Etheridge et al., 1996; IPCC,
RO Te o e on /. 2001) and nine fixed soil texture types (Zobler, 1986). The
‘ ‘ ‘ ‘ ‘ ‘ monthly inputs were stochastically disaggregated to form
1950 1960 1970 1980 1990 2000

daily values. Fractional sunshine hours data range from
vear 1901-2002, with 1997-1998 formed of monthly means from

Fig. 1. Global Mean Annual Runoff as simulated by LPX for 1951— the previous thirty years and beyond 2002 composed of

. converted sun hour observations and synthetic data derived

2000 (and also with WaterGAP freshwater consumption incorpo-]c dailv t t Wet dav dat det ined
rated), compared to ISLSCP Il composite runoff dataset for 1986— rom daily temperature ranges. Vet day data are aetermine

1995, Dai et al. (2009) converted river discharge observations anérom a combination of station measurements and synthetic
CRU global mean annual precipitation. wet days derived from precipitation, while being entirely
synthetically-derived from precipitation from 1990 onwards.
1998; Dingman, 2001), these data should still offer a solid
alternative against which to benchmark simulated runoff,3 Results
with the advantage of being independent of any model.

A dataset of monthly river discharge for 1948-2004 from
925 global rivers, accounting for73% of global streamflow 31 1 Trend
(Dai et al., 2009) is used to evaluate LPX interannual vari-
ability in runoff. Data are predominantly composed of obser-LPX simulated runoff shows a decrease of 0.42 mmy#ar
vations from GRDC, University of New Hampshire (UNH) (;=181, p ~ 0) through the period 1951-2000 (Fig. 1).
and National Center for Atmospheric Research (NCAR)Simulated variations in global runoff over the 20th century
archives. Where gaps in the time-series or unmonitoreccompare well with the reconstruction of Dai et al. (2009), in
regions exist, these are infilled by using nearby gauges angerms of most interannual variability features and the pres-
a linear regression equation for each river, using flow inputence of a decreasing trend for 1951-2000 being captured.
values from the Community Land Model, version 3 (CLM3; However, the trend as simulated by LPX is steeper than in
Oleson et al., 2004). the Dai et al. (2009) data set.

Water consumption is based on the“Ogidded estimates The trend of the CRU terrestrial precipitation data
of the Global Water Use (GWU) model nested within Water- ysed here shows little overall change for 1951-2000
GAP 2 (Water — Global Assessment and Prognosis; Alcamq—0.0025 mm year!). Downward trends in runoff as shown
et al., 2003). The GWU model is composed of domestic,in the Dai et al. (2009) data set, and as simulated by LPX,
industrial and agricultural sector sub-models which are usedherefore must have other causes, such as-i@@uced
to determine total water withdrawals and consumption (theincreasing leaf area index (Piao et al., 2007) in part con-
latter being important here in reducing LPX runoff esti- tributing to increased transpiration fluxes. Increasing,CO
mates). Water consumption is determined as losses from thaight also be enhancing woody cover in the tropics and
immediate water environment by means such as evaporatioubtropics at the expense of C4 grasses (e.g. Bond and
transpiration, crop irrigation, incorporation into products and Midgley, 2000), resulting in increased transpiration as the
crops, and human and livestock consumption (Alcamo et a|.W00dy plants access deeper soil water stores.

2007). Livestock water demands are assumed to equal their Global runoff is generally expected to increase as part

total consumption, while transpiration of irrigated water is of an accelerating global hydrological cycle (Huntington,

assumed to occur at its potential rate (Alcamo et al., 2003). 2006). As such, a decrease in runoff, as presented here,
may appear surprising. However, the direction of change

3.1 Key features and data-model comparisons
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ment (Willmott, 1982). This is a metric of simulation quality
based on the mean and variance of the outputs compared to
their associated observations, whereby 1 =perfect agreement
between simulations and observations, and 0 =complete dis-
agreement. When tested for interannual variability against
the Dai reconstructions and ISLSCP Il composite data, LPX
scores 0.98 and 0.92 respectively compared to a range of
0.89 (for Gerten-LPJ) to 0.92 (‘Model 2) as reported in
Gerten et al. (2004). The global mean absolute deviation
(bias) for LPX is 60 mmyear for the Dai reconstructions
and 74 mmyear* for ISLSCP I, compared to a range of
—1471 (‘Model 1') to 442 mmyear' (‘Model 3’) for 663
catchments. LPX total global annual runoff averaged for
the period 1961-1990 is 56865 Riyear ! from a land area

of 128x 10° km?, compared to 37288 khyear ! for Dai et

al. (2009) from an area of 117 10° km? (Dai and Trenberth,
2002), and 37075 kiyear ! from an area of 11% 106 km?

for the ISLSCP Il composite data. Incorporation of total
global annual freshwater consumption of 134Bkmar !

(as simulated by WaterGAP averaged for the period 1961-
1990 results in a revised estimate of 55524 kmear .
Previous estimates range from 36055k{8yed et al., 2010)

to ~45500kn? (Cogley, 1991) while Gerten et al. (2004)
is broadly consistent with the findings of, for example, estimated total runoff as being 40143%n.PX thus predicts
Gerten et al. (2008), Milliman et al. (2008) and Dai et total global annual runoff in excess of previous estimates,
al. (2009) for 1951-2000 and appears to be consistent witlwhich appears to be a product of differences in the pre-
CRU precipitation during much of this period (Fig. 1). This cipitation input data. For example, CRU TS 3.0 shows
is despite the weight of evidence suggesting a net increase i82 mm year?! (not shown) greater mean annual precipitation
global runoff during the 20th century as a whole (e.g. Labatthan similarly-uncorrected ISLSCP Il Global Precipitation
et al., 2004; Huntington, 2006; Piao et al., 2007; Syed et al. Climatology Centre (GPCC; Rudolf et al., 1994; Schneider
2010), although there are regional discrepancies (e.g. Aizert al., 2008) data for congruent 0.§rid cells during 1986—

et al., 1997; Bry and Wood, 2005). Precipitation is shown 1995. The outcome of this input discrepancy in terms of LPX
to be a key driver of runoff and exhibits high interannual and runoff is highly similar interannual variability, but a CRU
interdecadal variability, which generates similar variability in mean annual bias of 39 mm yearrelative to GPCC precip-
the global runoff regime. These findings also largely reflectitation (Fig. 2), thus demonstrating the need for constraint of
those of Milliman et al. (2008) for the same period, thus data input uncertainties (see Fekete et al., 2004; Biemans et
demonstrating the non-linearity associated with the trend ofal., 2009).

a supposed acceleration of the global hydrological cycle.

Year

Fig. 2. Comparison of LPX global mean annual runoff for 1986—
1995 using CRU TS 3.0 and GPCC precipitation input data.

3.1.4 Global runoff distribution
3.1.2 Interannual variability
LPX captures the global runoff distribution well, but has a
LPX tracks the interannual variability of the composite general tendency to overestimate runoff magnitude, partic-
global mean and Dai reconstructions very well, although theularly in the tropics and throughout much of the Northern
absolute values of runoff are overestimated by between 65+Hemisphere, while underestimations are typical surrounding
88 mmyear?! and 33-76 mmyeat respectively, probably the equator (Fig. 3). These discrepancies are most likely
at least in part due to water abstractions not considered imelated to precipitation biases, particularly in regions which
the DGVM. The interannual variability in runoff appears to are affected by the undercatch of snow. The findings de-
be explained largely via changes in precipitation for LPX scribed here compare favourably to similar studies by Sitch et
(r =0.56; p &~ 0), Dai reconstructions-0.50; p~0), and  al. (2003) and Gerten et al. (2004) with regard to the relative
the ISLSCP Il compositer(=0.71; p =0.02). magnitudes of runoff across latitudinal domains.
The incorporation of freshwater consumption data con-
siderably improves the simulation of runoff betwee80—
45° N in such that LPX more closely resembles the compos-
LPX performs well when related to other similar models for ite runoff distribution. The largest overestimations still re-
simulation performance, using the Willmott Index of Agree- main in the southern tropics, where consumption is minimal.

3.1.3 Comparison to other models

www.hydrol-earth-syst-sci.net/15/91/2011/ Hydrol. Earth Syst. Sci., 15882011
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T X Smulation suggests the need for incorporation of flow routing or study

I LPX minus Consumption at the catchment scale (see subsequent sections), particularly
_ Y ISLSCP Il . H H

1000 A where consumption is high.

800 4 / 3.1.5 Interannual variability at the catchment scale

| “ LPX grid cells that fall within the boundaries of the se-
600 7 ] Y lected river catchments (GRDC, 2007) have been used to
L] | ‘ test interannual variability. The model tends to perform

A \ well in replicating trends (despite showing a bias in some

\ / cases) and is often within, or close to the periphery of
j / V\/\MM the runoff envelope shown by the composite and monthly
\/ 3 summed converted river discharge data (Fig. 5). As such,
LPX best represents the interannual runoff of the Amazon,
Yenisei, Lena and Zambezi, and represents the Congo well
. . . . | [ ‘ with respect to the composite data. Runoff for the other
-60 -40 -20 0 20 40 60 80 catchments tends to be overestimated, particularly for the
Latitude (°) Nile, Mississippi, Parana and Niger, which may be a result
of bias in the precipitation input (e.g. Biemans et al., 2009).
Fig. 3. Mean Global Annual Runoff Distribution for the period Of the catchments which are coincident with those validated
1986-1995 per 4 latitudinal band as simulated by LPX and as by Gerten et al. (2004), albeit for different time periods,
represented by the ISLSCP Il composite dataset. FreshwatekPX better simulates interannual variability of runoff for the
consumption is based on WaterGAP estimates. Amazon, Nile and Yenisei, but more greatly overestimates
for the Congo and Mississippi. The inclusion of water
consumption either improves or does not adversely affect
It should be acknowledged that a greater proportion ofthe simulation of runoff in most catchments, especially the
streamflow observations exist in Europe, North America, Yangtze, and to a lesser extent, the Mississippi and Nile.
South America and parts of western Africa, where the river

gauge network density is highest (Fekete et al., 2002)3.1.6 Seasonal variability at the catchment scale
ISLSCP Il runoff data inherently incorporate freshwater
demands in such regions and thus represent a more suitablghile the seasonality of flows is generally well represented
runoff comparator. Uncertainty in runoff evaluation is greater py L PX at the catchment scale relative to the ISLSCP Il data,
in regions where ISLSCP Il runoff is model-generated, andthere is a tendency towards early estimation of the extremes
particularly where population densities are high, due to theof runoff by at least a month compared to the GRDC data
omission of such water withdrawals. (Fig. 6). The greater discrepancies lie in the magnitudes
LPX shows considerable overestimations of annual runoffof summed monthly flow. With the exception of the Amur,
throughout much of Central and Northern America, partsYenisei and Yangtze, LPX does not replicate the peaks in
of South America, the tropics of Africa, south and easternrunoff as seen in the observed river discharge records. Gerten
Asia and eastern Europe (Fig. 4a). Underestimations aret al. (2004) report broadly similar findings for the coincident
largely restricted to equatorial regions, central Europe, thecatchments (for differing time periods), although LPX better
UK, and the northernmost latitudes. LPX best representsepresents the seasonal peak of the Yenisei and achieves
annual runoff in the Sahel, central and western Asia, parts ok slightly better, but still poor, replication of intra-annual
North America, south-western South America and southerrflow in the Nile. However, monthly flow timings in the
Australia. These findings are generally consistent withMississippi are better captured by the former version of the
those of Gerten et al. (2004) using LPJ, with improvementsmodel. Simulated runoff generally tracks CRU TS 3.0 intra-
apparent in the north-west of North America and some partsaannual precipitation due to the assumption of runoff being
of semi-arid northern Africa. generated and outputted from the basin within a given day.
When including freshwater consumption (Fig. 4b and c), As a result, the model tends to overlook the multiple runoff
LPX shows a reduction in the overestimates for regions ofregulators present in river catchments, causing the timings
Europe, the USA and southern and eastern Asia. Somef simulated peak flows to generally be out of synchrony
parts of India and the Lower Nile river, where runoff is with observations. The ISLSCP Il composite data, which are
overestimated by LPX, are shown to be underestimated wheformed via a simple routing mechanism of runoff within the
consumption is incorporated. This is a product of consumed/VBM (Fekete et al., 1999), fare little better in demonstrating
water being removed from accumulated discharge in realityaccurate flow timings in comparison to LPX. However, while
whereas here it is reduced on a per-grid cell basis. Thid.PX is more likely to overestimate the runoff from northern

200

Mean Annual Runoff per 1°Latitudinal Band (mm/year)
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Difference between ISLSCP Il Composite (mm/year)
W <500 O -100--50 @ 0-25 @ 100-200
W -500-200 [ -50--25 @ 25-50 M 200-500
@ -200--100 @ -25-0 @ 50-100 M >500

Freshwater Consumption (mm/year)
O o0-10 MW 30-40
O 10-20 W 40-50
@ 20-30 W >50

Fig. 4. (A) — Difference in LPX mean annual runoff (mmyea) from the ISLSCP Il composite dataset for the period 1986—1995.

(B) — Difference in mean annual runoff for LPX and ISLSCP Il (1986-1995) with mean annual freshwater consumption incorporated
(mm yearl). (C) — Difference between former two figures to highlight regions where WaterGAP freshwater consumption (m%m year

is important in influencing the discrepancies between LPX and ISLSCP Il runoff estimates.
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Fig. 5. Interannual variability in mean annual runoff for twelve selected catchments as represented by LPX, the ISLSCP Il composite data
and, where available, GRDC disaggregated river discharge observations. LPX simulated runoff with WaterGAP freshwater consumption is
also shown.

latitude catchments, Gerten et al. (2004) note a deficit insection focuses on the simulation of the physical forms
comparison to observations (for a differing time period andof drought and the application of hydrological statistics to
using CRUO5 precipitation), which is attributed to under- assess high and low flows. LPX summed total catchment
catch of snow in high-latitude precipitation data, and the monthly runoff is compared against GRDC runoff-equivalent
simplistic model representation of snow accumulation andmonthly river discharge (GRDC, 2007) for a selection of

melt. large catchments on a per-event basis.
LPX overestimates monthly peak flows in the Mississippi
3.1.7 Comparison of LPX with high and low flow catchment (possibly due to the omission of human abstrac-
observations tions and channel infrastructure), and often mistimes high

flows by a month (Fig. 7+ =0.57; p ~0). The Mississippi
The reliable forecasting of droughts is critical to all simula- flood of 1973 (e.g. Deutsch and Ruggles, 1974; Chin et al.,
tions of global water resources. Unlike flooding, the defi- 1975) is reproduced by LPX but at three times the peak
nition of drought is not agreed, due to differing perceptionsmagnitude and two months early. There is also a tendency
of water shortage magnitude and duration between regionto overestimate low flow events while some timings are
(e.g. Dracup et al., 1980). Broadly one can distinguish meteincongruent. Peak flow magnitudes are represented much
orological drought (shortages of precipitation), hydrological more successfully for the Yangtze catchment, while low
drought (shortages of runoff and/or streamflow), agriculturalflows are underestimated (Fig. 7=0.76; p~0). Flow
or ecological drought (soil moisture shortages) and sociotimings are generally well simulated, but sometimes dis-
economic drought (a shortage of water to support consumpparate by a month. The Yenisei is captured very well with
tive economic demand) (Keyantash and Dracup, 2002). Thigsegard to the simulation of peak flow magnitudes and timings
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(Fig. 7; r =0.87; p ~0), but again, while low flow timings Variability in the magnitude of LPX monthly runoff gen-
are modelled well, event magnitudes are consistently undererally mimics that of precipitation, river discharge and soil
estimated. Overall however, peak and low flow timings aremoisture (Fig. 8). The spring melt is consistently overesti-
generally well captured for the catchments tested (althoughmated and in some cases simulated runoff exceeds precipita-
might be improved further with the addition of river routing), tion (particularly in the Lena and Ob catchments), while al-
and successful simulations of flow magnitudes are shown. ways exceeding GRDC river discharge. This problem occurs
In order to assess the ability of the model to capture thedue to the simulated accumulation of winter precipitation
magnitude of potential floods and varying forms of drought, into the snowpack when monthly temperatures aC
statistical metrics are used as a means to characterise higierten et al., 2004). Daily infiltration when temperatures
and low flows. Low flow frequency (the number of months exceed GC is omitted, causing LPX spring runoff to also
<5% of January 1978 to December 1985 mean flow) andexceed observed river discharge when this enhanced winter
high flow frequency (the number of month®5%) metrics  storage melts. Beer et al. (2007) show explicit representation
are applied to each variable for each basin (Table 1). LPXof permafrost and associated soil freeze-thaw processes in
appears capable of capturing all forms of physical high flowsLPJ to improve estimates of runoff in northern latitudes, and
(with the exception of soil moisture in cases where observaas such, this is identified as a source of improvement for
tions are limited). Low flows are reasonably well captured LPX.
(although their frequency tends to be underestimated), with
hydrological ‘droughts’ simulated most accurately.
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Table 1. Monthly high and low flow frequencies of summed monthly LPX runoff, GRDC river discharge, CRU TS 3.0 precipitation and
mean GSMDB soil moisture for three Russian catchments between January 1978 and December 1985. Low flow frequency is determined ac
the number of months5% of January 1978 to December 1985 mean flow, and high flow frequency as the number of n85%hs

Runoff River Precipitation Soil
Discharge Moisture
High Low High Low High Low High Low
Amur 1 53 4 71 3 72 46 95
Lena 1 40 1 43 1 80 42 95
Ob 1 52 1 68 2 89 2 93
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Fig. 7. Total summed monthly catchment LPX runoff versus GRDC
runoff equivalent river discharge for the Mississippi, Yangtze and Fi9- 8. Monthly summed catchment LPX runoff, CRU TS 3.0 pre-
Yenisei catchments (1970-1979). cipitation, GRDC river discharge (all mm month) and Global Soil

Moisture Data Bank (GSMDB) soil moisture (mm10*/month)
for the Amur, Lena and Ob catchments between January 1978 and

3.1.8 Global flow timings December 1985.

At the individual cell scale, LPX has a slight propensity

towards late prediction of global peak intra-annual flow Aside from these notable exceptions, the maximum month of
(mean difference of~2 days compared to the composite runoff is generally well simulated for most of the Northern
dataset, in contrast toe1 month early with the former version Hemisphere.

of LPJ: Gerten et al.,, 2004), although there are notable

regional differences (Fig. 9a, b and c). This improvement3.2 Comparison of LPX to the Palmer Drought Severity
may be a result of differences in the input data or process  Index (PDSI)

representations. The Sahel, Arabian Peninsula, central North

America, central Asia and parts of central Africa are mostWith the exception of the final years of the 20th century
poorly captured, due to the difficulty associated with discern-(due to increases in global annual precipitation), the direction
ing non-routed monthly runoff maximums in consistently dry of the PDSI trend in showing a global tendency towards
climates (and especially since the extremities of the annuatirying, is reproduced by LPX runoff (Fig. 10). Interannual
hydrographs are dampened due to the absence of channedriability is also generally captured well, but with runoff and
evaporation and transmission loss processes from the modelprecipitation preceding the PDSI by at least a year in some
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Fig. 9. (A) — Month of maximum runoff as simulated by LPXB) — Month of maximum runoff for as represented by the ISLSCP Il
composite datasefC) — Difference in months between month of maximum runoff of LPX from the ISLSCP Il composite dataset.
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Fig. 10. Global mean annual Palmer Drought Severity Index (PDSI)
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cases. LPX runoff(=0.49; p =0.001) replicates the PDSI
trend much better than precipitation alone=(0.0009;

S. J. Murray et al.: Evaluation of Continental Hydrology as Simulated by a DGVM

Wet and dry periods are represented reasonably well
through comparison of runoff at the global scale to the
PDSI. In addition, high and low flow events are generally
simulated well for the Mississippi, Yangtze and Yenisei, and
flow event timings are generally captured very well. The
incorporation of a glacial mass-balance component and a
realistic permafrost melt routine (e.g. Beer et al., 2007) into
this version of the DGVM may bring further improvements.

LPX, in common with many hydrological models (e.qg.
Doll et al., 2003) is unable to reproduce the interannual and
seasonal peak in runoff observed in semi-arid catchments
such as the Nile and Niger. These rivers are unusual cases,
in that beyond a point, discharge decreases with distance
downstream. For example, approximately half of the Nile's
annual flow is lost from the Sudd marshes via evaporation
(including that directly from the channel) and transmission
losses (Ibrahim, 1984). Commonly overlooked in global hy-
drological modelling, transmission losses must be considered
in order for simulations to perform well in dry catchments.

Further improvement of the hydrological element of LPX
will require the inclusion of water consumption, a flow
routing scheme, and the representation of transmission and
direct-channel evaporation losses (particularly in semi-arid
regions). While LPX hydrology is simulated at least as
well as previous developments of LPJ, such additions to
this version of the DGVM should produce a step-change
improvement to global runoff modelling and will facilitate

»=0.995). Soil moisture can also be used as a droughfhe application of LPX as a tool for flood and drought

indicator. LPX soil moisture shows a decreasing trend,

prediction.
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