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Macroscale Hydrological Modeling and Global Water Balance

Taikan Oki and Hyungjun Kim

ABSTRACT

An overview of the global hydrological cycle, and recent achievements in macroscale modeling are given. Major
components of fluxes and storages in the global hydrological cycle are described and quantitatively illustrated
based on an off-line simulation framework. Methodologies for estimating fluxes and storage changes are
presented from the simple water balance concept to the state-of-the-art numerical models that are capable of
incorporating anthropogenic impacts. Efforts made by international research communities on global-scale
hydrologic modeling are introduced. Current situations of modeling, research opportunities, and gaps in global

hydrology are also identified.

1.1.INTRODUCTION

“Blue Planet” is a frequently used term to describe the
Earth, as approximately 70% of its surface is covered by
water. Although the water mass constitutes only 0.02% of
the total mass of the planet (5.974 X 10*kg), it is a critical
matter for all organisms including humans in their
survival [Oki et al., 2004]. Also, its availability has largely
affected civilizations in both culture and economy in
human history. Therefore, to ensure adequate fresh water
supply is essential for human well-being.

The Earth’s surface is dominated by various forms of
water. The total volume of water on the Earth is esti-
mated to be approximately 1.4x10"m?, which corre-
sponds to a mass of 1.4X10?kg. The global hydrologic
cycle always includes the oceanic circulation. The propor-
tion of water in the ocean is large (96.5%). Oceanic circu-
lations carry large amounts of energy and water. The
surface ocean currents are driven by surface wind stresses,
and the atmosphere itself is sensitive to the sea surface
temperature. Temperature and salinity together deter-
mine the density of ocean water, and both factors con-
tribute to the overturning and the ocean general
circulation. Some terrestrial areas are covered by fresh-
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water (lakes and rivers), solid water (ice and snow), and
vegetations (which imply the existence of water). Even
though the water content of the atmosphere is relatively
small (approximately 0.3% by mass and 0.5% by volume),
0.68 (£0.03)% of the area above the Earth is always cov-
ered by clouds when considering clouds with optical
depth>0.1 [Stubenrauch et al., 2013].

Water on the Earth is stored in various reservoirs,
and water flows from one to another. Water flow per
unit time is also called water flux. To understand the
global water cycle, the quantification of fluxes and
storages with the associated processes is necessary.
Figure 1.1 schematically illustrates various water stor-
ages and fluxes in the global hydrologic system [revised
from Oki and Kanae, 2006].

The objective of this chapter is to give a brief overview
of research approaches for global water-balance estima-
tion. To provide basic background of the water cycle, in
Section 1.2, major components of terrestrial hydrologic
processes are briefly explained with quantitative estima-
tions using a global off-line simulation. From Section 1.3
to Section 1.5, the major methodologies for water-balance
estimations are described. An early estimation that used
reanalysis data set and a simple water-balance equation is
introduced, and the development of the model-based
macroscale land simulation framework and recent
achievements to consider the human impact are covered.
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Figure 1.1 Global hydrological fluxes (1000 km?® yr') and storages (1000 km?) with natural and anthropogenic
cycles are synthesized from various sources. Vertical arrows show annual precipitation and evapotranspiration
over ocean and land with major landscapes (1000 km? yr™'). Parentheses indicate the area (million km?) [from

Oki and Kanae, 2006].

Section 1.6 introduces how the science communities have
organized international collaborative frameworks. As the
last part, prospects for macroscale hydrologic model
development in the near future are given in Section 1.7.

1.2. COMPONENTS OF TERRESTRIAL
HYDROLOGICAL CYCLES

Precipitation is the water flux from the atmosphere to
the land or the ocean surface. It drives the hydrological
cycle over the land surface and also changes the ocean sur-
face physical properties (i.e., salinity and temperature),
which affect its thermohaline circulation. It is intercepted
by vegetation canopy, and the amount exceeding the
interception storage reaches the land surface as through-
fall. Compared to the other major hydrological fluxes,
precipitation behaves in a more variable, intermittent,
and concentrated way in time and space. Despite dense
gauge station networks, such a highly inhomogeneous
spatiotemporal variability makes the observation of pre-
cipitation and the aggregation of the process complicated
and challenging. In a hybrid product, such as Global

Precipitation Climatology Project (GPCP) [Huffman
et al., 1997], satellite-based estimates are merged with in
situ observational data to fill the observational gaps. Global
distribution of precipitation is presented in Figure 1.2a.

Snow has special characteristics compared to rain
which refers to the liquid phase of precipitation. When
snow accumulates, the surface temperature keeps 0°C
or below until the completion of snow melt. The albedo
of new snow can be as high as cloud albedo, and it varies
between 0.6 and 0.9 in the aging process (covered with
dust). Consequently, the existence of snow significantly
changes the surface budget of energy and water. A snow
surface typically reduces the aerodynamic roughness, so
that it may also have a dynamic effect on the atmos-
pheric circulation and associated local and remote
hydrologic cycles.

Evapotranspiration, consisting of evaporation and tran-
spiration, is the flow of water and latent heat energy
returning from the surface to the atmosphere. The amount
of evaporation is determined by both atmospheric and
hydrological conditions. Wetness at the surface influences
the partition between latent and sensible heat significantly.
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Figure 1.2 Global distribution of long-term (1979-2013) annual mean of (a) precipitation (mm yr™') from the
GPCC [Schneider et al., 2014], (b) evapotranspiration (mm yr), (c) runoff (mm yr™), (d) river discharge (m* yr),
(e) groundwater recharge (mm yr™"), and (f) soil wetness (-) from off-line hydrological simulations by Ensemble

Land Surface Estimator (ELSE) [Kim and Oki, 2014].

The ratio of actual evaporation to potential evaporation is
reduced due to drying stress near the surface. The stress is
sometimes formulated as a resistance under which evapo-
ration is classified as hydrology-driven (soil-controlled).
If the land surface is wet enough compared to available
energy for evaporation, the condition is classified as radia-
tion driven (atmosphere controlled).

Transpiration is the release of water vapor from the
stomata of leaves. It is distinguished from evaporation
from soil surfaces in two aspects. One is that the resistance
of stomata does not relate only to the soil dryness but also
to the physiological conditions of vegetation through the
opening and closing of stomata. The other is that roots
can transfer water from deeper soil layers in contrast to
evaporation over bare soil. Vegetation also modifies the
balance of surface energy and water by altering surface
albedo and by intercepting and evaporating a part of
precipitation. The global distribution of total evapotran-
spiration is shown in Figure 1.2b.

Runoff (Fig. 1.2c) carries water back to the ocean from
the land. Without rivers, global hydrologic cycles on the
Earth are not closed. Runoff into the ocean also plays a
role in the freshwater balance and the salinity of the
ocean. Rivers carry not only water but also sediments,
chemicals, and various nutrient materials from continents
to seas. Runoff at the hillslope scale is a nonlinear and
complex process. Surface runoff can be generated when
the intensity of rainfall or snowmelt exceeds the infiltra-
tion capacity of the soil (Hortonian runoff), or when rain
falls on the saturated land surface (Dunne runoff).

Saturation at the land surface mostly occurs along the
hill slopes according to the topographic concentration
mechanism. Infiltrated water in the upper part of the hill
slope flows down the slope and discharges at the bottom
of the hill. Because of the high heterogeneity of topogra-
phy, soil properties (such as hydraulic conductivity and
porosity), and precipitation, basic equations such as
Richard’s equation, which can be valid fairly well at a
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point scale or hillslope scale, cannot be directly applied in
the macroscale using the mean quantities because of the
nonlinearity involved. The river discharge accumulates
total runoff generated in upstream watershed. The global
distributions of runoff and river discharge are illustrated
in Figure 1.2c and d.

Groundwater is the subsurface water in the saturated
zone. It contributes to the runoff in the low-flow regime
between storm events, that is, during a dry spell. Deep
groundwater may also reflect the long-term climatological
condition. The groundwater quantity in Figure 1.1 con-
siders both gravitational and capillary water, but ground-
water in Antarctica (roughly estimated as 2 X 10°km?) is
excluded. Gravitational water is the water in the unsatu-
rated zone (vadose zone), which moves downward by
gravity. Capillary water is the water that moves upward
due to capillary diffusion. Implementing macroscale
groundwater dynamics, Koirala [2010] estimated ground-
water recharge flux as 31,789 km?yr, which is close to the
flux of subsurface runoff in Figure 1.1 (30,200 km?yr1!).
The global distribution of model-simulated groundwater
recharge is illustrated in Figure 1.2e.

The global distribution of soil wetness is shown in
Figure 1.2f. Soil moisture is the water being held above
the groundwater table. It influences the energy balance at
the land surface by affecting evapotranspiration (which
consists of soil evaporation, plant transpiration, and
interception loss) and changing surface albedo. Soil mois-
ture also alters the fraction of precipitation partitioned
into direct runoff and infiltration. When the temperature
of the soil column keeps at or below 0°C for more than
two consecutive years, the condition is called permafrost.
During the summer season, the upper part of the soil col-
umn thaws and the melting water infiltrates downward,
but the permafrost layer is still impermeable like a bed-
rock. Figure 1.3 indicates the global estimation of evapo-
transpiration and runoff. Approximately one third of
precipitation turns to runoff and one third of the runoff
is estimated to be surface runoff. The shares of transpira-
tion, canopy infiltration, and bare soil evaporation are
close on global average.

Major reserves other than the ocean are solid waters on
the continent, including glaciers and permanent snow
cover. Glaciers are ice accumulations originated from the
atmosphere, and they move slowly on land over a long
time period. Glaciers form U-shaped valleys over land
and leave moraine deposits when they retreat. If a glacier
“flows” into an ocean, it often turns into an iceberg.
Glaciers evolve in a relatively longer timescale in com-
parison to climatic change. They can also induce isostatic
responses of continental-scale upheavals or subsidence in
even longer timescales. Even though it was believed that
the thermal expansion of oceanic water dominated the
anticipated sea level rise due to global warming, glaciers
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Figure 1.3 Global water balance and partitioning between the
components of evapotranspiration (B, transpiration, E__ -
interception-loss, and E_: evaporation from bare soil) and runoff
(R, surface runoff, R_,: base flow) based on the estimation by

Kim and Oki [2014].

over land are also a major concern as the cause of sea
level rise associated with global warming in the coming
decades.

1.3. GLOBAL WATER BALANCE IN EARLY ERA

The 1980s was the dawn of four-dimensional data assim-
ilation (4DDA) of the global atmosphere. Oki et al. [1995]
were one of the first to demonstrate the potential capability
of 4DDA data to estimate terrestrial water balances using
global precipitation observations and large basin river
discharges based on the atmospheric water balance (AWB)
method. Water balance over land and combined water
balance are schematically illustrated in Figure 1.4.

The water balance over land is described as equation
(1.1) where P, E, R, and S are precipitation, evapotranspi-
ration, runoff, and terrestrial water storage, respectively,
within an arbitrary boundary as illustrated in Figure 1.4a:

s _

—=P-F—-R
dt

(1.1)
Atmospheric water vapor flux convergence contains
water balance information in addition to the traditional
hydrological elements such as precipitation, evapotran-
spiration, and discharge. The basic concepts as well as the
application of atmospheric data to estimate terrestrial
water balance were first presented by Starr and Peixéto
[1958]. The atmospheric water balance for a column of
atmosphere from the bottom at land surface to the top of
the atmosphere is described by the equation,

dw

7_Q+(E—P) (1.2)
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Figure 1.4 Schematic diagram for (a) terrestrial water balance, (b) atmospheric water balance, and (c) combined atmos-
phere-land surface water balance corresponding to equations (1.1), (1.2), and (1.3), respectively [Oki et al., 1995].
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Figure 1.5 Atmospheric water balance approach using (a) annual vapor-flux convergence (mm yr') from
European Centre for Medium-Range Weather Forecast (ECMWF) global analysis [Hoskins, 1989] based on Oki
et al. [1995] to estimate (b) annual mean evapotranspiration (mm yr™') for 1989-1992 as a residual of (a) and

precipitation corresponding to the period.

where W represents the precipitable water (i.e., column
integrated water vapor), and Q is the water vapor flux
convergence in the atmosphere (Fig. 1.5a); all fluxes
given in the unit volume of per time step). Since the
atmospheric water content in both solid and liquid phases
is generally small, only the water vapor is considered in
equation (1.2). Figure 1.4b shows that the water storage
in an atmospheric column is increased by the lateral con-
vergence of water vapor and evapotranspiration from the
bottom of the column (i.e., land surface), and decreases
due to the precipitation falling from the bottom of the
atmosphere column to the land.

Since there are common terms in equations (1.1) and
(1.2), they can be combined into:

dw ds

_7+Q=(P—E)=E+R (1.3)

Figure 1.4c illustrates the balance in this equation.
The difference of precipitation and evapotranspiration is
equal to the sum of the decrease of atmospheric water
vapor storage and lateral (horizontal) convergence, and is
also equal to the sum of the increase of water storage
over the land and runoff. Theoretically, equation (1.3)
can be applied for any control volume of the land area
combined with the atmosphere above, however, the prac-
tical applicability depends on the accuracy and availability
of atmospheric and hydrologic information. The global
distribution of total evapotranspiration is shown in
Figure 1.5b, which is estimated using the atmospheric
water balance. Trenberth et al. [2007] used 40yr ECMWF
Re-Analysis [ERA-40; Uppala et al., 2005] to compute the
atmospheric moisture budget (i.e., E~P) and calculated
global evapotranspiration as a residual of the precipitation
and runoff (i.e., P-FE) using gauged streamflow data
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of the largest 921 rivers in the world. This approach
has been extended combining terrestrial water storage
variability (obtained from remote sensing data by Gravity
Recovery and Climate Experiment, GRACE; Tapley
et al., 2004) and satellite altimetry-based ocean mass
change observation to estimate basin-scale evapotranspi-
ration [Rodell et al., 2004], global terrestrial discharges
[Syed et al., 2010], and discharges in continents and large
river basins [Syed et al., 2009].

1.4. MACROSCALE MODELING FOR WATER
CYCLE IN NATURE

Macroscale hydrological models have been developed
in response to societal expectations for solving current
and future world water issues. There is an increasing
demand for information on water resources and the pre-
diction of their future changes. Conventionally, available
freshwater resources are commonly defined as annual
runoff estimated by historical river discharge data or
water-balance calculation [Baumgartner and Reichel,
1975; Korzun, 1978]. Such an approach has been used to
provide valuable information on annual freshwater
resources in many countries. Atmospheric water balance
using the water vapor flux convergence could alterna-
tively be used to estimate global distribution of runoff
based on the atmospheric reanalysis and data assimila-
tion system [Oki et al., 1993].

In the early 1990s, during the planning stage of the
GEWEX Asian Monsoon Experiment (GAME), the
topic “how to develop macroscale hydrological models”
was discussed among Japanese scientists based on land-
atmosphere interaction studies. Two approaches were
identified. The first approach was to extend a conven-
tional microscale rainfall-runoff hydrological model to
a macroscale model that could run on the continental
scale with a detailed energy balance and vegetation
representation. The other approach was to enhance
hydrological processes in land surface models (LSMs)
and couple them with horizontal water flow processes,
particularly with river flow.

The land surface model was originally devised as a
physical scheme of a GCM to provide appropriate lower
boundary conditions of land grid boxes [Pitman, 2003].
The first implementation, the so-called bucket model,
has a globally constant soil depth and moisture-holding
capacity, and determines the Earth’s surface tempera-
ture using a simple heat balance equation [Manabe
1969]. Evaporation in the bucket model is simply deter-
mined by a linear relationship with soil moisture availa-
bility. Deardorff [1978] used the “force-restore” method
for soil scheme and proposed a “big leaf” type for
vegetation representation that has a single layer canopy
for heat and moisture exchanges characterized by the

micrometeorological bulk parameters. The big leaf can-
opy model has been broadly adopted in so-called second
generation LSM including the Biosphere Atmosphere
Transfer Scheme [BATS; Dickinson et al., 1986] and
Simple Biosphere Model [SiB; Sellers et al., 1986]. After a
major advance of the second generation LSMs, which
explicitly considered a vegetation cover on the Earth’s sur-
face, LSMs were able to simulate the carbon cycle.
Representation of plant physiology enabled LSMs such
as SiB2 [Sellers et al., 1996a] to control carbon and water
fluxes simultaneously, taking into account light, carbon
dioxide, and water stresses. Although third generation
LSMs tended to employ multiple soil layers and simu-
lated better underground processes of vertical heat and
moisture transfer, intergrid exchanges such as “river”, a
horizontal redistribution of water, were not considered.
Oki and Sud [1998] developed a global river channel
network named Total Runoff Integrating Pathway
(TRIP). Oki et al.[1999] proposed a framework for evalu-
ating global water cycles via off-line (uncoupled with
atmosphere) simulation of LSMs combined with river
routing schemes as a post-processors. The accuracy of
global water balance estimated by 11 land surface models
(LSMs) was validated by river discharge utilizing TRIP. The
framework is also useful for translating climate change—
driven changes in hydrological cycles (projected by GCMs)
into socially relevant information, such as changes in future
world-water resources and the frequency of flood and
drought [e.g., Nohara et al., 2006; Hirabayashi et al., 2008;
Hirabayashi and Kanae, 2009; Hirabayashi et al., 2013].
The second phase of the Global Soil Wetness Project
(GSWP2) also utilized such framework [Dirmeyer et al.,
2006]. A comprehensive review of the global hydrologic
cycle was done and world-water resources were estimated.
TRIP and the river routing scheme were widely adopted
by several GCMs in the world, including the European
Centre for Medium-Range Weather Forecasts (ECMWF)
for flood forecasting applications [Pappenberger et al.,
2010]. Six out of 23 future projections in the fourth
assessment report of the Intergovernmental Panel on
Climate Change (IPCC) utilized TRIP to identify the
impact of climate change on hydrological cycles [Faloon
and Betts, 2006]. The global river-routing scheme, TRIP,
was fundamentally revised recently. The new scheme,
named CaMa-Flood, which adopts the diffusive equation
as its principal equation, has the capability to represent
natural inundation processes [Yamazaki et al., 2011].
However, its couplings with large water bodies (e.g., lakes),
human interventions (e.g., reservoir operations), and evap-
oration from water surfaces are still under development.
Kim et al. [2009] suggested another framework to
evaluate off-line hydrological simulations not only using
single flux term (i.e., discharge) but also including total
terrestrial water storage (TWS) variations, which consist
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Figure 1.6 Basinwise validation for a macroscale hydrological simulation using the gauged Global Runoff Data
Center (GRDC) discharge and the observed TWSA by GRACE. It shows (a) seasonal variations of GRDC discharge
(black solid line), simulated discharge (red solid line), and runoff without routing (gray dashed line); (b) seasonal
variations of GRACE observed TWSA (black solid line), simulated TWSA with river storage (red solid line),
simulated TWSA without river storage (gray dashed line), and the major water storage components in TWS; and
(c) interannual variations of relative TWS: the GRACE observation (black dot), simulation with river storage
(red solid line), and simulation without river storage (gray dashed line). Gray crosses and shade, green circles and
shade, and blue triangles and shade in (b) and (c) represent the individual storage component of snow water, soil
moisture, and river storage, respectively [from Kim et al., 2009].

of soil moisture, snow water, and river water (Fig. 1.6).
As the satellite mission GRACE has monitored TWS
with unprecedented accuracy since 2002, it became feasible
to validate the partition of terms in terrestrial water
balance [Famiglietti and Rodell, 2013]. Also, it was found
that river storage not only explains different portions of
total TWS variations but also plays different roles in
different climatic regions. River is the most dominant water-
storage component in wet basins (e.g., Amazon) in terms
of amplitude and acts as a “buffer” which smooths
the seasonal variation of total TWS especially in snow-
dominated basins (e.g., Amur, Lena, Yenisei).

The model simulation of TWS may not be able to
reproduce the amplitude and seasonal pattern of observed
TWS variations by GRACE without an appropriate rep-
resentation of a river storage component. Also, using a
geodesy approach, Han et al. [2009] employed a set of
TRIP simulations using different effective velocities in
the Amazon River Basin and its vicinity. The model simu-
lations were compared to the residual of GRACE L1b
measurements derived from removing all the gravity-
influencing factors except for the lateral redistribution of
water storage in the Amazon river network. They demon-
strated that the optimal flow velocity of TRIP in the
Amazon varies between rising and falling water levels.

The global off-line hydrological modeling framework
has been used to estimate large-scale water cycles since it

is still the only available methodology that covers the
global area for a sufficient time span without any gap.
To reduce or estimate simulation uncertainties, approaches
such as data model integration (e.g., data assimilation)
and multimodel ensemble (MME) have been proposed.
The Making Earth System Data Records for Use in
Research Environments (MEaSURESs) project compiled
various sources of data set including remote sensing,
atmospheric reanalysis and model simulations, and
optimized sets of flux terms using a data assimilation
technique [Rodell et al., 2015]. MME approach has been
frequently performed as a community effort. International
model intercomparison projects (MIPs) such as Global
Soil Wetness Project [GSWP; Dirmeyer et al., 2006;
Dirmeyer, 2011] and Water Model Intercomparison
Project [WaterMIP; Haddeland et al., 2011] are good
examples adopting MME approach to quantify the fluxes
of water cycles globally, and they are introduced in
Section 1.6 with more details. Table 1.1 compares recent
studies that estimate global water balance using different
approaches.

1.5. CLIMATE CHANGE AND HUMAN IMPACT

Global concentrations of carbon dioxide and methane
have grown from the latter part of the eighteenth cen-
tury. Since then it has been called the “Anthropocene”
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Table 1.1 Global Water Balance in mm yr' by Different Studies

Type Period P ET R ET/P
Oki and Kanae [2006]* Model-based 1986-1995 826.5 487.7 338.8 0.59
GSWP2 (Dirmeyer et al. [2006]) Model-based 1986-1995 836.4 488.4 348.0 0.58
Trenberth et al. [2007]** Observations Varies by datasets 762.0 4922 269.7 0.65
WaterMIP (Harding et al. [2011])  Model-based 1985-1999 872.0 499.0 375.0 0.57
Kim and Oki [2014] Model-based 1979-2013 757.0 469.0 288.0 0.62
MEaSUREs (Rodell et al. [2015]) Observations and Model-based ~ 2000-2010 (mostly) ~ 795.7  481.8 313.9 0.61

Note: Boldface numbers indicate ensemble estimations.

* Original values in km?yr~' are divided by 1.34 x 10°%km? (global land area excluding Antarctica).
** Original values in km3yr~' are divided by 1.48 x 10%km? (global land area including Antarctica).

[Crutzen 2002] as human activities have driven global
environmental changes. Human activities have altered
water flows and storages significantly during the past
centuries by irrigation, damming, and groundwater
extraction. Therefore, the “real” global water cycles are
not “natural” anymore, and thus geoscience communities
have been urged to consider the human impact in their
analyses and the associated modeling systems. Simple
analytical water-balance models have been widely used to
estimate global-scale available freshwater resources in the
world since the beginning of this century [Alcamo et al.,
2000; Vorosmarty et al., 2000]. Later, LSMs were used to
simulate global water cycles [Oki et al., 2001; Dirmeyer
et al., 2006] and to assess global water resources by esti-
mating the water demand under future climate change
scenarios [Shen et al., 2008]. Some of those estimates
were calibrated by multiplying an empirical factor in the
river basins where observed discharge data are available.
However, recent model simulations with advanced cli-
mate forcing data can estimate global runoff distribution
with adequate accuracy without the need for calibration
[Hanasaki et al., 2008al.

HO8 is the genesis of the global hydrological model
including human intervention modules. It includes a reser-
voir operation scheme [Hanasaki et al., 2006] to simulate
the “real” hydrological cycles that are significantly influ-
enced by anthropogenic activities to modify “natural”
hydrological cycles on the global scale in the Anthropocene.
The integrated water resources model is further coupled
with a crop growth submodel, which can simulate the
timing and quantity of irrigation requirements, and a
submodel, which can estimate environmental flow require-
ments [ Hanasaki et al., 2008a]. A similar approach is found
in Haddeland et al. [2006], which was tested over North
America and Asian regions within the framework of
Variable Infiltration Capacity (VIC) [Liang et al., 1994].

Déll et al. [2009] analyzed anthropogenic river flow
alteration using a global hydrology and water-use model
WaterGAP [Alcamo et al., 2003] in a global scale and
found significant decrease and increase of the monthly

statistical low river discharge (Q,,) on 26% and 5% of the
land area. Such an approach can assess the balance of
water demand and supply on a daily timescale.

A gap in the subannual distribution of water availability
and water use can be detected in the Sahel, the Asian
monsoon region and southern Africa, where conven-
tional water scarcity indices such as the ratio of annual
water withdrawal to water availability and available annual
water resources per capita [Falkenmark and Rockstrom,
2004] cannot properly detect the stringent balance between
demand and supply [Hanasaki et al., 2008b]. However, the
capability of future projections of the water demand side is
relatively poor; nevertheless, Hanasaki et al. [2013] illus-
trated future water deficits considering both climatic and
social changes.

Further development of water demand and usage
models considering various social constraints based on
field survey and data collection are needed to reduce
uncertainty and improve the reliability of future projec-
tions. In addition, better representation of human inter-
ventions in land surface models is expected to improve
the accuracy of the estimates of global hydrological
cycles. Recently, the human intervention components
of the HO8 model were transplanted into an LSM
Minimal Advanced Treatments of Surface Interaction
and RunOff (MATSIRO) [Takata et al., 2003], which
was then applied to assess the impact of changes in ter-
restrial water storage due to unsustainable groundwater
use, artificial reservoir water impoundment, and cli-
mate-driven natural variabilities in global mean sea level
[Pokhrel et al., 2012], even though their estimates are
larger than other estimates [Aeschbach-Hertig and
Gleeson, 2012].

Numerical models can be associated with a scheme
backtracking the origin and flow path by tracing the iso-
topic ratio of water [ Yoshimura et al., 2004]. Such a flow-
tracing function of water in the integrated water resources
model [Hanasaki et al., 2008a] considering the sources
of water withdrawal from stream flow, medium-sized
reservoirs, and nonrenewable groundwater in addition to
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Figure 1.7 (a) The ratio of blue water to the total evapotranspiration during a cropping period from irrigated crop-
land (the total of green and blue water). The ratios of (b) streamflow, (c) medium-size reservoirs, and (d) nonre-
newable and nonlocal blue-water withdrawals to blue water [from Hanasaki et al., 2010].

precipitation to croplands enabled the assessment of the
origin of water producing major crops [Hanasaki et al.,
2010]. Figure 1.7 shows that areas highly dependent on
nonrenewable groundwater are detected in Pakistan,
Bangladesh, the western part of India, the north and
western parts of China, some regions in the Arabian
Peninsula and the western part of the United States
through Mexico. These regions are also detected as
“hot spots” of groundwater depletion in an overview by
Wada et al. [2010], which used a global hydrological
model PCRaster-GLOBal Water Balance [Van Beek and
Bierkens, 2009] to assess groundwater abstraction in
excess of recharge.

Cumulative nonrenewable groundwater withdrawals
estimated by the model correspond fairly well to the
country statistics of total groundwater withdrawals. This
integrated model has the ability to quantify the global
virtual water flow [Allan, 1998; Oki and Kanae, 2004]
or “water footprint” [Hoekstra and Chapagain, 2007]
through major crop consumption [Hanasaki et al., 2010].
Additionally, a tracer scheme allows tracking of the shift
of water pathways along with the shift of climate regime.
Since the water pathways and their changes are essential
information for regional water resource and disaster

management, their future shifts should be effectively
integrated to the adaptation and mitigation strategy to
climate change [/PCC, 2012].

1.6. INTERNATIONAL COLLABORATION
AND CAPACITY BUILDING

In the early 1990s, the Project for Intercomparison of
Land-Surface Parameterization Schemes (PILPS) was
carried out in order to evaluate and improve land surface
schemes for climate and weather prediction models
[Henderson-Sellers et al., 1995; Henderson-Sellers et al.,
1996; Pitman and Henderson-Sellers, 1998]. As a research
activity of the World Climate Research Programme
(WCRP) sponsored by the Global Energy and Water
Cycle Experiments Project (GEWEX) and the Working
Group on Numerical Experimentation (WGNE), PILPS
covers a broad range of intercomparison works from off-
line to coupled experiments. PILPS is a remarkable con-
tribution to the research communities as it incorporates
documentation, intercomparison, and validation of a
large number of participating parameterization schemes
for different process regimes such as surface, soil, and
snow. However, the experiment design was not extended
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to produce a comprehensive data set using global-scale
off-line simulations, which is an indispensable data source
for increasing the depth of our understanding of global
hydrological cycles and water resources.

GSWP is the first global MME analysis of fluxes and
state variables in land surface processes [Dirmeyer et al.,
2006], as a project of Global Land/Atmosphere System
Study (GLASS), which is a science panel of GEWEX/
WCRP. The original research objective of GSWP was to
provide a GCM with realistic variabilities of land bound-
ary conditions, since they were not operationally moni-
tored, unlike the oceans (e.g., sea surface temperature).
Phase 1 and phase 2 of the project were linked to the
International Satellite Land Surface Climatology Project
(ISLSCP) Initiative I for 1987-1988 [Sellers et al., 1996b]
and Initiative II for 19861995 [Hall et al., 2001], respec-
tively. NCEP/NCAR (National Centers for Environmental
Prediction/National Center for Atmospheric Research)
atmospheric reanalysis data [Kalnay et al., 1996] and
globally available observational products [e.g., Global
Precipitation Climatology Centre (GPCC); Rudolf et al.,
1994] were combined to generate meteorological bound-
ary conditions to force land-surface models in a stand-
alone off-line mode. GSWP demonstrated the capacity
and the feasibility of an international collaborative
research framework to evaluate state-of-the-art land sur-
face models and to integrate them into a comprehensive
dataset of global energy and water cycles.

Water and Global Change [WATCH; Harding et al.,
2011] was an international initiative to interface hydrology
and climate sciences for further understanding on current
and future water cycles at the global scale. As a key data
set, WATCH Forcing Data [Weedon et al., 2011] was
developed based on ERA-40 atmospheric reanalysis by
ECMWE. Monthly observations of global surface mete-
orological variables by Climate Research Unit [CRU;
New et al., 1999, 2000] were used mainly to correct the
biases of the reanalysis product. As a core of the WATCH
project, WaterMIP [ Haddeland et al., 2011] compared dif-
ferent classes of models including six land surface models
and five global hydrological models at global 0.5° land
grids for a 15yr period (1985-1999). WaterMIP showed
considerable range of ensemble spreads for simulated
water flux variables (e.g., 45% of mean simulated runoff)
due to different model realizations, which implies climate
change impact studies need to incorporate not only mul-
tiple climate model but also multiple impact models.

The Inter-Sectoral Impact Model Intercomparison
Project (ISI-MIP) was launched to synthesize the impact
of future climate change quantitatively. Unlike previous
studies on the impact assessment of climate change, it
deals with impact through multiple sectors including
water, ecosystem, agriculture and health at different levels

of global warming [Warszawski et al., 2014]. The fast
track of the project successfully delivered a systematic
overview of climate change and human impact across
those sectors [Piontek et al., 2014]. However, it also con-
firmed that the state-of-the-art impact models are still
accompanied with huge uncertainty due to their model
structures [Schewe et al., 2014], which means that further
effort is needed for model development, otherwise it will
fail to draw a proper analysis for our society.

Recently, the third phase of GSWP (GSWP3) was
proposed with extended science questions: (1) What will
be the balance and variability of the hydro-energy-eco
system over land in 20th and 21st centuries? (2) How
the interactions between natural processes have changed
in a long-term period under changing climate in the
Anthropocene? (3) How do the state-of-the-art land-
surface models perform and how can they be improved?

To answer those questions, GSWP3 has an experiment
design that consists of long-term retrospective (EXP1;
1850 to present), long-term future climate (EXP2; present
to 2100), and a short-term super ensemble (EXP3; 1979
to present). Through the project, a century-long compre-
hensive data set of energy, water, and carbon cycles will
be produced with appropriate model verifications in
ensemble land simulations in order to investigate the
long-term changes of their components and interactions.
It can also contribute to model evaluations. By including
a wide range of land-surface, hydrologic, and ecological
models, the impacts of missing/included processes and
model uncertainty can be investigated.

For the long-term retrospective experiment, the century-
long (1901-2010) meteorological forcing data set was
generated using 20th Century Reanalysis (20CR) [Compo
et al., 2011] and globally available observational prod-
ucts such as GPCC and CRU for surface meteorological
variables. To achieve further realistic variability and
resolve known problems (e.g., Gibbs phenomena) within
20CR, global spectral nudging dynamical downscaling
[Yoshimura and Kanamitsu, 2008; Hong and Chang,
2012] and daily scale-bias correction techniques were
applied. The original reanalysis was dynamically down-
scaled into global T248 (~0.5°) resolution with adding
values in the spatiotemporal domain of high frequency
while keeping low frequency signal in the mean state and
spatiotemporal variability, in comparison with previous
bias correction methods. Currently, the long-term retro-
spective experiment is under way, and it is expected to
deliver the first results in 2016.

The Land Surface, Snow, and Soil-moisture Model
Intercomparison Project (LS3MIP) is a CMIP6-endorsed
MIP under development. In the context of the CMIP6,
LS3MIP will provide a comprehensive assessment of land-
climate feedbacks and diagnoses of the land-surface
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schemes of current ESMs with uncertainty quantifications
to better constrain climate change projections, particularly
for highly vulnerable regions (e.g., densely populated
regions, polar regions, agricultural areas, and land ecosys-
tems) [Seneviratne et al., 2014]. It will embrace a small
number of multimodel experiments and simulations driven
in off-line mode (land surface only). It will be coupled to
the atmosphere (driven by prescribed sea surface tempera-
tures) and embedded in fully coupled Atmosphere-Ocean
GCMs. The experiments are divided into two parts, the
first one addressing land systematic biases (LMIP, build-
ing upon GSWP3 experiment) and the second addressing
land feedbacks in an integrated framework (LFMIP,
building upon the ESM-snowMIP and GLACE-CMIP
blueprints).

LS3MIP will contribute to reducing the systematic
biases from the land-surface component of climate models
and a better representation of feedback mechanisms
related to snow and soil moisture in climate models. It will
lead to the improvement of climate change projections and
further contribute to the assessment of the possible
changes and impacts of climate changes in the next cycle
(Sixth Assessment Report) of the Intergovernmental Panel
on Climate Change.

1.7. PROSPECTS FOR GLOBAL HYDROLOGY
AND MODEL DEVELOPMENT

The field of global hydrology today has certainly evolved
from the time it was established after “The Forgotten Earth
Science” by Bras et al. [1987], which led to the call for
greater prominence. Current hydrology has the capability
to monitor, understand, and predict global hydrological
cycles of social-ecological systems, combining both human
and natural systems. However, there are still challenging
scientific issues to be resolved in global hydrology and
model development. Here, some examples are briefly
described. A review of global hydrology from different
perspectives can be found also in Bierkens [2015].

Hyper-resolution modeling (~1km globally) is one
potential path forward [e.g., Wood et al., 2011]. Because of
the very rapid development of computer and information
technology, currently available computational resource is
capable of simulating global nonhydrostatic atmospheric
simulation with up to 870 mmesh [Miyamoto et al., 2013].
However, refinements of detailed natural and anthropo-
genic processes should be promoted with the consideration
of the scale dependency of the governing equations and
numerical implementation. Maintenance and development
of global monitoring networks and data sharing protocol
are necessary for better simulations and verification. Also,
data handling interface and geolocated visualization for
big data will be beneficial to our society.

Implementation of missing components is one of the
basic strategies in model development. Numerical imple-
mentations of individual processes are diverse among
modeling groups because their aims and priorities are not
necessarily identical. However, a common problem exists
in macroscale simulation frameworks, that is, the model
needs to include more detailed processes in order to be
more accurate, for example, (1) decomposition of evapo-
transpiration (i.e., transpiration, interception loss, and
bare soil evaporation); (2) three-dimensional dynamics of
groundwater and hill-slope processes and associated run-
off separation (i.e., surface runoff, base flow); (3) processes
in semiarid regions and tropics; (4) snow and glaciers in
complex terrains (e.g., timing of snow melt, permafrost, ice
sheet movement/melting, and aging/albedo change); (5)
separation of rain and snow; (6) salty water—freshwater
exchanges (i.e., submarine freshwater discharge and salini-
zation); and (7) light and water use efficiency of vegetation
and the impacts of CO, fertilization.

Although increasing the integration level within a mod-
eling framework is indispensable to understand forces
and feedbacks in nonlinear systems, in general, the state-
of-the-art models do not have a fully coupled modular
structure. For examples, river routing schemes in many
land-surface models do not exchange heat and water with
the atmosphere (i.e., through precipitation and evapora-
tion) and ground (i.e., through infiltration and recharge).
Also, the information is conveyed “one way” during sim-
ulations for climate change impact assessment, since most
impact models are post-processors, referring to natural
cycles simulated by climate model and hydrological
model. However, it is important to consider interactive
processes between human and nature for realistic estima-
tions in the Anthropocene.
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