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Abstract:

In this article the relative roles of precipitation and soil moisture in influencing runoff variability in the Mekong River basin
are addressed. The factors controlling runoff generation are analysed in a calibrated macro-scale hydrologic model, and it is
demonstrated that, in addition to rainfall, simulated soil moisture plays a decisive role in establishing the timing and amount
of generated runoff. Soil moisture is a variable with a long memory for antecedent hydrologic fluxes that is influenced by
soil hydrologic parameters, topography, and land cover type. The influence of land cover on soil moisture implies significant
hydrologic consequences for large-scale deforestation and expansion of agricultural land. Copyright © 2007 John Wiley &

Sons, Ltd.
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INTRODUCTION

How a landscape that is evolving in its land cover and use
interacts with a variable and changing climate to produce
its hydrologic regime is one of the most salient contem-
porary issues in the face of global change. A particularly
sensitive region is south-east Asia, where rapid popula-
tion growth and socio-economic development over the
past several decades has been accompanied by extensive
deforestation, expansion of agriculture and irrigation, and
stream-flow regulation. In the largest south-east Asian
river basin, the Mekong (795, 000 kmz; Figure 1), with
a growing population of 75 million people, forests have
been extensively replaced by agricultural land, irriga-
tion has expanded and intensified, and large dams have
been constructed for irrigation and hydropower purposes.
The Mekong River basin has one of the world’s largest
freshwater fisheries resources (MRC, 1997), which is vul-
nerable to altered seasonal stream-flows, sediment load,
and changes in water quality. Monsoonal rainfall, which
falls in May through October (and represents 80—90%
of the annual total), varies markedly from year to year,
as does stream-flow. While production of rice, the domi-
nant crop in the region, relies on seasonal flooding, floods
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are in some years devastating, carrying large human and
economic costs. Spatial contrasts in rainfall totals are
equally marked, with the eastern and northern highland
regions of Laos and the mountains in south-west Cambo-
dia capturing much of the monsoonal rain, and imposing
occasionally damaging dry conditions across Thailand’s
agriculturally-intensive Korat Plateau. Periodically severe
droughts in this region cause crop losses, reservoir deple-
tion, low flows, fish Kkills, and water quality deterioration.
Conflicting demands for freshwater resources are increas-
ing throughout the basin. Climate change predictions are
that temperature and rainfall in south-east Asia will rise
over the twenty-first century in all seasons. According
to IPCC (2001), the mean annual temperature rise is
expected to be in the order of 1°C by year 2020, 2°C
by 2050, and 3°C by 2080; while predicted changes
(increases) in mean annual precipitation are about 2%
by 2020, 4% by 2050 and 8% by 2080 (as inferred from
an ensemble of data generated in experiments with four
major climate models). Whetton ef al. (1994, cited by
IPCC, 2001) conclude with high confidence that rainfall
will have higher intensity. These important changes have
unstudied hydrological consequences.

Determining how landscape structure (topography,
vegetation, soils) and climate at regional scales inter-
act to produce discharge regimes in large river basins is
thus a scientific challenge, and one with important pol-
icy implications. The intent of this work, published in this
and a companion paper Costa-Cabral et al. (to be submit-
ted) is to evaluate the causes of stream-flow space-time
variability in the Mekong River basin, and to use that
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Figure 1. The Mekong river basin topography, major streams, location of
stream gauges, and location of dams operating in the simulation period
(1979-2000)

understanding to predict the basin’s hydrologic response
to changes in land cover/use and climate. In particular,
the relative contributions of space-time variability of rain-
fall and landscape characteristics (topography, soils, and
vegetation) are evaluated in determining regional patterns
of soil moisture and the resultant space-time variability in
stream-flow. An approach relying solely on observation-
based estimates cannot provide sufficient insight into the
causes of runoff variability. Interpretation of flow mea-
sured at a stream gauge in a particular day is difficult,
considering that it includes runoff generated at different
dates at nearby and remote locations upstream. Time-
aggregated records (monthly or annual), however, pro-
vide no information about rainfall intensity, hence its role
cannot be explored. Furthermore, empirical approaches
are not well suited to evaluation of the role of factors
other than precipitation in runoff generation.

Resolution of these questions calls for the applica-
tion of a spatially distributed hydrologic model which,
if appropriately constructed, can capture the effects of
space-time variation in precipitation, as well as land-
scape characteristics, on the genesis of stream-flow.
Kite (2001) applied the SLURP hydrologic model to
the Mekong basin. Subsequently, Yang and Musiake
(2003) applied a model that includes sub-grid param-
eterizations of runoff generation mechanisms based
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on hillslope scale morphology, soil and land cover
and use.

The goal of this paper is to simulate and analyse
hydrologic responses in the Mekong River basin to those
factors which most influence spatial and temporal runoff
variability, using the best available geophysical datasets,
for a 22-year period (1979-2000). To that end, we use
the Variable Infiltration Capacity (VIC) model (Liang
et al., 1994; Nijssen et al., 1997, 2001a,b), a macro-
scale hydrologic model that is intended specifically for
the purposes of representing interactions of land cover,
climate, and runoff generation. Slightly different versions
of the VIC model than the one we use here have
been applied to the Mekong basin by Jayawardena and
Mahanama (2002). In the companion paper Costa-Cabral
et al. (to be submitted), we will use the same model
and data sets, to study changes in land cover/use and in
climate on runoff generation in the river basin, through
the use of scenarios.

METHODOLOGY

In this section, we summarize the biophysical character-
istics of the Mekong River basin, and then describe the
landscape attributes required by the VIC model, and how
they were acquired. These input data sets define the view
of the landscape as captured by the VIC model, and are
important determinants of the hydrologic predictions of
the model.

The VIC model was run at a daily time step for the
period 1979-2000. This period was partitioned into a
19791988 period used for model parameter estimation
(calibration) and the period 1989-2000 used for model
evaluation. The greatest changes in land cover and use
occurred prior to the 1980s (e.g. MRC, 1997). Deforesta-
tion and agricultural expansion continued throughout the
1980s and 1990s (our simulation period), but was then
limited to small, less agriculturally suitable areas, the best
arable land having been claimed prior to the 1980s (e.g.
Fukui et al., 2000).

The Mekong River Basin

The Mekong River basin is the world’s eigth largest
in discharge (ca. 475 km® year™!), 12th largest in length
(ca. 4800 km), and 21st largest in drainage area (ca.
795000 km?). The headwaters of the Mekong River
(Figure 1) are in the Tibetan Highlands, at nearly 5000 m
elevation. Fed by melting snow, the Mekong runs down
the steep Tibetan slopes through a narrow gorge in the
Yunnan province of China. The Mekong drainage area
is partitioned as follows: 21% in China, 3% in Burma,
25% in Laos, 23% in Thailand, 20% in Cambodia,
and 8% in Vietnam. The portion of the basin lying
within China, Burma, and the northern part of Laos,
consists of mountainous terrain between 400 and 5000 m
elevation and is referred to as the Upper Mekong Basin
(189000 km?), while the remaining 606 000 km? of its
drainage area form the Lower Mekong Basin.
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The ‘Northern Highlands’ include the region from
southern Yunnan province in China through Burma,
Laos, and Northern Thailand, and eastward into the
northern end of the Annamite Range in Vietnam. The
‘Eastern Highlands’ mostly consist of the western slope
of the Annamite Range shared by Laos and Vietnam.
Next to western Cambodia, which receives, on annual
average, over 3000 mm of rainfall (according to our
estimates later in this paper), the Northern and Eastern
Highlands, with elevations of up to about 2800 m, are
the wettest regions in the basin. The high mountains
have deep-cut valleys and topsoil consisting of a thin
deposit of sandstone and igneous rocks. In contrast, the
Korat Plateau, comprising the north-eastern region of
Thailand, is a dry region. Despite annual rainfall totals
between 1000 and 1600 mm, the rainless season lasts
from October to April and evapotranspiration is high.
The Plateau is mainly drained by the Chi and Mun rivers
and includes areas of sandy and some saline soils.

The VIC model

The VIC model is a semi-distributed grid-based macro-
scale hydrologic model (Liang efal., 1994; Nijssen
et al., 1997, 2001b), which represents explicitly the
effects of vegetation, topography, and soils on the
exchange of moisture and energy between land and atmo-
sphere. As compared with other so-called soil-vegetation-
atmosphere transfer schemes (SVATS), VIC represents in
more detail the generation of stream-flow, and its sensi-
tivities to the earlier factors.

The VIC model has been applied to the major river
basins of the US (Abdulla et al., 1996; Cherkauer and
Lettenmaier, 1999; Maurer et al., 2002; Nijssen et al.,
1997); the entire country of China (Su and Xie, 2003);
and the pan-Arctic region (Su et al., 2006). Some studies
had the purpose of evaluating and improving model
parameter estimates. Among such studies are Liang
et al. (1994), who evaluated the energetics of the model
using tower flux data from sites in the central US
grasslands, a drained agricultural field in Europe, and a
cleared tropical forest site in Brazil. Nijssen et al. (1997),
evaluated VIC model performance for the Columbia
and Delaware Rivers in the US, and demonstrated the
ability of the model to reproduce observed stream-
flows. Maurer et al. (2002), applied the model over
the continental US and evaluated its performance using
observed stream-flow for many large US river basins.
Nijssen et al. (2001a), applied the model globally, and
showed good reproduction of observed stream-flow in
many, though not all, cases. In particular, Nijssen et al.
(2001a) demonstrated the ability of the VIC model to
reproduce the observed seasonal cycle of soil moisture
at a number of sites across Eurasia as well as its
ability to reproduce seasonal variations in the part of
the northern hemisphere covered by snow. The VIC
model has been widely used for studies of land surface
climate teleconnections (e.g. Zhu et al., 2005), climate
change assessments (Payne et al., 2004; van Rheenen
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et al., 2004; Christensen et al., 2004), and land cover
change studies (Matheussen et al., 2000), among other
purposes.

The VIC model can be operated in either one of
two modes: in the energy balance mode, the surface
energy budget is closed by iterating over an effective
surface temperature. Energy balance mode is used, for
instance, in coupled land-atmosphere applications, where
the model construct requires consistency between the
atmospheric and land surface energy, as well as water
balances. In water balance mode, which is more typical of
hydrologic applications, the effective surface temperature
is approximated by the surface air temperature, which
avoids the need for iteration and makes the model con-
siderably more computationally efficient. In this study,
the model was run in water balance mode. A model grid
resolution of 1/12° (5 arc-minutes; roughly, 10 x 10 km?)
of latitude and longitude was used. This choice was dic-
tated by a compromise between the density of the in situ
(primarily precipitation) data available to drive the model,
and the inherent spatial variability of land surface char-
acteristics that the model is intended to represent.

In the VIC model, the subsurface is characterized ver-
tically by three soil layers. The top soil layer contributes
to runoff via fast response mechanisms (‘quick-flow’),
and the deepest soil layer produces base-flow. Drainage
between the soil layers is modelled as gravity driven.
Controls of vegetation on evapotranspiration are repre-
sented explicitly using a Penman—Monteith formulation
(Liang et al., 1994). Base-flow is represented as a non-
linear recession (Diimenil and Todini, 1992). Sub-grid
variations in precipitation rate and temperature, due to
variations in elevation, are represented by sub-dividing
each grid cell into elevation bands. The effects of snow
accumulation and melt are represented using an energy
balance snow model described in Cherkauer and Letten-
maier (1999). Daily precipitation, maximum and mini-
mum temperature, and wind speed are the primary meteo-
rological variables that drive the model. Downward solar
and longwave radiation, and dew point temperature, also
used to force the model, are derived using algorithms
that relate them to either the daily temperature, the tem-
perature range, or both (Maurer ef al., 2002). Hourly
temperatures are estimated by fitting a spline function to
the time series of daily minimum and maximum temper-
atures (Nijssen et al., 2001a). Daily precipitation inputs
are distributed uniformly in time throughout the day. The
implications of this assumption were tested by Maurer
et al. (2002) for the Mississippi River basin, and found
to be small.

The model used to simulate the routing of stream-
flow along the stream network (Lohmann et al., 1996,
1998) uses a triangular unit hydrograph and linearized
St Venant’s equations to route the stream-flow from each
individual grid cell separately to the basin outlet through
the channel network. The routing model does not account
for channel losses, extractions, or diversions. Simple
models were used to represent the operation of reservoirs
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and the practice of irrigation and use of bunded fields.
These models are described later.

Representation of water use and the surface water
balance in paddy fields

Whether irrigated or rainfed, rice paddies are generally
surrounded by earth bunds that trap what would otherwise
become surface runoff lost to a stream. This retained
runoff contributes to increased infiltration, evaporation,
and plant transpiration. The VIC code was modified
to compute the water balance over the paddy and
use it to update the surface storage (ponded water).
Haddeland et al. (2006) also used a modified VIC code
to represent irrigation. In that model, irrigation water
is added whenever soil moisture drops below the level
where transpiration becomes limited, and continues until
moisture reaches field capacity. In our model, irrigation
water is added whenever ponded water over an irrigated
paddy field is less than 150 mm in depth. According
to Apichatvullop (1995), the desirable water depth in
paddy land is 150 mm and ‘[w]hen the depth is less than
this, farmers will divert stream water if possible, into
the command [irrigated] area.” The change in surface
storage from one day to the next is given by the
balance between the input (the variable termed incoming
flow) and the outputs (infiltration and evapotranspiration).
In the original code, the incoming flow equals the
precipitation rate (corrected for the fractional area of the
grid cell that receives precipitation). In the modified code,
an additional quantity may be added to the precipitation
rate to make up a larger incoming flow. Whenever there
is water ponded over the paddy, the modified code uses
the air temperature-dependent value of pan evaporation
to compute evaporative losses. In the case of fields
classified as non-irrigated (a fraction of agricultural land
cover classes 21 and 22), which are mostly rainfed, the
incoming flow will be larger than the direct precipitation
rate only when surface runoff is generated. When the soil
becomes saturated, surface runoff is indeed generated,
and because it is retained over the field rather than
being allowed to exit into a stream, it is added to the
precipitation making up a larger incoming flow. In both
irrigated and rainfed paddies, the amount of water in
surface storage is limited to a maximum of 150 mm. If
surface storage is at its maximum, then any additional
incoming flow leaves the bunded field as surface runoff.

Basin topography and river network inputs

Runoff simulated by VIC is routed from each model
grid cell to one of its eight neighbouring cells, according
to the estimated local flow direction (Lohmann et al.,
1996, 1998). The VIC routing network (Figure 2) was
defined using methods described in (O’Donnell et al.,
1999), from the GTOPO30 data set of the US Geological
Service (30 arc second resolution; http://edcdaac.usgs.
gov/gtopo30/gtopo30.html), aggregated to the model grid
resolution of 5 arc-minutes latitude and longitude. This
approach is similar to that used in most of the previous
applications of the VIC model cited earlier.

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 2. Mekong 1/12° (5 arc-minutes) resolution stream network, used
for the routing of simulated runoff

Soil texture and hydrologic parameters

The soil parameters required by the VIC model for
each soil layer are the saturated hydraulic conductivity
(Ks), porosity (6s), field capacity (6.), wilting point
(6w), and parameter n in the Brooks—Corey equation for
unsaturated conductivity (Brooks and Corey, 1966). The
soil parameters were estimated based on US Department
of Agriculture (USDA) soil texture classes, using the
conversion values by Schaake (2000). The Brooks—Corey
n was obtained from the b parameter in Schaake’s table,
which represents the slope of the moisture retention
curve, in log space, using the relation n = 3 4+ 2b (see,
e.g. Rawls et al., 1993, table V.1-1). Soil texture classes
were obtained from soil type as described later.

In this study, the top layer depth was set to 10 cm, and
the depths of the second and third layers were established
by calibration to observed hydrographs. The available
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soil texture data (see later) are partitioned into above and
below 10 cm depths, making this a logical choice for the
upper layer. Model sensitivity to the upper layer depth
was found to be much less than to the depth of the second
and third layers. For soil type, we used primarily a map by
the Mekong River Commission (MRC, 2003), covering
the Lower Mekong Basin, which utilizes the Food and
Agriculture Organization (FAO) 1988 classification. This
map is in polygon format and was converted to gridded
format at 5 arc-minutes resolution in order to match the
model grid used. Where re-classification of the MRC
data into the FAO-1979 classes (required to use the
soilprogram, later) was not feasible, the FAO/UNESCO
digital soil map of the world (FAO, 1995), was used. Soil
texture (%clay and %sand) and bulk density (p,) were
derived from the soil type map using the World Inventory
of Soil Emission (WISE) potentials pedon data base
(Batjes, 1995) with the aid of the soilprogram (Carter
and Scholes, 1999). The methods used to derive soil
parameters from this data set are described in (Nijssen
et al., 1997). From %clay and %sand, each of our 5 arc-
minutes pixels was assigned one of the 12 USDA soil
texture classes for the top soil layer (<10 cm) and bottom
soil layers (>10 cm) (Figure 3).

Land cover

While land use changes in the Mekong River basin
clearly occurred during our simulation period 1979-2000,
their quantification is difficult. No reliable estimates of
deforestation rates are available for the basin. Differ-
ent data sources, including satellite sources, are generally
not mutually compatible, and sometimes disagree due to
seemingly subtle differences in processing methods, and
to sensor characteristics. The exception is the data set
for 1993-1997 by the Forest Cover Monitoring Project

B N

Texture Class M

Top layer (<10cm)
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(Stibig, 1999) which yielded a rate of net loss of for-
est of 0-53% per year over the basin for those 4 years.
Relative to the entire 1979-2000 simulation period, this
rate is probably high, but if we were to apply it, it would
imply a net change in forest cover of about 11% from the
beginning to the end of our reference period, and of about
5% on average between our calibration and evaluation
periods.

For estimation of land cover during our study period,
we used the data set prepared by the MRC (2001)
for the Lower Mekong Basin (for which 1997 is the
base year) combined with GLC2000 products (European
Commission, 2003) for the upper basin (for which 2000
is the base year). Figure 4 shows the land cover map
used in our simulations. This map was obtained as a
composite of the four maps (a)—(d), described later;
hence data resolution differs for the Upper Mekong Basin
(30 arc-seconds, or roughly 1 km) and the Lower Mekong
Basin (0-0012°, or about 250 m). In all cases, the spatial
resolution of the land cover is much higher than the
spatial resolution at which the VIC model was applied
(ca. 10 km), hence the implications of the differences in
resolution are modest, given that the VIC model requires
only information about the fraction of each of its grid
cells covered by a given vegetation type.

The four maps were:

(a) For the Lower Mekong Basin, the 1997 land cover
map, with a resolution of 0-0012°, produced by
the MRC (2001) in cooperation with the German
Gesellschaft fiir Technische Zusammenarbeit (GTZ).
The methods used to produce this map were described
in Stibig (1999). This map is henceforth designated
the ‘MRC/GTZ map’ and represents the year 1997.
The methods used to produce this map combined field
observations, aerial photographs, and multi-seasonal
satellite images at a 1:250 000 scale (Stibig, 1999).

LEN

Deeper layer (>10cm)

Figure 3. USDA soil texture class. (a) Top layer (<10 cm). (b) Deeper layer (>10 cm). Classes are the following: c, clay; cl, clay loam; scl, sandy
clay loam; 1, loam; sl, sandy loam; s, sand

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 4. Composite land cover map of the Mekong basin, combining four different maps (see text). Classes 21, 22 and 23 (cropping mosaics and

agricultural land) are also present in the Chinese region

In the legend of Figure 4, classes numbered 1-26, and (d) For the Burmese portion, the 30 arc-second resolu-

43, are taken from the legend of the MRC/GTZ map.

(b) For the irrigated areas in the Lower Mekong Basin,

the ‘irrigated lands 2001’ data of the Atlas by the
MRC and WWF (2003). Class 42 in the legend of
Figure 4 represents this map.

(c) For the Chinese portion of the Upper Mekong Basin,

the 20 arc-second resolution land cover map of
the Global Land Cover 2000 (GLC2000) map for
China (European Commission, 2003), which was
produced from satellite data collected from January
to December of 2000, by SPOT Vegetation S10.
The GLC2000 maps use the United Nations Food
and Agriculture Organization Land Cover Classifica-
tion System (FAO-LCCS) (http://www.gvm.jrc.it/glc
2000/1egend.htm). Classes numbered 27—41 in Figure
4 are taken from this map.

Copyright © 2007 John Wiley & Sons, Ltd.

tion land cover map of the GLC2000 map for south-
east Asia (European Commission, 2003), which was
produced from the satellite SPOT Vegetation S10
data using dry-season images (January to March) for
1999/2000. Similarly to (c), it uses the FAO-LCCS.
This map was chosen over the MODIS 2000 satellite-
derived map because, judged visually, it is in best
agreement with the MRC/GTZ map over the Lower
Mekong Basin. Only two land cover classes are rep-
resented in the Burmese portion of the Mekong: the
class designated ‘tree cover, broadleaved, evergreen,
closed and closed to open’ was assigned to MRC/GTZ
class 1, ‘Evergreen forest, high cover density’; and
the class designated ‘cultivated and managed, non-
irrigated (mixed)’ was assigned to MRC/GTZ class
23, ‘agricultural land’.

Hydrol. Process. 22, 1731-1746 (2008)
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Vegetation parameters

Leaf area index. The leaf area index (LAI) is a non-
dimensional variable that represents the average (pro-
jected) leaf surface area covering each unit ground
area. LAI is one of the vegetation parameters to which
VIC is most sensitive. It controls not only precipita-
tion (solid and liquid) interception, but also canopy
resistance to transpiration, and the attenuation of solar
radiation through the vegetation cover. The standard
8-day, 1 km MODIS satellite LAI product was used
(http://modis.gsfc.nasa.gov), monthly averages having
been taken over the period 1 March 2000 through 28
February 2001. The 12 monthly mean LAI values thus
generated for each model grid cell are shown in Figure 5.
The spatial patterns of LAI in Figure 5 show good cor-
respondence with the land cover map in Figure 4, with
forest having the highest LAI values, and agricultural
land having the lowest. The regions with highest LAI
are Laos and Vietnam (with the exception of the Mekong
Delta), and some regions of Cambodia far from the Tonle
Sap Lake. The Thai portion of the basin has a LAI mostly
below 2-0 throughout the year, due to the strong dom-
inance of agriculture there. The high-elevation areas of
China’s Yunnan province also have a LAI mostly under
2-0 year-round, which is indicative of the sparse vegeta-
tion in the upper basin. It was determined that there was
a major problem with the MODIS values during the May
through October rainy season, probably due to difficulties
in obtaining valid satellite readings in the cloudy condi-
tions of this season. Therefore, we decided to use the
MODIS LAI values for November 2001 to represent the
months from June through October, and the MODIS LAI
values for April 2000 to represent the month of May.

Albedo. Albedo has large impact on the VIC com-
puted evaporation from the canopy, and plant transpi-
ration. We based our assignment of seasonal albedo on
previous relevant observations elsewhere, mainly from
Giambelluca et al. (1999), and attempted to correctly

~

o

Figure 5. Maps of mean monthly LAI for the Mekong River basin
obtained by spatial and temporal aggregation of MODIS data, from March
2000 to February 2001

Copyright © 2007 John Wiley & Sons, Ltd.
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represent the albedo values of the vegetation classes rel-
ative to each other. In tropical regions, albedo is gen-
erally observed to be highest during the dry season
because of reduced LAI (Pinker et al., 1980; Barradas
and Adém, 1982; cited by Giambelluca et al., 1999),
with seasonal variations due to changes in sun angle
being relatively unimportant. Annual minimum and max-
imum albedo values were established for each of the land
cover classes in Figure 4, corresponding to the dry season
(November—May) and the wet season (June—October),
respectively (see Table I). The values used ranged from
a low of 0-085 for irrigated cropland (class 41) to 0-6—0-8
for old snow and 0-8—0-9 for new snow (e.g. Gray and
Prowse, 1993).

Vegetation height, displacement height, roughness
length, and architectural resistance. Vegetation height
is used by VIC as the basis for determining rough-
ness length and displacement height, both of which are
important parameters in its evapotranspiration formula-
tion. We were unable to identify studies reporting vege-
tation height for different land cover classes in Mekong
regions, except for the approximate values mentioned in
Stibig (1999) for classes 7, 9, 10, 16, 19 and 20. Values
from Sellers et al. (1986) were therefore used for classes
1, 2, 27 and 28. For all other classes, values judged rea-
sonable (from field observations by some of the authors)
were utilized (Table I), but which have not been vali-
dated. Roughness length is defined as the height above
the ground where wind speed is reduced to zero due to
surface resistance. This parameter is used to determine
the wind profile in VIC using a logarithmic approxima-
tion. Displacement height is defined as the height above
the ground where wind speed is not significantly affected
by surface roughness. Roughness length and displace-
ment height were estimated by multiplying the vegetation
height in Table I by the factors 0-123 and 0-67, respec-
tively [following Brutsaert (1975) cited in Shuttleworth
(1993, p. 4-12)]. The values used for architectural resis-
tance (R, Table I) are based on Ducoudré et al. (1993).

Minimum stomatal resistance, RGL, and solar radia-
tion attenuation. The minimum stomatal resistance (Ryn)
is defined as the stomatal resistance that occurs with full
sunlight and at saturation leaf water potential. VIC uses
Ruin, together with LAI and current soil moisture, to
calculate the canopy resistance to transpiration—based
on the formulations of Blondin (1991) and Ducoudré
et al. (1993), as described in Liang et al. (1994). The
values of Ry, used in our simulations are listed in
Table I. RGL is the minimum incoming shortwave radi-
ation at which there will be transpiration. For forest
cover classes we used the value 30 W m~2, and for
agriculture we used 100 W m~2. Intermediate values
were used for other land cover classes, as specified in
Table I. Solar radiation attenuation was approximated at
50%.

Hydrol. Process. 22, 1731-1746 (2008)
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Table I. Vegetation parameter values adopted in the simulation runs for each land cover class in Figure 4

Land cover class Albedo Vegetation Ry Ruin RGL Maximum
height (sm™) (sm™') (Wm™2) rooting
Wet Dry (m) depth
season season (m)
Forest cover in Lower Mekong Basin and Burma
1 Evergreen forest, high cover density 0-120  0-120 35 25 80 30 3.0
2 Evergreen forest, medium to low cover density 0-125 0-125 30 25 80 30 3.0
3 Evergreen forest mosaic 0-125 0-125 25 25 80 30 3.0
4 Mixed (evergreen & deciduous), high cover density 0-120  0-125 35 40 100 30 25
5 Mixed (evergreen & deciduous), low cover density  0-125  0-130 30 35 95 30 2-5
6 Mixed forest mosaic 0-130 0-140 25 30 90 30 25
7 Deciduous forest 0-125 0-135 20 40 80 30 20
8 Deciduous forest mosaic 0-135 0-140 15 40 80 30 2-0
9 Regrowth forest 0-150 0-153 8 30 90 30 1-0
10 Regrowth forest, inundated 0-120 0-120 8 20 90 30 1.0
11 Inundated forest 0-120 0-120 15 20 80 30 1-0
12 Mangrove forest 0-120  0-120 10 30 90 30 1.0
13 Plantation forest 0-130 0-135 20 2 80 30 1-0
14 Other forest cover 0-125 0-130 20 30 90 30 2-0
15 Inundated forest mosaic 0-120 0-120 15 2 80 30 1-0
Non-forest cover in Lower Mekong Basin and Burma
16 Woodland & shrubland, evergreen 0-150  0-155 5 25 110 50 1.0
17  Grassland 0-168 0-171 1 2 80 100 0-5
18 Bamboo 0-147  0-150 10 5 80 100 0-5
19  Woodland & shrubland, dry 0-157 0-160 5 3 110 75 5-0
20 Woodland & shrubland, inundated 0-120 0-120 5 3 90 75 0-5
21 Cropping mosaic (crop <30%) 0-157  0-160* 5 2 80 100 0-5
22 Cropping mosaic (crop >30%) 0-162 0-165* 5 2 80 100 0-5
23 Agricultural land 0-170  0-170* 1 2 80 100 0-5
24 Baren land
25 Rocks VICs treatment of ‘baren land’ was used.
26 Urban or built up
Forest cover in Chinese part of Upper Mekong Basin
27 Needleleaf deciduous forest 0-125 0-350 17 40 80 30 3.0
28 Needleleaf evergreen forest 0-125  0-300 20 50 80 30 3.0
29 Broadleaf evergreen forest 0-125 0-300 35 50 80 30 3.0
30 Broadleaf deciduous forest 0-125  0-350 20 40 80 30 3.0
Non-forest cover in Chinese part of Upper Mekong Basin
31 Bush 0-155 0-350 2 3 100 75 50
32 Sparse woods 0-150  0-350 2 10 100 50 2-5
33 Alpine and sub-alpine meadow 0-200  0-500 0-5 2 80 100 0-5
34 Slope grassland 0-200  0-400 0-5 2 80 100 0-5
35 Plain grassland 0-200  0-400 0-5 2 80 100 0-5
36 Desert grassland 0-200  0-400 0-5 2 80 100 0-5
37 Meadow 0-200  0-400 0-5 2 80 100 0-5
38 Gravel
39 Desert VICs treatment of ‘baren land’ was used.
40 Alpine and sub-alpine grassland 0-200  0-500 0-5 2 80 100 0-5
Water
41 Irrigated cropland 0-085 0-085 0-5 2 60 100 0-5

42  Water body

VICs treatment of ‘baren land” was used.

Note: Wet Season and Dry Season are here defined as May-October and November-April, respectively.
%In grid cells receiving snow in winter, the winter albedo was set to 0-4 for cropping mosaic classes (21 and 22) and to 0-5 for the agricultural land

class (23).

Wind and wind attenuation. The VIC parameter wind
height is the height above ground at which wind
observations were recorded. VIC expects this measure-
ment to have been made at high enough elevation that
the vegetation effects on wind speed are negligible. The
model then estimates wind speed through and below the
canopy using logarithmic wind profiles. As in Maurer

Copyright © 2007 John Wiley & Sons, Ltd.

et al. (2002) and Nijssen et al. (2001b), we used wind
speed data from the NCEP-NCAR Reanalysis (Kalnay
et al., 1996) and assumed the wind measurement height
to be equal to 2 m above the vegetation height in the case
of short vegetation classes (of grassland, shrubland, and
agricultural land), and equal to 10 m above the vegeta-
tion height in the case of tall vegetation classes (forest
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classes). Wind speed attenuation through the overstory
to a 2 m height was approximated at 50% when a tree
canopy is present and at 10% when it is not.

Maximum rooting depth, and distribution of root mass
with depth. Maximum rooting depth affects the ability
of the vegetation to extract moisture from the three soil
layers, and hence affects evapotranspiration. The values
of maximum rooting depth used in our simulations are
listed in Table I. The bulk of root mass was allocated to
the top two soil layers.

Meteorological data

The meteorological data used to drive VIC are daily
precipitation, maximum and minimum temperature, and
mean wind speed. Other forcing data (e.g. downward
solar and longwave radiation, humidity) are derived from
the daily temperature or temperature range, as described
in Maurer and Lettenmaier (2003). Station observations
of daily precipitation and temperature were obtained from
the NOAA Climate Prediction Centre Summary of the
Day data archived at the National Centre for Atmospheric
Research (NCAR) for the period January 1979 through
December 2000. Data from 279 stations were interpolated
to the 5 arc-minutes model grid cells using the SYMAP
algorithm (Shepard, 1984) to obtain daily time series of
precipitation and maximum and minimum temperature
for each grid cell. Temperature data were interpolated
using a lapse rate of —6-5°C km™! to adjust temperature
from the station to each elevation of the grid cell.
Wind speed data was interpolated from the NCEP-NCAR
Reanalysis data set (Kalnay et al., 1996) to the 5 arc-
minutes model grid cells.
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Model calibration and verification

Some of the soil parameters in VIC generally cannot be
estimated directly, and must be adjusted by calibration.
These calibration parameters are: the depth of each soil
layer (L;, Ly, L3; as said earlier, L; was set to 10 cm and
only L, and L3 were calibrated); the maximum velocity
of base-flow (Dgpax), Which can first be estimated by
multiplying the saturated hydraulic conductivity (K;) by
the local terrain slope; the fraction of Dy, Where non-
linear base-flow begins (Dy); and the parameter of the
variable infiltration curve (bj,s). The sensitivity of model
results to each of these parameters is briefly discussed in
Nijssen et al. (2001b).

Calibration was performed for each sub-basin sepa-
rately, using the mean monthly flow recorded at each
stream gauge (for location of the stream gauges, see
Figure 1), following methods outlined in Maurer and Let-
tenmaier (2003) and Nijssen et al. (1997, 2001b). For
every gauge located downstream of another, an additional
portion of the basin is drained. This additional area was
calibrated separately, using the difference in flow rates
recorded by the two stream gauges.

Figures 6 and 7 show simulated monthly average flows
and observations for each gauge used for calibration.
Given the sparseness of rain gauges available, the agree-
ment between the calibrated simulation results, referred
to as the ‘historical simulation’ and the observation-
based estimates is reasonable, with a Nash—Sutcliffe
index (Nash and Sutcliffe, 1970) of 0-72 for the basin
above Stung Treng. Significant disagreements in pre-
dicted and observed year-to-year variability can be seen
in the smaller sub-basins, especially Ban Chot, where
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Figure 6. Observed and simulated hydrographs for recording gauges in the mainstem of the Mekong River and the ungauged Tonle Sap river basin,
in 1979-2000. The observed hydrographs were calculated by the MRC (personal communication, 2003) using rating curves
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agreement could not be improved by any further adjust-
ment of the calibration parameters. Small scale rainfall
variability is reflected most in such small basins, and is
not captured by the rain gauge network. Consequently,
the overall reproduction of the records at the 13 stream
gauges over the 22 years of simulation (1979-2000) was
judged adequate.

Simulated hydrographs were created for two locations
where observations were not available: Phnom Penh
(just above the confluence with the Tonle Sap River),
and the Tonle Sap Lake. In these areas for which
calibration was not possible due to lack of observations,
soil parameters calibrated for neighbouring areas were
used.

ANALYSIS OF HYDROLOGIC FLOW PATTERNS

In this section, the spatial and seasonal patterns of
precipitation, simulated runoff and soil moisture are
analysed for the simulation period, 1979-2000, and the

M. C. COSTA-CABRAL ET AL.

influence of soil moisture conditions on runoff generation
in the VIC model is investigated. Upon establishing this
relationship, the effects of land cover on soil moisture
are explored.

Spatial and seasonal patterns of precipitation, soil
moisture and runoff

Estimated mean monthly and annual precipitation, sim-
ulated mean monthly locally generated runoff (without
routing) and soil moisture are shown in Figures 8—11.
Figures 8 and 9 reveal a distinct rainy season due to
the passage of the south-west and the north-east mon-
soons during May through October, with the highest
rainfall occurring in south-western Cambodia (surpass-
ing 3000 mm year~') and the Eastern Highlands of Laos
(2500-3000 mm year~'). Precipitation over the northern
part of the Eastern Highlands is also considerable in
June-July-August, while in the remainder of the Eastern
Highlands the annual peak is in October (Figure 8). The
lowest volumes year-round are found in the Himalayan
Highlands (roughly 500 mm year™'), falling largely as
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Figure 7. Observed and simulated hydrographs for recording gauges in tributaries of the Mekong River, in 1979-2000. The observed hydrographs
were calculated by the MRC (personal communication, 2003) using rating curves
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Figure 8. Average monthly precipitation over the Mekong River basin in 1979-2000, obtained by interpolation from the rain gauge network
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snow. The Mun-Chi basin in the Korat Plateau in Thai-
land (100-200 m elevation) is notably dry in terms of
runoff (Figure 10), receiving on average an estimated
ca. 1300 mm year~! of rainfall but having an extensive
rainless season (October through April) and high evapo-
transpiration. The mountain ranges to the south and west
of the plateau capture much of the moisture arriving with
the south-west monsoon, while the Annamite Range in
Vietnam depletes the north-east monsoon moisture.
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1000 —

N

Figure 9. Average annual precipitation over the Mekong River basin in
1979-2000, obtained by interpolation from the rain gauge network

The spatial distribution of soil moisture in the upper
two layers, L; and L,, shows the influence of precipi-
tation patterns, as well as topography, and soil texture
(Figure 11). The moisture in the deepest soil layer, L3,
however, is more strongly influenced by base-flow and
evapotranspiration, which in turn is affected by soil depth,
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soil hydrologic parameters, vegetation parameters, and
terrain slope. The peak soil moisture in the upper two
layers closely follows the seasonal maximum of precip-
itation (August). The peak is somewhat delayed for L;
(Figure 11), where soil moisture saturation remains high
through November, long after the decline in precipitation.
The minimum soil moisture levels are lagged relatively
to the minimum precipitation, which occurs in January:
it is February—March for L and L,, and April for Ls.

Such phase shifts at greater soil depths were particu-
larly well documented in a 16-year observed time series
of soil moisture from Illinois, US (Wu ef al., 2002). Soil
hydrology has long been recognized as a low-pass filter
for atmospheric forcing (Delworth and Manabe, 1988,
1989). Persistence of soil moisture, in addition to pro-
longing the effects of floods and droughts (e.g. Bonan
and Stillwell-Soller, 1998), also causes persistence in
near-surface atmospheric humidity, temperature, and pre-
cipitation (e.g. Delworth and Manabe, 1988, 1989; Koster
and Suarez, 1995; Eltahir, 1998).

While the Korat Plateau appears as distinctly lower
in terms of precipitation (Figures 8 and 9) and runoff
(Figure 10) than the surrounding areas in Laos, Vietnam
and Cambodia, the same is not true for soil moisture
(Figure 11). Soil moisture in the Korat Plateau remains
high throughout the rain season as a result of the
simulated practice of bunded fields over this agricultural
over most of which bunded fields are used (Fukui et al.,
2000). Most of these bunded fields are rainfed, and
a smaller part—11-5% of the region’s area, according
to the dataset shown in Figure 4—are irrigated. The
practice of irrigation in the Korat Plateau from mid-
June through October, mostly adjacent to large streams
(Figure 4) is also reflected in the simulated soil moisture.
The deepest soil layer, L3, remains close to saturation
throughout the irrigation season. This simulated effect
is most marked in the Chi basin above the Yasothon
streamgauge, where the calibrated depth of layer L,

A
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Figure 10. Simulated average monthly runoff in 1979-2000
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Figure 11. Simulated average monthly soil moisture saturation (expressed

as a fraction of the maximum water content, established by porosity and

soil depth) in 1979-2000, for the surface (L;), middle (L) and bottom
(L3) soil layers

50 cm, is greater than elsewhere in the Korat Plateau
(10 cm). Soil layer L; in the VIC model acts as a reservoir
which replenishes losses by evapotranspiration in the top
soil layer, L;, and losses by base-flow in the deepest
soil layer, L3. Indeed, in the sub-basin above Yasothon
L3 remains at high saturation levels year-round, not just
during the irrigation season.

The effects of soil texture on soil moisture are also
visible, with several recognizable patterns from Figure 3

Copyright © 2007 John Wiley & Sons, Ltd.
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appearing in Figure 11. Coarser soil types (sand, dandy
loams) drain faster and generally result in lower soil
moisture content in L; and L,. The effects of topography
are also visible in all three layers, and especially in L, and
L3. The monthly soil moisture maps for L3 have a clear
imprint of the major valleys, such as the Mekong River
mainstem, and the ridges, such as that which separates
the Korat Plateau from Cambodia; and the low-lying low-
relief areas surrounding the Tonle Sap Lake have high
degrees of saturation during the rain season.

The spatial patterns of simulated runoff generation
(before any stream routing; Figure 10) roughly follow
those of precipitation (Figure 7), and both have max-
ima in August. The runoff minimum, however, persists
through February and March over most of the basin,
beyond the precipitation minimum in January. This is
caused by two factors: low antecedent soil moisture, and
the interception by the vegetation canopy of rain falling at
a low rate. Because bunded fields retain surface runoff in
ponded conditions, allowing re-infiltration and increased
evapotranspiration, Korat Plateau runoff is notably low
even during the rainy season; having an average annual
runoff ratio, defined as the ratio of runoff to precipita-
tion, of 0-15, which is considerably lower than the 0-43
average for Mekong River basin as a whole.

Influence of rainfall and soil moisture on runoff
generation

Monthly rainfall, at any latitude, has been shown to
have little or no memory and to vary at all time scales,
with a variability spectrum that is close to white (Has-
selmann, 1976). Soil moisture, in contrast, is strongly
autocorrelated. The dominant feature of soil moisture
spectra is their resemblance to red noise (Delworth and
Manabe, 1988, 1989; Vinnikov et al., 1996; Entin et al.,
2000), with characteristic time scales ranging from a
few months to a few years. This is a consequence of
soil moisture being a storage, representing the balance
between accumulated infiltration, evapotranspiration, and
base-flow (the latter for the lowest VIC layer only).

In Figure 12, the weekly mean total soil moisture
(obtained by adding the moisture of all three soil lay-
ers) during the simulated period, 1979-2000, is plotted
against that week’s precipitation for the following areas:
(a) the high elevation sub-basin above Chiang Saen,
which has thin soils (calibrated soil depths are no larger
than 1 m) and steep slopes; (b) the Mun-Chi River sub-
basin in Thailand’s Korat Plateau, above Ubon, where
slopes are slight; (c) the territory of Laos lying within the
Mekong basin, a largely mountainous area with calibrated
soil depths of about 1 m; and (d) the entire catchment
area above Stung Treng, which encompasses the areas in
(a), (b) and (c).

Colour is used in Figure 12 to represent the magnitude
of simulated quick-flow (QF; top panels), base-flow (BF;
middle panels), and total flow (TF; bottom panels).
Arrows are drawn on each panel indicating the direction
of fastest increase in flow rate (QF, BF, or TF). The
slope of the arrows were computed by bi-linear regression
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Figure 12. Dependence of quick-flow (QF, top row panels), base-flow (BF, mid-row panels), and total flow (TF, bottom row panels) on weekly

mean precipitation total (x axis) and soil moisture (y axis), for the sub-basin upstream of Chiang Saen, the Mun-Chi basin in Thailand (which drains

through Ubon), the Laos territory within the basin, and the sub-basin upstream of Stung Treng (which encompasses Chiang Saen, Laos, and Ubon).

In each column, all three panels show the same plotted points, the difference being solely in colour. The colour scale corresponds to the magnitude

of simulated flow rate (QF, BF or TF), as indicated in the figure legends. Arrows indicate the mean direction of fastest increase in flow rate, and the

slope of each arrow was determined by bi-linear regression of the dependent variable (flow rate) over the two independent variables, precipitation
and soil moisture

of the dependent variable, flow rate, over the two
independent variables, precipitation and soil moisture.
For quick-flow, the arrows are closer to the horizontal
than to the vertical at all sites, reflecting a dominant
dependence of quick-flow on recent precipitation. The
opposite is true for base-flow, with boundaries between
colours being almost horizontal at all sites and arrows
pointing strongly upward, reflecting the dominance of soil
moisture. For total flow, i.e. the sum of quick-flow and
base-flow, the arrows are diagonal with moderate slopes,
reflecting the dependence of runoff on both precipitation
and soil moisture.

The importance of soil moisture to runoff genera-
tion is apparent even when the hydrologic response
is aggregated to monthly values for this large basin.
Figure 13 shows the monthly means of precipitation, sim-
ulated runoff, and simulated soil moisture aggregated
over the large basin area upstream of Stung Treng (ca.
662 000 km?). The monthly means (the central black line)
illustrate that the peak in average monthly soil mois-
ture occurs in September rather than during the peak
precipitation month of August. Soil moisture remains
high in October and November, despite the steep fall
in average monthly precipitation during these months.
The soil moisture minimum is particularly lagged, occur-
ring in March—May, with respect to the month of lowest
precipitation (January).

In 1980, there were two peaks in monthly precipitation
(Figure 13a), the most extreme of which was in June

Copyright © 2007 John Wiley & Sons, Ltd.

(309 mm). But it was the smaller peak which occurred in
September (279 mm) that generated the highest simulated
monthly runoff (Figure 13b). Why was monthly runoff in
June 1980 lower than September 1980, and why was the
September 1980 runoff so extreme? The answer lies in the
soil moisture levels (Figure 13c): rainfall throughout the
summer months caused the soils to become more highly
saturated in September (547 mm) than it had been in June
(439 mm).

The monthly values for 1987, a drought year, are
also shown in Figure 13. After four months of below-
average precipitation (April—July), above-average precip-
itation occurred in August and September. Yet the runoff
response in those two months was modest compared to
1980. In September 1987, runoff was only about average
despite the high precipitation (254 mm, a value not far
below that of September 1980). This is likely a conse-
quence of below-average soil moisture in September of
1987 (389 mm), resulting from the low precipitation in
April—July.

The year with the highest estimated precipitation in
the month of September was 1996 (301 mm). Yet, the
total simulated runoff in September of 1996 was only
157 mm, a value below the 163 mm runoff simulated for
September of 1980. The soil moisture level over the basin
in September of 1996 was only about average (491 mm),
while in September 1980 it had reached 547 mm.
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Figure 13. Precipitation, total runoff generated (without stream routing),
and total soil moisture above Stung Treng in 1980 and 1987. For each
month, the range from minimum to maximum simulated monthly values
in 1979-2000 is represented by the shaded area, and the monthly average
is plotted in black. Reasons for the different runoff responses to the two
monthly precipitation peaks of June and September of 1980, and reasons
for the different runoff responses to the two September peaks of 1980
and 1987, are explored in the text

Influence of landcover type on soil moisture and runoff
generation

Given the influence of soil moisture on runoff gener-
ation and the difference in vegetation parameters among
the land cover classes, land cover is expected to affect
both soil moisture and runoff generation. We exam-
ine the territory of Laos, which has a variety of land
cover classes. Given that calibrated soil depths are fairly
uniform over the territory of Laos (about 1 m), model
differences will be due primarily to prescribed differ-
ences in vegetation. Figure 14 shows the mean weekly
soil moisture as a function of the total precipitation in
the preceding 12-week period, for each week of the
simulation period, for the three major groups of land-
cover classes: (a) forest (to which forest regrowth is
aggregated), (b) cropland, and (c) woodland and shrub-
land (to which the less common grassland is aggregated
as well). The classification of ‘woodland and shrubland’
was assigned in the original dataset to areas with less than
20% tree crown cover (30% in the case of evergreen and
mixed forests) or with trees of height under 5 m (Stibig,
1999).

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 14. Dependency of average soil moisture in Laos on the total

precipitation falling in the 12 preceding weeks, for forest classes,

grassland and woodland classes, and agricultural classes. Each plotted

point corresponds to 1 week in the simulation period. Irrigated areas
were excluded from this plot

Figure 14 shows that for any given value of antecedent
precipitation, soil moisture is generally highest in the por-
tion of Laos where agriculture predominates. This result
is explained by the higher rainfall interception and evapo-
transpiration rates for forests, aided by higher LAI, lower
albedo, higher aero-dynamic roughness, and deeper roots.
When antecedent precipitation is relatively low, the low-
est soil moisture generally occurs where grassland or
woodland predominates; and when antecedent precipi-
tation is higher, the lowest soil moisture occurs where
forest predominates— which reflects the ability of deeper
(relative to other vegetation types) tree roots to extract
deep soil moisture.

Interpretation of Figure 14 is however not straightfor-
ward because, within Laos, land cover classes, like rain-
fall and temperature, are correlated with terrain elevation,
slope, and slope orientation. However, VIC does not rep-
resent slope effects directly—they are only represented
indirectly through the b parameter (which controls par-
titioning of precipitation into quick-flow and infiltration
into the upper layer, but which also reflects various other
heterogeneities besides topography) and, in our simula-
tions, also through the Dgy,x parameter (which controls
the maximum velocity of base-flow). Hence, differences
in VIC simulated runoff across vegetation types are likely
to be primarily a result of the influence of vegetation on
evapotranspiration.

SUMMARY AND CONCLUSIONS

This study was intended to address the relative influence
of space-time variability of rainfall and soil moisture—a
variable that is influenced by land cover—on runoff
generation in the Mekong river basin. To resolve this
question we applied the VIC hydrologic model, and
diagnosed various aspects of simulated runoff and stream-
flow over the Mekong basin. Our analysis shows that:
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(1) While much of the runoff variability in the Mekong
River basin results from the monsoonal precipitation
regime and terrain topography, and in the dry season
is dominated by snowmelt from China, a significant
portion of this variability is explained by the simu-
lated spatial patterns of soil moisture, which often do
not follow precipitation patterns. Simulated soil mois-
ture peaks lag behind precipitation peaks especially
in the deepest soil layer, and soil moisture dynamics
are controlled by evapotranspiration extraction from
deep roots (mostly forest), infiltration from above, and
base-flow. The upper layers show shorter lag relative
to precipitation.

(2) The influence of simulated soil moisture on simulated
runoff is exerted primarily through base-flow, but also
through quick-flow. This was the case for Mekong
sub-regions of contrasting geophysical and climatic
characteristics, and is a result of that in VIC, base-
flow is governed by lower zone storage, while quick-
flow depends primarily on precipitation rate (though
also on antecedent soil moisture in the relatively thin
upper layer). The relative dependence was influenced
by the slope and (calibrated) soil depth of a given
sub-basin—factors that affect storage and drainage
rates.

(3) Irrigation in the Mekong Delta, over parts of the
Korat Plateau, areas surrounding the Tonle Sap Lake,
and near the Mekong mainstream in Laos, has major
effects on soil moisture. Bunded fields are used both
in irrigated areas and in rainfed paddies. Because
bunded fields retain surface runoff in ponded condi-
tions, allowing re-infiltration and increased evapotran-
spiration, runoff generation is greatly reduced. This
has important implications in the Korat Plateau where
the use of earth bunds is widespread. The runoff in
this region is notably low during the rain season. The
region has an average annual runoff ratio of 0-15,
which is considerably lower than the 0-43 average
for Mekong River basin as a whole.

(4) Simulated soil moisture shows an important relation-
ship to vegetation type: It was in general highest
for agricultural areas; and lowest for grassland and
woodland areas—except when antecedent precipita-
tion was high (as is the case immediately following
the rain season), when soil moisture was the lowest
for forested areas. Thus, the vast forest to agricul-
ture conversion that took place in the second half of
the twentieth century was likely accompanied by an
increase in soil moisture levels. Such an increase is
exacerbated in those agricultural areas that are irri-
gated or where runoff is retained by bunds.

Rapid population growth and economic development
over the past several decades in the Mekong River
basin has placed increasing demands on the freshwater
resources in this region. It is essential to determine how
soil moisture, runoff and stream-flow may be impacted
through land cover and land use change. This is the
topic of a separate manuscript (Costa-Cabral et al., to
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be submitted), where the calibrated VIC model used in
the current manuscript is used to simulate the hydrologic
response of hypothetical scenarios of land cover and use,
and of future climate.
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