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ABSTRACT 

Previous studies of agricultural conditions in the Mekong Delta 
(MD) have identified soil compaction as an obstacle to sustainable 
production. A conceptual model for soil formation was presented 
to demonstrate the link between soil hydrology and plant 
response. Detailed studies of soil moisture dynamics in agricultural 
fields were conducted using a dynamic process-orientated model. 
Pressure head and water flow were simulated for three selected 
sites during a year for which empirical data were available. Daily 
meteorological data were used as dynamic input and measured 
pressure head was used to estimate parameter values that satisfied 
various acceptance criteria. The Generalised Likelihood 
Uncertainty Estimation (GLUE) approach was applied for 
calibration procedures with 10,000 runs, each run using random 
values within the chosen range of parameter values. To evaluate 
model performance and uncertainty estimation, re-sampling was 
carried out using coefficient of determination (R2) and mean error 
(ME) as the criteria. Correlations between parameters and R2 (and 
ME) and among parameters were also considered to analyse the 
relationship of the selected parameter set in response to 
increases/decreases in the acceptable simulations. The method 
was successful for two of the three sites, with many accepted 
simulations. For these sites, the uncertainty was reduced and it 
was possible to quantify the importance of the different 
parameters.  

Key words: climate; CoupModel; pressure head; GLUE; soil water 
characteristic curve; tensiometer 
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TOÙM LÖÔÏC 

Những nghiên cứu trước đây trên các vùng đất nông nghiệp ở Đồng Bằng 
Sông Cửu Long (ĐBSCL) đã ghi nhận sự nén dẽ đất là một trong những 
trở ngại đối với sản xuất nông nghiệp bền vững. Mô hình khái niệm về sự 
hình thành đất đưa ra để giải thích mối liên hệ giữa dòng chảy của nước 
trong  đất cũng như sự đáp ứng của nó với cây trồng. Nghiên cứu chi tiết 
về động thái ẩm độ đất được tiến hành dựa trên tiến trình động, theo định 
hướng mô hình. Ba địa điểm ở ĐBSCL được chọn để mô phỏng trạng 
thái áp lực và dòng chảy trong năm đã có sẵn số liệu thực nghiệm. Số 
liệu khí tượng theo ngày được sử dụng như biến điều khiển đầu vào, và 
sử dụng dữ liệu áp lực của nước trong đất được đo ngoài đồng để ước 
lượng các giá trị tham số thỏa mãn các khoảng tiêu chuẩn chấp nhận cho 
mô hình. Việc định cỡ được tiến hành bằng việc sử dụng phương pháp 
ước lượng tính biến động xác suất tổng quát (Generalised Likelihood 
Uncertainty Estimation - GLUE), tiến trình áp dụng cho 10,000 lần lặp, 
mỗi lần lặp sử dụng các giá trị ngẫu nhiên trong khoảng giá trị đã chọn 
của từng tham số.  Để đánh giá hiệu quả của mô hình và ước lượng tính 
biến động được thực hiện thông qua việc tái xác định cỡ mẫu dựa trên 
tiêu chuẩn hệ số tương quan (R2) và sai số trung bình (ME). Tính tương 
quan giữa các tham số với R2 (và với ME) cũng như giữa các tham số với 
nhau cũng được xét đến để phân tích mối liên hệ của các bộ tham số 
trong việc tăng hoặc giảm số lượng mẫu có thể chấp nhận được. Phương 
pháp này áp dụng thành công cho hai trong ba địa điểm đã chọn, tính 
biến động được giảm và có thế lượng hóa tầm quan trọng của các tham 
số nhằm tối ưu kết quả mô hình. 
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INTRODUCTION 

Vietnam is located in South-East Asia, between latitudes 23o22’N - 
8o30’N and longitudes 102oE - 109o24’E. The natural area is about 
33 million ha, of which hills and mountains make up about 66% of 
the territory. The population in 2005 was 84,155,800 people, 73% 
of whom lived in rural areas (General Statistics Office of Vietnam, 
2005). There are two deltas, known as the Red River Delta and the 
Mekong Delta, and these make up a vast ‘rice bowl’ that produces 
enough food for the country’s population. 
Agriculture in the Mekong Delta (MD) is based on land that has 
been exploited/reclaimed and used since the 17th Century (Huynh 
Lua, 1987) and uses many management methods for paddy rice, 
such as burning, ploughing, making dikes, etc. Traditionally, a 
single rice crop was cultivated but due to the food security issue 
and the rapid population growth, a double rice crop system was 
begun in the 1930s, and a triple rice crop system was introduced 
around 1980. In addition to rice cultivation, large areas are used for 
upland crop and fruit trees. In general, farmers in the MD now 
have better cropping systems and better techniques thanks to 
information transferred from agricultural scientists. 
Many efforts have been made to improve soil quality/production, 
plant varieties and management methods. Research on plant 
varieties and farming systems has resulted in positive effects on 
crop yield, disease tolerance, better practical measures and a more 
suitable cropping calendar (e.g. Xuan, 1991; Hien and Thi, 2001; 
Lang et al., 2001; Thi Lang et al., 2001; Dang Quang Tinh and 
Pham Thanh Hang, 2003; Thi Lang and Chi Buu, 2003; Tu et al., 
2003; Buu and Lang, 2004; Lang et al., 2007). Soil chemical 
processes, soil nutrients and soil biology have also been taken into 
account, e.g.  in studies conducted by Guong et al. (1995), Tinh 
(1999), Tinh et al. (2001), Berglöf et al. (2002), Hoa (2003), Tan et 
al. (2003), Khoi et al. (2006) and Khoi et al. (2008).  
One major problem with agricultural systems in general and with 
the MD systems in particular is understanding water management 
and the extent to which soil physical conditions are a sustainable 
resource for present and future agriculture. Process-orientated 
models that describe the behaviour of the entire soil-plant-
atmosphere system are important tools in understanding such 
issues (Jansson, 1996). Previously, Van Quang (1998) and Tri 
(1998) applied a soil physical model to conditions in the Mekong 
Delta. Experimental studies on soil physics in the MD have also 
been reported by Uppenberg et al. (1997) and Khoa (2002). To 
achieve sustainable agriculture, further knowledge of the soil 
physical conditions and the plant response to various water 
management regimes is urgently needed. 
There have been warnings of soil degradation in the MD in recent 
years, not only in the rice farming areas but also in fruit-growing 
areas and especially in intensive cropping areas. Some studies on 
soil physics indicate that soil compaction has occurred between 20-
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Vinh Long, Tra Vinh, An Giang, Dong Thap, Kien Giang, Can 
Tho, Soc Trang, Bac Lieu, Ca Mau, and Hau Giang (Fig. 1). The 
population is estimated to be 17.3 million people (21% of the total 
for Vietnam). The average population density is 435 people per 
square kilometre over the whole delta (General Statistics Office of 
Vietnam, 2005). 
The MD has a monsoon tropical climate, characterised by two 
distinct seasons – dry and wet. The dry season runs from 
December to April and the wet season from May to November. 
The average rainfall ranges from less than 1500 mm to over 2500 
mm. The mean temperature ranges from 23-25 oC during the 
coldest months and from 32-33 oC during the warmest months.  
The hydraulic regime within the delta is complex, with main three 
characteristics: (1) fresh water and regular annual flooding 
(combination of annual rainfall coupled with the high level of the 
Mekong River) in the wet season, carrying alluvial sediment, 
ephemera and larvae; (2) acid water in sulphate soil areas; and (3) 
inland intrusion of salt water in the dry season. According to the 
Ministry of Water Resources of the Socialist Republic of Vietnam 
(1994), the area affected by salt intrusion  amounts to 2.1 million 
ha in coastal areas (especially in April and early May). 

Soils and Agricultural Practices 

Soil formation 
The MD is a young landmass formed and developed in the 
Holocene era by transgression and regression of the sea (Chiem, 
1993). The soils are mainly formed by the deposition of sediment 
from the rivers (Mekong and Bassac rivers) and the sea. Sediment 
is carried by floodwater deposited along the banks of the Mekong 
and Bassac rivers. It tends to form ridge-shaped natural levees with 
relatively large particles of sediment parallel to the riverbanks 
(Hori, 2000; Funabiki et al., 2007; Tamura et al., 2007). This effect 
has given rise to different distributions of soil texture over the 
different areas - the further from the riverbanks, the finer the soil 
texture.  
 

Table 1. Order, suborder and great groups of soils in the Mekong 
Delta according to the Soil Taxonomy keys. 
Order Suborder Great group 

Entisols Aquents Sulfaquents, Fluvaquents, Tropaquents 
 Fluvents Tropofluvent, Ustìluvents 
 Orthents Ustorthents 
Inceptisols Aquepts Sulfaquepts, Tropaquepts 
 Tropepts Eutropepts, Ustropepts 
Ultisols Aquults Tropaquults, Plinthaquults 
 Ustults Rhodustults 
Histosols Hemists Sulfihemists 
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Figure 3. Landform units of the Mekong Delta, Vietnam (Source: Chiem, 1993). 

 
The area can be divided into five landform units and a number of 
subunits: 
• Floodplain 

a. High floodplain 
i. Natural levee 
ii. Sandbar 
iii. Back-swamp 
iv. Closed floodplain 
v. Open floodplain 

b. Tide-affected floodplain 
i. Natural levee 
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ii. Back-swamp 
iii. Broad depression floodplain 

• Coastal complex 
a. Sand ridge 
b. Coastal flat 
c. Inter-ridge 
d. Mangrove swamp 

• Broad depression 
a. Broad depression 
b. Peat depression 

• Old alluvial terrace 
• Hills and mountains 

Vegetation and land management systems 
The topography of the MD is flat and low, with elevations ranging 
from 0 to 4 m above sea level, with the exception of some hills and 
mountains (Mount Sam in An Giang Province 270m, Mount Co 
To in Kien Giang Province 258 m). The MD experiences annual 
flooding (usually in August - November), with an average flooding 
depth from 0.8 to 1.5 m. Consequently, farmers have to build up 
so-called ‘raised beds’ to avoid submergence of upland crops, most 
of which are grown in lowland areas with alluvial soils. The raised 
beds are made by excavating and heaping soil materials up from 
adjacent lateral ditches, to form long raised strips that are higher 
than the original ground surface as illustrated in Figs. 4-7, which 
show cross-sections of stages in raised bed construction. Soil layers 
in the raised beds can be arranged in reverse order (Fig. 4) or in 
the same order as the original soil (Fig. 5). 
 

 
Figure 4. Cross section of raised bed construction – reverse order to original soil. 

 
 

 
Figure 5. Cross section of raised bed construction – same order as original soil. 
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Figure 6. Cross section of raised bed construction – top soil placed in centre (I). 

 

 
Figure 7. Cross section of raised bed construction – top soil placed in centre (II). 

The size of the raised bed varies depending on the type of crop 
grown and the highest flooding level, according to studies by the 
Agriculture and Applied Biology College of Cantho University. 
Table 3 shows some common sizes of raised beds for citrus 
plantations in the MD. 
Although the aim is to make the raised bed higher than the highest 
flooding level, submergence still occurs throughout the MD during 
the flooding season. The percentage of citrus plantation 
submerged is shown in Table 4.  
Known as the granary or rice bowl, the MD has long been the 
largest agricultural zone in Vietnam and contains a range of diverse 
cropping systems (Fig. 8). In the past, rice has been intensively 
grown over the Delta, together with some areas of upland crops. 
Nowadays, there is a strong tendency for rice fields to be 
alternated and inter-cropped with cash crops or industrial crops.  
 

Table 3. Size of citrus raised beds in the Mekong Delta, Vietnam (Phong and Ve). 

Type of crop 
Top width 

(m) 
Base width 

(m) 
Height 

(m) 
Ratio of base to 

top 

Pomelo  5.8 - 7.0 6.8 - 9.0 0.3 - 0.4 1.2 - 1.3 
Sweet Orange (Cam mat) 5.7 - 7.1 7.1 - 8.7 0.0 - 0.3 1.1 - 1.2 
King Orange (Cam sanh) 5.3 - 9.0 6.2 - 10 0.0 - 0.3 1.2 - 1.3 
Tangerine (Quyt tieu) 5.0 - 6.9 6.3 - 7.9 -0.1 - 0.5 1.1 - 1.3 
Tangerine (Quyt xiem) 5.1 - 6.5 6.3 - 8.1 0.2 1.1 - 1.2 
Lime  6.6 - 7.4 8.0 - 8.5 -0.2 - 0.3 1.1 - 1.2 

 
Table 4. Ratio of citrus raised beds flooded in the Mekong Delta, Vietnam (Phong 
and Ve). 
Type of crop Percentage (%) 

Sweet Orange (Cam mat) 27.7 
King Orange (Cam sanh) 15.1 
Tangerine (Quyt tieu) 38.4 
Tangerine (Quyt xiem) 6.5  
Lime  38.5 
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Table 5. General description of climate variables – the average 
mean annual values, 1996-2005. 
Station Ben Tre Can Tho An Giang 

Latitude 9o55' N 10o02' N 10o46' N 
Longitude 106o23' E 105o47' E 105o08' E 
Air temperature( oC) 26.7 26.9 27.4 
Relative humidity (%) 84.7 84.5 80.6 
Wind speed (m s-1) 3.2 2.7 2.8 
Precipitation (mm) 1566 1759 1310 
Sunshine DBS (hr year-1) 2572 2335 2329 
Evaporation(*) (mm year-1) 1097 969 1180 

(*)Measured by Piche 

Conceptual Models for Soil Compaction Formation 
In general, the soil in raised beds is disturbed by the impact of 
human activities. Depending on the construction method used for 
the raised bed, the soil texture, hydrometeorological conditions 
and farm management, the soil structure in the raised beds is 
restored quickly or slowly. The reconstruction process of soil 
physical characteristics in the raised beds can be briefly described 
as follows: 
• When the bank is firstly built, the interstitial distribution is very 

high. 
• With time, the larger soil blocks disintegrate into smaller blocks 

through weathering and the mechanical process of preparing 
the soil surface for planting. The soil particles are gradually 
rearranged until they become stable. 

• Fine-grain soil particles move with the flow of rain or irrigation 
water and gradually fill up the soil interstices. If the clay content 
of the soil is high, this can cause an increase in soil resistance. 

• Soil aeration exposes soil organic matter, and speeds up the 
breakdown of organic matter. It is harmful to soil structure and 
leads to a rapid increase in soil density. 

• The rise in water level due to the rainy season or irrigation and 
the fall in water level due to the dry season or drainage can lead 
to changes in soil volume. 

• Cultivation activities, such as irrigation, drainage and weed 
removal from the raised beds can accelerate soil compaction.  

• Periodically, the raised bed may be covered with mud from a 
neighbouring pond or river. 

• At higher moisture contents, vibrations caused by heavy 
machines, as well as the force exerted on the soil surface by 
cattle walking, grazing or standing, may compact soils. 
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Figure 10. Conceptual diagram of general soil compaction. 

 
 

 
Figure 11. Conceptual diagram of specific factors in soil 
compaction. 

 
Therefore, the soil in the raised beds is affected by a complex 
process comprising a core component of physical, chemical and 
biological factors, together with factors relating to climate and 
agricultural practices – see Figs. 10, 11 for soil compaction 
conceptual diagrams. It is clear that the soil may become 
compacted over time as a result of the above factors (see Van 
Quang and Jansson, 2008). 
Depending on the amount of water that a soil contains, it is 
exposed to different states of stability. These states are described 
as in Fig. 12 and called as Atterberg limits - a method, with which 
these states of soil consistency could be determined, was 
developed by the Swedish soil physicist Atterberg in 1911 (Troeh 
and Thompson, 2005). 
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Figure 12. Illustration of Atterberg limits.  

In the soil – water – plant system, soil plays the most important 
role as regards plant existence and growth. The process by which 
plant roots take up nutrients depends on the soil layer in which the 
roots are growing, the quality and quantity of nutrients in the soil, 
and soil physical characteristics such as texture, conductivity, water 
content and penetration resistance. Soil compaction leading to 
physical soil degradation can be found in every place where human 
activities and machines exist (Adams, 1998; Coder, 2000). 
Compaction forces soil particles closer together and increases the 
bulk density of the soil, resulting in larger pores being eliminated 
and loss of soil aggregation (Magdoff and Van Es, 2000). 
Compacted soil can be a serious obstacle to plant growth and the 
productive capacity of such soils is limited. 

Description of Model for Water Flows (Coupmodel) 
CoupModel (Jansson and Moon, 2001; Jansson and Karlberg, 
2004), a physically based model of water and heat flow, which was 
formerly known as SOIL model (Jansson and Halldin, 1979), has 
been used as a main tool to simulate soil water balance and 
dynamics for different types of vegetation in different soils 
(Kätterer et al., 2006; McGechan et al., 1997). The model is based 
on a one-dimensional coupled heat and mass transfer model for 
the soil-plant-atmosphere system. The numerical solutions are 
performed using a finite differential method. The soil profile is 
divided into a finite number of soil layers. Driving variables for the 
model are daily values of meteorological variables, i.e. air 
temperature, air humidity, wind velocity, precipitation and duration 
of sunshine. The different steps in the mass balance and heat 
balance of CoupModel are summarised in Fig. 13. 

  

Solid state

Semisolid state

Plastic state

Liquid state

Shrinkage limit, wS 

Plastic limit, wP 

Liquid limit, wL 

Increasing w
ater content

Increasing soil strength

Figure 13. Mass 
balance (left) and 
heat balance (right) 
of the CoupModel. 
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Soil water flow 
Water flow in the soil profile is based on the partial differential 
equation by combining Darcy’s law with the law of mass 
conservation (Richards, 1931). 

sww 1
z
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∂
∂

∂
∂θ  (1) 

where θ is soil water content, t is time, ψ is the water potential, z is 
the depth from the soils surface downward, Kw is the unsaturated 
hydraulic conductivity, and Sw is a sink term representing the net 
outflow.  
Bypass flow and surface runoff can occur when rainfall intensity 
exceeds the infiltration rate of the topsoil (Horton, 1933). Bypass 
flow is considered to be rapid downward free water flow along 
macrospores during conditions when smaller pores are only 
partially filled with water. Bypass flow in a soil profile can be 
calculated from the infiltration flow rate at the soil surface or 
vertical flow in the macrospores at any depth, qin, and the ordinary 
Darcy flow, qmat: 
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0 <qin < Smat (2) 

qbypass = 0 0 <qin < Smat (3) 
qmat = Smat qin ≥ Smat (4) 
and 
qbypass = qin - qmat qin ≥ Smat (5) 
where k(θ) is the unsaturated conductivity at a given water content, 
Ψ is the water potential and z is the depth co-ordinate. At all 
depths in the soil qin is the vertical flow rate in the macrospores 
(qbypass) from the layer immediately above. Smat (sorptivity of 
aggregates) is defined as:  
Smat =ascale .ar.kmat. pF (6) 
where kmat is the maximum conductivity of smaller pores (i.e. 
matrix pores), ar is the ratio between compartment thickness and 
the unit horizontal area represented by the model, pF is 10log of ψ 
and ascale is an empirical scaling coefficient accounting for geometry 
of aggregates. 

Soil hydraulic properties 
The relationship between volumetric water content and water 
tension is calculated by the Brooks and Corey expression (Brooks 
and Corey, 1964): 

λ
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ψ

−
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⎠

⎞
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⎝

⎛
=

a
eS  (7) 

where ψa is the air-entry pressure and λ is the pore distribution 
index. Se (effective saturation) which is defined as: 



Pham Van Quang  TRITA-LWR.LIC Thesis 2046
 

 14

rs

r
eS

θθ
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−
−

=  (8) 

where θs is the porosity and θr is the residual water content.  
The unsaturated hydraulic conductivity, which is related to pore 
size distribution, is calculated by the Mualem equation (Mualem, 
1976). Following the Mualem equation and using the analytical 
expressions according to Brooks & Corey (7) and (8), the 
unsaturated conductivity is given by: 
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where kmat is saturated conductivity and n is a parameter accounting 
for pore correlation and flow path tortuosity. 
To account for the contribution of macrospores, an additional 
contribution to the hydraulic conductivity is considered when 
water content exceeds θs - θm : 
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 (10) 
where ksat is the saturated conductivity which includes the 
macrospores and kw(θs - θm) is the hydraulic conductivity calculated 
from Eqs. (9-10). 

Groundwater flow 
Water movement from groundwater level to the root zone of 
plants or the upper layers of the soil profile is unsaturated flow. 
The capillary fringe always exists above the groundwater level. 
Groundwater flow can be considered as a dynamic sink term in the 
one-dimensional structure of the model. Based on the equations 
presented by Hooghoudt (1940), the total flow to drains is given 
by: 
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where ks1 and ks2 are the saturated conductivity in the horizon 
above and below drainage canals respectively, zD is the thickness of 
the layer below the drains and dp is the spacing between parallel 
drain canals.  
In the model, flow for specific layers above drain depth is 
calculated based on the horizontal seepage flow for heterogeneous 
aquifers (Youngs, 1980), corresponding to the first term in the 
Hooghoudt equation: 
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where hu and hl are the height of the top and bottom of the 
compartment above the drain level zp. Below drain depth, the flow 
is calculated for each layer as: 
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( )
2
p

corrpsats
2wp d

)z(rzz)z(k8
)z(q

−
=  (13) 

where the correction factor rcorr may be calculated based on the 
equivalent layer thickness (zd) as: 
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where zd and dp are related as: 
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For this study, the soil compartment was assumed to have an 
impermeable layer at the bottom of the profile. 

Potential transpiration and evaporation 
The combination of Penman method proposed by Monteith 
(1965) is used to estimate potential transpiration as well as 
potential evaporation rate for intercepted water and evaporation 
from soil separately: 
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where Lv is the latent heat of vaporisation, γ is the psychometric 
coefficient, Δ is the slope of vapour pressure and temperature 
relationship, ρa is the air density, cp is the coefficient of specific 
heat for moist ambient air at constant pressure, (es – ea) is the 
vapour pressure deficit, ra is the aerodynamic resistance, rs is the 
canopy resistance, and Rn is the net radiation. 
The saturated vapour pressure function, es(T), is defined by: 

)
15.273T
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s 10)T(e +=       T < 0 (17) 

)
15.273T

23534051.11(

s 10)T(e +=       T > 0 (18) 

Transpiration 
The potential transpiration demand, Etp, is calculated according to 
equation (15) with the remaining net radiation, Rna - Rns. The 
aerodynamic resistance between the canopy and the reference 
height, ra, is calculated as: 
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where u is the wind velocity at reference height, zref, k is von 
Karman’s constant, d is the zero plane displacement. The 
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roughness length, z0, is estimated with functions derived by Shaw 
and Periera (1982). 
The surface resistance of the canopy is calculated as a function of 
leaf area index (LAI), global radiation (Rg) and vapour pressure 
deficit (es-ea): 

LAIg
1r

s
sc =  (20) 

where gs is the stomatal conductance which is given by the 
Lohammar equation (Lindroth, 1985) as: 
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where R0, gmax, and gvdp are parameter values. 
If more than one canopy exists the aerodynamic resistance will be 
estimated because of eventual shadowing of other canopies. The 
aerodynamic resistance for a specific canopy (i) is then calculated 
as: 

rali,la
*
ai,a PArr +=  (22) 

where Pral is a parameter and Ala,i is the leaf area index of all other 
canopies above the present canopy i. 
Water uptake by root is assumed to equal actual transpiration. 
Actual transpiration is estimated from the potential transpiration, 
the soil temperature RT, the normalized root density for each soil 
layer r(z), and the water tension response Rψ.  

∫=
rz

0
TTpT dz)z(r)z(R)z(REE ψ  (23) 

where zr is the maximum root depth. Water uptake is reduced by 
dry soil that is supposed to act through the stomatal mechanism 
and xylary tissue resistance. 
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where p1 and p2 are parameters as well as ψc is a critical tension 
where reduction begins. The analytical form of the soil 
temperature response RT is given as the exponential function 
proposed by Axelsson and Ågren (1976). The compensatory water 
uptake is accounted for when calculating the total transpiration 
ETa = ET + fumov(ETp + ET) (25) 
where fumov is the degree of compensation. 

Plant water processes 
The simplest representation is the implicit big leaf model, where 
transpiration and soil evaporation are treated as a common flow. 
In this case the distribution of water uptake from soil layers has to 
be specified. Plant development can be treated as static 
development or dynamic development in the model. For static 
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development, the different variables can be specified at different 
day numbers, and interpolations are made using a common 
temporal function defined as: 
x = (1 – α)x(i -1) + αx(i) (26) 
where α is calculated depending on whether multiple plants or 
single plants are used in the model. Temporal functions are 
defined in intervals of day numbers from start to optimum and 
from optimum to end. The interpolations are made using the basic 
equation (26) but with a different definition of the shape factor 
compared with equation (27). Now the shape factor is instead 
defined as equation (28). 
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where x(i) is the parameter defined at day number tday(i) in an array 
from 1 to n. Up to 5 day numbers can be defined, with values > 0 
and ≥ 365. If tday(i) is set to 0, only indices lower than i will be 
considered, and cform is form factor for interpolation between times, 
t, given as day numbers of the year (Fig. 14). 

Soil evaporation 
Evaporation from the soil surface (‘soil evaporation’) can be 
calculated by an empirical approach based on the Penman-
Monteith equation or by a physical approach based on an iterative 
solution of the surface energy balance including both water and 
heat fluxes at the soil surface (Fig. 15). 

 
Figure 14. Graphical representation of the interpolation procedure 
used for some plant. 
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Beer’s law (Impens and Lemeur, 1969) is assumed to be valid for 
the partitioning of net radiation between the plant canopy and the 
soil surface. 

lrn Ak
tot,nns eRR −=  (29) 

where Rn,tot is the net radiation above the plant canopy, Rns is the 
the net radiation at the soil surface, krn is an extinction coefficient 
and Al is the leaf area index. 
Surface energy balance approach 
Soil evaporation is calculated according to the law of conservation 
of energy and defined as: 

hssvns qHELR ++=  (30) 
where Rns is the net radiation at the soil surface, LvEs is the sum of 
latent heat flux, Hs is sensible heat flux, and qh is heat flux to the 
soil. 
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Where ras is the aerodynamic resistance; 
 kh is the thermal conductivity of the top soil layer; 
 esurf is the vapour pressure at the soil surface; 
 ea is the actual vapour pressure in the air; 
 ρa is the density; 
 cp is heat capacity of air; 
 Lv is the latent heat of vaporisation; 
 γ is the psychrometer constant; 
 qv,s is the vapour flow; 
 dvapb is the tortuosity given as an empirical parameter; 
 D0 is the diffusion coefficient for a given temperature: 
 fa is the fraction of air filled pores (θs-θ); and 
 cvs and cv1 are the concentrations of water vapour at the 
soil surface and at the middle of the uppermost compartment 
respectively (see Fig. 15 for the schematic picture of the 
interaction between these components). 
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Figure 15. The energy flows and resistances at and above the 
canopy and soil surfaces. Rna is the same as Rn,tot. 
Vapour pressure at the soil surface 
Vapour pressure at the soil surface is calculated as the equation 
(34) based on Ts, Ψ1, and ecorr (Alvenäs and Jansson, 1997). 
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where Ts is the surface temperature, Ψ1 is the water tension of the 
uppermost layer, ecorr is an empirical correction factor, R is the gas 
constant, Mwater is the molar mass of water, g is the gravity constant 
and es is the vapour pressure at saturation.  
The empirical correction factor, ecorr, depends on an empirical 
parameter Ψeg and a calculated mass balance at the soil surface, δsurf, 
which is allowed to vary between the parameters sdef and sexcess given 
in mm of water. 
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where Wpool is the surface water pool, qin is the infiltration rate, Es is 
the evaporation rate and qv,s, is the vapour flow from the soil 
surface to the central point of the uppermost soil layer. 
Aerodynamic resistance with stability correction below vegetation canopy 
The aerodynamic resistance above the soil surface, ras, is calculated 
as: 

abaaas rrr +=  (38) 
Where raa is a function of wind speed and temperature gradients, 
and rab is an additional resistance representing the influence of the 
crop cover: 

lalaiab Arr =  (39) 
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where ralai is an empirical parameter. 
The aerodynamic resistance as a function of the Monin-Obukhov 
stability parameter, (adopted from Beljaars and Holtslag,1991): 
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where LO is the Obukhov length, ΨΜ and ΨΗ are empirical stability 
functions, z0M is the surface roughness length of momentum and 
z0H is the surface roughness length of heat. The relation between 
the Obukhov length and the Richardson number is specified by 
the following equation: 
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Equation (40) is solved by Beljaars and Holtslag.  
The empirical stability function is calculated for unstable 
conditions ((zref-d)/LO<0) by: 
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For stable conditions ((zref-d)/LO>0) the empirical stability function 
is instead calculated as: 
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with the non-optional parameter values α = 1, β = 0.667, γ = 5 
and δ = 0.35 suggested by Beljaars and Holtslag (1991). 

The soil surface evaporation, Es, is calculated according to 
the combined Penman-Monteith equation using the amount of 
radiation energy reaching the soil surface, Rns: 
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where ras is the sum of the aerodynamic resistance and rss is the 
surface resistance at the soil surface. 

Criterias for Evaluation Model Performance 
The agreement between simulated and observed simulation 
outputs was evaluated here using the Generalised Likelihood 
Uncertainty Estimation (GLUE) methodology introduced by 
Beven and Binley (1992). The methodology uses a Monte Carlo 
approach to make calibrations and assumes various criteria for 
acceptance of simulations based on statistical measures. The prior 
parameter value distributions are commonly selected as uniform 
and non-correlated to produce the parameter ensembles, which are 
used in the Markov Chain Monte Carlo method. In the GLUE 
approach, the random parameter ensembles are used to run the 
simulation with the finite times specified in advance. The output of 
the simulation for each run is compared against measured data 
using performance measure criteria and standard techniques. There 
are several criteria that can be used to evaluate simulation 
performance, such as linear regression with square of the 
correlation coefficient (R2), intercept (A0) and slope (A1) and, in 
addition, mean error (ME), root mean error (RMSE), or a 
probabilistic measure based on the Bayes theorem as the Log-
Likelihood. 
The method is summarized as follows: 
1. Define a feasible range of parameters (see Table 7 for the range 

used in this study). 
2. Sample the parameter space uniformly using random numbers 

within the prescribed range. 
3. Run the simulation with multirun mode Ns times, each time 

using random parameter, calculate, and compare to the 
measured. 

4. Rank R2 values and ME. Accept the parameter that covers the 
criteria range, called acceptable parameter. 

5. For the acceptable simulations, calculate the range of output 
variables of interest. 

6. Calculate the max, min, mean, and standard deviations for 
performance indicators such as R2, A0, A1, RMSE, Log-
Likelihood, and ME for accepted runs. 

7. Study correlation between the parameter and correlation 
between parameters and performance indicators. 
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Simulation Appproach and Initialization 
In the present study, simulations were made to describe the soil 
water balance in the MD. The parameter values were estimated 
based on: 
• A general review of the literature; 
• Specific determination of some properties from site-specific 

investigations and laboratory analyses; and  
• Calibration of the model using the dynamic patterns for 

selected seasons and sites.  
The calibration used a set of tensiometer data from different field 
sites within the three selected provinces during the same season.  
The parameters selected for the calibration were intended to 
consider different important processes for the water balance 
(Tables 6 and 7). These included atmospheric parameters for 
control of soil evaporation and transpiration, parameters for 
transpiration and water uptake by the plant, and data on soil 
physical characteristics. The parameters used for three sites and 
their correspondence methods were presented in table 8. 

Table 6. List of parameters for multirun. 
Paramteters Equation Symbol Units Parameter values Method 

Meteorology      
Reference height 18 zref m 10-12 c 
Air temperarure mean  Tamean °C 27.5-29 c 

Soil hydraulic      
Minimum conductivity   mmday-1 1.603E-6 -0.0035 d 
Radiation properties      
Soil albedo dry  αdry % 20 a 

Soil albedo wet  αwet % 10 a 

Extinction factor 28 krn - 0.5 b 
Soil evaporation      
Roughness length 18 zo m 2.25x10-4 d 
Soil water flow      
Aggregates, scaling 6 ascale - 0.1-2.5 d 
Drainage deep percolation      
Thickness of the layer below the 
drainage canal 

11, 14 zD m 1-5 d 

Characteristic distance 11, 12, 13 dp m 4-20 d 
Plant      
Leaf area index 19 Al - 3.5 a1 

Water uptake      
Root depth 22 zr m 0-0.8 a 
Critical pressure head for reduction 23 ψc cm 100-1000 b 

Compensatory uptake of water 24 fumov - 0.6 b 

 a: Literature 
 b: Default value model 
 c: Site specific adjustments based on independent observations 
 d: Calibration 

 
                                                 
1 Fageria N., Baligar V., Jones C., NetLibrary I. (1997) Growth and Mineral Nutrition of Field Crops 
Marcel Dekker, New York, p 85. Chapter 10. 
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Table 7. List of parameters for calibrations. 
Category Name Units Method Equation Note 

Plant rOptimum Value(1) (m) Stochastic Linear (26), (28)  
Water uptake CritThresholdDry (cm water) Stochastic Linear (24)  
Water uptake DemandRelCoef (day-1) Stochastic Linear (24)  
Potential transpiration Conduct Max(1) (m) Stochastic Linear (21)  
Potential transpiration Air Resist LAI Effect(1) (s m-1) Stochastic Linear (22)  
Soil evaporation EquilAdjustPsi (-) Stochastic Linear (35), (36)  
Soil evaporation MaxSurfDeficit (mm) Stochastic Linear (37)  
Soil evaporation RoughLBareSoilMom (m) Stochastic Linear (40), (41)  
Soil hydraulic n Tortuosity(1) (-) Stochastic Linear Brook &   
Soil hydraulic n Tortuosity(2) (-) Stochastic Linear Corey  
Soil hydraulic n Tortuosity(3) (-) Stochastic Linear function  
Soil hydraulic Macro Pore(1) (vol %) Stochastic Linear (10)  
Soil hydraulic Macro Pore(2) (vol %) Stochastic Linear (10)  
Soil hydraulic Macro Pore(3) (vol %) Stochastic Linear (10)  
Soil hydraulic Total Conductivity(1) (mm day-1) Stochastic Linear (10-13)  
Soil hydraulic Total Conductivity(2) (mm day-1) Stochastic Linear (10-13)  
Soil hydraulic Total Conductivity(3) (mm day-1) Stochastic Linear (10-13)  
Drainage and deep 
percolation DLayer (m) Stochastic Linear (11), (14)  

Drainage and deep 
percolation DrainSpacing (m) Stochastic Linear (11-13)  

Drainage and deep 
percolation RadiusPipe (m) Stochastic Linear (15)  

Drainage and deep 
percolation DrainLevel (m) Stochastic Linear (11-14) * 

(*) Only used for An Giang 

Soil water dynamics 
The simulation of soil water dynamics and heat flows is based 
upon the second law of thermodynamics (conservation of mass 
and energy). Fig. 16 shows the components of the soil water 
balance. These consist of T (transpiration), E (evaporation), P 
(precipitation), I (irrigation), Roff (surface runoff), IN (infiltration), 
and CR (capillary rise).  

 
Figure 16. Soil water balance sketch. 
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The water balance equation for the general root zone in the soil 
profile is described as: 

SEQP Δ++=  (48) 
where P is precipitation, Q is runoff, E is evapotranspiration, and 
ΔS is the change in storage.  
Water flow in soil is a complex process that interacts with features 
of the surrounding environment such as geographical zone, 
climate, soil characteristics, and the vegetation present.  
The simulation period in the study ranged from 1 January to 31 
December 1998. For the simulation calculations, the soil profile of 
each field site was divided into 14 numerical layers, with a 
thickness of 5 cm for the first layer, 10 cm for the next nine layers, 
and 25, 30, 100 and 250 cm for layers 11, 12, 13, 14 respectively. 
This resulted in a total calculation depth of 500 cm and the soil 
water flow in this depth was processed as water recharge. The 
upper system boundary was the evapotranspiration calculated 
according to iterative numerical solution and used for estimating 
the soil evaporation and vapour pressure at the soil surface, and 
the lower system boundary was the saturated level for the Tra 
Vinh and Phung Hiep sites. Simulation procedures based on the 
datasets of the parameters θs, θr, λ, n (table 8-10) and ks were 
carried out. 

Table 8. Soil properties used for simulations, presented as Brook & corey 
coefficients for An Giang site. 

Depth (cm) Pore size 
distribution, λ 

Air entry, Ψa 
(cm) 

Saturation,θs 
(vol%) 

Wilting point θwilt 
(vol%) 

Residual water 
θr (vol%) 

0-20 0.329 25.2 33.2 4.1 0.1 
20-85 0.359 21.2 37.1 5.0 0.1 
85-100 0.252 21.2 31.9 5.2 0.1 

 
Table 9. Soil properties used for simulations, presented as Brook & corey 
coefficients for Phung Hiep site. 

Depth (cm) Pore size 
distribution, λ 

Air entry, Ψa 
(cm) 

Saturation,θs 
(vol%) 

Wilting point θwilt 
(vol%) 

Residual water 
θr (vol%) 

0-30 0.125 31.4 61.2 22.1 0.3 
30-90 0.125 31.4 60.5 21.1 0.3 
90-125 0.129 31.4 64.1 22.9 0.3 

 
Table 10. Soil properties used for simulations, presented as Brook & corey 
coefficients for Tra Vinh site. 

Depth (cm) Pore size 
distribution, λ 

Air entry, Ψa 
(cm) 

Saturation,θs 
(vol%) 

Wilting point θwilt 
(vol%) 

Residual water 
θr (vol%) 

0-45 0.093 39.7 52.0 25.4 0.3 
45-85 0.095 39.7 50.6 25.9 0.3 
85-120 0.095 39.7 50.8 23.6 0.3 
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The dataset used for all three sites consisted of: 
1. Daily weather data such as precipitation, sunshine duration, air 

temperature, wind speed and humidity from weather stations 
located in the MD and operated by the Hydrometeorological 
Data Centre of Vietnam (Table 5). 

2. Soil profile data included soil texture and soil bulk density, as 
well as saturated hydraulic properties. The pF curve was 
obtained from laboratory measurements using the negative 
pressure method with a sandbox and the positive pressure 
method with ceramic plates on soil core samples taken from the 
field sites (Figs. 17, 18, and 19). These data were obtained from 
the doctoral thesis of Khoa (2002).  

3. Measurements at intervals of ten and/or three days of pressure 
head, using recording mercury manometer tensiometers (Tables 
A1-A3 in Appendix A). These data were also obtained from 
Khoa (2002). 

4. Groundwater level deduced from a pair of tensiometers 
(Koorevaar et al., 1983). 

5. Plant characteristics (Table 11). 
Water flow in soil is the result of gradients in water potential 
(Richards, 1931). Boundary conditions considered were infiltration 
of rainwater and/or irrigation into the upper soil layer, heat 
transfer at the soil surface, evapotranspiration from the soil surface 
and the plant, and flow to deep groundwater. 
 

 
Figure 17. Soil water retention curves of soil profile in Tra Vinh site. 

 
Figure 18. Soil water retention curves of soil profile in An Giang site. 
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Figure 19. Soil water retention curves of soil profile in Phung Hiep site. 

 
Table 11. Vegetation properties used for simulations. 
Locations Crops Growing cycle Length Crop group Harvest Index LAI 

 Tra vinh Maize Mar-01 to Jun-10 100 C4-III/4 0.35 3.50 
 Can Tho Maize Mar-01 to Jun-10 100 C4-III/4 0.35 3.50 
 An Giang Maize Mar-20 to Jun-30 100 C4-III/4 0.35 3.50 

Tensiometer data (validation) 
The data used for validation were obtained from Khoa (2002). The 
three sites selected for tensiometer measurements represented a 
wide range of soil properties. They were located in Tinh Bien 
district, An Giang province; Phung Hiep district in Can Tho 
province; and Chau Thanh district in Tra Vinh province (see 
Appendix A).  
To investigate the model performance and the uncertainty method 
for parameter estimation, measured data on pressured heads were 
used. Simulations were run over a 1-year period with daily time 
series. However, the pressure head dataset covered the period 
from 30 December 1997 to 7 August 1998 for Tinh Bien; 21 
January  to 22 April 1998 for Phung Hiep; and 6 January to 15 
June 1998 for Tra Vinh (Khoa, 2002). The approach was to use 
the same year during the dry season and/or until the rice field was 
flooded. Tensiometers were installed in the soil profile at depths of 
10, 20, 30, 40, 50, 60, 70, and 90 cm. The reference level was set at 
the soil surface. The frequency of reading was at 10 day intervals 
for Tinh Bien and Tra Vinh and at 3 day intervals for Phung Hiep. 
The total hydraulic head (H) and the pressure head (h) are given in 
Appendix A. 

RESULTS AND DISCUSSION 

Obtained Values for Calibrated Parameters 
A large number of simulations are usually required in the GLUE 
method with random sampling to get the parameter range, thus 
obtaining a reasonable distribution of the outputs. In this study, 
10,000 runs were made. The number of accepted simulations was 
strongly related to the criteria based on R2 and ME for each depth 
of observation (Table 12). The number decreased rapidly when the 
range of ME narrowed and R2 ≥ 0.5 were combined for all layers. 
The highest number of accepted points was 9219 (accounting for 

30-90cm 90-125cm 0-30cm 
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92.2% at the Phung Hiep site) and 1441 (accounting for 14.4% at 
the An Giang site) when the only criterion was for the absolute 
value of mean error to be less than 100. In the case of the Tra 
Vinh site, we could not obtain any accepted points for the same 
criterion. The evaluation also considered simulations fulfilling both 
the criteria |ME| ≤ 100 and R2 ≥ 0.5. A logical decrease in the 
number of accepted simulations was observed when the window 
for the mean error was further decreased to a smaller range. 
Substantial differences between the sites were apparent, with very 
good performance for the Phung Hiep site but quite poor 
performance for the Tra Vinh site. The number of accepted points 
decreased gradually for the Phung Hiep site, in contrast to the 
dramatic decrease for the An Giang site (Table 12). 
The frequency distribution parameter values for calibrations 
showed that the accepted points were represented a broad range of 
values for all three sites. This means there was no ‘best’ simulation 
represented by a single optimum parameter value, but instead 
many equally ‘good’ simulations represented as ensamples of 
parameters within a relatively broad range of values. Tables 13 and 
14 show the prio mean, post mean, and post CV for parameters 
with accepted simulations. The prio mean and post mean were 
similar for most of the parameters and the posterior distribution 
covered most of the range of the prior distributions. However, the 
coefficient of variation (CV) was small for most of the parameters, 
indicating that the range was already small in the assumed prior 
distribution or that it narrowed after the calibration. 
The correlations to other parameters for all calibrated variables 
were calculated (Appendix B). Many of the parameters exhibited 
distinctly non-zero posterior correlations. However, the absolute 
values in the correlation table were all smaller than 0.4. This 
indicates that the correlation between the posteriors was not 
strong or in other words that the variables were independent of 
each other. Because of the large number of combinations of 
different parameters in the model, it is not easy to interpret the 
results from the correlation matrix.  
The acceptable range of the total hydraulic conductivity was from 
666 to 2456 mm day-1 for An Giang site (table 13) and 52 to 60 
(mm day-1) Phung Hiep site (table 14). 
Among the parameters related to potential transpiration, soil 
evaporation and soil water flow (such as Conduct Max, 
EquilAdjustPsi, RoughLBareSoilMom, MaxSurfDeficit and 
AScaleSorption),  RoughLBareSoilMom and MaxSurfDeficit were 
greater at the An Giang site than at the Phung Hiep site (Tables 13 
and 14). 
Statistical comparisons of the sites were based on re-sampling of 
acceptable simulations. There was significant differences in these 
parameters at the α = 0.05 level of significance between the An 
Giang and Phung Hiep sites except for MaxSurfDeficit, which had a 
mean difference of 0.05 and the standard error difference of 0.032 
(Table 15). 
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Table 12. Acceptable simulations for calibrated parameters based on acceptance 
criteria and on 10,000 runs for the model performance. 

Site 
R2 R2 ≥ 0.5 

ME = ± 100 ME = ± 100 ME = ± 80 ME = ± 60 ME = ± 10 

An Giang 1441 (14.4%) 468 (4.7%) 276 (2.8%) 45 (0.5%) None 
Phung Hiep 9219 (92.2%) 3505 (35.1%) 3501 (35%) 3484 (34.8%) 796 (8%) 
Tra Vinh None None None None None 

 
Table 13. Calibrated parameters for An Giang site (ME = ±80 and R2 ≥ 0.5) 

Parameter Units Accepted Prio mean Post mean Post CV Range 
ratio Note 

Conduct Max(1) (mm day-1) 276 0.02 0.02 0.07 0.99 * 
EquilAdjustPsi (-) 276 1.82 1.83 0.03 0.98 * 
RoughLBareSoilMom (m) 276 0.03 0.04 0.05 0.99 * 
n Tortuosity(1) (-) 276 -0.56 -0.58 -0.25 0.99 * 
n Tortuosity(2) (-) 276 0.04 -0.30 -0.87 0.89 * 
n Tortuosity(3) (-) 276 0.55 0.66 0.84 0.99 * 
Macro Pore(1) (vol %) 276 3.44 3.44 0.17 0.99 * 
Macro Pore(2) (vol %) 276 3.35 3.35 0.32 0.99 * 
Macro Pore(3) (vol %) 276 4.15 4.25 0.21 0.99 * 
MaxSurfDeficit (mm) 276 -1.19 -1.20 -0.02 0.99 * 
AScaleSorption (-) 276 0.96 0.95 0.17 0.99 * 
Total Conductivity(1) (mm day-1) 276 768.67 778.71 0.28 0.99 * 
Total Conductivity(2) (mm day-1) 276 2281.00 2456.00 0.21 0.98 * 
Total Conductivity(3) (mm day-1) 276 781.80 665.71 0.35 0.90 * 
DLayer (m) 276 7.30 7.24 0.17 0.99  
DrainSpacing (m) 276 8.03 8.04 0.11 0.99  
RadiusPipe (m) 276 2.64 2.60 0.19 0.99  
DrainLevel (m) 276 -2.39 -2.36 -0.05 0.96  

(*) Statistical comparisons were performed between the sites for these calibrated ensembles. 
 

Table 14. Calibrated parameters for Phung Hiep site (ME = ±80 and R2 ≥ 0.5. 

Parmameter Units Accepted Prio mean Post mean Post CV Range 
ratio Note 

Conduct Max(1) (mm day-1) 3501 0.03 0.03 0.33 0.99 * 
EquilAdjustPsi (-) 3501 1.92 1.97 0.15 0.99 * 
RoughLBareSoilMom (m) 3501 0.02 0.02 0.53 0.99 * 
n Tortuosity(1) (-) 3501 0.37 0.42 1.73 0.99 * 
n Tortuosity(2) (-) 3501 0.44 0.47 1.66 0.99 * 
n Tortuosity(3) (-) 3501 0.46 0.47 1.69 0.99 * 
Macro Pore(1) (vol %) 3501 3.97 3.99 0.27 0.99 * 
Macro Pore(2) (vol %) 3501 3.31 3.61 0.33 0.99 * 
Macro Pore(3) (vol %) 3501 3.61 3.58 0.36 0.99 * 
MaxSurfDeficit (mm) 3501 -1.10 -1.25 -0.43 0.99 * 
AScaleSorption (-) 3501 1.25 1.24 0.35 0.99 * 
Total Conductivity(1) (mm day-1) 3501 62.50 59.33 0.36 0.99 * 
Total Conductivity(2) (mm day-1) 3501 57.50 55.02 0.34 0.99 * 
Total Conductivity(3) (mm day-1) 3501 57.50 52.30 0.30 0.99 * 

(*) Statistical comparisons were performed between the sites for these calibrated ensembles. 
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Table 15. t-Test for parameters between An Giang and Phung Hiep at α = 0.05. 

Parameters  Sig. (2-tailed) Mean 
Difference 

Std. Error 
Difference 

95% C.I.D 

Lower Upper 

ConductMax(1) 0.000 0.007 0.001 0.006 0.009 
EquilAdjustPsi 0.000 0.134 0.017 0.099 0.168 
RoughLBareSoilMom 0.000 -0.016 0.001 -0.017 -0.014 
nTortuosity(1) 0.000 1.000 0.044 0.914 1.086 
nTortuosity(2) 0.000 0.762 0.047 0.670 0.853 
nTortuosity(3) 0.000 -0.198 0.048 -0.292 -0.104 
MacroPore(1) 0.000 0.547 0.065 0.419 0.674 
MacroPore(2) 0.000 0.258 0.074 0.113 0.403 
MacroPore(3) 0.000 -0.676 0.078 -0.829 -0.522 
MaxSurfDeficit 0.150 -0.046 0.032 -0.108 0.017 
AScaleSorption 0.000 0.293 0.026 0.241 0.345 
TotalConductivity(1) 0.000 -719.383 3.917 -727.062 -711.703 
TotalConductivity(2) 0.000 -2400.965 8.652 -2417.929 -2384.001 
TotalConductivity(3) 0.000 -613.406 4.091 -621.428 -605.385 

Simulation Performance Compared with Observations 
The simulated mean error (ME) and coefficient of determination 
(R2) were selected as a criterion for definition of accepted 
simulations in the calibration procedure.  

Tra Vinh site 
To understand why the Tra Vinh site simulation did not result in 
any accepted simulations when the acceptance criteria were applied 
in the common approach, a more detailed analysis of the results 
was made. The number of accepted simulations based on the 
criteria R2 ≥ 0.5 for specific depths independent of ME is shown 
in Table 16, while Table 17 shows the corresponding information 
after adding the criterion of |ME| < 100 cm. The number in each 
column presents the accepted points of the individual soil layer 
and the combination with the layer as specified by the row. For 
example, 848 and 172 are the numbers of accepted points for the 
10 cm soil layer; 268 and 67 are the numbers of accepted points 
for the 10 cm layer combined with the 20 cm layer; 37 and 9 for 
the 10 cm layer combined with the 30 cm layer and so on. The 
numbers in cells with stars represent the accepted points of the 
first three adjacent layers above the specific cell combined 
together.  
The rapid decrease when the criteria were applied to more than 
one horizon explained why the Tra Vinh site simulations were 
problematic. The accepted points rapidly decreased when 
combinations were made for two and three layers together. 
Simulations of the deeper layers were more successful than those 
of the uppermost layer. For the intermediate layer at 30 cm, the 
fewest numbers of accepted simulations were obtained. 
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Table 16. The number of accepted simulations with R2 ≥ 0.5 and with the whole 
range of mean error (ME) for Tra Vinh using the 17 measured points. 
Depths (cm) 10 20 30 40 50 60 70 90 

10 848  37*      
20 268 275  13*     
30 37 40 43  0*    
40 46 40 14 355  205*   
50 21 10 0 298 517  262*  
60 6 0 0 205 380 483  358* 
70 23 5 0 126 306 358 1162  
90 525 195 18 324 500 479 1060 3615 

* Indicate accepted points for three adjacent depths combined with the criteria. 
  

Table 17. The number of accepted simulations with R2 ≥ 0.5 and with mean error 
|ME| = 100 for Tra Vinh using the 17 measured points. 
Depths (cm) 10 20 30 40 50 60 70 90 

10 172  9*      
20 67 83  2*     
30 9 11 12  0*    
40 7 6 0 132  28*   
50 2 1 0 101 199  7*  
60 0 0 0 28 73 122  7* 
70 0 0 0 1 9 15 139  
90 3 0 0 3 6 9 92 1159 

* Indicate accepted points for three adjacent depths combined with the criteria. 
 
There may be many possible reasons for the poor performance of 
the model and the failure to estimate parameter values for the Tra 
Vinh site. The most reasonable explanations include high 
uncertainty of the measurements, errors in the meteorological 
forcing data or problems because of neglect of some crucial 
parameters or important processes in the calibration. 

Phung Hiep site 
Table 18 shows the range of R2 using the criteria of the mean error 
(ME) from 10 to 100 in the absolute value and the combination 
with R2 ≥ 0.5 for all soil layers. High R2 values were obtained even 
when the window for the ME was decreased (from 0.85 to 0.96). 
The number of accepted simulations decreased from 35.1% (for R2 
≥ 0.5 and ME = ± 100 combined) to 8% (for R2 ≥ 0.5 and ME = 
± 10 combined) when the ME window decreased. The reason for 
the lower values for the R2 at the deepest layer was probably the 
smaller range of variation in the pressure head for that layer. 
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Table 18. The min and max of R2 for Phung Hiep site with |ME| from 10 to 100 
using 31 measured points. 
 

Depth 
(cm) 

R2 R2 ≥ 0.5 

Measured 
points ME = ± 100 ME = ± 100 ME = ± 80 ME = ± 60 ME = ± 10 

 Min Max Min Max Min Max Min Max Min Max 

31 

10 0.00 0.94 0.50 0.93 0.50 0.93 0.50 0.93 0.53 0.93 
20 0.00 0.96 0.51 0.96 0.51 0.96 0.52 0.96 0.55 0.95 
30 0.00 0.94 0.50 0.93 0.50 0.93 0.50 0.93 0.50 0.92 
40 0.06 0.91 0.50 0.91 0.50 0.91 0.50 0.91 0.52 0.87 
50 0.36 0.93 0.53 0.86 0.53 0.86 0.53 0.86 0.59 0.81 
60 0.06 0.89 0.50 0.77 0.50 0.77 0.50 0.77 0.51 0.70 
70 0.03 0.85 0.50 0.69 0.50 0.69 0.50 0.69 0.50 0.63 

Accepted points 9219 (92.2%) 3505 (35.1%) 3501 (35%) 3484 (34.8%) 796 (8%) 

 
Fig. 20 showed the comparisons of simulated and measured water 
pressure head for the depth 10 and 30 cm at Phung Hiep site (see 
appendix D1. for all depths). The red line presents the 
measurements. The green line presents the mean of 796 GLUE 
simulations with the box representing the standard deviation 
around the mean value two whiskers represent the minimal and 
maximal values of the population.  
The simulated dynamic patterns agreed well with the 
measurements (Fig. 20). In general, there was a tendency for the 
simulated pressure head to be slightly below the measured values 
for most of the layers. The range of the accepted simulated values 
demonstrates that the uncertainty was larger for some dates than 
others. For most of the periods and for all the depths, the range 
included the observed values. However, the measured values in 
some periods lay above the highest value of the simulated range. 
The deviating measurements on 14 March (at 10 cm depth) and 24 
February (at 30 cm depth) may have been caused by specific errors 
for those tensiometers and it is unlikely that they reflect an error in 
the simulations, since similar phenomena were observed for other 
depths. The simulated pressure head for the whole period 
indicated a clear tendency for some individual underestimations 
rather than overestimations. 
The coefficients of determination for the linear regression in the 
relationships between simulated and measured soil pressure head 
or the accepted simulations of the different layers are shown in 
Fig. 21. The mean value of R2 varied from 0.57 to 0.80 and the 
standard deviation from 0.02 to 0.12. The uppermost three layers 
showed a more even distribution of the values compared with the 
other layers. These results indicate different sensitivity in response 
to the calibrated parameters with a higher dependency on 
parameter variations in the uppermost layers than in the deeper 
layers. 
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Figure 20. Comparisons of simulated and measured water pressure head for the 
depth 10 and 30 cm at Phung Hiep site. The red line presents the measurements, the 
green line with box presents the simulations. 

 
The frequencies of simulations based on the mean error (ME) for 
simulated and measured pressure head and different layers are 
illustrated in Fig. 22 with |ME| < 80 cm. The ME values were 
distributed differently for the different layers but in most cases 
they ranged from -40 to 20 cm. The distribution was virtually 
symmetrical around zero for the 10 cm layer but the others were 
partially shifted to negative values. This shows an additional 
illustration of the negative and skewed distributions that are also 
obvious in the time series representation (cf. Fig. 20) 
The correlation between the R2 values obtained for the linear 
regression between simulated and measured values and the 
parameter values indicates the parameters that had a strong impact 
on the dynamics of the simulations (Table 19). In a similar way, the 
correlation between the ME values and the parameters indicates 
the parameters that had a strong impact on the level of the 
simulated values (Table 20). 

 

 
Figure 21. Frequency of simulations with different obtained R2 for different depths 
and relationships between simulated and measured pressure head for Phung Hiep 
site. (Two numbers in parentheses show the mean and standard deviation of 
distribution).  

 

14-March 24-February 
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All correlations for the R2 were in the range -0.37 to 0.41. This 
indicates that the impact of individual parameters on the 
performance was normally weak, but exceptions were found. 
However, it was interesting to note the value of 0.41 for the 
correlation between Macro Pore(2) and R2 at 50 cm depth (Table 19) 
and the values of 0.48, 0.59, 0.62 and 0.65 for the correlation 
between Macro Pore(2) and ME at depths 40, 50, 60 and 70 cm 
respectively (Table 20). All are positive correlations, meaning that 
increases/decreases in the value of the Macro Pore(2) parameter 
caused a simultaneous significant increase/decrease in R2 (and 
ME). Another interesting dependency was for the EqualAdjustPsi 
parameter, which showed some correlation with the uppermost 
layers and not for deeper layers, which is clear from the 
understanding of soil evaporation control. However, the hydraulic 
conductivity of the intermediate layer (Total Conductivity(2)) showed 
negative correlations with most of the layers, both for the R2 and 
ME values. This indicates the importance of vertical flow control 
for the dynamics of the entire soil profile.  

An Giang site 
The results from the An Giang site were partly similar to those 
from the Phung Hiep site. However, a number of interesting 
differences were found. The number of accepted simulations 
decreased from 4.7% (R2 > 0.5 and |ME| < 100 combined) to 
0.5% (R2 > 0.5 and |ME| < 60 combined) (Table 21). The range 
of values of R2 was only slightly changed when the range of ME 
was narrowed (from ±100 to ±80). It is interesting to note that 
some of the high R2 values disappeared when the ME condition 
was narrowed. This clearly indicates that a high degree of 
explanation for the dynamics is not always associated with a 
correct mean value representation of the simulations. 
 

 

 
Figure 22. Frequency of simulations with different obtained mean errors (ME) for 
different depths and relationships between simulated and measured pressure head 
for Phung Hiep site. (Two numbers in parentheses show the mean and standard 
deviation of distribution). 
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Table 19. Correlation table between the calibrated parameters and R2 at different 
depths for Phung Hiep site. 

Parameter Units 1 2 3 4 5 6 7 

Conduct Max(1) (mm day-1) 0.11 0.03 0.02 0.06 0.07 0.08 0.07 
EquilAdjustPsi (-) 0.19 0.19 0.21 0.05 -0.02 -0.01 0.02 
RoughLBareSoilMom (m) 0.00 0.06 0.06 0.06 0.05 0.05 0.02 
n Tortuosity(1) (-) -0.02 -0.08 -0.08 0.03 0.00 0.01 -0.01 
n Tortuosity(2) (-) 0.01 0.01 0.00 0.02 0.02 0.03 0.02 
n Tortuosity(3) (-) 0.02 0.03 0.02 0.02 0.02 0.00 0.02 
Macro Pore(1) (vol %) -0.06 0.01 0.01 -0.01 0.00 -0.01 0.01 
Macro Pore(2) (vol %) -0.08 0.02 0.09 0.34 0.41 0.39 0.16 
Macro Pore(3) (vol %) 0.00 0.01 0.00 0.03 0.02 0.03 0.01 
MaxSurfDeficit (mm) -0.27 -0.09 -0.12 -0.05 0.00 0.00 0.04 
AScaleSorption (-) -0.06 -0.07 -0.05 -0.02 -0.02 -0.03 0.00 
Total Conductivity(1) (mm day-1) -0.03 -0.07 -0.11 -0.36 -0.37 -0.36 -0.12 
Total Conductivity(2) (mm day-1) -0.10 -0.16 -0.20 -0.16 -0.18 -0.19 -0.22 
Total Conductivity(3) (mm day-1) 0.11 0.03 0.02 0.06 0.07 0.08 0.07 

 
Table 20. Correlation table between the calibrated parameters and mean errors 
(ME) at different depths for Phung Hiep site. 

Parameter Units 1 2 3 4 5 6 7 

Conduct Max(1) (mm day-1) -0.15 -0.14 -0.12 -0.10 -0.07 -0.03 -0.01 
EquilAdjustPsi (-) 0.20 0.21 0.20 0.15 0.11 0.07 0.05 
RoughLBareSoilMom (m) 0.03 0.05 0.06 0.06 0.04 0.05 0.05 
n Tortuosity(1) (-) -0.05 -0.05 -0.04 -0.01 -0.03 -0.03 -0.03 
n Tortuosity(2) (-) -0.02 -0.01 0.00 0.02 0.03 0.03 0.03 
n Tortuosity(3) (-) 0.01 0.03 0.03 0.03 0.02 0.03 0.02 
Macro Pore(1) (vol %) -0.02 -0.01 0.01 -0.01 -0.01 0.00 0.00 
Macro Pore(2) (vol %) 0.25 0.29 0.31 0.48 0.59 0.62 0.65 
Macro Pore(3) (vol %) -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 0.00 
MaxSurfDeficit (mm) -0.11 -0.16 -0.16 -0.18 -0.17 -0.14 -0.11 
AScaleSorption (-) 0.00 0.00 0.00 0.00 -0.01 -0.01 -0.02 
Total Conductivity(1) (mm day-1) 0.18 0.23 0.23 0.16 0.06 -0.05 -0.20 
Total Conductivity(2) (mm day-1) -0.16 -0.19 -0.20 -0.14 -0.06 0.00 0.10 
Total Conductivity(3) (mm day-1) -0.15 -0.14 -0.12 -0.10 -0.07 -0.03 -0.01 

 
The comparisons of simulated and measured water pressure head 
for the depth 10 and 20 cm at An Giang site were shown in Fig 23 
(see appendix D2. for all depths). The red line presents the 
measurements. The green line presents the mean of 276 GLUE 
simulations with the box representing the standard deviation 
around the mean value two whiskers represent the minimal and 
maximal values of the population.  
Compared with the Phung Hiep site, the An Giang site showed 
much lower pressure heads during the growing season and the soil 
water dynamics had a much greater pattern of variation (Fig. 23). 
In general, the simulated dynamics reflected the observed 
dynamics, especially for the uppermost layers, which also well 
reflected the R2 values and ME values obtained (Figs. 24 & 25) 
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Figure 23. Comparisons of simulated and measured water pressure head for the 
depth 10 and 20 cm at An Giang site. The red line presents the measurements, the 
green line with box presents the simulations. 

 
Table 21. The min and max of R2 for An Giang site with |ME| from 60 to 100. 

Measured points Depth 
(cm) 

R2 R2 ≥ 0.5 

ME = ± 100 ME = ± 100 ME = ± 80 ME = ± 60 

Min Max Min Max Min Max Min Max 

21 10 0.46 0.85 0.57 0.78 0.57 0.78 0.58 0.75 
21 20 0.43 0.88 0.64 0.84 0.64 0.84 0.64 0.82 
20 30 0.33 0.89 0.71 0.87 0.72 0.87 0.72 0.87 
20 40 0.26 0.94 0.75 0.91 0.76 0.91 0.79 0.90 
19 50 0.12 0.94 0.69 0.93 0.69 0.92 0.73 0.91 
19 60 0.10 0.95 0.64 0.89 0.64 0.89 0.66 0.86 
19 70 0.09 0.95 0.57 0.84 0.57 0.84 0.59 0.81 
17 90 0.07 0.92 0.50 0.78 0.50 0.77 0.51 0.73 

Accepted points 1441 (14.4%) 468 (4.7%) 276 (2.8%) 45 (0.5%) 
 

 

 

 
Figure 24. Frequency of simulations with different obtained R2 for different depths 
and relationships between simulated and measured pressure head for An Giang site. 
(Two numbers in parentheses show the mean and standard deviation of 
distribution).   
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Figure 25. Frequency of simulations with different obtained mean errors (ME) for 
different depths and relationships between simulated and measured pressure head 
for An Giang site. (Two numbers in parentheses show the mean and standard deviation 
of distribution). 

 
The ME values showed normal distribution shapes around zero 
for the uppermost layers. More problems with the simulations 
were indicated for lower horizons such as 40 and 50 cm depth, 
where a clear tendency for overestimation of pressure head was 
noted during drying of the soil in the early part of the growing 
season. In contrast to this, a tendency for underestimation of the 
pressure head occurred for the same horizons in the latter part of 
the growing season. For the deepest layers, some systematic 
differences were also observed. None of the simulated values was 
able to describe the quite low pressure heads measured at the start 
of April in the lower horizons. This resulted in relatively low 
values for R2 (Fig. 24). The An Giang site calibration resulted in 
stronger correlations between parameter values and both the R2 

and ME values obtained (Table 22 and 23).  
For correlations between the calibrated parameters and R2 in 
different layers, it was interesting to note the high correlation 
coefficients with the EquilAdjustPsi parameter. Note that the 
correlation shifted from negative to positive values from the 
uppermost layers to the deeper layers. For this site, the soil 
evaporation was even more important than for the Phung Hiep 
site and had an impact on the dynamics of the simulations for 
deeper horizons. The soil evaporation parameter was mainly 
important for the dynamics (Table 22) and less important for the 
level (Table 23). The hydraulic conductivity of the uppermost 
layers (Total Conductivity(1)) was mostly important for explanation 
of the dynamics of the simulations for the 30  and 40 cm layers, 
whereas the hydraulic conductivity of the deepest layers was 
strongly correlated to both the uppermost layers and the deepest 
layers but with different signs for the R2 (Table 22) as well as for 
the ME (Table 23). The control of the lower boundary conditions, 
as regulated by the DrainLevel parameter, showed strong negative 
correlations with R2 and ME for the 10 and 20 cm layers, whereas 
positive correlations were obtained for deeper layers. 
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Table 22. Correlation table between the calibrated parameters and R2 at different 
depths for An Giang site. 

Parameter Units 1 2 3 4 5 6 7 8 

Conduct Max(1) (mm day-1) -0.07 -0.20 -0.17 -0.14 0.13 0.05 0.01 0.01 
EquilAdjustPsi (-) -0.27 -0.43 -0.43 -0.27 0.28 0.22 0.19 0.18 
RoughLBareSoilMom (m) 0.08 0.09 0.08 0.00 -0.10 -0.09 -0.08 -0.08 
n Tortuosity(1) (-) 0.03 -0.06 -0.13 -0.29 -0.04 -0.03 -0.03 -0.03 
n Tortuosity(2) (-) -0.28 -0.23 -0.08 0.01 -0.06 -0.15 -0.20 -0.23 
n Tortuosity(3) (-) 0.00 0.01 -0.05 0.00 0.11 0.13 0.13 0.03 
Macro Pore(1) (vol %) -0.05 -0.03 -0.02 0.03 0.02 0.03 0.03 0.02 
Macro Pore(2) (vol %) 0.07 0.07 0.06 -0.01 -0.08 -0.07 -0.07 -0.07 
Macro Pore(3) (vol %) -0.04 -0.04 -0.02 0.04 0.05 0.04 0.04 0.04 
MaxSurfDeficit (mm) 0.10 0.31 0.34 0.35 -0.13 -0.08 -0.05 -0.06 
AScaleSorption (-) -0.08 -0.04 -0.04 0.02 0.02 0.02 0.02 0.00 
Total Conductivity(1) (mm day-1) 0.12 0.39 0.50 0.55 -0.22 -0.19 -0.17 -0.18 
Total Conductivity(2) (mm day-1) 0.00 0.01 -0.02 0.01 0.02 0.05 0.07 0.09 
Total Conductivity(3) (mm day-1) 0.67 0.48 0.32 -0.35 -0.47 -0.45 -0.43 -0.47 
DLayer (m) -0.10 -0.07 -0.05 0.05 0.10 0.10 0.10 0.10 
DrainSpacing (m) -0.04 -0.04 -0.04 0.04 0.08 0.09 0.10 0.11 
RadiusPipe (m) 0.12 0.11 0.08 -0.02 -0.08 -0.06 -0.05 -0.04 
DrainLevel (m) -0.76 -0.47 -0.29 0.55 0.56 0.54 0.53 0.49 

 
Table 23. Correlation table between the calibrated parameters and mean errors 
(ME) at different depths for An Giang site. 

Parameter Units 1 2 3 4 5 6 7 8 

Conduct Max(1) (mm day-1) -0.01 -0.02 0.05 0.11 0.14 0.15 0.15 0.13 
EquilAdjustPsi (-) 0.11 0.05 0.07 0.10 0.10 0.10 0.09 0.08 
RoughLBareSoilMom (m) -0.09 -0.04 -0.02 0.01 0.02 0.02 0.03 0.03 
n Tortuosity(1) (-) -0.07 0.07 0.03 -0.07 -0.11 -0.13 -0.14 -0.15 
n Tortuosity(2) (-) -0.30 -0.25 0.09 0.45 0.57 0.60 0.61 0.56 
n Tortuosity(3) (-) -0.03 -0.04 -0.07 -0.09 -0.08 -0.07 -0.06 0.09 
Macro Pore(1) (vol %) -0.05 -0.04 -0.04 -0.04 -0.03 -0.03 -0.02 -0.01 
Macro Pore(2) (vol %) 0.00 -0.01 -0.02 -0.02 -0.01 -0.01 -0.01 0.00 
Macro Pore(3) (vol %) -0.01 -0.03 -0.02 0.01 0.03 0.04 0.04 0.05 
MaxSurfDeficit (mm) -0.06 -0.02 0.02 0.05 0.06 0.07 0.08 0.11 
AScaleSorption (-) -0.15 -0.12 -0.07 -0.01 0.03 0.04 0.05 0.08 
Total Conductivity(1) (mm day-1) 0.24 -0.26 -0.23 -0.03 0.07 0.12 0.15 0.19 
Total Conductivity(2) (mm day-1) 0.28 0.30 0.15 -0.07 -0.19 -0.26 -0.31 -0.39 
Total Conductivity(3) (mm day-1) 0.20 0.12 -0.08 -0.30 -0.37 -0.41 -0.42 -0.39 
DLayer (m) 0.03 0.00 -0.03 -0.05 -0.06 -0.05 -0.05 -0.05 
DrainSpacing (m) 0.10 0.09 0.04 -0.02 -0.05 -0.06 -0.07 -0.08 
RadiusPipe (m) 0.06 0.04 0.00 -0.05 -0.06 -0.07 -0.07 -0.08 
DrainLevel (m) -0.16 -0.14 0.16 0.48 0.59 0.64 0.66 0.73 
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The macro pore volume parameter did not show any influence on 
the results for the An Giang site but instead the nTortuosity(2) 
parameter showed a strong correlation with the ME values 
obtained, indicating that infiltration and redistribution water flows 
were very important for successful simulation of the An Giang site 
(Table 23). 

Simulated Soil Evaporation, Transpiration, Potential Evaporation 
From the simulated conditions, it is clear that in an agricultural 
system with only one growing season the transpiration losses from 
the crop are low compared with the annual soil evaporation (Table 
24). In other words, a substantial proportion of the water 
resources is lost through non-productive losses. It is also clear 
from the results that the actual transpiration was lower than the 
potential transpiration, indicating that conditions were not optimal 
for plant growth.  
The simulated year represented a year with slightly higher 
evaporation than the 10-year mean value, but was probably close 
to a normal or typical year (Table 24). 
The simulated soil evaporation for each site mostly showed the 
same dynamic patterns (Figs. 26-28). The soil evaporation rate was 
relatively high in the first stage and then decreased. Thereafter the 
rate remained generally constant once the plant had started 
growing until harvest.  
Soil water storage generally met the requirements for plant growth, 
as indicated by the time-series of simulated daily rates of potential 
transpiration and actual transpiration in Figs. 26-28, except for the 
Phung Hiep site, where there seemed to be slight water deficency 
from 6 March to 15 May (Fig. 27). 
 

Table 24. Simulated annual Pot transpiration, transpiration and soil evaporation, 
and annual evaporation measured by Piche for different sites. 

Variables An Giang Phung Hiep Tra Vinh 

Pot Transpiration, 1998 (mm/year) 292 287 274 
Transpiration, 1998 (mm/year) 276 235 259 
Soil evaporation, 1998 (mm/year) 1624 1223 1382 
Mean Measured Piche pot evaporation, (10 year) (mm/year) 1180 969 1097 
Year 1998 (mm/year) 1187 1024 1121 

 



Soil Formation and Soil Moisture Dynamics in Agriculture Fields in The Mekong Delta, Vietnam 
Conceptual and Numerical Models

 

 39

 
Figure 26. Simulated potential transpiration (red line), transpiration 
(blue line) and soil evaporation (green line) for An Giang site.  

 

 
Figure 27. Simulated potential transpiration (red line), transpiration 
(blue line) and soil evaporation (green line) for Phung Hiep site.  
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Figure 28. Simulated potential transpiration (red line), transpiration 
(blue line) and soil evaporation (green line) for Tra Vinh site.  

CONCLUSIONS 

The simulations were performed at the field scale using the soil 
property data representing Mekong Delta (MD) conditions.  The 
modelling approach based on a set of parameters for specific sites 
in the MD and using the GLUE method proved useful for 
exploring the soil water dynamics and climate variability.  Water 
dynamics patterns were simulated rather successfully for the An 
Giang and Phung Hiep site, with a reasonable number of accepted 
simulations, whereas in the case of the Tra Vinh site the results 
showed quite poor performance. 
The number of accepted simulations was strongly dependent on 
the criteria established. The distribution of parameter values for 
calibrations covered a broad range and hence there was no single 
optimum parameter ensample, but instead many representing 
equally good simulations within a relatively broad range of values.  
With different climate and soil conditions, there may be different 
responses to the various parameter sets for the calibration 
procedure. Field measurements are an important key to better 
calibrations, through improving our understanding of how soil 
moisture conditions are regulated by many simultaneous processes. 
Correlations between the parameters and their connection to the 
chosen model structure may help to obtain better understanding 
about the model applicability and usefulness in real world 
situations. Consequently, it is important to consider parameter 
values represented by uncertainty ranges in order to improve 
future descriptions of field conditions. 
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Having only one growing season in an agricultural system is not a 
good way of utilising the existing water resources. 
We believe that further evaluations including various parameters in 
combination with field measurements are urgently needed to 
further develop the calibration procedure using the GLUE 
approach. 

FUTURE RESEARCH 

Physical processes in the soil system constitute a complex issue in 
which soil water dynamics is an important component governed 
by many interrelated factors such as soil properties, geo-spatial 
factors, climate and plant cover. Soil water flow is the result of the 
hydraulic potential gradient; it controls water flux characteristics 
and swelling/shrinkage phenomena in the soil. Water flow in or 
out of the soil system may result in soil deformation, soil particles 
being forced closer together, and eventually soil compaction.  
Efforts to understand the relationship between hydraulic potential 
and soil compaction in order to interpret the mechanism of soil 
compaction are worth considering in further studies. 
 
  



Pham Van Quang  TRITA-LWR.LIC Thesis 2046
 

 42

REFERENCES 

Adams P.W. (1998) Soil compaction on woodland properties. The Woodland Workbook: 
Forest Protection. 

Alvenäs G., Jansson P.-E. (1997) Model for evaporation, moisture and temperature of bare 
soil: calibration and sensitivity analysis. Agricultural and Forest Meteorology 88:47-
56. 

Axelsson B., Ågren G. (1976) Tree growth model (PT 1) - a development paper. Swed. 
Conif. For. Pro. Int. Rep. 41, 79pp. 

Beljaars A., Holtslag A. (1991) Flux Parameterization over Land Surfaces for Atmospheric 
Models. Journal of Applied Meteorology 30:327-341. 

Berglöf T., Van Dung T., Kylin H., Nilsson I. (2002) Carbendazim sorption-desorption in 
Vietnamese soils. Chemosphere 48:267-273. 

Beven K., Binley A. (1992) The future of distributed models: model calibration and 
uncertainty prediction. Hydrological Processes 6:279-298. 

Brooks R.H., Corey A.T. (1964) Hydraulic properties of porous media. Hydrology Paper No. 
3. Colorado State University, Fort Collins, CO. 

Buu B., Lang N. (2004) Improving rice productivity under water constraints in the Mekong 
Delta, Vietnam. Water in Agriculture 116:196-202. 

Chiem N.H. (1993) Geo-pedological study of the Mekong Delta. Southeast Asian Studies 
31:158-186. 

Coder K.D. (2000) Soil Compaction & Trees: Causes, Symptoms & Effects. University of 
Georgia School of Forest Resources Extension Publication FOR00-1. 2pp. 

Dang Quang Tinh, Pham Thanh Hang. (2003) Living with floods in the Kekong river Delta 
of vietnam. World Disaster Reduction Campaign Living with risk: turning the tide 
on disasters towards sustainable development. Information kit. 

Fageria N., Baligar V., Jones C., NetLibrary I. (1997) Growth and Mineral Nutrition of Field 
Crops Marcel Dekker, New York, p 85. 

Funabiki A., Haruyama S., Quy N.V., Hai P.V., Thai D.H. (2007) Holocene Delta plain 
development in the Song Hong (Red River) Delta, Vietnam. Journal of Asian Earth 
Sciences 30:518-529. 

General Statistics Office of Vietnam. (2005) Statistical Yearbook 2005, Statistical Publishing 
House, Hanoi. 

Guong V., Tinh T., Trang T., Moi L. (1995) Effect of phosphorus, lime, and potassium 
fertilization on aluminium uptake and pineapple yield in acid sulphate soils in the 
Mekong Delta, vietnam., ISHS. pp. 403-410. 

Guong V.T., Minh D., Nghia N.K., Tinh T.K. (2005) Soil physical and chemical degradation 
of citrus plantation in the Mekong Delta [Sự suy thoái hoá học và vật lý đất vườn 
trồng cam ở đồng bằng sông Cửu Long]. Soil science [Khoa học đất] - (Vie) 22:29-
31. 

Hien B.H., Thi N.T. (2001) “Rice based Cropping Systems in the Red River Delta and the 
Mekong Delta in Vietnam”; IFA REGIONAL CONFERENCE FOR ASIA AND 
THE PACIFIC Hà Nôi, Viet Nam, 10-13 December 2001. 

Hoa N.M. (2003) Soil potassium dynamics under intensive rice cropping: a case study in the 
Mekong Delta, Vietnam, s.n.], [S.l. 

Hooghoudt S.B. (1940) Bijdragen tot de kennis van enige natuurkundige grootheden van de 
ground. No. 7 Versl. Landb. Onderz. 

 42:449-541. 
Hori H. (2000) The Mekong: Environment and Development United Nations University 

Press., p 398. 
Horton R.E. (1933) The role of infiltration in the hydrologic cycle. Trans. Am. Geophys. 

Union 14:446-460. 
Huynh Lua. (1987) The history of exploitation and agricultural development in Southern part 

of Vietnam. Publishing house of Ho Chi Minh City., p. 
Impens I., Lemeur R. (1969) Extinction of net radiation in different crop canopies. 

Theoretical and Applied Climatology 17:403-412. 



Soil Formation and Soil Moisture Dynamics in Agriculture Fields in The Mekong Delta, Vietnam 
Conceptual and Numerical Models

 

 43

Jansson P.E. (1996) Water flows in acid sulfate soils in Vietnam. A case study from Tan 
Thanh farm. IRD Currents 12:, Swedish University of Agricultural Sciences, 
Uppsala. :pp 43-47. 

Jansson P.E., Halldin S. (1979) Model for the annual water and energy flow in a layered soil. 
Comparison of Forest Water and Energy Exchange Models, International Society 
for Ecological Modelling, Copenhagen:145-163. 

Jansson P.E., Moon D.S. (2001) A coupled model of water, heat and mass transfer using 
object orientation to improve flexibility and functionality. Environmental Modelling 
and Software 16:37-46. 

Jansson P.E., Karlberg L. (2004) Coupled heat and mass transfer model for soil-plant-
atmosphere systems Royal Institude of Technology, Dept of Civil and 
Environmental Engeineering, Stockholm, Sweden., Report 3087, p 435. 

Kätterer T., Andrén O., Jansson P.E. (2006) Pedotransfer functions for estimating plant 
available water and bulk density in Swedish agricultural soils. Acta Agriculturae 
Scandinavica, Section B - Plant Soil Science 56:263 - 276. 

Khoa L.V. (2000) Soil degradation and land conservation with special reference to soil 
resources in the Mekong Delta, Vietnam. Lecture note (vietnamese). CoA, Can Tho 
University. 

Khoa L.V. (2002) Physical fertility of typical Mekong Delta soils (Vietnam) and land 
suitability assessment for alternative crops with rice cultivation = Fysische 
vruchtbaarheid van typische bodems uit de Mekong Delta (Vietnam) en 
landevaluatie voor alternatieve gewassen met rijstcultuur, s.n.], [S.l. 

Khoi C.M., Guong V.T., Merckx R. (2006) Growth of the diatom Chaetoceros calcitrans in 
sediment extracts from Artemia franciscana ponds at different concentrations of 
nitrogen and phosphorus. Aquaculture 259:354-364. 

Khoi C.M., Guong V.T., Drouillon M., Pypers P., Merckx R. (2008) Chemical estimation of 
phosphorus released from hypersaline pond sediments used for brine shrimp 
Artemia franciscana production in the Mekong Delta. Aquaculture 274:275-280. 

Koorevaar P., Menelik G., Dirksen C. (1983) Elements of soil physics. Developments in Soil 
Science 13:0-444. 

Lang N., Nguyet T., Van Phang N., Buu B. (2007) Breeding For Low Phytic Acid Mutants In 
Rice (Oryza Sativa L.). OmonRice 15:29-35. 

Lang N., Khai T., Tien D., Khuyeu B., Tao N., Kobayashi H., Buu B. (2001) Genetic 
Variability of Salt Tolerance in Rice. pp. 27-29. 

Lindroth A. (1985) Canopy Conductance of Coniferous Forests Related to Climate. Water 
Resources Research 21:297-304. 

Magdoff F., Van Es H. (2000) Building soils for better crops 2nd ed. (Sustainable Agriculture 
Network, Beltsville, MD USA) Handbook Series, Book 4., p 230. 

McGechan M.B., Graham R., Vinten A.J.A., Douglas J.T., Hooda P.S. (1997) Parameter 
selection and testing the soil water model SOIL. Journal of Hydrology 195:312-334. 

Minh L.Q. (1996) Integrated soil and water management in acid sulphate soils: balancing 
agricultural production and environmental requirements in the Mekong Delta, Viet 
Nam, Landbouwuniversitet te Wageningen. 

Minh V.Q. (2002) Map of major soil groups and present land use in the Mekong Delta. Dept. 
of Soil Science and Land Managent, College of Agriculture, Can Tho University, 
Vietnam. 

Ministry of Water Resources of the Socialist Republic of Vietnam. (1994) Strategy and 
Action Plan for Mitigating Water Disasters in Vietnam. Department of 
Humanitarian Affairs (DHA), United Nations Development Program. 

Monteith J.L. (1965) Evaporation and environment. The state and movement of water in 
living organisms. Symp. Soc. Exp. Biol 19:205-234. 

Mualem Y. (1976) A new model for predicting the hydraulic conductivity of unsaturated 
porous media. Water Resources Research 12:513-522. DOI: 
10.1029/WR012i003p00513. 

Phong L.T., Ve N.B. Fruit tree textbook. Lecture note (vietnamese):142pp. 
Richards L.A. (1931) Capillary conduction of liquids in porous mediums. Physics 1:318-333. 



Pham Van Quang  TRITA-LWR.LIC Thesis 2046
 

 44

Shaw R.H., Pereira A.R. (1982) Aerodynamic roughness of a plant canopy: a numerical 
experiment. Agric. Meteorol 26:51-65. 

Soil Science Department. (CTU 1985-1996) Reports of soil survey and mapping in the 
Mekong Delta, scales 1/25,000 and 1/100,000. Document (Vietnamese). College of 
Agriculture, Can Tho University, Vietnam. 

Tamura T., Saito Y., Sieng S., Ben B., Kong M., Choup S., Tsukawaki S. (2007) Depositional 
facies and radiocarbon ages of a drill core from the Mekong River lowland near 
Phnom Penh, Cambodia: Evidence for tidal sedimentation at the time of Holocene 
maximum flooding. Journal of Asian Earth Sciences 29:585-592. 

Tan P.S., Tuyen T.Q., Huan T.T.N., Khuong T.Q., Hoai N.T., Phung C.V., Diep L.N., Dung 
H.T., Lai N.X., Doberman A. (2003) Site-specific nutrient management in irrigated 
rice systems of the MeKong Delta, Vietnam. Dobermann A., C. Witt and D. 
Dawe.(eds.). 

Thi Lang N., Chi Buu B. (2003) Genetic And Physical Maps Of Gene Bph-10 Controling 
Brown Plant Hopper Resistance In Rice (Oryza Sativa L.). OmonRice 11:35-41. 

Thi Lang N., Khush G., Huang N., Chi Buu B. (2001) Fine mapping for blast resistance gene 
in rice (Oryza sativa L.) using bulked segregrant analysis. Omonrice 9:1-8. 

Tinh T.K. (1999) Reduction chemistry of acid sulphate soils: Reduction rates and influence 
of rice cropping Swedish University of Agricultural Sciences, p 45. 

Tinh T.K., Huong H.T.T., S. I. Nilsson. (2001) Rice-soil interactions in Vietnamese acid 
sulphate soils: impacts of submergence depth on soil solution chemistry and yields. 
Soil Use and Management 17:67-76. 

Tri V. (1998) Water flow paths during the rainy season in an acid sulphate soil: field study in 
the plain reeds of the Mekong Delta, Vietnam. Avdelningsmeddelande-Sveriges 
Lantbruksuniversitet, Institutionen foer Markvetenskap, Avdelningen foer 
Lantbrukets Hydroteknik (Sweden). 

Troeh F.R., Thompson L.M. (2005) Soils and Soil Fertility. Sixth ed. Blackwell Publishing, p 
489. 

Tu P., Lang N., Buu B. (2003) Short Communication Soybean Genetic Diversity Analysis 
OmonRice 11:138-142. 
Uppenberg S., Wallgren O., Aahman M. (1997) Saturated horizontal hydraulic conductivity in 

an acid sulphate soil. A minor field study in the Vietnamese Mekong Delta. 
Avdelningsmeddelande-Sveriges Lantbruksuniversitet, Institutionen foer 
Markvetenskap, Avdelningen foer Lantbrukets Hydroteknik (Sweden) 97:1. 

Van Quang P. (1998) Soil water flow dynamics on raised beds in an acid sulphate soil: field 
study at Hoa An station, Mekong Delta, Vietnam. Avdelningsmeddelande-Sveriges 
Lantbruksuniversitet, Institutionen foer Markvetenskap, Avdelningen foer 
Lantbrukets Hydroteknik (Sweden). 

Van Quang P., Jansson P.E. (2008) Development and description of soil compaction on 
orchard soils in the Mekong Delta (Vietnam). Scientific Research and Essays 3:500-
504. 

Ve N.B., Anh V.T. (1990) Soil Map of the Mekong Delta 1:250,000 scale based on USDA 
system. University of Can Tho and 60B Project. 

Xuan V.T. (1991) The farming system of Vietnam. Paper prsented at a special training on 
training agricultural policy analysis (project GCP/INT/510/FRA) at Doson, Hai 
Phong 12-26 October 1991. Lecture note (Vietnamese). 

Youngs E.G. (1980) The Analysis of Groundwater Seepage in Heterogeneous Aquifers. 
Hydrological Sciences Bulletin 25. 

 
 
  



Soil Formation and Soil Moisture Dynamics in Agriculture Fields in The Mekong Delta, Vietnam 
Conceptual and Numerical Models

 

 45

APPENDIX A. TENSIOMETER MEASUREMENTS 

A1. The total matric hydraulic head (H) and the pressure head (h) during the dried 
field period in 1998 for Tinh Bien, An Giang (Khoa, 2002). 

Date 

Soil depth (cm) 

10 20 30 40 50 60 70 90 

H h H h H h H h H h H h H h H h 

30/12 -112 -102 -100 -80 -98 -68 -90 -50 -88 -38 -84 -24 -70 0 -70 20

9/1 -400 -390 -240 -220 -148 -118 -120 -80 -112 -62 -118 -58 -120 -50 -100 -10

19/1 -830 -820 -618 -598 -330 -300 -174 -134 -132 -82 -134 -74 -132 -62 -106 -16

29/1 -752 -742 -706 -686 -790 -760 -380 -340 -208 -158 -240 -180 -190 -120 -120 -30

8/2 -778 -768 -840 -820 -900 -870 -706 -666 -332 -282 -274 -214 -220 -150 -180 -90

18/2 -780 -770 -768 -748 -816 -786 -830 -790 -428 -378 -506 -446 -500 -430 -398 -308

28/2 -800 -790 -788 -768 -820 -790 -810 -770 -450 -400 -520 -460 -510 -440 -402 -312

10/3 -890 -880 -810 -790 -850 -820 -860 -820 -510 -460 -542 -482 -546 -476 -416 -326

20/3 -756 -746 -478 -458 -774 -744 -710 -670 -642 -592 -852 -792 -854 -784 -620 -530

30/3 -812 -802 -788 -768 -842 -812 -858 -818 -782 -732 -872 -812 -862 -792 -674 -584

9/4 -840 -830 -844 -824 -858 -828 -868 -828 -798 -748 -900 -840 -892 -822 -680 -590

19/4 -252 -242 -168 -148 -142 -112 -134 -94 -142 -92 -156 -96 -148 -78 -120 -30

29/4 -658 -648 -324 -304 -306 -276 -212 -172 -182 -132 -204 -144 -206 -136 -188 -98

9/5 -810 -800 -660 -640 -826 -796 -582 -542 -406 -356 -338 -278 -236 -166 -204 -114

19/5 -160 -150 -150 -130 -130 -100 -110 -70 -108 -58 -122 -62 -118 -48 -100 -10

29/5 -102 -92 -126 -106 -112 -82 -104 -64 -112 -62 -120 -60 -118 -48 -102 -12

8/6 -206 -196 -134 -114 -146 -116 -124 -84 -118 -68 -130 -70 -128 -58 -116 -26

18/6 -300 -290 -250 -230 -174 -144 -162 -122 -160 -110 -152 -92 -150 -80 -124 -34

28/6 -56 -46 -64 -44 -74 -44 -84 -44 -94 -44 -98 -38 -98 -28 -88 2

8/7 -62 -52 -58 -38 -56 -26 -56 -16 -48 2 -58 2 -58 12 -54 36

18/7 -88 -78 -70 -50 -68 -38 -68 -28 -58 -8 -70 -10 -70 0 -68 22

28/7 -30 -20 -24 -4 -26 4 -26 14 -26 24 -20 40 -20 50 -20 70

7/8 0 10 0 20 0 30 0 40 0 50 0 60 0 70 0 90
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A2. The total matric hydraulic head (H) and the pressure head (h) during the dried 
field period in 1998 for Phung Hiep, Can Tho (Khoa, 2002). 

Date 

Soil depth (cm) 

10 20 30 40 50 60 70 90 

H h H h H h H h H h H h H h H h 

21/1 -60 -50 -58 -38 -62 -32 -56 -16 -58 -8 -56 4 -54 16 -56 34

25/1 -64 -54 -58 -38 -56 -26 -60 -20 -64 -14 -64 -4 -62 8 -60 30

28/1 -82 -72 -70 -50 -68 -38 -66 -26 -68 -18 -68 -8 -68 2 -68 22

31/1 -64 -54 -58 -38 -60 -30 -56 -16 -58 -8 -46 14 -48 22 -44 46

3/22 -52 -42 -48 -28 -50 -20 -40 0 -42 8 -42 18 -40 30 -36 54

6/2 -50 -40 -36 -16 -48 -18 -38 2 -38 12 -36 24 -38 32 -34 56

9/2 -50 -40 -38 -18 -46 -16 -40 0 -40 10 -38 22 -36 34 -38 52

12/2 -48 -38 -40 -20 -46 -16 -42 -2 -40 10 -40 20 -38 32 -38 52

15/2 -50 -40 -42 -22 -46 -16 -42 -2 -44 6 -40 20 -40 30 -40 50

18/2 -50 -40 -50 -30 -48 -18 -50 -10 -52 -2 -50 10 -50 20 -50 40

21/2 -70 -60 -60 -40 -60 -30 -70 -30 -70 -20 -60 0 -60 10 -60 30

24/2 -80 -70 -70 -50 -50 -20 -66 -26 -70 -20 -70 -10 -68 2 -68 22

27/2 -86 -76 -74 -54 -76 -46 -72 -32 -78 -28 -76 -16 -70 0 -70 20

2/3 -88 -78 -74 -54 -74 -44 -72 -32 -78 -28 -76 -16 -74 -4 -72 18

5/3 -84 -74 -70 -50 -72 -42 -68 -28 -76 -26 -76 -16 -74 -4 -72 18

8/3 -86 -76 -70 -50 -72 -42 -70 -30 -76 -26 -74 -14 -72 -2 -70 20

11/3 -88 -78 -74 -54 -76 -46 -72 -32 -80 -30 -76 -16 -74 -4 -72 18

14/3 -70 -60 -74 -54 -78 -48 -76 -36 -76 -26 -78 -18 -78 -8 -74 16

17/3 -90 -80 -74 -54 -76 -46 -74 -34 -76 -26 -78 -18 -76 -6 -74 16

20/3 -100 -90 -80 -60 -86 -56 -82 -42 -84 -34 -80 -20 -84 -14 -82 8

23/3 -106 -96 -86 -66 -84 -54 -82 -42 -88 -38 -84 -24 -86 -16 -82 8

26/3 -118 -108 -90 -70 -88 -58 -84 -44 -82 -32 -86 -26 -88 -18 -86 4

29/3 -132 -122 -92 -72 -84 -54 -80 -40 -86 -36 -82 -22 -84 -14 -82 8

1/4 -138 -128 -94 -74 -86 -56 -86 -46 -88 -38 -82 -22 -86 -16 -84 6

4/4 -140 -130 -90 -70 -84 -54 -86 -46 -82 -32 -80 -20 -76 -6 -78 12

7/4 -108 -98 -82 -62 -80 -50 -74 -34 -78 -28 -78 -18 -76 -6 -74 16

10/4 -108 -98 -84 -64 -82 -52 -76 -36 -78 -28 -78 -18 -76 -6 -76 14

13/4 -116 -106 -98 -78 -86 -56 -80 -40 -82 -32 -78 -18 -84 -14 -84 6

16/4 -160 -150 -102 -82 -90 -60 -80 -40 -86 -36 -82 -22 -84 -14 -84 6

19/4 -48 -38 -40 -20 -46 -16 -42 -2 -40 10 -40 20 -38 32 -38 52

22/4 0 10 0 20 0 30 0 40 0 50 0 60 0 70 0 90
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A3. The total matric hydraulic head (H) and the pressure head (h) during the dried 
field period in 1998 for Chau Thanh, Tra Vinh (Khoa, 2002). 

Date 

Soil depth (cm) 

10 20 30 40 50 60 70 90 

H h H h H h H h H h H h H h H h 

6/1 -66 -56 -70 -50 -102 -72 -60 -20 -82 -32 -66 -6 -68 2 0 90

16/1 -184 -174 -62 -42 -56 -26 -52 -12 -64 -14 -64 -4 -68 2 -46 44

26/1 -598 -588 -86 -66 -62 -32 -56 -16 -66 -16 -64 -4 -68 2 -62 28

5/2 -602 -592 -274 -254 -80 -50 -74 -34 -72 -22 -70 -10 -64 6 -60 30

15/2 -754 -744 -658 -638 -134 -104 -92 -52 -88 -38 -86 -26 -80 -10 -78 12

25/2 -854 -844 -702 -682 -352 -322 -120 -80 -104 -54 -98 -38 -94 -24 -90 0

7/3 -852 -842 -840 -820 -760 -730 -172 -132 -98 -48 -88 -28 -72 -2 -66 24

17/3 -890 -880 -869 -849 -878 -848 -462 -422 -144 -94 -106 -46 -100 -30 -98 -8

27/3 -898 -888 -888 -868 -394 -364 -358 -318 -306 -256 -148 -88 -106 -36 -100 -10

6/4 -878 -868 -872 -852 -868 -838 -820 -780 -568 -518 -294 -234 -116 -46 -104 -14

16/4 -876 -866 -860 -840 -878 -848 -784 -744 -732 -682 -474 -414 -164 -94 -118 -28

26/4 -864 -854 -822 -802 -838 -808 -856 -816 -864 -814 -686 -626 -292 -222 -142 -52

6/5 -870 -860 -848 -828 -846 -816 -858 -818 -862 -812 -812 -752 -396 -326 -156 -66

16/5 -868 -858 -852 -832 -892 -862 -850 -810 -792 -742 -520 -460 -492 -422 -236 -146

26/5 -248 -238 -124 -104 -116 -86 -104 -64 -108 -58 -102 -42 -100 -30 -98 -8

5/6 -64 -54 -34 -14 -56 -26 -58 -18 -60 -10 -50 10 -52 18 -48 42

15/6 0 10 0 20 0 30 0 40 0 50 0 60 0 70 0 90
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APPENDIX B. CORRELATION TABLE OF CALIBRATED PARAMETERS 

B1. Correlation table between the calibrated parameters based on 3501 acceptable points taken from 10,000 runs for Phung Hiep site. 
 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (12) (12) (13) (14) 

(1)  0.00 -0.01 -0.03 0.00 0.02 0.01 0.02 -0.01 0.04 -0.01 -0.01 0.01 -0.03 
(2)   0.00 -0.03 -0.05 -0.03 0.00 0.04 -0.01 -0.05 0.01 0.07 0.02 -0.05 
(3)    -0.01 0.03 0.02 -0.01 0.02 -0.01 0.04 0.01 -0.02 0.01 -0.02 
(4)     -0.03 0.04 -0.02 -0.02 -0.02 -0.19 0.06 0.05 -0.03 0.00 
(5)      -0.01 0.00 0.02 0.01 0.01 -0.04 -0.01 0.00 0.03 
(6)       0.01 0.01 0.03 0.01 -0.01 -0.01 0.04 0.01 
(7)        -0.02 0.03 0.02 0.00 -0.01 0.00 0.00 
(8)         0.00 -0.03 -0.02 0.00 0.00 0.28 
(9)          0.03 -0.02 0.01 -0.01 0.02 
(10)           -0.01 0.08 0.04 0.07 
(12)            -0.01 0.00 0.00 
(12)             0.00 0.06 
(13)              -0.20 
(14)               
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B2. Correlation table between the calibrated parameters based on 276 acceptable points taken from 10,000 runs for An Gang site. 
 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (12) (12) (13) (14) (15) (16) (17) (18) 

(1)  -0.04 0.07 -0.12 0.07 -0.11 -0.15 0.01 -0.04 -0.04 -0.05 0.00 -0.01 -0.03 -0.05 -0.03 -0.04 0.06 
(2)   -0.12 0.04 0.12 0.04 0.07 -0.07 0.04 -0.10 -0.07 -0.02 -0.04 -0.08 0.03 0.03 -0.02 0.08 
(3)    -0.06 -0.02 -0.08 -0.01 0.05 0.01 0.01 -0.05 -0.06 -0.07 -0.05 -0.11 0.03 0.00 0.02 
(4)     -0.08 0.03 0.01 0.05 -0.14 0.03 -0.02 0.14 0.00 0.06 0.09 -0.04 0.09 -0.16 
(5)      -0.06 0.03 -0.04 0.02 -0.08 0.03 0.09 0.40 -0.26 -0.04 -0.05 -0.07 0.36 
(6)       0.07 0.00 0.01 0.02 0.11 0.00 -0.01 0.61 0.02 -0.01 -0.05 0.08 
(7)        0.09 0.09 0.02 0.08 -0.04 0.01 0.00 0.07 -0.03 -0.14 0.02 
(8)         -0.05 0.04 -0.05 0.03 -0.05 0.04 -0.01 0.03 -0.04 -0.03 
(9)          -0.11 -0.03 -0.03 -0.05 -0.04 -0.08 -0.04 0.02 0.07 
(10)           0.07 0.09 -0.08 -0.07 -0.12 -0.04 -0.01 0.15 
(12)            -0.03 -0.07 -0.01 0.01 -0.12 -0.04 0.08 
(12)             -0.04 0.00 0.03 -0.02 0.06 0.13 
(13)              0.15 0.00 0.07 0.02 -0.20 
(14)               0.01 0.03 0.02 -0.68 
(15)                -0.03 -0.01 -0.01 
(16)                 0.01 -0.02 
(17)                  -0.06 
(18)                   
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B3. Parameter explainations. 
Parameter Unit Replaced with Note 

Conduct Max(1) (mm day-1) (1)  
EquilAdjustPsi (-) (2)  
RoughLBareSoilMom (m) (3)  
n Tortuosity(1) (-) (4)  
n Tortuosity(2) (-) (5)  
n Tortuosity(3) (-) (6)  
Macro Pore(1) (vol %) (7)  
Macro Pore(2) (vol %) (8)  
Macro Pore(3) (vol %) (9)  
MaxSurfDeficit (mm) (10)  
AScaleSorption (-) (12)  
Total Conductivity(1) (mm day-1) (12)  
Total Conductivity(2) (mm day-1) (13)  
Total Conductivity(3) (mm day-1) (14)  
DLayer (m) (15) * 
DrainSpacing (m) (16) * 
RadiusPipe (m) (17) * 
DrainLevel (m) (18) * 

(*) These parameters were only used for An Giang site. 
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APPENDIX C. FREQUENCY OF CALIBRATED PARAMETERS 

 
C1. Phung Hiep 
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C2. An Giang 
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APPENDIX D. SIMULATED AND MEASURED PRESSUERE HEAD 

COMPARISONS 

 
D1. Phung Hiep site 

   

    

     
 

 
 
  

14-March 

24-February
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D2. An Giang site 
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