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SUMMARY 
More than most of the arable land in the world is used for annual crops 
and this annual crops demand more source of water than perennial 
plants. Portion of fresh water which is intended for cultivating these 
crops but end up getting wasted due to ineffective management is high 
and even higher in developing countries. 
Rice is one of worlds widely produced cereal crop and its one of those 
crops that is cultivated under flooded condition, which means more 
water demand. 
Irrigation water in Office du Niger, where almost half of Mali’s rice 
production takes place is more than abundant. Due to a dam that is 
constructed to cultivate much more land than it is currently cultivating, 
the water used for irrigation is more than sufficient. This raised a 
question whether the irrigation water can be reduced in order to achieve 
efficiency without affecting the yield and other output aspects of the rice 
cultivation. 
So, this study focused on two levels of irrigation water, the first being the 
amount of irrigation water that is used currently and the second being 
39% reduced from the current irrigation rate. The reduced irrigation rate 
is a recommended amount taken from previous studies which is based 
on crop water need for rice. This is done by setting up a process oriented 
model that represent an irrigated rice field in a semi-arid area and 
applying this model for the two levels of irrigation rates. CoupModel 
have been used as computational tool to simulate the two levels of 
irrigation rates. The simulation was done for 12 year period to quantify 
the adequacy and overall environmental impact of the reduced irrigation 
in comparison to the current irrigation rate. In addition a simpler 
simulation representing less water demanding crops like millet and 
sorghum was done in order to demonstrate optional water management 
of the excess water. 
Identifying crucial processes and assigning parameters to represent a rice 
cropping system was important. Reduced irrigation rate showed better 
results in yield, surface runoff, photosynthetic water use efficiency and 
nitrogen leaching and uptake and fertilizer efficiency. The current 
irrigation rate only showed better result when it comes to N2O emission 
since that increased when irrigation was reduced. The less water 
demanding crops that are illustrated as an alternative crop also showed 
better output results over the current irrigation system. 
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SUMMARY IN SWEDISH 
Merparten av åkermarken i världen används för ettåriga grödor och dessa 
grödor behöver ofta mer vatten än perenna växter. En del av 
färskvattnet avsedd för odling av dessa grödor slösas bort på grund av 
ineffektiva odlingsmetoder vilket i hög grad kännetecknar förhållandena i 
flera utvecklingsländer.  
Ris är en av världens viktigaste spannmålsgröda som ofta odlas på 
översvämmade fält, vilket ökar efterfrågan på  vatten. 
Tillgången till bevattningsvatten vid Office du Niger, där nästan hälften 
av Malis risproduktion sker är riklig. Det beror på att en damm finns 
som är konstruerad för en större areal än vad som används idag. Detta 
gav upphov till en fråga om bevattningsvatten kan reduceras för att 
uppnå effektivitet utan att påverka avkastning ellar  andra konsekvenser 
för miljön som är relaterade till risodlingen. 
I den här studien fokuseras på två olika totalmängder av bevattning, den 
första är den mängd som  för närvarande används och den andra 
motsvarar en reduktion med 39%. Den reducerade konstbevattningen är 
en rekommenderad mängd som är som är anpassad till normalt behov 
för risodling. Med hjälp av en processorienterat modell (CoupModel) 
och detaljerade klimatdata  från området studeras effekter av 
bevattningen. Simuleringen gjordes för en 12-årsperiod för att se studera 
till vilken grad bevattningen var tillräcklig. Dessutom gjordes 
simuleringar av mindre vattenkrävande grödor som hirs och durra för att 
se på alternativa förslag till vattenanvändning. 
En viktig del av arbetet var att identifiera viktiga processer och tilldela 
parametrar korrekta värden  för att representera ett risodlingssystem. 
Minskad bevattningsfrekvens visade högre avkastning, minskad 
ytavrinning, ökad vatteneffektivitet i fotosyntens processen och lägre 
kväveläckage. Den nuvarande bevattningen visade bättreresultat bara när 
det gällde N2O emissioner, eftersom reducerad bevattning ökade 
emissionerna.  Mindre vattenkrävande grödor som som ett alternativ 
gröda visade också flera fördelar jämfört med det nuvarande 
bevattningssystemet. 
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ABSTRACT 
A process oriented modeling of an irrigated rice field in a semi arid area 
of Mali has been done with the help of computational tool CoupModel. 
The model has been used to simulate two levels of irrigation rates, in an 
attempt to test and see adequacy of a recommended irrigation rate and 
its environmental impact over the current management. A simpler 
simulation to represent less water demanding crops like sorghum or 
millet has also been done to indicate extent of the excess water and as 
alternative crop cultivation. Important processes and parameters to 
represent a rice cropping system have been identified and simulation was 
run for a 12 year period. Results show an irrigation amount of 916 mm 
delivers an overall 6% increased yield. Results from the reduced 
irrigation also show a better output in surface runoff, nitrogen leaching 
and uptake, photosynthetic water use efficiency and fertilizer efficiency. 
Soil nitrogen and carbon storage shows nearly the same trend. Only 
nitrous oxide (N2O) emission rate increased by 13% in the case of 
reduced irrigation.  Simulation done for the other crops also shows a 
reasonable yield of sorghum or millet can be obtained with 46% of water 
used for current rice irrigation. 

Key words: CoupModel; Yield; Irrigation rate; Evapotranspiration; Runoff; 
Nitrogen uptake and leaching; 

1. INTRODUCTION 
Among many human activities throughout the years, agriculture takes the 
first place when it comes to modifying the natural landscape. For the 
past 30 years, globally, it is been increasing at a rate of 13 million ha per 
year (Clay, 2004). Currently about 12% (1.5 billion ha) of the planets’ 
land area is for crop production (FAO, 2013). 
90% of the arable land is contributed to annual crops, which requires 
more resources compared to perennial plants. Globally, about 69% of 
accessible fresh water is consumed by the agricultural sector. In 
developing countries, such as in case of most African countries the use 
of fresh water for irrigation reaches up to 88% (Clay, 2004). 
Water is becoming limited and scarce while demand for it is getting 
higher and this is not only in arid and dry areas but also in areas where 
there is enough rainfall in a year (Pereira, 2003). Still wastage of water 
that is intended for irrigation is as high as 60% (Clay, 2004). 
Rice is one of the world’s most important and widely produced cereal 
crop. It is the staple food for more than 3 billion people.  Cultivation of 
rice globally covers about 155.5 million ha and it has shown a growth 
rate of 0.39% per year for the past 30 years (Nguyen and Ferrero, 2006). 
Majority of rice are grown under flooded conditions almost the whole 
growing season. It is estimated to take water nearly two and half times 
greater than that is needed to grow maize or wheat. On average 
2500 liters are required to produce 1kg for rice but depending on crop 
management it can vary between 800 and 5000 liters (IRRI, 2009). 
In Africa rice is cultivated on 7.3 million ha area producing an average of 
14.6 million tons of rice per year. And West Africa contributes the 
highest portion of the production around 57% (Oteng and Sant'Anna, 
1999). Production of Irrigated rice (Oryza Sativa L.) in Sahel region (i.e. 
the study area) covers 17% of the overall rice production in West Africa 
(Haefelea et al, 2002). 
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In Mali the biggest rice cultivation is done on Office du Niger irrigation 
scheme. Mali is 90% self-efficient in rice production and about 40% of it 
is obtained from this irrigation scheme. Irrigation water in this area is 
more than abundant due to a dam constructed between 1934 and 1945. 
The dam was originally intended to cultivate all the irrigable area 
downstream, about 960,000 ha but currently it is used to cultivate around 
88,000 ha. Irrigation water usage on the other hand needs a lot of 
improvement considering its plan to expand and try to reach 200,000 ha 
by 2020. Actual water delivered for irrigation is around 1600mm but 
studies recommend 900mm for the growing season (Hendrickx et al, 
1986; Vandersypen et al, 2006; USAID, 2013). 
The average yield in this region is around 5 ton per ha. Application of N 
fertilizer plays great role in the existing gap between the actual and 
potential rice yield. Recommended and still used N fertilizer application 
in this area reaches to 156 kg N per ha during the dry season (Haefelea et 
al, 2002). 
Even though water supply in this area is adequate especial during the 
short rainy season, it does not mean wastage is acceptable. The use of 
water for irrigation needs efficiency and innovative researches and 
appropriate use of technology. Since it is critical to use fertilizer to 
produce rice as close to the potential yield, it is very important to have 
good understanding of the relation between the N fertilizer, rice yield 
and water management. 
Applied mathematical modeling of ecosystems using computational tools 
to study the different relations between factors in the irrigation 
environment is becoming more and more a common practice. 
Throughout the past years there have been numerous developments in 
environmental modeling tools that mimic and simplify the environmental 
system in order to study the biotic and abiotic interactions of the 
ecosystem (Granell et al, 2013).  For this study CoupModel has been 
used to study the relation between soil, water, plant and the atmosphere 
in an N fertilized irrigated rice field. 

1.1. Study Objective 
The overall objective is to develop the understanding of modeling as a 
method to give practical recommendation for improved water 
management. The first specific objective was to find out how to 
represent a rice-cropping system in a process oriented model. The 
second objective was to clarify differences in yield, water, carbon and 
nitrogen output for two water application rates, (the current irrigation 
rate and the reduced irrigation rate, according to a previous investigation 
in the area).  Last was to discuss how much water is excess and wasted 
by current management and see to what extent the excess water can be 
used to cultivate other less water demanding crops. 

1.2. General Review of related studies 
Every crop needs water, soil, air and sunshine to grow. It is impossible to 
grow a crop without water. With the exception of paddy rice and other 
very few crops, too much water is also not good for a plant. Most 
obvious source of water for a crop is rainfall. If rain water is not 
sufficient for the crop during the growing season, then irrigation is a 
must (Brouwer and Heibloem, 1986). 
With increasing competition for water, sensible water use must be 
adopted, especially in semi-arid and arid regions. With exact amount and 
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right timing of application water demand can be minimized without or 
insignificant impact on yields (Zairi et al, 2003; Ali, 2010). 
Amount of water needed for irrigation depends on the already available 
water from the rainfall and amount of water required by the crop. Water 
requirement varies from crop to crop. The required irrigation water can 
be seen as a function of weather, rainfall, soil, crop and depth of water or 
saturated layer (Brouwer and Heibloem, 1986; Ali, 2010). 
Basically water requirement of the crop is water lost from the plant itself 
(transpiration) and the water lost from the surrounding soil 
(evaporation). These two processes can be influenced by climate 
condition, crop type and crop management and environment condition. 
The crop water need (ETcrop) which is also the evapotranspiration of the 
crop is calculated after obtaining the reference evapotranspiration (ET0) 
which is usually grass. (ET0) can be estimated in various ways. One way 
of theoretically estimating is using the widely accepted modified Penman 
Monteith method. Once (ET0) is known (ETcrop) can be obtained by 
meltiplaying (ET0) with the crop reference (Kc) (Allen et al, 1998; Bithell 
and Smith, 2011). 

 𝐸𝐸𝑐𝑐𝑐𝑐 = 𝐸𝐸0 × 𝐾𝑐 (1) 

The crop factor ( 𝐾𝑐 ) is assuming standard conditions. Due to 
unfavorable conditions such as soil salinity, shortage of water, 
waterlogging and such the real (𝐸𝐸𝑐𝑐𝑐𝑐 ) can deviate from the actual 
value. So (𝐾𝑐) will be adjusted for every environmental constraints and 
stresses there is on the crop evapotranspiration (Allen et al, 1998). 
Other important aspect is, knowing the effective rainfall (ER). Effective 
rainfall has been interpreted differently even among different specialists 
in the same filed (Dastane, 1974; Rahman et al, 2008). In a general sense, 
it is the amount of rain water that is utilizable and useful for the crop 
growth. In simple equation it can be expressed as shown below. 

 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝐸𝑅𝐸𝑅𝑅𝑅 (𝐸𝑅) = 𝐴 − 𝐷 − 𝐸 − 𝐺 (2) 

Where, A is rainfall, D is surface runoff, E is evaporation and G is 
fraction of water that percolates and be out off root zone (Brouwer et al, 
1985). 
After (ER) is obtained, amount of irrigation water required can be 
estimated just by subtracting the (ER) from the crop water need 
(ETcrop). For exceptional crops like rice, to estimate irrigation water 
required (ETcrop) must be modified. It must include water required for 
land preparation (i.e. saturating the field before planting), seepage and 
percolation losses and water layer establishment. Then it can be 
calculated same as other crops (Doorenbos and Pruitt 1977; Brouwer 
and Heibloem, 1986). 

 (𝐸𝐸𝑐𝑟𝑐𝑟 +  𝑃𝑅𝐸𝑃 +  𝐿𝐴𝐿𝐸𝑅 –  𝐸𝑅) 𝐾𝑐𝑟𝑐𝑟 (3) 

Water requirement in m3 per ha for a certain period can be calculated as 
shown above, which is adapted from (Vandersypen et al, 2006). Where 
PREP is water needed for land preparation and LAYER is water 
required for flooding.  
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2. STUDY MATERIAL 
2.1. Study site 

The study site is geographically located (14°18’N 5°59’W) in Niono, 
Segou region, Mali (Fig. 1). It is located in one of the five administrative 
zones of the ‘Office du Niger’ scheme. Office du Niger was founded in 
1932 near Markala dam under the French administration mainly for 
cotton production. Rice cultivation started in 1971 and become the main 
crop produced in that region ever since. This area is generally 
characterized as a very high evaporation rate, with only four months of 
rainy season (from June to September) and eight months of dry season 
(from October to May) (Haefelea et al, 2002; Bagayoko et al, 2007). 

2.2. Data for the study site 
For this environmental modeling system, data from previous studies and 
National Oceanic and Atmospheric Administration (NOAA) has been 
used. The meteorological data has been acquired from the NOAA 
database. Soil property, fertilizer usage rate and water quantity have been 
taken from previous studies. 
  

  Table 1. Minimum and maximum recorded climate data for the 
simulated years from NOAA. 
 Variables Unit Min Max 

Air Temperature 0C 19.3 38.8 

Precepetation mm/day 0 49.2 

Wind Speed m/s 0.6 7.6 

Fig. 1. Location of the study site, Office du Niger (Vandersypen, 2007). 

http://www.noaa.gov/
http://www.noaa.gov/
http://www.google.se/search?tbo=p&tbm=bks&q=inauthor:%22Klaartje+Vandersypen%22
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The meteorological data includes: air temperature, precipitation, wind 
speed, dew point temperature and visibility of the past 40 years (1973 1st 
of January up to 2011 30th of December) (Table 1). The monitoring 
station is the nearest to the study site (13°24’N 6°9’W) and have an 
elevation of 289 m above sea level. 
The region has a climate characteristic of a semi-arid with long dry 
season extending from October to May and a wet season from June to 
September. Annual rain fall can vary between 300 and 600 mm, almost 
all falling in the wet season (June – September). The rest of the year may 
go without any precipitation at all. Evapotranspiration exceeds 
precipitation the whole year except August. The temperature may vary as 
high as 26 °C between the minimum and maximum, with maximum air 
temperature occurring in May (38-41 °C) and minimum temperature in 
December and January (13-15 °C) (Hendrickx et al, 1986; Haefelea et al, 
2002; Bagayoko et al, 2007). 
Data concerning hydraulic property of soil for the simulation is taken 
from previous field studies. The soil in the study area consists of 43% 
poorly and moderately drained clay soil; 42% moderately drained silty 
soil and 15% well drained sandy soil (Haefelea et al, 2002). Using the 
three major soil texture and according to USDA soil taxonomy triangle 
diagram, the soil in this area can generally be characterized as silty clay 
and has low permeability. The soil has an average pH value of 6.22, 
67 kg/ha N soil and a recovery rate of 37% (Wopereis et al, 1999). 
The principle crop in the study site is rice. BG 90-2 is the most 
commonly used variety, with life cycle of around 145 days. It is grown 
during the rainy season (May – November). 10% of the total area is used 
again to cultivate a second crop during the dry season. The main practice 
for rise establishment is transplanting. Rice is transplanted, on an 
average, after 30 days from the seedbeds (mid June). Harvest may go on 
from September to December (Haefelea et al, 2002; Vandersypen et al, 
2006). 
Although the region is semi-arid, water supply to the irrigation scheme is 
adequate. Ever since the water management in this area changed to 
demand driven system from supply driven system after rehabilitation was 
carried out in 1980s. Irrigation water is conveyed from Niger River to a 
hierarchic network of irrigation which composes; primary, secondary and 
tertiary canals. Quantity of water required for irrigation includes water 
required for pre-irrigation which is for land preparation and water 
required during flooding (Vandersypen et al, 2006). 
Previous studies estimate water required for saturation and flooding is, 
on an average 900 mm. The reduced and current irrigation rates used for 
the simulations are adapted from these previous studies. (Hendrickx, 
1986) first suggested water required for irrigating rice field in Office du 
Niger, by using water balance equation. Later considering the first 
suggestion and monitoring water usage at the tertiary intake of selected 
blocks and using equation. (3) similar amount has been suggested by 
(Vandersypen et al, 2006). The actual water delivered was also obtained 
from the same source. 
Other important variable for the modeling study is fertilizer usage rate, 
which is also taken from previous studies. The recommended application 
rate around this region is 128 Kg N ha-1 and 20 kg P ha-1 during the wet 
season. In some cases farmers exceeds the recommended maximum 
dosage. Although farmers have different fertilizer application date and 
percent of dosage, the application on an average is done in three parts. 
Diammonium phosphate (DAP, 18% N, 20% P) dressing is made during 
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land preparation and then the N fertilizer, which is in urea form is 
applied in two splits during mid tillering and at panicle initiation 
(Wopereis et al, 1999; Haefelea et al, 2002). 
The gap between actual and potential grain yield in this study site ranged 
from 0.3 – 6.2 t ha-1. The gap between this actual and potential yield is 
motivated by number of factors. One of the main reasons is timing on N 
fertilizer application. Others are usage of late transplanted seedlings and 
late start of wet season growing. Based on discussions made with 
farmers, it is fair to say there is lack of knowledge on (i) dosage, type and 
optimal timing for fertilizer application (ii) optimum sowing dates and 
(iii) the importance of N as a limiting factor for yield (Wopereis et al, 
1999). 

3. RESEARCH METHODOLOGY 
To understand the main objectives of this study, soil, water and heat 
processing software has been used (i.e. CoupModel which will be 
described later on). In addition it simulates the dynamics of the plant and 
related carbon and nitrogen turnovers. The model has been setup to 
simulate rice filed in a semi-arid climate. As mentioned above the driving 
variables that are put in for this model are obtained from previous 
studies and NOAA database. Also properties represented as parameters 
and boundary conditions have been defined so as to resemble ecosystem 
of the study area. The major input variables in this study are 
precipitation, air temperature, wind speed, irrigation and external N 
input. 
The first step was to identify which processes to account in, for an 
irrigated rice field in a semi-arid environment. Water related and nitrogen 
and carbon related processes are the two major groups. 
In water related processes, precipitation, surface irrigation, evaporation, 
ground water and surface outflow were accounted, for soil water process 
section of the model. Transpiration, interception from the precipitation 
and plant water uptake has been also accounted for plant water 
processes. 
Major processes that are addressed for nitrogen and carbon components 
are above soil and below soil biotic processes. Above soil process 
include external N input such as, nitrogen fertilizer input and nitrogen 
deposition, it also incorporate photosynthesis and respiration processes. 
Mineral nitrogen, soil organic and gas processes have been accounted, 
for below soil nitrogen and carbon related components. 
The second step was to assign reasonable values of parameters for the 
most important processes based on previous literature and testing of the 
model. Since the plant is rice and rice has special properties like the 
ability to grow in a saturated soil moisture condition and flooded fields, 
assigning reasonable parameter values for processes mentioned above 
was important. 
Simulation has been done repeatedly until sensible results that can 
represent actual cultivation of the rice field good enough are obtained. 
This is achieved through several simulation runs and discarding runs 
with outputs that have for example, unreasonable high or low carbon 
harvest or unrealistic soil evaporation and transpiration. Parameter 
values that are used for this study will be discussed in detail in the 
coming sections. 
One of the main objectives of this study is to see two different levels of 
water application and understand the different water, nitrogen and 
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carbon output components by comparison.  So the next step was to 
apply the model based on the best available data to quantify differences 
in response to two levels of irrigations (the current irrigation rate and the 
reduced irrigation rate). 
Finally a simpler simulation was done that represent sorghum or millet in 
the same metrological conditions, in order to discuss to what extent the 
extra water can be used to cultivate less water demanding crops. 

3.1. Brief description of CoupModel 
CoupModel is an ecosystem modeling software which helps to broaden 
our understanding of how different processes and properties of soil-
plant-atmosphere system interact. The model includes soil water 
processes, heat processes and biotic aspect of the ecosystem (nitrogen 
and carbon processes). It is based on two basic assumptions; (i) the law 
of conservation of mass and energy and (ii) flows occur as a result of 
gradients in water potential (Darcy’s Law) or temperature (Fourier’s law). 
Structure of the model is mainly based on the depth of the soil profile. 
Driving variables and meteorological data are important governing 
bodies in CoupModel (Jansson and Karlberg, 2004). 

3.2. Model setup 
General model structure of the irrigation system can be seen in (Fig. 2). 
The precipitation which is obtained from NOAA database had to be 
interpolated in order to fill the missing values and then it has been 
entered in CoupModel as a driving variable in a PG-file format. 
The irrigation was also introduced as average daily water in the model as 
a PG-file which is obtained from previous studies for both current and 
reduced irrigation rate. 
N input is the biotic driving variable. It is the N fertilizer applied by the 
farmers. This fertilizer has been also divided in to three time intervals 
and put in the model in the form of parameter table. 

  

Fig . 2. Biotic and abiotic, inputs and outputs processes of the soil-
water-atmosphere conceptual model. 
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The main outputs in this model are evapotranspiration, surface runoff, 
leaching of mineral nitrogen and N loss. Water loss through deep 
percolation and seepage are negligible in this area due to low 
permeability of the soil and the fact that the water table during the rainy 
season is near at the soil surface. 

3.2.1. Assumptions and Model structure 
The model is one dimensional representation of water and heat dynamics 
of soil profile covered with crops. The soil profile is divided in to 10 
layers of homogenous soil property with overall 3.3m depth. Surface 
pool for water ponding and intercepted water are included in this model; 
also ground water flow and saturation conditions have been considered. 
All the driving variables of the meteorological data are provided in the 
model as measured values. Irrigation is also included and the input 
variables are given as a measured value in a per day time series. Both the 
water equation and heat equation are calculated and they are coupled to 
the plant in a dynamic way with nitrogen and carbon processes. 
In CoupModel carbon and nitrogen can enter the soil in manure, 
deposition or fertilizer form and in this model the nitrogen enters the 
soil in a fertilizer form as a parameter value. Leeching of mineral 
nitrogen has been considered since there is horizontal ground water flow 
from the soil profile. Microbial activities for the denitrification and 
nitrification process are included. It is assumed that the initial mineral N 
concentration of the soil is uniform. 

3.2.2. Soil water process 
The water flow processes (𝑞𝑤) are based on Richards’ equation for water 
movement in an unsaturated soil, which is developed from Darcy’s law 
for saturated soil. Together with the law of mass conservation and 
Richards’s equation, generalized equation for the unsaturated water flow 
is determined as follows. 

 𝜕𝜕
𝜕𝐸

= −
𝜕𝑞𝑤
𝜕𝜕

+ 𝑠𝑤 (4) 

 𝑞𝑤 = −𝑘𝑤(
𝜕𝜕
𝜕𝜕

− 1) (5) 

𝜕 is the water content in the soil and 𝑠𝑤 is the source-sink term. In the 
second equation 𝑘𝑤  is the unsaturated hydraulic conductivity; 𝜕 is the 
water tension and z is the depth. The initial water condition of the soil is 
represented as a uniform pressure head (Jansson and Karlberg, 2004). 
If water from precipitation and irrigation exceeds the infiltration capacity 
there will be water pool on the soil surface. This water pool might 
infiltrate on a later on time or join the surface water runoff. 

 𝑞𝑠𝑠𝑐𝑠 = 𝑅𝑠𝑠𝑐𝑠(𝑊𝑃𝑐𝑐𝑃 − 𝑤𝑐𝑝𝑝𝑝) (6) 

Where 𝑞𝑠𝑠𝑐𝑠 is the surface water runoff, 𝑊𝑃𝑐𝑐𝑃 is the amount of water 
in the surface pool and 𝑤𝑐𝑝𝑝𝑝 is the maximum amount of water the soil 
can retain before runoff happens. 𝑅𝑠𝑠𝑐𝑠 is an empirical coefficient that is 
given as a parameter in the model. 𝑤𝑐𝑝𝑝𝑝  and 𝑅𝑠𝑠𝑐𝑠  are important 
parameters as they determine water to be retained in the pool (Jansson 
and Karlberg, 2004). 
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Water retention curve 
In this model the Brooks and Corey (1964) function has been used to 
express the water retention curve. In Brooks and Corey function, 
effective saturation (𝑆𝑟) can be given as: 

 𝑆𝑟 =
𝜕 − 𝜕𝑐
𝜕𝑠 − 𝜕𝑐

 (7) 

Where 𝜕 is the actual water content, 𝜕𝑠 is the saturated water content 
and 𝜕𝑐 is the residual water content. The actual water tension (𝜕) or 
pressure head can be calculated from the effective saturation as: 

 𝑆𝑟 = (
𝜕
𝜕𝑝

)−𝜆 (8) 

𝜕𝑝  is the air entry tension and 𝜆 is the pore size distribution index.  
The water retention curve (Fig. 3) shows important variables of soil 
water retention, such as, the porosity (𝜕𝑠) at which the tension is close to 
zero and the air entry tension (𝜕𝑝 ) where the water content start to 
change significantly as it is shown on the lower part of the curve. The 
slope of the line can represent the pore size distribution index (𝜆) and at 
high pressure head as tension increases, slop of the curve increases 
implying the residual water content (𝜕𝑐) where water is held tightly in the 
pores of the soil by capillary. 
Unsaturated Conductivity 
Mualem (1976) developed a method to calculate the unsaturated 
hydraulic conductivity (𝑘𝑤∗ ) based on the water retention curve and 
kmatvalue. This way it is relatively easy to use different laboratory and 
field techniques for measuring (Digman, 2008). 

Fig . 3. Brooks 
and Corey 
expression of 
water retention 
curve. 



     Amhagiyorgis Tedla                                                        TRITA LWR Degree Project 15:04 

 

10 

This model follows Mualem calculation of unsaturated hydraulic 
conductivity (Fig. 4) and expresses it as: 

 𝑘𝑤∗ = 𝑘𝑝𝑝𝑚 (
𝜕𝑝
𝜕

)2+(2+𝑛)𝜆 (9) 

Where 𝑘𝑝𝑝𝑚 is the saturated matrix conductivity which in this model is 
independent of the total saturated conductivity (𝑘𝑠𝑝𝑚 ). n is a parameter 
that covers for tortuosity of the flow path and pore correlation. 
Irrigation 
The irrigation water in this model is introduced as a measured time series 
for both scenarios. This measured time series is introduced as a rate. So 
the irrigation rate (𝐸𝑐𝑝𝑚𝑟) is equal to the rate of water given in the PG-
file and all of the irrigation water is applied to the soil surface. 

Table 2. Parameter values adjusted for soil water processes. 
Parameter Name  Default value Actual value Unit 

Initial ground water Initial ground water  -1 -0.1 m 

𝒂𝒔𝒔𝒔𝒔 Surface coefficient 0.8 0.5 - 

𝒘𝒑𝒑𝒂𝒑 
Maximum surface water 
pool  0 100 mm 

𝒌𝒑𝒂𝒎 Matrix conductivity 100 10 mm/day 

Fig. 4. Hydraulic 
conductivity as a 
function of water 
content. 
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3.2.3. Plant water process 
Representation of plants in this model can be done in different ways. In 
this simulation the plant is represented as an explicit big leaf model, 
which means the area to be simulated can be covered with array of leafs 
and also allows dynamic interaction with the abiotics.  
As the plant grows different plant properties such as Leaf Area Index 
(LAI), canopy height, root depth and albedo can either be simulated or 
be given as a parameter value, which determines whether the growth is 
static or dynamic. It is also possible to combine dynamic and static 
aspect of the plant growth. When the plant development is dynamic as in 
this study case, the growth simulation is done based on carbon content 
in all parts of the plant and carbon assimilation. 
Transpiration 
Transpiration is vaporization of water that is contained in plants and the 
transfer of this vapour to the atmosphere. Mainly this vaporization of 
water leaves the plant through small openings of the plant leafs called 
stomata. Only a small amount of water taken by the plant is utilized, 
most of it will be lost through transpiration. 
Transpiration depends on vapour pressure gradient, wind and energy 
supply. So when assessing transpiration of a crop there are several things 
to be considered. Humidity, temperature and radiation have significant 
impact on plant transpiration. Property and condition of the soil such as 
water content of the soil and water logging also determines the 
transpiration rate. Generally environmental condition, crop development 
and management must be considered when dealing with transpiration 
(Allen et al, 1998). 
The water loss that would occur when the plant is well vegetated and 
when moister supply is not limiting is the potential transpiration (Allen et 
al, 1998). And this potential transpiration can be calculated using the 
combined form of Penman-Monteith equation. The 1948 Penman 
formula which later on further developed by Monteith (1965) expresses 
the potential transpiration as follows: 

 𝐿𝑣𝐸𝑚𝑐 =
∆𝑅𝑛 + 𝜌𝑝𝐸𝑐

(𝐸𝑠 − 𝐸𝑝)
𝑟𝑝

∆ + 𝛾 �1 + 𝑟𝑠
𝑟𝑝
�

 (10) 

𝐸𝑚𝑐 is the potential transpiration. 
𝐿𝑣 is the latent heat of vaporization. 
𝜌𝑝 is the mean air density at constant pressure. 
𝐸𝑐 is the specific heat of the air. 
𝐸𝑠 is the vapour pressure at saturation. 
𝐸𝑝 is the actual vapour pressure. (𝐸𝑠 − 𝐸𝑝) Represents vapour pressure 
deficit of the air. 
∆  is the relation between slope of saturation vapour pressure and 
temperature curve. 
𝑟𝑠 is an effective surface resistance. 
𝑟𝑝 is the aerodynamic resistance. 
𝛾 is the psychrometric constant. 
𝑅𝑛 is the net radiation that is for transpiration.  
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The saturated vapour pressure and the slope as a function of 
temperature are given in (appendix I). Most of the parameters in the 
above equation can be obtained through calculation from meteorological 
data or through measurement. 
Water Uptake 
There are two ways to calculate the water uptake of the plant by its roots 
in this model. The first one is based up on the soil-plant-atmosphere 
continuum (SPAC) approach, where empirical functions are explicitly 
used for soil rhizosphere resistance and plant resistance in order to 
estimate the water uptake rate. The second one and the one that is used 
for this study is simplified approach which uses a response functions to 
estimate the water uptake rate from the different layers of the soil. This 
second approach which is called Pressure head response depends on 
functions of soil water pressure head, osmotic potential and soil 
temperature (Jansson and Karlberg 2004). 

 𝐸𝑚𝑝∗ = 𝐸𝑚𝑐∗ �𝐸�𝜕(𝜕)�
0

𝑧𝑟

𝐸�𝜋(𝜕)�𝐸�𝐸(𝜕)�𝑟(𝜕) (11) 

Where 𝐸𝑚𝑝∗  is the water uptake and it is given as an integration of the 
three response functions between the top surface and the depth of the 
root which is 𝜕𝑐 . 𝐸𝑚𝑐∗  is the potential transpiration that considers the 
effect of interception evaporation and 𝑟(𝜕) is the relative root density 
distribution. 
The response function for the soil water pressure head 𝐸�𝜕(𝜕)� and 
response function for temperature are given as follows: 

 𝐸�𝜕(𝜕)� = 𝑚𝐸𝑅 ��
𝜕𝑐
𝜕(𝜕)�

𝑐1𝐸𝑡𝑡+𝑐2
,𝐸𝜃� (12) 

Where 𝑝1 and 𝑝2 are parameters and 𝜕𝑐 is the critical pressure head  

 𝐸𝜃 = 10−𝑐𝑜𝑜𝑆𝑜𝑜 (13) 

 𝑆𝑐𝑝 =
(𝜕 − 𝜕𝑐𝑝)
(𝜕𝑠 − 𝜕𝑐𝑝) (14) 

Where 𝑝𝑐𝑝 is a parameter and 𝑆𝑐𝑝 is the critical saturation  

 𝐸�𝐸(𝜕)� = 1 − 𝐸−𝑚𝑊𝑊𝑝𝑝𝑝�0,𝑇(𝑧)−𝑇𝑡𝑟𝑡𝑡�
𝑡𝑊𝑊

 (15) 

Where 𝐸𝑊𝑊 and 𝐸𝑊𝑊 are parameters and 𝐸𝑚𝑐𝑟𝑡 is trigging temperature  
The parameters in this response functions are one of the crucial ones, 
because of the crop being rice, it is covered with water with no air. And 
these are the parameters that interpret for the model that the plant can 
withstand the shortage of oxygen supply. 
Interception  
Until recent time interception is the most underestimated and underrated 
process in hydrological modeling. Interception is part of the rainfall that 
is captured by the surface of the leaves before it becomes part to the 
runoff or sub-soil process (Savenije, 2004). It is based on the idea that 
there is water storage on the surface area of the leaves, from there; water 
can evaporate directly to the atmosphere without becoming part of the 
throughfall.  This temporary storage can be expressed as: 
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 ∆𝑆𝑟 = 𝑃 − 𝐸𝑟𝑝 − 𝑞𝑚ℎ (16) 

Where ∆𝑆𝑟  is the change of storage of the intercepted water in the 
canopy. 𝑃  is the precipitation;  𝐸𝑟𝑝  is evaporation of the intercepted 
water and qth is the throughfall. 
The interception rate can be calculated with a simple threshold 
formulation that gives the result 𝐼 in mm/day. A general simplify daily 
interception rate can be expressed as: 

 𝐼𝑟 = min (𝑃𝑟,𝐷) (17) 

Where 𝐼𝑟 is the interception rate for day 𝐸 and 𝑃𝑟 is the recorded rainfall 
for the same day 𝐸. While 𝐷 is the interception threshold (Love et al, 
2010). However, if the intercepted rainfall in the interception storage is 
greater than the water that can evaporate in that day, a more specific 
threshold approach should be considered. 

 𝐼 = 𝑚𝐸𝑅 �𝑃�1 − 𝐸𝑚ℎ,𝑑�,
�𝑆𝑟𝑝𝑝𝑝 − 𝑆𝑟(𝐸 − 1)�

∆𝐸
� (18) 

Where I is the intercepoitn rate, P is the precipitation and fth,d is fraction 
of the precipitation which goes directly to the soil surface. Where Simax 
is capacity of interception and Si(t − 1) is the remaining interception 
storage from the previous time step (Jansson and Karlberg 2004). 

3.2.4. Soil evaporation 
When water converts in to water vapour and then transported to the 
atmosphere evaporation occurs. This process can be controlled by the 
availability of energy at the evaporating surface and the ease of the water 
vapour to move in to the atmosphere (Shuttleworth, 1993). This process 
can take place from a soil surface and hence we have soil evaporation. 
The method used for soil evaporation is more of an iterative solution 
based on energy balance of the soil surface that includes the temperature 
relation and water condition. 
Energy balance method 
The energy balance method is based on a hydrological system assuming 
all the inputs and outputs of energy from and into a system are 
accounted (Chow et al, 1988). The surface energy balance approach in 
order to estimate the soil surface evaporation is based on the assumption 
that the net soil surface radiation 𝑅𝑛𝑠 can be balanced with latent heat 
flux 𝐿𝑣𝐸𝑠, sensible heat flux 𝐻𝑠, and soil surface heat flux 𝑞ℎ. 

 𝑅𝑛𝑠 = 𝐿𝑣𝐸𝑠 + 𝐻𝑠 + 𝑞ℎ (19) 

 𝐿𝑣𝐸𝑠 =
𝜌𝑝𝐸𝑐
𝛾

�𝐸𝑠𝑠𝑐𝑠 − 𝐸𝑝�
𝑟𝑝𝑠

𝐴 = 𝜋𝑟2 (20) 

Table 3. Parameter values adjusted for plant water processes. 
Parameter Name Default value Actual value Unit 

𝝍𝒄 CritThresholdDry 400 2000 cm 

𝒑𝒐𝒑 AirRedCoef 4 0 - 

𝜽𝑨𝒑𝑨𝑨 AirMinContent 5 0 % 

𝒎𝑾𝑨 TempCoefA 0.8 10 - 

𝒔𝒔𝒑𝒐𝒖 Flexibility Degree 0.6 1 - 



     Amhagiyorgis Tedla                                                        TRITA LWR Degree Project 15:04 

 

14 

 𝐻𝑠 = 𝜌𝑝𝐸𝑐
(𝐸𝑠 − 𝐸𝑝)

𝑟𝑝𝑠
 (21) 

 𝑞ℎ =
𝐸𝑠 − 𝐸1
𝑟𝑠𝑐𝑟𝑃

 (22) 

Where 𝜌𝑝  is density of air at 20 °C and 𝐸𝑐  is air heat capacity. The 
aerodynamic resistance  𝑟𝑝𝑠 is calculated as temperature and wind speed 
gradient. 𝐸𝑠𝑠𝑐𝑠 and 𝐸𝑝 are vapour pressure at the soil surface and actual 
vapour pressure in the air. 𝛾 is the psychrometer constant and 𝐸𝑠 is the 
soil surface temperature that will be varied to estimate each heat flux 
equations using iterative procedure until it balances equation. (18). 
Integrated resistance of the top layer (20 cm) of the soil surface is 
represented as 𝑟𝑠𝑐𝑟𝑃 . Detail expressions can be seen in (appendix II). 
Limits of soil evaporation 
Evaporation from the soil surface is restricted to a limit depending on 
the fraction of the uppermost soil layer that is bare, free of snow cover. 
Maximum evaporation occurs when the uppermost soil layer is wet or at 
a field capacity (Jansson and Karlberg, 2004). 

 𝐸𝑠 = 𝑚𝑅𝑚�−1 ∙ 𝐸𝑝𝑝𝑝,𝑐𝑐𝑛𝑑, 𝐿𝑣𝐸𝑠 𝐿𝑣⁄ � ∙ 𝐸𝑏𝑝𝑐𝑟 (23) 

Where 𝐸𝑝𝑝𝑝,𝑐𝑐𝑛𝑑 is the maximum allowed rate for condensation for the 
uppermost layer. Which means the value −1 ∙ 𝐸𝑝𝑝𝑝,𝑐𝑐𝑛𝑑  is the 
maximum depth of water in the uppermost layer that can evaporate 
without restriction when the soil water is at field capacity. 𝐸𝑏𝑝𝑐𝑟  is 
fraction of the bare soil. 
As evaporation continuous, it will reach to its minimum rate and this rate 
is arbitrarily chosen not to go below 10% of the total water content of 
the uppermost layer so as to negative moisture content may not occur. 

 𝐸𝑠 = 𝑚𝐸𝑅�𝐸𝑠,𝑚𝑅𝑚(0,0.10 ∙ 𝜕1/∆𝐸)� (24) 

Table 4. Parameter values adjusted for atmospheric and soil evaporation 
processes. 
Parameter Name Default value Actual value Unit 

𝒉𝒔 HumRealMean 37 70 % 

𝑻𝒂𝒂𝒑𝒑 TempAirAmpl 8 10 ˚C 

𝑻𝒂𝒑𝒂𝒂𝑨 TempAirMean 30 10 ˚C 

𝒂𝒅𝒔𝒅 AlbedoDry 20 30 % 

𝒂𝒘𝒂𝒎 AlbedoWet 10 15 % 

𝒍𝒂𝒎 Latitude 14.3 58.5 - 

𝑲𝑲−𝟏 KBMinusOne 2.3 0 - 
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3.2.5. Nitrogen and carbon process 
In CoupModel the nitrogen and carbon processes can be included either 
as a dynamic interaction between biotic and abiotic components or it can 
be simulated using abiotic conditions as a driving variables. In both cases 
the growth of the plant is simulated by calculating the plant uptake and 
release of carbon and nitrogen. In this study dynamic interaction has 
been used for simulating the nitrogen and carbon process. Nitrogen and 
carbon enters in to the soil as an external input. This input goes through 
different pools, where the carbon and organic nitrogen goes to faeces 
and litter pool and later on decompose and some of it proceed to the 
humus pool while others leave as respiration. The mineral nitrogen goes 
to the nitrate mineral pool or ammonium (Jansson and Karlberg, 2004). 
Detailed structure for nitrogen and carbon components can be seen in 
(Fig. 5 & 6). 
Nitrogen and Carbon process above the ground 
Nitrogen and carbon processes above ground includes external input, 
growth of the plant and soil management. 
In this study N fertilizer is used as an external input and introduced as a 
parameter in three different time periods, each with different application 
rate (𝑝𝐹𝑟𝑐𝑚𝐹𝑝𝑚𝑟). This fertilizer is added to the soil surface where it will 
go to the nitrogen pool (𝑁𝐹𝑟𝑐𝑚). Ammonium and nitrate formation in 
this model is given as: 

 𝑁𝐹𝑟𝑐𝑚→𝑁𝑁 = 𝑝𝑠𝑁𝑁𝑝𝑘𝐹𝑟𝑐𝑚𝑁𝐹𝑟𝑐𝑚 (25) 

 𝑁𝐹𝑟𝑐𝑚→𝑁𝑁 = (1 − 𝑝𝑠𝑁𝑁)𝑝𝑘𝐹𝑟𝑐𝑚𝑁𝐹𝑟𝑐𝑚 (26) 

Where 𝑝𝑠𝑁𝑁 and 𝑝𝑘𝐹𝑟𝑐𝑚 are empirical parameters. 
Radiation use efficiency has been used to simulate the plant growth. 
Where in this approach the development of the plant is determined by 
radiation use and affected by limiting factors as unfavorable water, 
temperature and nitrogen conditions. 

Fig . 5. Carbon flow in and out of the soil-plant system in 
CoupModel (Jansson and Karlberg 2004). 
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In this method the total growth which is the carbon assimilation 
(𝐶𝑊𝑚𝑝→𝑝) is proportional to the global radiation absorbed by canopy of 
the plant ( 𝑅𝑠,𝑐𝑃 ) and response functions of nitrogen ( 𝐸(𝐶𝑁𝑃) ), 
temperature (𝐸(𝐸𝑃)) and water (𝐸(𝐸𝑚𝑝/𝐸𝑚𝑐 )) (Jansson and Karlberg, 
2004). 

 𝐶𝑊𝑚𝑝→𝑝 = 𝜀𝐿𝜂𝐸(𝐸𝑃)𝐸(𝐶𝑁𝑃)𝐸(𝐸𝑚𝑝 𝐸𝑚𝑐)𝑅𝑠,𝑐𝑃⁄  (27) 

Where 𝜀𝐿  is the radiation use efficiency at optimum moisture, 
temperature and C-N ratio for the photosynthesis and 𝜂 is the biomass 
to carbon conversion factor. Detailed expression for the response 
functions can be seen in (appendix III). 
The initial nitrogen content is given in a table as a parameter and from 
these parameters the initial carbon content is calculated using the C-N 
ratio. For plants with grains there are five carbon and nitrogen biomass 
pools (Fig. 7). 

Fig . 6. Nitrogen flow in and out of the soil-plant system in 
CoupModel (Jansson and Karlberg 2004). 

Fig . 7. Different 
carbon pool of 
the plant and 
allocation flow 
(Jansson and 
Karlberg 2004). 
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Starting from the seed, allocation of carbon and nitrogen to the different 
compartments of the plant depends on the development stage of the 
plant and environmental responses. The growth of the plant is 
represented in a Growth Stage Index (GSI) which ranges between -1 and 
4, -1 representing no plant exist and 4 representing stage of harvest 
(appendix IV). 
The initial carbon assimilation (𝐶𝑊𝑚𝑝→𝑝) as calculated in equation. (26) 
goes to a temporary carbon storage pool (𝐶𝑝) and from there carbon 
allocation proceeds to the roots, stem and leaves as: 

 𝐶𝑝→𝑐𝑐𝑐𝑚 = 𝐸𝑐𝑐𝑐𝑚 ∙ 𝐶𝑝 (28) 

 𝐶𝑝→𝑃𝑟𝑝𝑠 = 𝐸𝑃𝑟𝑝𝑠 ∙ 𝐶𝑝 (29) 

 𝐶𝑝→𝑠𝑚𝑟𝑝 = (1 − (𝐸𝑐𝑐𝑐𝑚 + 𝐸𝑃𝑟𝑝𝑠)) ∙ 𝐶𝑝 (30) 
Where 𝐸𝑐𝑐𝑐𝑚 and 𝐸𝑃𝑟𝑝𝑠 are root and leaves allocation fractions. 
When the plant start to develop grains, carbon will be allocated to the 
grain from the carbon pool of root (𝐶𝑐𝑐𝑐𝑚), leaf (𝐶𝑃𝑟𝑝𝑠) and stem (𝐶𝑠𝑚𝑟𝑝) 
and can be calculated by multiplying the allocations with a parameter. 

 𝐶𝑝→𝑡𝑐𝑝𝑟𝑛 = 𝑅𝑝 ∙ 𝐶𝑝 (31) 

Where 𝐶𝑝 can represent 𝐶𝑐𝑐𝑐𝑚 , 𝐶𝑃𝑟𝑝𝑠 and 𝐶𝑠𝑚𝑟𝑝 . And 𝑅𝑝 is a parameter 
that represents 𝑅𝐶,𝑐𝑡, 𝑅𝐶,𝑃𝑡 and 𝑅𝐶,𝑠𝑡 respectively. 
During harvest the amount of carbon that can be harvested from the 
different carbon pools is calculated similar to equation. (31). 

 𝐶𝑝→ℎ𝑝𝑐𝑣𝑟𝑠𝑚 = 𝐸𝑝 ∙ 𝐶𝑝 (32) 
Where 𝐶𝑝  can represent 𝐶𝑐𝑐𝑐𝑚 , 𝐶𝑃𝑟𝑝𝑠 , 𝐶𝑠𝑚𝑟𝑝  an𝑑 𝐶𝑡𝑐𝑝𝑟𝑛.𝐴𝑅𝑑 𝐸𝑝 is a 
parameter that represents 𝐸𝑃𝑟𝑝𝑠ℎ𝑝𝑐𝑣𝑟𝑠𝑚 , 𝐸𝑐𝑐𝑐𝑚ℎ𝑝𝑐𝑣𝑟𝑠𝑚 , 𝐸𝑠𝑚𝑟𝑝ℎ𝑝𝑐𝑣𝑟𝑠𝑚  and 
𝐸𝑡𝑐𝑝𝑟𝑛ℎ𝑝𝑐𝑣𝑟𝑠𝑚 respectively. 
The assimilation of carbon in the plant creates a demand for nitrogen 
and this nitrogen demand by the plant is fulfilled in accordance to the 
initial C-N ratio. This creates uptake of nitrogen from the soil by the 
roots and from there allocation of nitrogen to the rest parts of the plant 
proceeds. The allocation of nitrogen to different parts of the plant, more 
or less follows the same pattern as carbon allocation. 
Respiration of the plant in the model depends on temperature response 
of the surrounding. It is calculated as maintenance and growth 
combination as: 

 
𝐶𝑐𝑟𝑠𝑐𝑃𝑟𝑝𝑠 = 𝑘𝑝𝑐𝑟𝑠𝑐𝑃𝑟𝑝𝑠 ∙ 𝐸(𝐸𝑝) ∙ 𝐶𝑃𝑟𝑝𝑠

+ 𝑘𝑡𝑐𝑟𝑠𝑐 ∙ 𝐶𝑝→𝑃𝑟𝑝𝑠 (33) 

Where 𝑘𝑝𝑐𝑟𝑠𝑐𝑃𝑟𝑝𝑠 is respiration coefficient of the leaf for maintenance 
and 𝑘𝑡𝑐𝑟𝑠𝑐  is the respiration coefficient for growth. Respiration from 
stem, grain and root can be calculated using equation. (32) by replacing 
the respiration coefficients to its respective values and also respective 
carbon pools. 
Nitrogen and Carbon process below the ground. 
Below the ground the soil has different pools for nitrogen and carbon. 
As it can be seen in (Fig. 5 & 6), the organic soil contains litter, humus 
and faeces pool for both nitrogen and carbon. In this model, since there 
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is no manure as an external input there will be no faeces pool and the 
soil has one litter pool. 
The initial soil organic condition is based on nitrogen. This initial 
nitrogen is given as parameter along with initial CN ratio for both pools 
and from there the initial organic carbon condition can be calculated. 
The initial concentration decreases linearly throughout the depth. 
Decomposition depends on carbon content of the substrate. The 
decomposition rate (𝐶𝐷𝑟𝑐𝑐𝑝𝑐𝐿 ) is affected by response functions of 
temperature and soil moisture and it can be expressed as: 

 𝐶𝐷𝑟𝑐𝑐𝑝𝑐𝐿 = 𝑘𝑃𝐸(𝐸)𝐸(𝜕)𝐶𝐿𝑟𝑚𝑚𝑟𝑐 (34) 

Where 𝑘𝑃 is a specified parameter for the litter pool and 𝐶𝐿𝑟𝑚𝑚𝑟𝑐 is carbon 
in the litter pool. This decomposition rate is used to determine portion 
of the carbon that goes to the humus pool, portion that leaves as CO2 
(respiration) and the portion that goes back to the litter pool since 
microbes are implicitly included. 

 𝐶𝐿𝑟𝑚𝑚𝑟𝑐→𝑁𝑠𝑝𝑠𝑠 = 𝐸𝑟,𝑃𝐸ℎ,𝑃𝐶𝐷𝑟𝑐𝑐𝑝𝑐𝐿 (35) 

 𝐶𝐿𝑟𝑚𝑚𝑟𝑐→𝐶𝑁2 = �1 − 𝐸𝑟,𝑃�𝐶𝐷𝑟𝑐𝑐𝑝𝑐𝐿 (36) 

 𝐶𝐿𝑟𝑚𝑚𝑟𝑐→𝐿𝑟𝑚𝑚𝑟𝑐 = 𝐸𝑟,𝑃𝐶𝐷𝑟𝑐𝑐𝑝𝑐𝐿�1− 𝐸ℎ,𝑃� (37) 

Where 𝐸𝑟,𝑃 is the efficiency parameter that determines portion of carbon 
that is mineralized and from that mineralized portion, 𝐸ℎ,𝑃 (humification 
parameter) is used to calculate portion of carbon that goes to the humus 
pool and the rest of that mineralized portion goes back to litter pool. 
In order to determine the nitrogen that corresponds to this mineralized 
carbons, microbial CN ratio (cnm) are used. 
Second part of below the ground process is mineral nitrogen. It is found 
in ammonium form (NH4+) and nitrate form (NO3-). Nitrogen which 
exists in the ammonium is assumed immobile. The main processes for 
mineral nitrogen are nitrification, denitrification, root uptake and 
leaching of nitrogen. Initial concentration of mineral nitrogen is assumed 
to be uniform throughout all layers. 
Another important process below ground is mineral nitrogen uptake of 
roots. In this model the mineral nitrogen uptake is assumed to be half 
nitrate and half ammonium. 
The root uptake depends on the plant demand (𝑁𝑑𝑟𝑝𝑝𝑛𝑑) and it also 
dependent on the ratio (𝑟𝑁) to determine whether nitrate or ammonium 
is more abundant in the soil. Primary uptake of nitrogen is expressed in 
equation. (38 & 39). In case the nitrogen demand is not fulfilled by the 
primary root uptake, there will be a secondary demand due to flexible 
roots. 

 𝑟𝑁 =
𝑁𝑁𝑁3−

𝑁𝑁𝑁3− + 𝑁𝑁𝑁4
+
 (38) 

 𝑁𝑁𝑁3−→𝑝 = 𝑚𝐸𝑅�𝐸𝑁𝑁𝑐𝑚𝑁𝑁𝑁3− , 𝑟𝑁∆𝜕𝑁𝐷𝑟𝑝𝑝𝑛𝑑� (39) 

 
𝑁𝑁𝑁4+→𝑝 = 𝑚𝐸𝑅�𝐸𝑁𝑁𝑐𝑚𝑁𝑁𝑁4+ , (1

− 𝑟𝑛)∆𝜕𝑁𝐷𝑟𝑝𝑝𝑛𝑑� 
(40) 



Environmental modeling study of water adequacy and yield from an irrigated rice field in Mali

 

19 

𝐸𝑁𝑁𝑐𝑚  is a parameter and ∆𝜕 is thickness of the layer. The total uptake of 
nitrate and ammonium are the sum of the primary and secondary uptake 
of the plant. 
One last process is movement of nitrogen through the soil profile. It can 
either move horizontally (leaching) or vertically redistribute. Nitrogen 
will be leached out of the soil profile as long as there is a horizontal 
movement of water and this horizontal follow of nitrate is calculated as: 

 𝑞𝑁𝑁3−𝑑𝑐 =
𝑁𝑁𝑁3−
𝜕(𝜕)∆𝜕

𝑞𝑑𝑐 (41) 

Where 𝑞𝑑𝑐 is the total drainage of water, ∆𝜕 is thickness of the soil layer 
and 𝜕(𝜕) is soil moisture content. 
The gas processes below the soil surface has been simulated. This 
processes depends on aerobic and anaerobic parts of the soil, thus flow 
of oxygen is important. In this model oxygen is implicit, which means, it 
is a steady state condition where flow of oxygen (𝑞𝑁2) is governed by 
oxygen consumption rate of the immediate lower soil layer. 

 𝑞𝑁2(𝜕) = � 𝑂𝑁2→𝐶𝑁2𝑑𝑧
𝑧

𝑧𝑏
 (42) 

The trace gas emissions can be simulated in two ways. One is, the trace 
gas goes through the different soil layers and finally into the atmosphere. 
The second one which is used in this study is a direct loss, which means 
the trace gas leaves the soil directly from the layer it is formed, when it is 
formed. 

Table 5. Parameter values adjusted for nitrogen and carbon processes. 
Parameter Name Default value Actual value Unit 
𝒑𝒅𝒔𝒅 DepNDryRate 0.001 0.01 gN/m2/day 

𝒑𝒔𝒇𝒇 NFertNH4Frac 0.15 0.5 - 

𝑨𝑼𝒑𝒎𝒔𝒍𝒂𝒑 NUpFlexibilityDeg 0.5 1 Degree 

𝑨𝒉,𝒇 InitHNtot 500 3500 g/m2 

𝒌𝒅 RateCoefHumus 5.00E-05 0.0005 1/day 

𝒔𝒍𝒂𝒂𝒔𝒉𝒂𝒔𝒖𝒂𝒔𝒎 FHarvestLeaf 0.1 0.9 - 

𝒔𝒔𝒎𝒂𝒂𝒑𝒉𝒂𝒔𝒖𝒂𝒔𝒎 FHarvestStem 0.1 0.9 - 

𝒑𝑪𝒇,𝑶𝒑𝒎 CNLOpt 25 30 - 

𝒑𝑪𝒇,𝑻𝒉 CNLTh 80 120 - 

𝒑𝒑𝑨 TLmin 5 2 ˚C 

𝒑𝒐𝟏 TLOpt1 15 10 ˚C 

𝒑𝒐𝒐 TLOpt2 25 30 ˚C 

𝒑𝒑𝒑 TLmax 35 45 ˚C 

ɛ𝑳 PhoRadEfficiency 2 2.3 gDw/MJ 

𝒌𝒑𝒔𝒂𝒔𝒑𝒍𝒂𝒂𝒔 MCoefLeaf 0.034 0.01 1/day 

𝑪𝒔𝒂𝒂𝒅 CSeed 1 20 g/m2 
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4. RESULT AND DISCUSSION. 
4.1. Water Balance 

Table 6 shows major water elements for current and reduced irrigation 
rate. It is the 12 year mean accumulated water balance values of both 
scenarios. The reduced irrigation rate is 61% of the actually delivered 
water for irrigation at the field. Water loss from soil evaporation, 
transpiration and evaporation from the intercepted water do not have 
much of a difference between the two scenarios. On the other hand, the 
surface runoff has reduced by 77% compared to surface runoff of the 
current irrigation scenario. 
Since there is pounded water, most of the surface runoff is expected to 
take place about 10 days before harvest. It can be seen that the 
accumulated surface runoff for each year (Fig. 8) has reduced 
significantly in the case of reduced irrigation rate. There are none and 
almost zero surface runoff in 1999 and 2002, due to the low rainfall 
record in those years. 
Due to the semi-aridness of the area soil evaporation is high. Soil 
evaporation in both cases increases once irrigation starts (Fig. 9), to 
saturate the soil for land preparation during the growing season. And it 
starts to decrease when tillering starts during the vegetation period and 
continuous to decrease until harvest and start to rise and fall again for 
short period due to bareness of the soil, until it reaches its nearly 
constant evaporation rate for the rest of the simulated year. 
Transpiration in both scenarios increased more or less in a linear way 
until the last stage of panicle initiation and varies a little until harvest. In 
some of the simulated years, transpiration is higher than soil evaporation 
only in maturing period. 
The transpiration in comparison with potential transpiration is almost 
the same for both scenarios. Actual transpiration is 94% of the potential 
transpiration (Fig. 10). Closeness of the ratio between the two scenarios 
indicates water in both cases is ample and the excess water delivery in the 
case of current irrigation does not necessarily improve transpiration of 
the crop by addressing the water stress. 

Table 6. Simulated mean accumulated water balance of current 
and reduced irrigation (1998 - 2009). 

Water Balance Elements 
Irrigation Water Delivery 

Reduced Irrigation 
(mm) 

Current Irrigation 
(mm) 

Precipitation (P) 496 496 

Irrigation(I) 916 1505 

Soil Evaporation (E) 1035 1068 

Transpiration (T) 185 182 

Intercepted Evaporation (IE) 37 35 

Surface Runoff (SR) 162 721 

   

Total water input (P + I) 1412 2001 

Total water output (E+T+IE+S+SR) 1419 2006 

Total difference in water storage -7 -5 
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Evaporation of intercepted water from the leaves is the same in most of 
the years for both irrigations. In the years where the crop leaves are not 
fully grown as the rest of the years, there is a difference in evaporation 
from the leaves between current and reduced irrigation. Water storage 
capacity of the leaves directly relates to the crop growth and LAI and in 
those years the LAI is lower than the rest. 

Fig . 10. Surface runoff (mm) for current and reduced irrigation 
rate. 

Fig . 8. Daily mean soil evaporation and transpiration for 
current and reduced irrigation. 

Fig . 9. Mean daily actual and potential transpiration for both scenarios. 
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The saturation capacity and water content in the soil layers for both 
irrigation scenarios are sufficient for the rice growth. Except for the two 
year (1999 & 2002) where, precipitation is the lowest, for most of the 
simulated years the values for water content during the growing season 
does not differ that much. In both cases, water content for the top layers 
is above saturation level (>55%) (Fig. 11), which means, there is over-
saturation and outflow to the surface in both cases, more in the current 
irrigation scenario than in reduced one (Fig. 12). This outflow adds to 
the surface runoff later on, which makes scenes for the large surface 
outflow in the case of the current irrigation rate. The big difference at 
the start of the growing season is due to large amount of water delivered 
to the field for land preparation and to establish a water layer. 

4.2. Nitrogen and Carbon Components 

4.2.1. Yield 
The annual simulated yield for both irrigation scenarios is taken from the 
carbon assimilation to the grain. Based on same parameter setup for the 
two scenarios, (Fig. 13) shows annual simulated yield in carbon content. 
Converting the carbon content in to tone per ha, the annual simulated 
yield for the current and reduced irrigation ranges between 2.5 tone/ha 
and 7.8 tone/ha. On average, the yield difference between these two 
irrigation systems is 6%. 

Fig . 12. Top layer water content for current and reduced irrigation with 
precipitation. 

Fig . 11. Mean accumulated outflow from the top layer to the 
surface pool for current and reduced irrigation. 
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The large gap difference and reduction of the yield on latter years are 
mostly because of nitrogen not being utilized enough due to leaching out 
of the soil caused by the water flow. More details will be discussed on 
the next sections. 

4.2.2. Nitrogen and carbon balance 
Nitrogen 
Mineral nitrogen is added as fertilizer and Deposition in both scenarios. 
The fertilizer application rate is the same in both cases (Table 7). Also 
the overall deposition for both scenarios is the same, it is important to 
notice the deposition rate since it is directly influenced by water 
infiltration rate in to the soil layers. 
50% of the mineral nitrogen is in the form of ammonia, which means it 
is immobile and does not leave the soil profile. Simulated mineral 
nitrogen in the form of nitrate leaching from the soil profile (Fig. 14) for 
reduced irrigation, on an average, has decreased by 25% from the current 
irrigation. This is mainly due to the water runoff. Since mineral nitrogen 
leaching is inversely related to the runoff water leaving the soil profile, it 
also explains the low leaching rate in the year 1999. The highest 
precipitation during the growing season was recorded in 2003 and 2004, 
also explaining the high leaching rate even in the reduced irrigation 
scenario. 

Table 7. Mean accumulated nitrogen balance components for 
current and reduced irrigation rate. 

Nitrogen input 

Nitrogen content (gC/m2) 

Reduced Irrigation Current Irrigation 

Fertilization 14.55 14.55 

Deposition 4 4 

Nitrogen output  

Nitrogen harvest 20 18 

Denitrification 127 123 

Mineral N leaching 13 18 

Fig. 13. Annual yield for current and reduced irrigation rate. 
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Soil mineral nitrogen uptake can be seen in comparison to the leaching 
in (Fig. 15). The mineral nitrogen uptake has increased for the reduced 
irrigation than that of the current. The increased mineral nitrogen uptake 
can be credited to the lower mineral nitrogen leaching. In the case of 
current irrigation, the large amount of delivered water for land 
preparation can explain higher leaching of mineral nitrogen during the 
early growing stage (June and July). Accumulated nitrate leaching to 
nitrate uptake ratio has decreased by 59% in the case of reduced 
irrigation rate. 
In later years of the simulated period, the total nitrogen uptake from 
both nitrate and ammonia form has reduced, especially in the case of 
current irrigation. This reduction of total nitrogen uptake is due the 
response function of nitrogen in the leaf assimilation (Fig. 16), which is 
highly dependent on carbon nitrogen (CN) ratio. Due to this high CN 
ratio there will be a reduction of photosynthesis which makes the leaf 
not to grow fully and this leads to lower carbon harvest, which explains 
the reduction of yield in some of the years (Fig. 13). In this simulated 
years (2005-2009), the average accumulated yield difference between 
current and reduced irrigation scenarios is around 0.9 ton/ha. 

Fig . 14. Total mineral nitrogen uptake and total mineral nitrogen leaching for 
current (a) and reduced (b) irrigation. 

Fig . 15. Response function for nitrogen stress and total nitrogen uptake for 
current and reduced irrigation. 
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Soil mineral nitrogen storage for the simulated 12 years is one main 
reason for yield reduction in later years (Fig. 17). Due to constant 
leaching and plant uptake of nitrogen, nitrogen content in the soil 
storage depletes in the long term in both cases. This plays a great role in 
reduction of nitrogen uptake by affecting the nitrogen response function 
and thus creating reduction of photosynthesis. 
A simple expression of nitrogen use efficiency (NUE) has been used in 
this study as an environmental indicator. It is the ratio of removal of 
nitrogen at harvest and applied nitrogen to the field (Fig. 18). 
The overall average NUE has increased by 10% for reduced irrigation in 
comparison to the current one. Early years have a ratio of around 1.5, 
this doesn’t necessarily indicate 100% usage of applied nitrogen, since 
more of it can be from the soil nitrogen storage but it indicated better 
efficiency compared to the latter simulated years. Since the nitrogen in 
the harvest depends on the nitrogen uptake of the plant, (Fig. 18) can be 
correlated to (Fig. 16) to explain the different values of NUE for both 
scenarios. 
Emission of nitrogen from the soil profile to the atmosphere in the form 
of nitrogen gas (N2), nitric oxide (NO) and nitrous oxide (N2O) as a 
percentage of the whole trace gas emissions for both irrigation scenarios 
is presented in Fig. 19. While there is 24% difference in N2 between the 
current and reduced, N2O and NO have increased by 13% and 15% 
respectively in the reduced irrigation scenario. Increase in N2 and 
reduction of N2O and NO in the case of current irrigation is due to the 
denitrification process. 
Under flooded rice field there is limited oxygen that creates strong 
anaerobic condition which favors denitrification and further reduce N2O 
to N2 (Ussiri and Lal, 2012). 
Since there is more water in surface pool for current irrigation than 
reduced one, it might explain the increase in N2 emission and reduction 
of N2O and N2 emission in the case of current irrigation scenario. This 
can specially be seen in the year of lowest rainfall recorded 1999, where 
N2O is even higher than N2 in the reduced irrigation case. 

  

Fig. 16. Accumulated total mineral nitrogen storage in the soil for both scenarios. 
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Carbon 
The mean accumulated photosynthesis has increased by 6% for reduced 
irrigation in compression to the current (Table 8). The mean yearly 
accumulated gap between total respiration and photosynthesis are high 
for both irrigation rates. This is due to significantly high soil respiration 
in both cases. During the growing season, the difference between total 
respiration and photosynthesis are much closer, even higher, at latter 
stage of panicle initiation and early stage of maturing (Fig. 20). 
Carbon flux throughout the whole year for most of the simulated years 
in both scenarios is close. But overall daily mean carbon flux values 
during the growing seasons have significant gaps. The carbon flux for 

Table 8. Mean accumulated carbon balance components for 
current and reduced irrigation rate. 

Carbon input 

Carbon content (gC/m2) 

Reduced Irrigation Current Irrigation 

Photosynthesis  805 757 

Carbon output   

Carbon harvest 523 492 

Plant respiration 8 7 

Soil respiration 2543 2539 

Carbon flux 1745 1789 

Fig. 18. Nitrogen use efficiency (NUE) for simulated years of 
Current and reduced irrigation. 

Fig. 17. Yearly accumulated nitrogen emission in N2, NO and N2O form for (a) 
current and (b) reduced scenarios. 
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reduced irrigation scenario has lessened by 37% in comparison to the 
current irrigation. This carbon flux gap is mostly due to difference in 
photosynthesis in the latter years (Fig. 21). 
It can also be noticed, total respiration decreases throughout the 
simulation years. Respiration, which is the release of CO2 in to the 
atmosphere, in large it is from the humus pool and depends on the 
decomposition rate and carbon content in humus. Carbon content in 
humus in both irrigation scenarios decrease throughout the simulated 
year. 
The soil carbon storage for current and reduced irrigation rates are the 
same. (Fig. 22) shows, soil carbon storage increasing for the simulated 
years but the overall carbon is in deficit state for the simulated period. 
The steady increase throughout the simulated years might be due to the 
fraction of carbon allocation from the leaf and stem during harvest, this 
creates stubble retention kind condition, which improves soil organic 
carbon content in the long run. 

Fig . 19. Mean daily total respiration and photosynthesis for current (a) and 
reduced (b) irrigations during the growing season. 

Fig . 20. Carbon flux and total respiration for both irrigation scenarios. 
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Photosynthetic water use efficiency (PWUE) has been used as an 
indicator of performance of crop growing in this environmental 
condition (Fig. 23). Ratio of carbon assimilation rate (photosynthesis) to 
transpiration rate has been used as PWUE. It can be seen that a ratio of 
5 and above 5 has been obtained in almost the entire first half of the 
simulated years. For current irrigation it reduces for the entire second 
half except the latter year. Also for reduced irrigation scenario the 
PWUE decreased for three of the latter simulated years. The overall 

Fig . 23. Mean daily and accumulated soil carbon storage for current and reduced 
irrigation scenario. 

Fig . 21. Leaf area index for current and reduced irrigation rate. 

Fig . 22. Photosynthetic water use efficiency (PWUE) for current and reduced 
irrigation. 
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average PWUE are 4.25 and 4.04 for reduced and current irrigation 
scenario respectively. 
Since the PWUE is based on the crop leaf transpiration, the ratio 
difference between the simulated years can be directly correlated to the 
simulated leaf area index (Fig 24), which in turn also account for the 
plant growth. 

4.3. General discussion 
As shown above from the water, nitrogen and carbon output results, it 
indicates around 600 mm (annually) water applied to the rice field in the 
case of current irrigation is excess. 
A simpler simulation run was made that represents less water demanding 
crops like sorghum or millet which are staple foods of Mali besides rice 
and most of the time cultivated in the dry seasons. This is done to see to 
what extent the excess water from the current irrigation system can be 
used to cultivate other crops and also see the impact on the 
environment. 
Simulation shows with 46% of the irrigation water used in the current 
irrigation scenario, it is possible to harvest grain yield of 320 gC/m2 
(6.8 ton/ha) on average. 
Soil evaporation shows almost by half reduction (48%) in comparison to 
the current irrigation for rice (Fig. 25). One obvious reason for this, 
other than lower irrigation rate, is the evaporation of water from the 
surface pool and over saturated top layer, since water is pounded in the 
surface pool for rice cultivation. 

Fig . 25 Simulated daily mean soil evaporation for current rice cultivation and 
other crops like sorghum or millet 

Fig. 24. Yearly accumulated surface runoff for current rice 
cultivation and (Sorghum or millet). 
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It also shows (Fig 26) the surface runoff can be reduced by 36% by 
cultivating crops like sorghum and millet.  Considering the low water 
application for this type of crops, the reduction of the runoff might be 
expected to be a bit higher than this. But this might be due to the soil 
evaporation difference mentioned above; implying much of the water is 
lost through evaporation in the case of current irrigation scenario. 
With regard to the biotic aspect of cultivating other crops, simulation 
outputs also show better results of nitrogen leaching and uptake. The 
leaching can be minimized by more than 80% and uptake can be 
maximized by 19%. Fig. 27 shows mean daily leaching and uptake for 
the 12 years of current rice cultivation and sorghum or millet. 
Even though mineral nitrogen leaching can be reduced, accumulated soil 
mineral storage in the case of sorghum or millet will decrease by 10%. 
This might be due to the maximized mineral nitrogen uptake. In case of 
soil carbon storage, accumulated carbon content for the simulated years 
can increase by 6% for sorghum or millet cultivation system. 
Emission from the simulated models of sorghum or millet shows an 
increase of N2O by 54% and reduction of N2 by 63% from the emission 
values of current rice cultivation (Fig 28). As mentioned earlier, the 
whole denitrification process depends highly on oxygen availability. Since 
less water means further reduction of N2O to N2 is reduced, emission of 
N2O will increase. 

  

Fig. 27. Daily mean nitrogen leaching (a) and uptake (b) for current rice 
cultivation and (sorghum or millet). 

Fig . 26. Yearly accumulated emissions of N2, NO and N2O for (a) current rice 
cultivation and (b) sorghum or millet. 



Environmental modeling study of water adequacy and yield from an irrigated rice field in Mali

 

31 

5. CONCLUSION 
Mathematical modeling have been done as a method to give practical 
recommendation for improving water usage and also help to better 
understand modeling of irrigated rice field ecosystem. The models 
include two different levels of water application and alternative crop 
cultivation.  Results of these models tried to shed light on the different 
benefits of using suggested irrigation rate and alternative crop 
cultivation. 
Important processes to carry out this modeling of a rice field have been 
soil-water, plan-water related processes and biotic processes of nitrogen 
and carbon. Very important parameters to simulate irrigated rice 
cropping system have been found to be water uptake function 
parameters, as they control supply of water by monitoring oxygen 
availability. 
Comparison between the two irrigation scenarios (current and reduced) 
shows, an equivalent yield can be obtained using 39% less water. While 
other aspects, such as, water runoff, nitrogen leaching, nitrogen use 
efficiency, respiration and photosynthetic water use efficiency have 
better results for reduced irrigation. One benefit the current irrigation 
scenario has over the reduced one is emission of N2O. 
Simulation done for the alternative crop cultivation (sorghum and millet) 
tries to show to what extent the excess water can be used. It is used to 
indicate possibility of obtaining reasonable crop production using the 
excess water from the current irrigation and also as an alternative 
cultivation. And most of the simulated results indicate, cultivating other 
crops like sorghum or millet have better outputs, except in the case of 
N2O emission. 
One major reason for rice to grow in a flooded condition is to have 
better yield with less concern on weed control. Since flooded condition 
is unsuitable for almost all type of plants, it is difficult for germination 
and growth of weeds and thus less attention can be given to weed 
control and farmer in this area exploit this circumstance at the cost of 
excess water. 
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APPENDIX I - SATURATION VAPOR FUNCTION AND ITS SLOPE 

𝐸𝑠(𝐸) = 10�12.5553+ 2667
𝑇+273.15� T < 0 

𝐸𝑠(𝐸) = 10�11.4051+ 2353
𝑇+273.15�  T > 0 

∆(𝐸) = 𝐸𝑠(𝐸)
2667

(273.15 + 𝐸)2 T < 0 

∆(𝐸) = 𝐸𝑠(𝐸)
2353

(273.15 + 𝐸)2 T > 0 

𝐸𝑠Is calculated in Pa and T is in ˚C 
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II 

APPENDIX II - INTEGRATED RESISTANCE OF SOIL, SURFACE 
VAPOUR PRESSURE AND AERODYNAMIC RESISTANCE 

𝑟𝑠𝑐𝑟𝑃 = ∑ ∆𝑧𝑡
𝑘ℎ,𝑡
𝑟            0 < 𝜕𝑟 ≤ 20 cm                 

𝐸𝑠𝑠𝑐𝑠 = 𝐸𝑠(𝐸𝑠)𝐸
�𝜓1𝑀𝑤𝑤𝑡𝑤𝑟𝑡𝑟𝑐𝑜𝑟𝑟
𝐹(𝑇𝑠+𝑇𝑤𝑏𝑠𝑎𝑤𝑟𝑜) � 

𝑟𝑝𝑠 = 𝑟𝑝𝑝 + 𝑟𝑝𝑏 

𝑟𝑝𝑏 = 𝑟𝑝𝑃𝑝𝑟𝐴𝑃  

𝑟𝑝𝑝 =
1
𝑘2𝑢

�𝑅𝑅 �
𝜕𝑐𝑟𝑠 − 𝑑
𝜕0𝑀

� − ψM �
𝜕𝑐𝑟𝑠 − 𝑑
𝐿𝑁

� + ψM �
𝜕0𝑀
𝐿𝑁

��

− �𝑅𝑅 �
𝜕𝑐𝑟𝑠 − 𝑑
𝜕0𝑁

� − ψH �
𝜕𝑐𝑟𝑠 − 𝑑
𝐿𝑁

� + ψH �
𝜕0𝑁
𝐿𝑁

�� 
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III 

APPENDIX III - RESPONSE FUNCTIONS OF TEMPERATURE AND 
NITROGEN FOR PHOTOSYNTHESIS 

𝐸(𝐸𝑃) =

0                                               𝐸𝑃 < 𝑝𝑝𝑛 
(𝐸1 − 𝑝𝑝𝑛) (𝑝𝑐1 − 𝑝𝑝𝑛)⁄              𝑝𝑝𝑛 ≤ 𝐸𝑃 ≤ 𝑝𝑐1
          1                                              𝑝𝑐1 < 𝐸𝑃 < 𝑝𝑐2

1 − (𝐸𝑃 − 𝑝𝑐2) (𝑝𝑝𝑝 − 𝑝𝑐2)           𝑝𝑐2 ≤ 𝐸𝑃 ≤ 𝑝𝑝𝑝    ⁄
    0                                              𝐸𝑃 > 𝑝𝑝𝑝      

 

𝐸(𝐶𝑁𝑃) =

   1                                 𝐶𝑁𝑃𝑟𝑝𝑠 < 𝑝𝐶𝑁,𝑐𝑐𝑚  

1 +
𝐶𝑁𝑃𝑟𝑝𝑠 − 𝑝𝐶𝑁,𝑐𝑐𝑚

𝑝𝐶𝑁,𝑐𝑐𝑚 − 𝑝𝐶𝑁,𝑚ℎ
              𝑝𝐶𝑁,𝑐𝑐𝑚 ≤ 𝐶𝑁𝑃𝑟𝑝𝑠 ≤ 𝑝𝐶𝑁,𝑚ℎ

0                                𝐶𝑁𝑃𝑟𝑝𝑠 > 𝑝𝐶𝑁,𝑚ℎ

 

Where 𝑝𝑝𝑛 and 𝑝𝑝𝑝 are minimum and maximum mean air temperature 
for photosynthesis. 𝑝𝑐1  and 𝑝𝑐2  are also minimum and maximum 
temperature for optimum photosynthesis. Where 𝑝𝐶𝑁,𝑐𝑐𝑚 and 𝑝𝐶𝑁,𝑚ℎ are 
optimum and threshold leaf C-N ratio. 𝐶𝑁𝑃𝑟𝑝𝑠 is the C-N ratio of the 
leaf. 
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APPENDIX IV - GROWTH STAGE INDEX (GSI) 
-1 No pant exists or dormant season 

0 Sowing  

1 Start of vegetative growth, Emergence  

2 Grain filling  

3 Grain maturing  

4 Harvest  
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