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SUMMARY  

Evapotranspiration (ET) is an essential component of water cycle as it is 
an inter-linkage between atmosphere, vegetation and soil surface in 
terms of energy and water balance. The difference between annual 
averaged precipitation and runoff in the south and middle Sweden from 
1961 to 2003 revealed that the trend of ET was upward. However, 
whether potential ET has the same tendency to change as actual ET  and 
how the ET trend is directly driven by meteorological factors alone or 
combined with ecosystem‘s feedbacks to climate change (like land-use 
change) is still under the discussion. It is certain that land-use change and 
climate change always react with each other. To understand the trend of 
ET affected by climate change can help us adopt appropriate strategies in 
water resource management, sustainable infrastructure planning and 
hydropower exploiting etc.  

In this degree project, five ET parameterizations from two rainfall-
runoff models [Coupled Heat and Mass Transfer Model (CoupModel) 
and Hydrologiska Byråns Vattenbalansavdelning (HBV)] have been 
constructed based on six sub-catchments of Sweden. The objective is to 
analyze how increased ET is partitioned in South and Middle Sweden, 
and more importantly to explain this upward ET trend. After using 
General Likelihood Uncertainty Estimation (GLUE) method to calibrate 
the model, CoupModel shows that ET trend from two split periods 
(1961 – 1981 & 1982 – 2003) is affected by land-use change, where soil 
evaporation tends to shift to transpiration and interception evaporation. 
However, HBV model based on another two periods (1971 – 1981 & 
1982 – 2003) signifies that ET trend is primarily the consequence of 
meteorological factors. Increased ET is only contributed by increased 
interception evaporation. The reason accounting for this difference is 
that the significant change of ET trend affected by land-use might only 
happen in the 1960s or 1997-2003. The time series of actual ET can also 
provide the hint to support this presumption.  

When calculating mean value of accepted simulation runoff from five 
ET parameterizations, the accumulative discrepancy between simulation 
and observation can distinct the model behavior of each ET 
parameterization especially on how it is sensitive to the extreme event. 
Discrepancy between simulation and observation versus a common year 
can characterize the seasonality of each ET parameterization (e.g. during 
the year, when has the ET been overestimated or underestimated by the 
model‘s calibration?) 

Investigating and tuning mean error for the sub-periods cannot only 
avoid that mean error based on the whole period will allow 
overestimation or underestimation on a shorter time period, but it is also 
useful to identify time split of different ET trend.  The whole period is 
finally divided evenly into four sub-periods: 1961 - 1967, 1968 - 1985, 
1986 - 1997 and 1998 – 2003. 

On the basis of the parameters‘ value corresponding to four sub-periods 
a dynamic simulation from HBV and CoupModel has been implemented. 
The result indicates that increased total ET is primarily from increased 
ET of winter time. More and more interceptive water loss and 
transpiration resulted from that land-use could be changed from 
deciduous forest host to coniferous forest host. The trend from 
subperiod 1 to other subperiods is affected by substantial land-use 
change, as the magnitude of ET potential was getting lower. The later 
trend of other periods could be assumed as the adaptation of new 
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species to climate change. Meanwhile, land-use change also has a feed 
back to climate change. For instance, transpiration controlled by the 
mechanism of stomata and water uptake controlled by reduction of soil 
moisture is highly related to variations of climatic conditions.   
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SUMMARY IN SWEDISH  

Evapotranspiration (ET) är en viktig del av vattnets kretslopp, eftersom 
det sammankopplar atmosfär, vegetation och markyta med avseende på 
energi och vattenbalans. Skillnaden mellan observerad nederbörd och 
avrinning i södra och mellersta Sverige tyder på att det årliga medelvärdet 
av ET mellan 1961 och 2003 var stigande. Men huruvida den potentiella 
ET hade samma tendens att förändras som den faktiska ET och hurvida 
den positiva trenden av ET är direkt driven av enbart av meteorologiska 
faktorer i kombination med ekosystemens återkopplingar till 
klimatförändringar (som förändrad markanvändning) kan diskuteras. 
Frågan är komplex eftersom förändrad markanvändning och 
klimatförändringar alltid påverkar varandra och är sammankopplad.  

Den ökade förståelsen  för hur utvecklingen av ET påverkas av 
klimatförändringar kan hjälpa oss att fastställa lämpliga strategier för 
förvaltning av vattenresurser samt hållbar planering av infrastruktur och 
vattenkraft etc. 

I detta examensarbete, har fem parametriseringar av ET definierats i två 
avrinningsmodeller (CoupModel och HBV), modellerna har upprättats 
baserat på sex delavrinningsområden i Sverige. Syftet är att analysera hur 
ökad ET är uppdelad i södra och mellersta Sverige, och ännu viktigare att 
upptäcka tänkbara förklaringar till den uppåtgående trenden för ET. 
Efter att ha använt General Likelihood Uncertainty Estimation (GLUE) 
för att kalibrera modellerna, visar scenarion från CoupModel att trenden 
för ET från två brutna perioder (1961 till 1981 & 1982 till 2003) 
påverkas av förändringen av markanvändning, där avdunstning tenderar 
att övergå till transpiration och avdunstning från växter. Resultat från 
HBV-modellen tyder dock på att utvecklingen av ET under perioderna 
(1971 - 2003 - 1981 & 1982) är främst en följd av meteorologiska 
faktorer. 

Orsaken till dessa två olika tolkningar från de två modellerna är att den 
starkt stigande trenden av ET kan ha inträffat under 1960-talet, och 
1997-2003. Studien av en tidsserie för den faktiska ET stödjer detta 
resonemang. När man jämför accepterade simuleringar från de två 
modellerna med avseende på skillnaden mellan simulering och 
observation kan beteendet hos varje ET parametrisering särskiljas. 
Skillnader mellan simulering och observation jämfört med en typiskt år 
kan karakterisera säsongsbetonad variation för varje ET parametrisering. 

Genom att studera och och finjustera medelfelen för samtliga 
delperioder kan kan trender hittas i ET. Efter att ha använt denna 
strategi, kan hela perioden fördelas på fyra delperioder: 1961 - 1967, 
1967 - 1985, 1985 - 1997 och 1997 - 2003. 

På grundval av parametrarna från dessa fyra delperioder har en dynamisk 
simulering av HBV och CoupModel upprättats. Resultatet visar att den 
ökade totala ET beror av en ökad ET på vintern. En stor del av 
förändringen av transpiration beror på en förändrad markanvändning i 
form av ökad vegetation. Dock måste det poängteras att förändrad 
markanvändning också en återkoppling till klimatförändringarna. Till 
exempel kontrolleras transpiration av mekanismen för klyvöppningarna 
och vatten upptag kontrolleras av minskad markfuktighet vilket är 
beroeden av variationer av klimatförhållanden.  
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SUMMARY IN CHINESE  

       蒸腾是水循环的重要组成部分，因为它参与介于大气，地表

植被和土壤中之间能量和水分的平衡。如果用观测的降水和径流

差异来表征蒸腾速率，瑞典南部和中部的数据显示，年均蒸腾速

率从 1961 到 2003 年呈上升趋势。然而，是否蒸腾势与实际蒸腾

量有着相同的变化趋势，这个变化趋势是仅受气象因子单独驱

动，还是受气象因子耦合生态系统对气候变化的反馈共同驱动仍

值得进一步的探讨。可以肯定的是，植被的变迁和气候变化总是

相互影响的。理解蒸腾速率的变化趋势如何受气候变化的影响有

助于我们采取适当的策略管理水资源，规划可持续的基础设施和

开发水力能源等。  

       在这个学位论文中，两种降雨径流模型（耦合传热传质模型

CoupModel 和水力水平衡模型 HBV）针对瑞典中南部六个分水岭

基于五种不同的蒸腾参数组合进行模拟。目的是研究增加的蒸腾

速率如何在土壤蒸发，植被呼吸和水分拦截蒸发三方面分配; 更

关键的是, 哪些因素对造成这些地区蒸腾速率的上升趋势起主导

作用。利用似然估计不确定性的方法对模型校准后，CoupModel

得出的结论是，瑞典中南部地区蒸腾速率从时期一（1961-1981）

到时期二（1982-2003）的增加主要受气候变化和植被变化的共同

影响，土壤蒸发量逐渐转移到植物呼吸量和水分拦截蒸发量。同

样，HBV 模型显示从时期一（ 1971-1981）到时期二（ 1982-

2003）只受气象因子影响。增加的蒸腾速率主要是因为增加了的

降水量导致水分拦截蒸发量增加了，从而总的蒸腾速率也增加

了。对于这两种模型得出的不同结论，一种解释是蒸腾速率的增

加主要发生在 20 世纪 60 年代或 1997-2003 年。另外，实际蒸腾速

率的在整个时期的时间曲线也表明 60 年代的变化趋势明显不同

于其他年份。。 

       当比较筛选过的仿真的径流的平均值时，模拟值和观测值的

积累误差可以用来表征每种蒸腾参数组合的模型行为，例如，它

们对极端气象事件的灵敏度。另外，如果把整个时期的误差平均

到一年中，我们可以进一步分析每种蒸腾参数组合误差分布的季

节性。  

       然而，如果把整个时期划分几个较短的时期进行筛选仿真，

这样不仅能避免筛选到某些仿真虽然有较好的总体误差却包含着

非常糟糕的局部误差， 还能有助于确定蒸腾速率变化趋势的时间

段。在采用这个方法之后，我们对整段时间段进行重新划分为四

个子时间段：1961 - 1967, 1967 - 1985, 1985 - 1997 and 1997 – 2003。 

       基于被筛选仿真段四个子时期的参数的平均值，我们进行一

个动态仿真。结果表明，两种模型都显示增加的蒸腾量主要发生

在冬季。发生在冬季的水分拦截蒸发量和植被呼吸量的增加表明

植被可能从阔叶林转变为针叶林。这种转变主要发生在第一个子

时期。而后来的三个子时期可以看作是新的植被如何适应气候变

化的过程。植被的变化是对气候变化的反馈。例如，植物的呼吸

所依赖于植被气孔机制和水分输送所依赖的土壤湿度下降常数与

气象条件紧密相关。 
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NOTATIONS  

ET Evapotranspiration mm/d 

SE  Soil Evaporation mm/d 

IntE  Interception Evaporation mm/d 

TE  Transpiration mm/d 

PE  Potential Evapotranspiration mm/d 

AE  Actual Evapotranspiration mm/d 

RE  Reference Potential Evaporation mm/d 

LE  Evaporation of open water surface mm/d 

WE  Wet environment evapotranspiration mm/d 

aE  Aerodynamic evapotranspiration mm/d 

nR  Net radiation at the soil surface MJ/m2/d 

T  Temperature C  

P  Atmospheric pressure  KPa 

se  Saturated vapor pressure KPa 

  Psychometric constant   /KPa C  

pC  The specific heat at constant pressure 
MJ kg-1 -

1 

  
the ration between molecular weight of 
water vapour and dry air, 0.622 

  

  
The gradient of se function with 

Temperature 
/KPa C  

  Latent heat /MJ kg  

B  Vapor transfer coefficient /m Pa s  

0Z  Roughness height m  

2Z  Measurement height m  

ar  Aerodynamic resistance /s m  

sr  Surface resistance /s m  

omZ  
Roughness length governing momentum 
transfer 

m  

ohZ  
Roughness length governing transfer of 
heat and vapour 

m  

k  Von Karman‘s constant   

d  Zero plane displacement height m  

lr  Stomata resistance of a single leaf /s m  
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activeLAI  Active leaf area index   

G  Conductive surface heat flux MJ/m2/d 

a  Exponent of Thornthwaite equation   

/I i  Annual /monthly heat index   

aT  Mean monthly temperature C  

j  The number of month   

0pCepar  
The degree day parameter of Thornwaite 
method C  

1pCepar  The amplitude parameter of Thornwaite method   

2pCepar  The delay parameter of Thornwaite method   

hq  Heat flux conducted to the ground C  

i  Monthly index   

j  The number of month   

sT  Soil surface temperature C  

1T  The temperature of the first layer C  

vapbd  The tortuosity   

0D  
Diffusion coefficient for a given 
temperature 

  

af  The fraction of air filled in the soil   

s  Saturated porosity   

  Soil water fraction   

vsc  
The concentrations of water vapor at the 
soil surface  

mm  

1vc  
The concentrations of water vapor at the 
middle of the uppermost layer 

mm  

sH  The soil sensible heat flux MJ/m2/d 

vL  The soil latent heat flux MJ/kg 

2r  The coefficient of determination   

iO  The daily observed value   

O  The mean of observed values   

iM  The daily simulation value   

M  The mean of simulation values   

ME  Mean error   

RMSE  Root mean square error   

effR  Nash and Sutcliffe coefficient   
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ABSTRACT 

Evapotranspiration (ET) is an essential component of water cycle as it is an 
interlinkage between atmosphere, vegetation and soil surface in terms of energy and 
water balance. However, whether potential ET has the same tendency to change as 
actual ET  and how ET trend (based on the difference between precipitation and 
runoff) is directly driven by dominant meteorological factors alone or combined with 
ecosystem‘s feedbacks to climate change (like land-use change) is still under the 
discussion. In this report, five ET parameterizations within two rainfall-runoff models 
[Coupled Heat and Mass Transfer Model (CoupModel) and Hydrologiska Byråns 
Vattenbalansavdelning (HBV)] have been set up based on six subcatchments of 
Sweden. The scenario derived from CoupModel shows that the trend of ET is 
affected by the change of land-use, where soil evaporation tends to shift to 
transpiration and interception evaporation. However, HBV model produces the other 
scenario: the trend of ET is merely the consequence of meteorological factors. 
Increased ET is contributed by increased interception evaporation due to the 
increased precipitation. After identifying the time split of changing ET trends, a 
dynamic simulation constructed both from HBV and CoupModel indicate that the 
increased total ET is primarily from increased ET in winter time. More and more 
interceptive water loss and transpiration resulted from land-use change due to more 
vegetation. On the other hand, land-use change is also a feed back to climate change. 
Transpiration controlled by the mechanism of stomata and water uptake controlled 
by reduction of soil moisture is highly related to variations of climatic conditions.   

Key words: Evapotranspiration; Rainfall-runoff; CoupModel; HBV; Climate 
change, land-use change 

1. INTRODUCTION 

1.1 Evapotranspiration and hydrological cycle 
Evapotranspiration (ET) is one of the key processes in the hydrological 
cycle (also called water cycle), where it usually contains the second largest 
quantity of water body and drives water circulation from surface to 
atmosphere. Vaporization of water from soil and vegetation surfaces 
connects earth‘s surface with its above atmosphere in terms of energy 
balance and water balance. When ET is related to water balance of the 
watershed, it is often used for representing regional water demand or 
together with precipitation to describe local or regional water availability 
in a certain time span.  

The trend of ET is closely related to other components of hydrological 
cycle. In this report, the trend of ET is defined as the tendency of a 
certain time of ET‘s change (annual or decadal). Specifically, it not only 
refers to how the magnitude of ET varies in a general direction (e.g. 
ascent or descent), it also indicates how different periods of ET 
components averaged in a common year look like (e.g. seasonality of 
ET). Its change has great influences to the large scale circulation of 
planetary atmosphere, affecting other components like precipitation, 
surface runoff, subsurface flow and groundwater etc. On the other hand, 
the variations of soil moisture content in turn could affect hydrologic 
response by regulating the micro-scale carbon dioxide uptake of stomata 
in individual plant leaves, and eventually affect water loss (Thomas & 
Rradley, 2003).  

Good understanding of ET trend is significant to effective water 
resources management, agrometeorology and agriculture study and 
hydrological engineering control. As especially for those countries with 
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pressures from population control, water shortage and water 
environment security, ET has a vital impact to the crop production and 
terrestrial ecosystem. The emphasis of the Nordic perspective on water 
resources is more on hydropower production rather than water supply. 
In southern parts of Sweden more than half of the precipitation returns 
to the atmosphere as ET. ET can be employed to analyze and predict the 
frequency of extreme events, when floods, drought, physical planning 
and dam safety are of major interest (Bergström et al., 2001). 

1.2 The definition of ET 
ET combines two processes: evaporation and transpiration, which occur 
simultaneously in any vegetative system. Evaporation is defined as a 
physical process by which water is changed from the liquid or solid state 
into the gaseous state through the transfer of heat energy (Chow, 1964).  

Total evaporation in this thesis is defined as the sum of three parts, 
which are evaporation from soil surface ES, interception of vegetation 
Eint and open water surface El respectively. ES is regarded simply as the 
amount of evaporative water from precipitation through-fall and melted 
water falling down to the soil surface but with a fast feedback to 
atmosphere. Eint is another considerable part of evaporation from rain or 
snow captured by leaves of trees or other vegetations. El is accounted 
specially for the water evaporation directly from lakes, swamps or 
wetlands. 

Transpiration (ET) consists of the vaporization of liquid water contained 
in plant tissues and the vapor removal to the atmosphere. Crops 
predominately lose their water through small openings of the plant leaf – 
stomata. Partitioning of ET into evaporation and transpiration is 
determined by the leaf area, crop growing period and crop types. (Allen 
et al., 1998) 

Since it is difficult to quantify all vapor fluxes involved with process of 
evapotranspiration by observations or measurements directly, some 
concepts are employed to distinguish the extent to which ET takes place. 
Potential ET (EP) and reference crop ET (ER) are defined at a basis of 
idealized situations where a reference surface is without limitation of 
water, and ET can reach its potential. The standard conditions for ER is 
defined as ―A hypothetical reference crop with an assumed crop height 
of 0.12 m, a fixed surface resistance of 69 s m-1 and an albedo of 
0.23‖(Maidment, 1992). EP can be estimated by many methods based on 
physical laws or empirical equations, like temperature based method, 
radiation based method, combination method and energy balance 
method. The detailed descriptions of these methods can be referred to 
the Appendix 2, but from their names, it is noted that weather 
parameters are the principal factors affecting EP apart from crop data. 
Moreover, EP can also be estimated by some measurement methods like 
lysimeters or pan methods, and called pan ET. When they are applied in 
different locations with different land-cover, a correction coefficient 
should be taken into account. The difference between ER and EP lies in 
that ER is determined by the meteorological data alone.  

Actual ET (EA) is deduced according to water content of soil in a 
realistic natural condition. This means EA is often below EP when the 
soil environment is dry and the supply of water is limiting. As a key 
factor of the interaction between land surfaces and atmosphere, EA 
reflects actual water loss from natural system so that its variation is 
sensitive to the change of water cycle. Quantitative estimations and 
detailed distribution of the change of actual evapotranspiration are 
significant to improve the understanding of the change of water cycle 
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and water resources closely relating to climate change in different spatial 
scales (Gao, 2010).       

1.3 ET trend and climate change 
Many instrumental observations of meteorology and climatic model 
projections indicate that the signal of climate change is more and more 
manifest in the second half of last century and may continue to be 
reinforced in the coming few decades. According to the fourth 
Assessment Report (AR4) by Intergovernmental Panel on Climate 
Change (IPCC), the change of temperature is the most obvious and 
easily measured in the climate. Increase in temperature leads to increase 
in the moisture-holding capacity of the atmosphere at a rate of about 7% 
per °C, especially changing characteristics of precipitation (amount, 
frequency, intensity, duration, type) and extremes (Trenberth et al., 2003).  

Even though the rising trend of precipitation can only be witnessed at a 
regional scale, the fact that sensitive climatic variability due to the change 
of precipitation brings about the redistribution of water components 
within the hydrological cycle is not equivocal.  More precipitation will 
intensify the hydrological cycle. The water cycle transfers and translates 
climate effects to ecological and human system impacts. Greenhouse-
driven changes in temperature and precipitation affect ET and the 
associated water-vapor flux partitioning at the land surface, and all the 
freshwater flows and discharges to the sea, which depend on this 
partitioning (Destoumi, 2009). 

However, whether increased precipitation is the main driving force of 
ET trend is worth discussing. For one thing, increased precipitation can 
supply soil with more moisture, and this can make actual 
evapotranspiration easily reach its potential value; for another, increased 
precipitation means more water vapor stay in the air or greater 
cloudiness have been formed in the diurnal duration. This possibly turns 
out that a less net radiation which can be supplied as the latent heat for 
water vaporization or much less water vapor deficit which can be used 
for the momentum of water vapor transport above evaporative surface. 
Hence, the contradiction of the possible long term change of ET 
abounds in climate change.  

Moreover, apart from climatic driving forces, ET can be indirectly 
influenced by the climate change through the change of land-use, like 
increased area of forests, which can be regarded as vegetation feedback 
of ecosystem due to a warmer climate. More trees mean more 
interception evaporation and transpiration. Some portion of soil 
evaporation would be shifted to as an extra part of the plants‘ 
transpiration due to denser root density. In a word, ET indeed responds 
to climate change in many ways.  

1.4 Literature review on estimation of ET trend 
The change of EP around the world has been well discussed in recent 
years. As the change of EP at a specified location is mainly controlled by 
four climatic factors (net energy availability, air temperature, wind speed 
above the surface and humidity gradient away from the surface), the 
variations of these climatic factors can provide explanation of EP trend. 
There was once an expectation that EP would increase as the averaged air 
temperature near the surface increases, based on other factors held as 
constants (Roderick & Farquhar, 2004). This is also consistent with the 
estimation by Thornthwaite method. However, some studies have 
showed a decreasing trend of EP during the past decades in many places 
of the world (e.g. China (Tomas, 2010), North America (Liu et al., 2004), 
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Italy (Moonen et al., 2002), Australia (Roderick & Farquhar, 2004)). In 
fact, in the wet and windless condition, increased temperature does not 
necessarily result in a decreased vapor pressure, if this potential value is 
estimated by Penman or Penman Monteith equation. When relative 
humidity remains constant in spite of increased temperature, EP will be 
insensitive to changes in the average surface temperature (Monteith & 
Unsworth, 1990). Besides, some studies (Liu et al., 2004) also indicate 
that solar irradiance could be the main driving force of a decreased trend 
of EP. Decreased solar irradiance may be attributed to increased 
concentration of aerosols, increasing cloud or enhanced greenhouse 
effect (Roderick & Farquhar, 2003). 

There are many methods for estimating EP, among which water balance 
between precipitation and runoff is a simplistic way to estimate long-
term annual averaged EP. In light of scarcity of data base, the 
specification of an extensive set of soil and vegetation parameters for 
which general values are not yet readily available (Maidment, 1992). 
Complex models usually require much higher level of input data in the 
form of frequently sampled meteorological variables. In this case, the 
relationship between EA / EP and P / EP can be used to estimate the 
long term averaged annual evapotranspiration through following 
equations (Gao, 2010).  

[1 exp( )]
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p p

EE P

E E P
            

tanh( )A

p p

E P

E E
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p p p

E P P
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The hypothesis of a complementary relationship states that overall areas 
of a regional scale and away from any sharp environmental 
discontinuities, there exists a complementary feedback mechanism 
between EA and EP. Energy at the surface, because of limited water 
availability, is not taken up in the process of EA. Increased temperature 
and humidity gradients of the over-passing air lead to an increase in EP, 
which is equal in magnitude to the decrease in EA. This relationship can 
be described by  

2A p wE E E 
             

EP here is applicable for the open water surface and can be estimated by 
Penman Monteith method or using pan measurement directly. Besides, 
EW is calculated according to Priestley Taylor equation, which is derived 
from the concept of equilibrium evapotranspiration under conditions of 
minimal advection (Bouchet, 1963; Michael et al., 2001; Gao, 2010).  

Hydrological modeling of well-instrumented research catchments based 
on water balance equation is often employed to create complex 
descriptions of dynamic movements of energy and water in the soil-
vegetation-atmosphere interface, and sometimes also of movement in 
the lower levels of atmosphere (Maidment, 1992). Therefore, in the 
hydrological model, ET as a component of water cycle can be 
represented mathematically by reflecting how the catchment responds to 
rainfall under various conditions (e.g. different climatic conditions, 
topography, soil, vegetation, geologic and land-use characteristics). 
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Rainfall-runoff model is such a type of model to generate time series of 
total runoff through building different storage boxes, inflows and 
outflows (Appendix 2). Parameterization of ET is used to set up the 
model. Once the simulations have been calibrated or validated by 
independent time series of observed runoff, a reliable or sound 
parameter set can be derived to interpret some phenomena in reality, 
including estimating EA. 

1.5 Objective 
The overall objective of this study is to identify the trend of ET in six 
subcatchments of Sweden during the period 1961-2003, and to suggest 
possible explanations on the dominating factors that cause this trend 
according to different ET model parameterizations. To be more specific, 
there are four major tasks to accomplish:  

 Data Analysis: making interpolation and correction for missing data 
and unreliable data correspondingly; conversion of daily value into 
yearly, monthly value to see a long time series of climatic data;  
investigating the yearly trend of data based on hydrological year and 
calendar year; studying the seasonality trend of climatic data.  

 Exploring scenarios with CoupModel. In the CoupModel context, 
two ET parameterization schemes (Penman Monteith and Iterative 
Energy Balance method) for the study area have been set up for 
calibrating two consecutive periods‘ observed runoff. After 
calibration, those parameter sets with a better simulation 
performance are employed to explain how the partitioning of ET in 
terms of energy balance and water balance will be and how trend of 
ET is driven by land-use change in terms of the change of soil 
properties and plant types. 

 Parallel analysis with HBV model. Based on calculated EP, four ET 
models within HBV context have been set up. It is likely to imply 
which formula and which time period can brings us more promising 
predictions; how the driving force of ET trend is reflected by HBV; 
how the seasonality of discrepancy between simulation and 
observation looks like; what the difference between model behaviors 
of CoupModel and HBV is.  

 Constructing a dynamic simulation with two models to see how ET 
trend is affected by climate change coupled with land-use change.  

2. STUDY AREA AND DATA       

Six subcatchments from two river basins are chosen as the study area of 
interest, since these two places are often researched by ecosystem 
sciences. One basin, Rönne, is located in the south of Sweden and 
Fyrisån is the other one sitting in the middle of Sweden (Fig. 1). They 
can provide various reflections of ecosystem‘s feedback to climate 
change according to different latitudes. As the size of single 
subcatchment is small, it is assumed that the ecosystem is characterized 
with the unique soil type and vegetation type without regard to spatial 
distribution. All the meteorological data are provided by Swedish 
Meteorological and Hydrological Institute (SMHI). Precipitation and air 
temperature are the most important driving variables, but air humidity, 
wind speed and cloudiness are also of great interest when calculating a 
daily local evaporation. It is to remark that sub-catchments of each river 
basin share the same data set of wind speed, humidity, and cloudiness. 
Therefore, in the same river basin EP of each subcatchment estimated by 
empirical formula is only influenced by temperature and radiation.  
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Fig. 1. Study area (six subcatchments) in Rönne basin and Fyrisån basin  

2.1 Description of study area 
Rönne river basin drains a large area of southern Sweden (1900 km2) and 
empties into the Kattegat area of the Baltic Sea on the Swedish west 
coast. Around 31 % of the basin land area is fertile and highly productive 
agricultural land with approximately 55,000 ha under cultivation. The 
remainder is primarily in privately managed forest area (48% of the area). 
Cultivated soils in the basin consist primarily of three types: loam, sandy 
loam and loamy sand. Moreover, three types of spring cereals 
recommended in cultivation are spring barley, spring wheat and oats 
(Cloolentine, 2005). Fyrisån catchment is situated in the eastern part of 
the Central Swedish Lowlands 60 km north of Stockholm. It belongs to 
Mälaren-Norrström drainage basin and covers an area of approximately 
2000 km2 before it discharges into Lake Ekoln, a northern branch of the 
lake Mälaren system which drains further into the Baltic Sea. The 
drainage area is crossed by the 60th parallel and extends between 
latitudes 59°37‘ and 60°20‘N and longitudes 17°04‘ and 18°15‘E. Around 
60% of the total area is covered by the forest of pine and spruce or a 
smaller fraction of mixed deciduous woodland, whereas the river valleys 
in the south particularly around the city of Uppsala are gradually 
substituted by agricultural fields (32%). Wetlands with varying extents 
are numerous (4%) and spread over the lower reaches of the catchments. 
Clay soils constitute most parts of the farmland in the region, while till 
soils are generally covered by forest (Seibert, 1999). Till is the most 
common soil type dominating the north. The thickness of till is variable 
and greater depth of 10 to 20 m can be found in the western part, while 
fine-grained clay soils in combination with sandy and silty material 
dominate in the south, where glacial clays can reach depth of up to 15 m 
(Wrede, 2005). The brief geographical data for Rönne catchment and 
Fyrisån catchment can be seen in the Table 1. 

Table 1.  Brief geographical data of six subcatchments in Sweden 

Station Nr. 
Area 
(km

2
) 

Lake 
(%) 

Latitude Longitude location 

Klippan_2 1635 241.3 0.34 56.14 13.11 Rönne 

Heåkra 2128 146.8 0 55.85 13.64 Rönne 

Farstarp 2148 191.8 1.533 56.2 13.07 Rönne 

Vattholma 2244 293.8 2.396 60.02 17.73 Fyrisån 

Ulva_kvarndamm 2246 976.3 2.021 59.91 17.57 Fyrisån 

Ärrarp 2325 261.4 3.151 56.28 12.86 Rönne 

Klippan

Heåkra

Fastarp
Ärrarp

Vattholma

Ulva_kvarndamm
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2.2 Meteorological data 
Apart from geographical information mentioned above, meteorological 
data based on daily mean value from 1961 to 2003 is used as the only 
driving forces of the model. Most of these meteorological variables are 
essential to determine evapotranspiration process, where some of these 
variables are related to energy available for vaporization and water 
content of the soil, while others can determine the ability to transport 
water vapour away from evaporative surface. If analyzing a long term 
trend of these data, it is recommented to plot their time series of yearly 
mean value. However, there are two viewpoints on the calculation of 
yearly mean value according to when the year begins with. Before going 
deep into annual statistics, it is necessary to decide on what is meant for 
‗annual‘. 

2.2.1 Hydrological year and calendar year 

Hydrological year, also called water year. Generally, it is recognized as 
the period from 1st October to 30th September of the next year in the 
northern hemisphere and 1st July to 30th June in the southern 
hemisphere. This annual cycle is associated with the natural progression 
of the hydrologic seasons. 

 

 
Fig. 2. Time series of annual averaged precipitation (Top) and 
runoff (Bottom) based on hydrological year and calendar year at 
Klippan station from 1961 to 2003 
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Hydrological year commences with the start of the season of soil 
moisture recharge including the season of maximum runoff (or season of 
maximum groundwater recharge), if any and also concludes with the 
completion of the season of a maximum evapotranspiration (or season 
of maximum soil moisture utilization). In another word, hydrological 
year is defined for avoiding split of cycle of snow accumulation and 
snow melt between consecutive years.  

Calendar year, starting from 1st January and ending to 31st December, is 
used more often since it is more related to conventional accustom and 
standardized annual measure. Most precipitation data has been published 
as calendar-year summaries (Gordon et al., 2004). By contrasting with the 
data calculated by these two ‗annual‘ concepts, it is concluded that yearly 
mean values of hydrological year and calendar year basically have the 
same trend, despite the occurrence of some highest and lowest value 
have a bit shift (Fig. 2). In this thesis, the calculation of annual mean 
value is based on the cycle of the calendar year.  

2.2.2 Precipitation  

Precipitation includes rainfall, snowfall, and other processes by which 
water falls to the land surface, such as hail and sleet. As reported by 
many literatures, precipitation has increased during the past 50 years over 
western portions of North America and North Eurasia of 50°N by about 
6%. An upward trend of annual land precipitation can also be witnessed 
in the study area of Sweden (Fig. 3). However, this increase rate is 
unique to a local scale with a certain seasonal variability. That is, the 
precipitation in the south of Sweden has increased more rapidly than that 
of middle Sweden. Generally, the precipitation of each subcatchment 
from the same river basin follows the same trend. This can be checked 
by comparing the slope of each trend line equation. Moreover, the gap 
between consecutive highest and lowest values is bigger and bigger in the 
last decade in the south of Sweden, which could indicate that extreme 
year (dry year and wet year) recently become more and more frequent. 

The long time series of data averaged to a common year can reflect 
seasonality of the variable. The standard deviation (stdev.) of data can 
tell us how daily precipitation deviates from monthly mean value. This 
can likely indicate the frequency of extreme events. We take 
measurement records from Klippan_2 station as an example (Fig. 4). 
We split the whole period into two parts: the first 21 years and the 
remaining 22 years to see how seasonal trends of precipitation during 
these two periods behave. Both periods show that from March to May 
was there less precipitation, whereas more rain appeared from June to 
September. Stdev. of data was lower in the spring and higher in the 
summer. Trend between these two periods is that more precipitation 
came in the winter. The difference between highest and lowest monthly 
precipitation were larger in the first period. The second period generally 
had a higher stdev. than the first period, which means extreme event 
relevant to precipitation (like flood or drought) may be more available in 
the second period.  

2.2.3 Temperature 

Temperature is a regional meteorological variable so that temperature of 
subcatchments from the same river basin is too local to vary a lot (Fig. 
5). Daily Temperature data used in this thesis is referred to mean air 
temperature of the whole day. It is averaged by the records measured 
every three hours during day. It has the similar fluctuation as 
precipitation.  
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Fig. 3. Time series of annual averaged precipitation of six subcatchments 
of Sweden from 1961 to 2003 

 
Fig. 4. Precipitation of Klippan versus a common year from two periods 
(1961-1981 and 1982-2003) 

 
Fig. 5. Time series of annual averaged temperature of six sub-
catchments in Sweden from 1961 to 2003 
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Fig. 6. Temperature of Klippan versus a common year from two 
periods (1961-1981 and 1982-2003) 

These fluctuations are related to ―North Atlantic Oscillation‖, which 
refers to a redistribution of atmospheric mass between the Arctic and the 
subtropical Atlantic, and swings from one phase to other producing large 
changes in surface air temperature, winds, storminess and precipitation 
over the Atlantic as well as the adjacent continents (Hurrell, 2009). Data 
averaged to a common year shows that both periods have a highest 
temperature in July and lowest temperature in January (Fig. 6). The 
temperature has a tendency of going upward during the whole year, but 
its increases were more substantial in winter than in other season. Higher 
stdev. of data appears in the winter time, and lower in the summer time. 

2.2.4 Radiation 

Radiation is the primary control on evaporation from open water and a 
well-watered reference crop in that it represents how much energy is 

available to vaporization of the land surface (Maidment, 1992).  
Generally, historical radiation data of Sweden can be retrieved from daily 
global irradiance data measured by SMHI. However, available data 
sources only cover the period from 1980 to 2000. We are determined to 
instead use potential radiation estimates by taking the factors of latitude, 
temperature and cloudiness into account. Appendix 3 describes how 
potential radiation is estimated. Net radiation is defined as the difference 
between incoming short-wave and outgoing long-wave radiation. The 
former is determined by the extraterrestrial radiation, cloudiness and 
albedo of land cover, whereas the latter is depending on temperature, 
vapour pressure and cloudiness. In the short term, the rising temperature 
and increasing cloudiness will bring a reduction of net radiation, called 
―global dimming‖. However, there are still some disputations on whether 
the dimming is global or local (e.g. large urban areas).  Here, we are using 
Klippan and Vattholma data to represent radiation of south and middle 
Sweden respectively (Fig. 7).  

Net radiation in these two places displays a different trend: middle with a 
graduate increase, but south does not change too much. This implies that 
averaged EP of the whole period is likely to increase (Middle Sweden) or 
constant (South Sweden) since from energy balance standpoint, net 
radiation defines its upper boundary condition. The strongest net 
radiation is in June and July, and so does the most variable radiation (Fig. 
8, 9). The trend of radiation is reflected by that the most intense 
radiation is shifting backwards from June to July, and increased radiation 
mainly takes place in late spring and summer.  

-5

0

5

10

15

20

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

T
e

m
p

e
ra

tu
re

  (
℃

)

1961-1981 mean

1961-1981 stdev

1982-2003 mean

1982-2003 stdev



Long-term trend of evapotranspiration in Sweden affected by climate change or land-use change 

 

 11 

 
Fig. 7. Time series of annual averaged net radiation of two stations 
in Sweden from 1961 to 2003 

 
Fig. 8. Net radiation of Klippan versus a common year from two 
periods 

 
Fig. 9. Net radiation of Vattholma versus a common year from two 
periods 
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2.2.5 Wind speed 

Wind speed is the variable that characterizes air movement above the 
evaporating surface, which can maintain a certain vapor deficit as a 
driving force to continue evaporation. If local humidity is high, wind can 
only replace saturated air with slightly less saturated air and remove heat 
energy. Consequently, the wind speed affects ET rate to a far lesser 
extent than under arid conditions where small variations in wind speed 
may result in larger variations in the evapotranspiration. Wind speed data 
is measured by the anemometer, typically at 10 meter height above the 
ground. It is sensitive to measurement method and location. Long time 
series of wind speed has a slight rising trend in the South Sweden but not 
for the middle. In a common year, wind speed is smaller in the summer 
than in the winter. Wind in the second period is stronger. (Fig. 10, 
Fig. 11 and Fig. 12) 

2.2.6 Relative humidity 

Relative humidity is a term used to describe actual vapour state of the air. 
It is the ratio between actual vapour pressure and the saturated vapour 
pressure at the specific temperature. It can be determined through the 
use of psychometric charts if both the dry bulb and wet bulb 
temperature of the air and vapour mixture are known. From relative 
humidity, vapour deficit can be calculated, and the wet season and dry 
season of different locations can also be determined. The long term 
trends of relative humidity in two places are different. The climate of 
middle Sweden is going to be drier in the later period. The driest period 
of both places is May and June, and the wettest period is December and 
January. In the common year, relative humidity in the south over the 
whole year was decreasing from the first period to the later period, but 
this is opposite to that of the middle (Fig. 13, Fig.14 and Fig. 15). 

2.2.7 Cloudiness 

Cloud influences the energy of the atmosphere in at least two major ways. 
Firstly, they release large amounts of latent heat during the condensation 
process while the condensed water is removed from the atmosphere 
through precipitation. Secondly, by scattering, absorption, reflections 
and emission of radiation clouds strongly influence atmospheric 
radiation budget, and thereby the energy budget of the earth (Peixoto & 
Oort, 1992). Cloudiness in this paper is defined as the fraction of cloudy 
time, which has a complementary relation with relative duration of 
sunshine. Cloudiness is used to calculate solar radiation as well as a 
correction of net long wave radiation. Since its data has been used for 
estimating net radiation, we don‘t analyze it separately.  

2.2.8 Runoff 

Runoff, also called ―discharge‖, referred to the water volume flown in a 
stream during a given time period. Without considering other water use, 
like water abstraction or pumping, accumulative runoff is basically the 
sum of surface runoff, accumulative drainage and accumulative deep 
percolation. Both regions shows that 1970s is a particularly dry decade. 
However, South Sweden became wet afterwards, but Middle Sweden 
came across another high water demand period (Fig. 16). As for a 
common year, the driest season of South Sweden is from June to August, 
which is the same as Middle Sweden. Wet season begins from November 
to April. In the Middle Sweden, there is a peak of runoff occurring in 
April, which is attributed to sudden substantial snow melt. Stdev. of 
South Sweden is highest in summer, while that of Middle Sweden is 
highest in the other season, especially in April (Fig. 17, 18). 
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Fig. 10. Time series of annual averaged wind speed of two stations in 
Sweden from 1961 to 2003 

 

Fig. 11. Wind speed of Klippan from 1961 to 2003 versus a common year 
from two periods 

 
Fig. 12. Wind speed of Vattholma from 1961 to 2003 versus a common year 
from two periods 
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Fig. 13. Time series of annual averaged relative humidity of two stations 
in Sweden from 1961 to 2003 

 
Fig. 14. Relative humidity of Klippan from 1961 to 2003 versus a common 
year 

 
Fig. 15. Relative humidity of Vattholma from 1961 to 2003 versus a 
common year 

y = 0.1056x - 127.71

y = -0.1707x + 412.86
50

55

60

65

70

75

80

85

90

95

100

1961 1971 1981 1991 2001

R
e

la
ti

v
e

 H
u

m
id

it
y
 (

%
)

Klippan

Vattholma

Linear (Klippan)

Linear (Vattholma)

0

10

20

30

40

50

60

70

80

90

100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
e

la
ti

v
e

 H
u

m
id

it
y 

(%
)

1961-1981 mean

1961-1981 stdev

1982-2003 mean

1982-2003 stdev

0

10

20

30

40

50

60

70

80

90

100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
e

la
ti

v
e

 H
u

m
id

it
y 

(%
)

1961-1981 mean

1961-1981 stdev

1982-2003 mean

1982-2003 stdev



Long-term trend of evapotranspiration in Sweden affected by climate change or land-use change 

 

 15 

 
Fig. 16. Time series of annual averaged runoff of six stations in Sweden from 1961 to 
2003 

 
Fig. 17. Runoff of Klippan from 1961 to 2003 versus a common year 

 
Fig. 18. Runoff of Vattholma from 1961 to 2003 versus a common year 
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3. METHOD 

3.1  The description of modeling strategies 
Two lumped rainfall-runoff models (CoupModel and HBV) are set up to 
simulate the forest-based hydrological process. In the lumped 
hydrological model, its storages, flows and parameters (like multiple 
land-use, vegetation and soil types) represent aggregate values of the 
entire study area. This indicates that the parameter‘s value after being 
calibrated will stand for the unique feature of a virtual environment, 
which is a combination of the different types of vegetation in reality.  

3.2  CoupModel 
The CoupModel is a model coupled with different sub-models for 
simulating soil water and heat processes in the soil-plant-atmosphere 
system (Jansson & Karlberg, 2004). The basic structure of the 
CoupModel is one-dimensional, vertical layered soil profile, which can be 
covered by many types of vegetation. It consists of fluxes of water, heat, 
carbon and nitrogen exchanged within different storage pools of plants, 
surface and subsurface where climatic factors are main driving variables 
(Fig. 19). 

Two coupled differential equations for water and heat flow represent the 
central part of the model. These equations are solved with an explicit 
numerical method. The basic assumptions behind these equations are 
very simple: 

(1) The law of conservation of mass and energy  

(2) Flow occurs as a result of gradients in water potential (Darcy‘s Law) 
or Temperature (Fourier‘s law) (Jansson & Karlberg, 2004). 

Soil heat processes in CoupModel is based on the energy conservation in 
which changes in sensible and latent soil heat contents over time is 
balanced by the conductive and convective heat flows and heat 
source/sink term. Soil water processes is based on mass balance in which 
soil water content over time is balanced by water fluxes (matrix flow, 
vapor flow, bypass flow) in the soil layers and soil water source/sink 
terms. Plant water uptake is based on a soil-plant-atmosphere continuum 
approach, using the Penman-Monteith (PM) equations. 

 
Fig. 19. Mass balance (left) and heat balance (right) of the 
CoupModel (Jansson & Karlberg, 2004) 
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Soil ET can be calculated by two methods (PM equations or iterative 
energy balance). Snow accumulation and melt are described, as is the 
partitioning between infiltrations to the soil or surface runoff at the 
uppermost soil boundary. Soil ET, soil surface temperature and snow 
melt are based on energy calculations where net radiation of the 
respective surface is balanced by turbulent fluxes of sensible and latent 
heat and surface heat flux (Klemedtsson et al, 2008). 

3.3 CoupModel setup 
The simulation of CoupModel can be initialized through setting the 
switch (Table 2), which is a tool within the model to define what 
physical processes and what kinds of data should be included in the 
simulation. In this case, meteorological data is assigned as input for the 
model. The structure of model involves evaporation process, forest plant 
type, snow pack, groundwater flow and water flow between adjacent 
layers. Plant type is assumed as explicit big leaves, which allow 
transpiration and soil evaporation treated as separate flows. Potential 
transpiration is calculated by Penman Monteith equation based on an 
array of plants, multiple canopies and root system. Moreover, global 
radiation is estimated by the model itself. The method is similar to 
Appendix 1. The compartment size of soil profile has been defined 
according to two thickness options (Table 3). 

Besides, we divided our studying periods into two parts: 1961-1981 and 
1982 -2003, and made a multi-run of 10000 for each period.  The 
parameter setting of multi-run can be seen in Fig. 20. The minimum and 
the maximum value of each parameter define the stochastic sampling 
range. They are determined based on reference, expert‘s experience and 
available monitoring data. The interpretation of these parameters can be 
referred to Appendix 4.  

Table 2. The switch setting in the CoupModel setup 

All modules Options Values 

Drainage and deep 
percolation 

PhysicalDrainEq Linear Model 

Interception PrecInterception On 

Meteorological Data 

HumRellnput Read from PG-file 

PrecInput Read from PG-file 

RdGlobInput Estimated 

TemAirInput Read from PG-file 

VapurAirInput As relative humidity 

Model Structure 

Evaporation Radiation input style 

GroundWaterFlow On 

PlantType Explicit big leafes 

SnowPack On 

WaterEq On 

Potential Transpiration Roughness f(Canopy) 

Soil Evaporation 
Evaporation Method 

Iterative Energy 
Balance 

Surface Temperature f(E-balance Solution) 

Validation ValidationMode One 
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Table 3. The compartment size of soil profile in the CoupModel 
setup 

Layer No. Option 1 (m) Option 2 (m) 

1 0.1 0.2 

2 0.1 0.2 

3 0.2 0.4 

4 0.2 0.4 

5 0.4 0.6 

6 0.4 0.6 

7 0.6 0.8 

8 0.8 0.8 

9 1 1 

10 1 1 

Total depth (m) 4.8 6 

                                         

 

Fig. 20. The multi-run setting in the CoupModel (cited from CoupModel) 

3.4  HBV model 
The HBV model, abbreviated by the Swedish ―Hydrologiska Byrån 
Vattenbalansavdelning‖, is developed at SMHI by Sten Bergström 
(Bergström, 1976). The version used in this thesis is a Matlab version 
compiled by David Gustafsson and Jesper Ahlberg (KTH). It gives 
numerical descriptions of conceptual hydrological processes at the 
catchment scale (Fig. 21). 
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Fig. 21. Schematic presentation of the lumped HBV model (parameters 
like FC, LP etc. can be referred to Appendix 3) 

The model is based on the following water balance: 

[ ]
d

P E Q I SM UZ LZ lakes
dt

        

Where, P = precipitation 

            E = evapotranspiration 

           Q = runoff 

            I = Interception 

          SM=soil moisture 

          UZ=upper groundwater zone 

          LZ=lower groundwater zone 

          Lakes=lake volume 

The model consists of canopy snow routine accounting for interception 
storage and snow melt, soil routine accounting for soil moisture, soil 
evaporation and infiltration, response routine accounting for runoff 
generation (including peak flow and base flow). In the canopy snow 
routine, snowfall is determined by threshold temperature. Snowmelt is 
calculated by a simple degree day method. Actual evaporation and 
infiltration are functions of actual water storage in a soil box. Under 
certain soil moisture percentage, evaporation is changed lineally with its 
potential value.  Runoff formation is the sum of outflow from two 
groundwater zones. Discharge of upper zone is based on the sum of 
linear term and exponential term, but discharge of lower zone is only 
based on a linear function. This lumped HBV version is not using runoff 
transformation routine, which would use a triangular weighting function 
to simulate the total runoff. More information can be referred to 
www.smhi.se/sgn0106/if/hydrologi/hbv.htm. 

3.5  HBV model setup 
HBV model needs daily value of precipitation, temperature and potential 
evaporation as input data. The daily value of EP can be calculated by 
different methods, which depend on different combination of available 
climatic factors. We are using four estimations correspondingly from 
Penman, Penman Monteith, Thornthwaite and Priestly Taylor methods 
based on ideal soil moisture condition of grass land (Appendix 2).   
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Table 4. The parameter setting of HBV model (LAI is Leaf area 
index, referring to Appendix 4) 

General model parameters Value 

Rainfall correction factor 1 

Snow correction factor 1.1 

Air temperature bias [k] 0 

Air temperature lasperate [k/m] -0.0065 

Precipitation altitude correction 0 

Snowfall threshold temperature 

Snow cover max depth 

1 

0.1 

Canopy model parameters Value 

Canopy snow interception capacity [mm/LAI] 4 

Canopy rain interception capacity [mm/LAI] 0.2 

Canopy snow refreeze temperature index 0 

Table 5. The multi-run setting of HBV Model 

Routine Parameter Method Min Max 

Canopy snow 

pKMelt 

1( )mm C
 

Stochastic 2 5 

pCanopyLAI(-) Stochastic 2 5 

pCanopySkyView Stochastic 0.3 0.7 

Lake pCeLake Stochastic 0.75 1 

Soil 

pDelayfactor(-) Stochastic 0.4 0.9 

pCritwater (-) Stochastic 0.5 1 

pFieldCapacity Stochastic 50 500 

pBetaFactor Stochastic 1 6 

pDischargCoefK1 Stochastic 0.12 0.18 

pDischargeCoefK2 Stochastic 0.001 0.1 

pDischargeCoefAlfa Stochastic 0 1 

pMaxPerc (mm/d) Stochastic 0.1 0.6 

Thornthwaite 
method 

pCepar1 Stochastic 0 1 

pCepar2 Stochastic -2 2 

pCepar0(mm/k/d) Stochastic 0.01 0.2 

Accordingly, these EP are equal to the reference of potential ET. When 
comparing with the model result by using different EP, we can get an 
implication that which climatic factor is sensitive to estimated actual 
evaporation. In addition, EP for the interception evaporation of canopy 
model is using potential ET estimated by Penman formula based on the 
forest environment. It is assuming that measuring height of wind speed 
is changed from 2m to 10m, and crop type from 0.12m of grassland to 
12m of forest. 

It is easily to understand that high relative humidity and more clouds 
result in a lower vapor deficit and less net radiation respectively. Some 
parameters have fixed value (Table 4), others being calibrated by 
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stochastic sample technique in a 10,000 multi-run (Table 5). The 
interpretation of the calibration parameters can be seen in the 
Appendix 3. 

3.6  A comparison between two models 
The distinction between CoupModel and HBV used in this thesis lies in 
their complexity level of conceptual structure. CoupModel has a more 
sophisticated and elaborate physically based representation on plant 
growth properties and vertical soil profile, and it considers water balance 
together with energy balance. Whereas, HBV, a simplified version, is 
running with typical feature of traditional HBV, which is driven by the 
daily potential evaporation, precipitation and temperature, and uses some 
parameters specially for tuning peak flow and base flow of runoff 
(Table 6). 

Table 6. Comparison of lumped HBV model and CoupModel used 
in this study 

Category Lumped HBV model CoupModel 

Time resolution Daily Daily 

Spatial resolution Lumped Lumped 

Driving forces 

Potential Evaporation 

Air temperature 

Precipitation 

 

 

Cloudiness 

Wind speed 

Air temperature 

Precipitation 

Relative humidity 

Soil frost no Yes 

Soil thermal no Yes 

Infiltration Bucket theory 
Linear drainage 
equation 

Snow pack yes yes 

Potential Transpiration No Yes 

Soil moisture storage Filed capacity principle 

Hydraulic conductivity 

Air entry pressure 

Pore size distribution 
index 

Snow pack yes yes 

Potential Transpiration No Yes 

Plant properties 
LAI 

Fraction of Sky view 

LAI 

Albedo of leaf 

Root depth 

Height of tree 

Soil evaporation 
Functions of soil moisture , 
filed capacity and potential 
evaporation 

Iterative energy balance 

Penman Monteith 

Vertical discretization 4 vertical storage zone 12 vertical storage zone 

Surface runoff No Yes 

Lake evaporation Yes Yes 

Output variable 
Water flux 

Water storage 

Water flux 

Water storage 

Heat flux 

Heat storage 

Calibration Stochastic analysis Stochastic analysis 
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3.7  Model calibration and Performance index 
Model calibration is a procedure to define parameter that determines the 
order of magnitude of dynamic processes. The basic way to implement 
calibration is to iteratively alter model parameters and measure goodness 
of fit between model results and the calibration dataset until the best 
possible fit of observed against predicted is obtained.  

There are two alternatives of calibration in the CoupModel: Bayesian 
calibration (Van et al., 2005) and General Likelihood Uncertainty 
Estimation (GLUE) method (Beven, 2009). Bayesian calibration is an 
automated calibration procedure based on probabilistic principle. It is 
only focused in region of highest likelihood with Markov Chain Monte 
Carlo (MCMC) until the optimal one is identified. However, it is possibly 
to overlook other multiple parameter sets that might exist outside a 
single optimal region of the parameter space but equally represent a 
feasible system (Beven, 2006).   

In this thesis, GLUE method has been to the only focus. It is essentially 
a stochastic sampling procedure with threshold screening on 
performance indices. It cannot be constrained to a statistical theory, but 
accommodate a wide variety of likelihood measures including fuzzy 
measures. This gives the modeler both the freedom and responsibility to 
represent their best judgments by specifying threshold criteria for 
accepting or rejecting model parameter sets based on calculated scores of 
the likelihood measure (Juston, 2010). 

Four performance index of likelihood measures have been used for 
selecting accepted runs: The Coefficient of determination r2 is to 
represent the proportion of variance in the observed data explained by 
the model results. The value is calculated as: 
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Where iO is the daily observed value; O is the mean of observed values; 

iM is the daily simulation value; M  is the mean of simulation values. 

The variance of r2 varies from 1, which means all of the variance in the 
data is explained by the model, to 0, where none of the variance is 
explained. It estimates the combined dispersion against the single 
dispersion of the observed and predicted series. The constraints of this 
criteria is that if the model over or under predicts all the time will still 
result in good r2  values close to 1 but all the prediction are totally wrong. 
Thus, it need be to take into account other criteria that can cope with 
this problem (Krause, 2005). 

The mean error, ME , is the average error of a number of observations 
found by taking the mean value of the positive and negative errors 
without regard to sign. It is used to evaluate how model simulations 
overestimate or underestimate the reality.  
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The root mean square error RMSE, is to combine a series of 
measurement errors as a root-mean square error as follows: 
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This criterion can prevent model cover highly variable situations by 
minimizing the effects of outliers.  

Another model-efficiency measure invented by Nash and Sutcliffe (1970) 

is called effR .  
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which is a measure of the mean square error to the observed variance. If 

the error is zero, then effR =1, and the model represents a perfect fit. As 

the error continues to increases, the values of the index become more 

negative, with a theoretical worst-case scenario of effR =-  . This 

means effR does not suffer from proportional effects as in the case of
2r , 

but still sensitive to outliers. This is because the differences between the 
observed and predicted values are calculated as squared values. As a 
result, larger values in a time series are strongly overestimated whereas 
lower values are neglected (Krause, 2005). 

4. RESULTS AND DISCUSSION 

4.1 The Analysis of different ET trend  
The difference between precipitation and runoff reflects regional water 
loss, which should consist of water demand of natural system and human 
use (e.g. water abstraction). Since this fraction of water use by human in 
the study area is quite small, we assume the difference of precipitation 
and discharge only represents water demand of ecosystem, that is, actual 
ET. The result reveals that actual ET of all the subcatchments except 
Farstarp had a tendency of going up, and they displayed a similar 
oscillation pattern (Fig. 22).  

Given that land-cover is supposed as grassland when calculating 
reference EP, four annual averaged EP show different types of time series 
change. Only based on temperature, Thornthwaite EP gives us the 
highest estimation with an upward trend (Fig. 23). Penman EP went 
down from 1961 to 1987, but Penman Monteith and Priestly Taylor 
behaved with the same magnitude level. The reason is that in Penman 
formula, it has more weights on water loss due to atmospheric transport. 
Penman Monteith method has introduced surface resistance, and its 
aerodynamic resistance is two times larger than that calculated by 
Penman equation. This results in a larger Bowen ratio (the ratio of 
sensible heat to latent heat) and eventually smaller EP. 

In addition, EP from Penman and Priestly Taylor follow the same trend 
as the half of the sum of actual ET and Penman EP. They might show a 
complementary relationship, where Penman EP and Priestly Taylor EP 
might correspond to EP in the dry and wet condition respectively. Given 
that net radiation is not changed, when soil conditions become drier, 
more radiation will be converted to sensible heat for increasing air 
temperature and humidity gradients of the over-passing air. Potential ET 
would go up as actual ET has been decreased. The decreased actual ET 
will be compensated by the increased potential ET.  
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Fig. 22. Times series of annual averaged actual ET of six subcatchments from 1961 to 
2003 

 
Fig. 23. The comparison between time series of annual averaged 
actual ET (A) and four potential ET (P-Penman, PT-Priestly 
Taylor, PM- Penman Monteith, and T-Thornthwaite) at Klippan  

Besides, the methods of Priestley Taylor and Penman Monteith in the 
long term on a regional average basis have so much similarity in potential 
ET estimation. This is because the fraction 1.26 used in the Priestley 
Taylor equation is well applied for uniform vegetation cover with surface 
resistance (69 s/m) and humid climate, which is consistent with the 
assumptions of Penman Monteith method.  

The trend of Potential ET is the consequence of variation of climatic 
factors. It might reveal a certain correlation between climatic factors and 
different monthly averaged EP (Fig. 24). As for the cloudiness, its ascent 
leads to the decline of EP. This can be revealed by the formulas other 
than Thornthwaite method. Relative humidity has a similar correlation 
with potential ET. It is easily to understand that high relative humidity 
and more clouds result in a lower vapor deficit and less net radiation 
respectively.   
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 Fig. 24. The correlation between climatic factors and monthly averaged Ep 
estimated by four methods. 

However, the contrary case occurs in the net radiation and temperature. 

The increased net radiation and temperature caused a rise of PE in all the 

methods. Especially for the radiation based methods (Priestly Taylor, 
Penman, Penman Monteith), they nearly have a linear upward when 
radiation becomes more intensive. In general, the correlation revealed by 
Thornthwaite method is not as strong as other three formulas. 

4.2 The ET analysis of six subcatchments based on CoupModel 
There are 16 groups of 10000 multi-runs that have been done in the 
CoupModel. (Table 7) Some of them are employed for tuning the model 
in order to search the appropriate evaporation method, compartment 
size and reasonably good parameter combination according to parsimony 
principle. It is obvious that model setup has a better application to south 
Sweden than middle Sweden according to their number of accepted runs. 
This might be related to the area of subcatchments. More uncertainties 
will be brought to the simulation if the size of subcatchment is larger. 
The first four multi-runs in the table demonstrate that iterative energy 
balance method can be regarded to produce better simulations than 
Penman Monteith method.  

Mean error from iterative energy balance method shows a very low mean 
value, which can indicate that this physically numerical method has 
better water balance of dynamic simulation than empirical formula. The 
compartment size with thicker layer (starting with 0.2m) is better to 
represent water balance than thin layer (starting with 0.1m) (comparing 
No.4,5 with No.6,7 multi-run). Besides, the climatic data used in 
simulations of southern subcatchments has the best simulation in the 
Farstarp. It is likely that these climatic data derives a possible virtual 
ecosystem that is closer to the reality of Farstarp or it has smallest size of 
subcatchment. This needs a double check with other parallel data or 
models. 
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Table 7. The performance of accepted simulations in the CoupModel 

Location Period ET 
No. 
Par 

2r  ME  RMSE  
No.  

Mean CV Mean CV Mean CV 

Klippan* 61-81 PM 27 0.63 0.035 0.00796 7.06 1.21 0.11 123 

Klippan* 82-03 PM 27 0.645 0.048 0.00154 38.3 1.04 0.159 278 

Klippan* 61-81 Ite 27 0.631 0.02 0.000965 61.6 1.25 0.0998 90 

Klippan* 82-03 Ite 27 0.638 0.048 -0.00079 76.2 1.07 0.16 201 

Klippan 61-81 Iter 29 0.634 0.036 -0.00801 6.92 1.25 0.114 108 

Klippan 82-03 Ite 29 0.654 0.057 0.0127 4.44 1.04 0.183 213 

Vattholma* 61-81 Ite 27 0.656 0.064 0.00559 10.1 0.441 0.181 6 

Vattholma* 82-03 Ite 27 0.643 0.043 0.0102 5.12 0.561 0.228 13 

Vattholma 61-80 Ite 29 0.638 0.052 0.0249 2.16 0.422 0.113 48 

Vattholma 80-08 Ite 29 0.632 0.028 0.00151 28 0.495 0.121 70 

Farstarp 77-85 Ite 29 0.676 0.065 -0.105 5.4 1.1 0.188 468 

Farstarp 86-03 Ite 29 0.668 0.071 -0.00577 9.85 0.943 0.217 517 

Heåkra* 74-85 Ite 29 0.634 0.028 0.000785 76.2 1.41 0.0464 24 

Heåkra* 85-03 Ite 29 0.654 0.054 0.00772 75.2 1.14 0.122 488 

Ulva 79-03 Ite 29 0.631 0.037 0.0277 2.71 0.754 0.167 20 

Ärrarp 83-03 Ite 29 0.657 0.050 0.00269 21.1 1.16 0.152 191 

 

Note: 

1. The * denotes the soil size for that simulation is starting from 0.1 m; others from 0.2m. 

2. The criteria for accepted run is r
2
>0.6 &abs(ME)<0.1 &RMSE<1.5 

3. ET is referred to the evaporation methods used b the model.  

PM: Penmen Monteith; Ite: Iterative energy balance method.  

4. No. Par is referred to the number of parameters.  

5. No. in this table is referred to the number of accepted runs during each multi-run.  

6. No. of Multi-run will be ordered from up to down by 1 – 16. 

In general, all the subcatchments show that the simulation from the 
second period (1982-2003) is better than the first period (1961-1981). 
One possible reason is that water demand based on the difference 
between precipitation and runoff is higher in the first period. When there 
is more water available, it is easier to simulate its balance and dynamics. 
Therefore, we are using the accepted simulations from the second period 
to represent and compare the portioning of ET and soil surface energy 
of different subcatchments.  

According to water balance of ET process, daily mean value of ET has 
been partitioned into soil ET, transpiration and interception ET. ET 
partitioning of six subcatchments is calculated according to the mean 
value of selected runs (Fig. 25). Transpiration is illustrated as the major 
part of the total ET in these six subcatchments. It complies with what 
we expect in the forest. If the ratio between transpiration and 
interception ET can depict vegetation type of these six subcatchments, 
the model reflects two distinct features corresponding to the south and 
the middle of Sweden. Ärrarp has relatively larger portion of ET from 
interception and transpiration, which means its vegetation may have 
both larger leaf area index (LAI) and water capacity per LAI. However, 
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as for middle Sweden, it has more soil evaporation than interception ET. 
The possible interpretation on fraction between soil evaporation and 
interception ET lies in characteristics of the leaf area index and tree types. 
They create more precipitation through-fall between the trees.  

When it comes to surfaces energy partitioning during the daily ET 
process, soil latent heat flow comprises of the main part of available net 
radiation arriving to the ground (Fig. 26). Latent heat is the heat used in 
the phase change from a liquid to a gas. When evaporation is taking 
place, latent heat flux is positive, and energy is removed from the water 
as molecules escape the surface. Thus, evaporation is a cooling process 
for the soil surface. Sensible heat is another heat energy transferred 
between the surface and air when they have a temperature difference. 
The change in temperature over distance is called a ―temperature 
gradient‖. When surface is warmer than the air above, heat will move 
upwards into the air as a positive sensible heat transfer. This transfer 
raises the air‘s temperature but cools the surface. However, situation will 
be opposite during the night or in the wet and snow environment where 
net radiation has been reduced by the sunset or high albedo. The forest 
was a net source of sensible heat flux, whereas the arable land was a net 
sink (Gustafsson, 2004). Some subcatchments (e.g. Farstarp, Ärrarp) 
have higher negative sensible heat flow than surface heat flow. That 
means air temperature is warmer than surface, and this occasion could 
happen in the forest.  

 
Fig. 25. ET partitioning of six subcatchments of Sweden from 1982 to 
2003, based on accepted simulations with the CoupModel. 
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Fig. 26. Energy partitioning of ET at six subcatchments of Sweden from 
1982 to 2003, based on accepted simulations with the CoupModel. 
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The third major use of radiant energy is to warm the subsurface of the 
earth. Heat is transferred from the surface downwards via conduction. A 
temperature gradient must exist between the surface and upmost soil 
layer. Moreover, precipitation infiltrated into soil will bring some heat if 
there is temperature difference between air and precipitation water. 
Furthermore, latent heat from water vapor move upwards within the soil 
will also be taken into account. The negative ground heat transfer means 
that subsurface is warmer than the surface, and the heat is transferred 
upwards. This would possibly happen in the winter time at the places 
with the high latitude, like Sweden.  

Nevertheless, surface energy partitioning is based on the daily mean 
value of the whole period. Positive values of surface heat flow and soil 
sensible flow in the summer will be balanced by their negative value in 
the winter. Therefore, in the long run, the net radiation will be mainly 
used as the latent heat of vaporization. In the summer time of boreal 
landscape, Bowen ratio of forest land is supposed to be 1-3, followed by 
arable land below 1, lake around 0 (Gustafson, 2008).   

Given the concept of GLUE methods, we are using a cluster of 
simulation rather than optimal single value to identify the features of 
virtual   ecosystem, where. Mean and CV (coefficient of variation) value 
of parameters based on accepted runs will be calculated (Table 8). The 
variability or dispersion of a parameter is expressed as CV (standard 
deviation divided by the mean, which is low in case of CV<1 (100%)). 
The narrow distribution of posterior parameter values can be regarded as 
the reduced parameter uncertainties (Conrad & Fohrer, 2009). As for 
those parameters with post CV > 1, we can think that they are more 
sensitive to the model.  Interpretation of these parameters can be seen in 
Apendix 4.  

In these six subcatchments soil hydraulic conditions indicated by the 
parameters (Total conductivity, Lambda and Air Entry) have semi-
pervious permeability, like sand, silt, loam, peat or layered clay. These are 
exactly the same as reality. CriThresholdDry in Klippan is as twice as 
other subcatchments. Its higher value is expected for clayed soils with 
high root density. According to the plant properties like leaf area index, 
root depth and plant height, we can extrapolate the possible plant species 
that can meet these characteristics. For instance, the maximum LAI of 
pinus sylvestris (conifer species), spruce and pinus contorta (conifer 
species) is 3.5, 6 and 6.6 respectively, while their heights are from 8m to 
11m (Persson, 1997; Levernz & Hinckley, 1990) From the boreal forest 
leaf area index estimated by satellite image, LAI is from 1 to 4. (Stenberg 
et al, 2008), which tells us the virtual ecosystem created by the model is 
not far away from reality. Moreover, MaxSoilCondens of klippan is a bit 
smaller than that of other five subcatchments, and thus it has higher 
restriction for the soil evaporation at uppermost soil layers. 
WindlessExchangeCanopy and WindlessExchangeSoil are the inverse of 
maximum allowed aerodynamic resistance for the canopy transpiration 
and soil evaporation separately. Their higher values mean that 
transpiration and soil evaporation will take up a higher part of total 
evapotranspiration correspondingly. This is evident for the simulation of 
Ärrarp, where its fraction of interception ET is higher than soil 
evaporation.  

To sum up, these simulations can reflect two distinct characteristics of 
ecosystem and different types of ET partitioning in these sub-
catchments in the south and middle of Sweden. The portion of 
interception ET in the middle is lower than that in the south.    
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Table 8. Posterior values of parameters from accepted CoupModel simulations of six subcatchments in the period 1982 – 2003. (No. besides the 
location name is No. of multi-run in Table 7) 

Post Mean Post CV Post Mean Post CV Post Mean Post CV Post Mean Post CV Post Mean Post CV Post Mean Post CV

DrainSpacing (m) 266,992 1,257 436,057 2,236 421,382 2,184 696,702 1,972 381,976 1,308 339,372 1,254

RoughLBareSoilMom (m) 0,009 1,415 0,006 1,876 0,006 1,762 0,007 1,723 0,004 2,744 0,008 1,632

CritThresholdDry (cm) 3187,000 1,137 1538,000 1,252 1680,000 1,369 1731,000 1,403 1797,000 1,399 1539,000 1,986

HighFlowDampC (vol%) 30,683 0,888 38,578 0,637 39,447 0,572 40,990 0,614 30,384 0,658 40,117 0,547

lOptimum Value (-) 2,654 0,227 4,476 0,503 4,326 0,575 4,010 0,304 2,762 0,182 2,709 0,232

hOptimum Value (m) 8,876 0,516 8,077 0,637 7,535 0,718 10,119 0,611 12,298 0,416 9,974 0,561

rOptimum Value (m) -1,122 -0,513 -1,021 -0,516 -1,079 -0,526 -1,006 -0,572 -1,065 -0,452 -0,915 -0,557

OrganicLayerThick (m) 0,106 0,366 0,110 0,489 0,106 0,505 0,114 0,503 0,103 0,475 0,120 0,430

ThScaleLog (-) -0,161 -1,211 -0,131 -1,760 -0,058 -4,851 0,000 772,043 -0,260 -0,928 -0,139 -1,651

Total Conductivity (mm/d) 1975,000 1,421 2219,000 1,064 2545,000 0,974 2552,000 1,048 3172,000 0,780 3280,000 0,876

Lambda (-) 0,245 0,611 0,307 0,499 0,294 0,512 0,303 0,495 0,425 0,255 0,356 0,342

Air Entry (cm) 11,447 0,216 14,455 0,269 12,977 0,322 12,634 0,346 12,053 0,407 13,637 0,291

WaterCapacityPerLAI (mm/m2) 0,234 0,578 0,276 0,426 0,276 0,413 0,297 0,394 0,245 0,445 0,278 0,474

MeltCoefAirTemp (kg/C/m2/d 3,625 0,207 3,619 0,246 2,947 0,386 3,163 0,351 2,824 0,233 2,275 0,383

MeltCoefGlobRad (Kg/J) 0,000 0,493 0,000 0,531 0,000 0,581 0,000 0,513 0,000 0,626 0,000 0,780

PrecA1Corr (-) 0,095 0,568 0,097 0,576

PrecA0Corr (-) 1,070 0,042 1,109 0,049

EquilAdjustPsi (-) 1,072 0,857 1,215 0,585 1,183 0,560 1,208 0,579 1,443 0,546 1,261 0,564

WindLessExchangeSoil (-) 0,002 0,790 0,002 1,343 0,494 0,588 0,002 1,005 0,003 0,768 0,003 1,065

hStart Value (m) 8,876 0,516 8,077 0,637 7,535 0,718 10,119 0,611 12,298 0,416 9,974 0,561

hEnd Value (m) 8,876 0,516 8,077 0,637 7,535 0,718 10,119 0,611 12,298 0,416 9,974 0,561

lStart Value (-) 2,654 0,227 4,476 0,503 4,326 0,575 4,010 0,304 2,762 0,182 2,709 0,232

lEnd Value (-) 2,654 0,227 4,476 0,503 4,326 0,575 4,010 0,304 2,762 0,182 2,709 0,232

rStart Value (m) -1,122 -0,513 -1,021 -0,516 -1,079 -0,526 -1,006 -0,572 -1,065 -0,452 -0,915 -0,557

rEnd Value (m) -1,122 -0,513 -1,021 -0,516 -1,079 -0,526 -1,006 -0,572 -1,065 -0,452 -0,915 -0,557

DrainLevel (m) -1,259 -0,274 -1,119 -0,301 -1,256 -0,291 -1,132 -0,340 -1,450 -0,146 -1,437 -0,196

MaxSoilCondens (mm/d) 0,297 1,054 2,392 0,320 2,499 0,343 2,513 0,341 2,306 0,338 2,265 0,387

KBMinusOne (-) 1,324 0,625 1,376 0,533 1,337 0,539 1,317 0,555 1,474 0,356 0,493 0,887

RaIncreaseWithLAI (s/m) 57,190 0,445 61,103 0,360 65,428 0,321 59,206 0,390 51,983 0,419 0,402 0,830

AlbedoLeaf (%) 20,724 0,356 18,739 0,360 17,698 0,251 20,549 0,304

windLessExchangeCanopy 0,297 1,054 0,473 0,652 0,449 0,617 0,500 0,689

Klippan_2 (6) Heåkra (14) Fastarp (12) Ärrarp (16) Vattholma_2 (10) Ulva_kvarndamm (15)
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4.3 Possible scenarios to explain ET partitioning  
To understand the cause of the trend of ET more in depth, we should 
know how ET partitioning varies from one period to another. More 
importantly, is there any big change in the parameters that are related to 
plant and soil properties during these two periods‘ simulation? If so, the 
ET can be thought to be affected by land-use change more than climate 
change. Based on the study of sub-catchment Klippan, the following 
results and discussions will introduce two scenarios based on the 
simulations in CoupModel and HBV model to explain how ET trend 
responded to climate change. 

4.3.1 Land-use change resulted from CoupModel 

The trend of ET can be analyzed by comparing cumulative frequency of 
principal variables‘ values averaged from accepted runs of multi-run 
No.5 and No.6 in the Table 8. The number of multi-run is counted in 
the table in the order from top to bottom. Cumulative frequency of 
variable can indicate how mean value of variables in the accepted run is 
distributed when comparing a referenced value. (Fig. 28, 29) There are 
much higher values for the total ET in the second period, which verified 
that ET is going up in the last decades. However, these increased ET are 
mainly contributed by the increased transpiration and interception 
evaporation, whereas soil evaporation has declined a bit. Moreover, 
trend of the plant properties (height, leaf area index and root depth) 
driven by climate change can be revealed by the fact that leaf area index 
has increased, root depth is almost the same and a growing number of 
lower and higher plants appeared in the second period.  

Net radiation energy received by the bare soil is decreased in the second 
period. This is likely corresponding to ―global dimming‖: the gradual 
reduction in the amount of global direct irradiance at the earth‘s surface 
that was observed for several decades after the start of systematic 
measurements in the 1950s. The effect varies by location, but worldwide 
it has been estimated to be of the order a 4% reduction over the three 
decades from 1960 to 1990. If there was no decreased solar radiation, net 
radiation arriving to the ground would be increased in the second period, 
because it has shallower snow depth and lower albedo when more trees 
grow. The reduced soil latent heat flow is related to the reduced soil 
evaporation.  Besides, more negative soil sensible flows appear in the 
second period, which indicates that the difference between temperature 
of soil and air is smaller because of more trees. Increased higher surface 
heat flow implies that soil surface temperature is still increased, and more 
heat has been conducted downwards.  

4.3.2 Non land-use change resulted from HBV model 

HBV model is the other modeling strategy to analyze the trend of ET 
through setting up a simplified rainfall-runoff model. Evapotranspiration 
in HBV model only consists of interception evaporation and soil 
evaporation. The latter is calculated from water loss of soil storage, 
which should be equivalent to the sum of transpiration and bare soil 
evaporation in CoupModel. In general, according to performance index 
of accepted simulation of Klippan subcatchment from 1997 to 2003, this 
simplified HBV model version has better performance than CoupModel 
(Table 9).  

Priestly Taylor EP has best performance index of accepted runs in terms 
of mean error, R2 and RMSE. Thornthwaite EP often had an 
overestimation in some specific period, whereas, Penman and Penman 
Monteith EP are easily underestimated (Fig. 29).  
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Fig. 27. Cumulative distribution of mean ET parameters in the accepted CoupModel 
simulations of Klippan in two subperiods 191-1981 to 1982-2003  
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Fig. 28. Cumulative distribution of mean ET parameters in the accepted CoupModel 
simulations of Klippan in two subperiods 191-1981 to 1982-2003 
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Table 9. Performance of accepted runs by HBV model based on Klippan climate data 
from 1971 to 2003 

ModeI
Input 

No.  Period 

R2 Reff Mean Error RMSE 
A 

run 
Evp. Mean Stdev. Mean Stdev. Mean. Stdev. Mean Stdev. 

PM 6k 70-03 0.802 0.0191 0.781 0.0164 -0.0114 0.0586 1.56 0.0589 182 

P 6k 70-03 0.7835 0.0151 0.773 0.0146 -0.0160 0.0561 1.59 0.0515 263 

T 6k 70-03 0.792 0.0147 0.77 0.0135 0.0184 0.0756 1.60 0.0467 7 

PT 6k 70-03 0.804 0.0185 0.778 0.018 0.008 0.0584 1.56 0.0643 136 

P(1) 20k 70-80 0.774 0.0132 0.764 0.009 -0.0355 0.0534 1.6 0.0309 38 

P(2) 10k 70-80 0.765 0.0076 0.761 0.0068 -0.0339 0.0328 1.61 0.023 16 

P(3) 10k 80-03 0.774 0.0127 0.769 0.0135 -0.0196 0.054 1.58 0.0469 98 

Note: 

1. The criteria for accepted runs: R2>0.75 & RMSE<1.8 & abs(ME)<0.1 

2. All the multi-runs have used penmen Ep as input of canopy snow routine. 

3. A run is the number of accepted multi-runs.            

 
Fig. 29. The comparison between accepted averaged runoff (four Ep methods by 
HBV model) and observed runoff  

The distribution of accepted performance index is reflected by stdev, 
where Thornthwaite has narrowest range than other three methods. In 
the last three multi-runs (Table 9), a good model performance index is 
dependent on the length of calibration period. The longer calibration will 
more easily to find a lower mean error. In addition, highest performance 
index is also determined by the number of multi-run. In the period 1970 
– 1980, 20000 multi-runs indeed bring more accepted runs than 10000 
multi-run, but also higher performance indexes. Posterior mean value of 
multi-run P, P(1), P(2) and P(3) (Table 10) does not change too much 
even if the length of calibration period or multi-run number is different. 
This is more evident when having a close look at the parameters like LAI 
and Skyview. The first three parameters‘ values (CritWater, Fieldcapacity 
and Betafactor) are more sensitive to the model simulation because they 
determine how much precipitation would be contributed to the runoff. 
They have a high correlation with each other. Penman method shows the 
lowest model uncertainty because of the lowest standard deviation of 
posterior parameter values (Table 10).  
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Table 10. Posterior mean values and standard deviation of parameters of 
accepted runs by HBV model using Klippan climate data from 1971 to 2003 

 Parameter 
Range 

PM 
(Mean) 

STD 
P 

(Mean) 
STD 

T 
(Mean) 

STD 

CritWater  
(-) 

0.5 
0.842 0.129 0.868 0.088 0.675 0.125 

1 

FieldCapacity  
(mm) 

50 
285.344 97.514 220.238 61.359 279.040 85.409 

500 

Beta factor  
(-) 

1 
3.145 1.135 1.635 0.339 3.951 1.227 

6 

Discharge K1 
(-) 

0.12 
0.147 0.018 0.146 0.017 0.156 0.018 

       0.18 

Celake  
(-) 

0.75 
0.876 0.072 0.87 0.071 0.875 0.079 

1 

        Kmelt  
(-) 

2 
3.283 0.841 3.262 0.825 3.706 0.824 

5 

Skyview  
(-) 

0.3 
0.504 0.110 0.496 0.115 0.400 0.088 

0.7 

          LAI  
(-) 

2 
3.377 0.891 3.347 0.877 3.485 1.105 

5 

Delay  
(-) 

0.4 
0.590 0.132 0.579 0.128 0.684 1.161 

0.9 

Discharge K2  
(1/d) 

0.001 
0.049 0.028 0.048 0.028 0.054 0.032 

0.1 

MaxPerc 
(mm/d) 

0.1 
0.349 0.136 0.359 0.145 0.446 0.083 

0.6 

CoefAlfa 
(-) 

0 
0.138 0.107 0.154 0.108 0.039 0.030 

1 

Delay 1 
(-) 

-2 
    0.403 0.299 

2 

Delay 2 
(-) 

-20 
    -2.570 10.974 

20 

Delay 0 
(mm/k/d) 

0.01 
    0.184 0.007 

0.2 

 
PT 

(Mean) 
STD 

P (1) 
(Mean) 

STD 
P (2) 

(Mean) 
STD 

P (3) 
(Mean) 

STD 

CritWater  
(-) 

0.791 0.124 0.864 0.096 0.809 0.079 0.764 0.108 

FieldCapacity  
(mm) 

364.356 
74.67

9 
167.307 48.336 153.533 43.657 192.818 63.519 

Beta factor  
(-) 

2.898 1.114 1.659 0.348 1.509 0.222 1.538 0.371 

Discharge K1 
(-) 

0.150 0.017 0.14 0.016 0.144 0.016 0.152 0.024 

Celake  
(-) 

0.870 0.078 0.876 0.075 0.869 0.087 0.871 0.073 

        Kmelt  
(-) 

3.338 0.813 2.675 0.462 2.964 0.509 3.374 0.819 

Skyview  
(-) 

0.494 0.122 0.476 0.121 0.506 0.114 0.499 0.120 

          LAI  
(-) 

3.497 0.849 3.232 0.906 3.227 0.847 3.377 0.866 

Delay  
(-) 

0.600 0.135 0.601 0.129 0.717 0.165 0.683 0.171 

Discharge K2  
(1/d) 

0.408 0.028 0.049 0.030 0.053 0.028 0.048 0.029 

MaxPerc 
(mm/d) 

0.367 0.137 0.348 0.141 0.404 0.112 0.360 0.139 

CoefAlfa 
(-) 

0.126 0.101 0.119 0.088     



Long-term trend of evapotranspiration in Sweden affected by climate change or land-use change 

 

 35 

4.3.3 The accumulative discrepancy of four Ep methods 

Accumulative mean errors or accumulative discrepancy of four ET 
models are referred to the residuals between observed runoff and 
simulated runoff averaged by all the accepted runs. We are using 
accumulative discrepancy to evaluate how each ET model performs (Fig. 
30). Thornthwaite method shows the best model performance according 
to its time series of accumulative discrepancy, because its accumulative 
discrepancy is fluctuating around 0, which means that within some 
subperiod, underestimation easily gets balanced by overestimation. 
However, other three methods always have a negative accumulative 
discrepancy in times series. The overall bias of their simulation is 
stronger on one side, and underestimation outweighs overestimation. 
Priestly Taylor shows the best performance for overall mean error. The 
underestimated or overestimated simulation is depending on the seasonal 
change and annual change of climatic factors. It is interesting to discover 
that the trends of accumulative discrepancy of four methods almost 
follows the same tendency except one time segment (from 1977 to 1985) 
represented by Thornthwaite method (Fig. 30).  

Fig. 31 illustrates an explanation how Thornthwaite model differs from 
other three ET models. We pick up a climate event that occurred in the 
period from 1977 to 1985. March of 1977 is a special period in which the 
temperature is much lower than averaged temperature of other common 
year. Meanwhile, precipitation is also extremely higher. Thornthwaite 
method assumed that when temperature is lower than zero, 
evapotranspiration will be regarded as 0. When temperature was below 
zero, without evaporative loss, soil would store more water in the 
Thornthwaite model than other ET models. And then, intense 
precipitation suddenly overburdened the unsaturated zone and resulted 
in tremendous runoff. This sort of overestimation would be accounted 
in the accumulative discrepancy. In Sweden, this climate event is 
regularly taking place in the March or April. Thornthwaite ET model is 
sensitive to identify this event. According to (Newman & Branton, 1972), 
for latitudes greater than 50 degree the relationship between increasing 
day length and increasing seasonal mean sensible temperature tends to 
diverge resulting in greater time lag between increase in seasonal sensible 
heat as estimated by temperature and increasing seasonal day-length 
change; therefore, day-length adjustment is less effective at high latitudes 
in its seasonal phase adjustment of EP. This, in turn, causes the 
Thornthwaite method to overestimate EP, particularly in the months of 
April and May. However, in August, September and October the reverse 
occurs causing the Thornthwaite method to underestimate. These errors 
tend to cancel out over the total growing season or on an annual basis. 
This can be proved in the four daily discrepancy averaged by the same 
day of the whole period of data (Fig. 32).  

It is noticeable to find that the relationship between seasonality and 
simulation errors estimated by four ET models. Based on temperature 
factor, Thornthwaite or Priestly Taylor model would underestimate ET 
in March. This is possibly attributed to the climate event mentioned 
before (lower temperature and more precipitation). However, this 
positive discrepancy of spring is not that strong in the Penman and 
Penman Monteith methods. Another positive discrepancy is starting 
from June and ending in October. This overestimation of runoff is 
perhaps related to increased precipitation since it is consistent with the 
advent of rainy season (Fig. 33).  In HBV model, excessive precipitation 
will increase water spilled away from the soil box. Therefore, four ET 
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model will have overestimation of runoff. On the other hand, this could 
be consequence of underestimated ET. This underestimation might be 
attributed to that formula should have attained a higher potential in 
summer (dry condition). Thornthwaite and Priestly Taylor formulas have 
a highest potential in summer, so they result in a lower discrepancy. 
Another possibility to cancel out this underestimated ET is to correct 
Water critical threshold parameter value to be smaller in summer 
Negative discrepancy in March and May is likely because these months 
have increasing day length which would bring more radiation for 
evaporation. Or, this is related to the snow-melt period, in which more 
snow melt will increase runoff but model does not respond this very well.  

As for the other negative discrepancy of winter time, it is likely because 
when snow is falling down; albedo of surface is increased, which reduces 
the net radiation, resulting in a lower actual ET. In general, the variation 
of ET discrepancy mainly varies as the distribution of the dry period, wet 
period, snow and rain period.If we assumed that the variation of 
accumulative discrepancy as the time can reflect the model‘s behavior, 
this behavior is resulted from the model structure and acceptance 
constraints. We notice that the simulation from five models have the 
same tendency of estimation when excluding periods before 1982 (Fig. 
34).  

The difference of accumulative discrepancy of these five models is 
mainly stemming from simulation errors of a special period (1977 -1982). 
The fluctuating curve is related to how different ET models react to 
various climatic factors. The peak of curve is depending on how sensitive 
the model is to the extreme event. More importantly, these accumulative 
mean errors curve have different slopes in different subperiods, and they 
could correspond to different trend of ET, because if we calibrate model 
according to different subperiod, we can minimize the variation of 
systematic mean errors. Moreover, when comparing with discrepancy of 
iterative energy balance method versus a common year, we can find that 
the seasonality of its discrepancy is more related to variation of radiation 
versus a common year. 

 
Fig. 30. Accumulative discrepancy of four Ep methods from HBV model simulations  
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Fig. 31. Comparison of simulated runoff (four Ep methods) and observed 
runoff in a single year, 1997 

 
Fig. 32. The discrepancy of four methods’ simulation versus a common year.  
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Fig. 33. The precipitation, runoff and relative humidity of Klippan versus a common 
year 

 
Fig. 34. The accumulative mean errors of five methods in Klippan from 1982 to 2003 

 
Fig. 35. Mean error of Iterative energy balance method (CoupModel) versus a 
common year 
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But in the winter time, the model has considered a frost condition, which 
won‘t happen in the south of Sweden. This to some extent can tell us the 
difference between HBV model and CoupModel. Iterative energy 
balance method mainly depends on radiation, while other four ET 
models will also depend on the water threshold of the soil. (e.g. dry 
period and wet period) (Fig. 35). 

4.4 Further exploration on ET trend and model’s behavior 
The previous sections introduce two explanations of ET trend from two 
model‘s practices: CoupModel shows that ET trend is the consequence 
of climatic factors acting together with land-use change; HBV model 
shows that ET trend is only resulted from variations of climatic factors. 
Since the time lengths of two model‘s calibration are different 
(CoupModel compare period 1961 – 1981 with 1982 – 2003, whereas 
HBV model compare 1971 -2003 wth 1980 – 2003), if the signal of ET 
trend is only strong in the period 1961 – 1970 and vague in the later 
period, this indicates that conclusions of both models will not conflict 
with each other. Meanwhile, the trend of actual ET is illustrated that it 
has faster rising trend in the period 1961 -1970 than the remaining 
period (Fig. 22). Moreover, there are three other trends displayed in the 
accumulative discrepancy of five ET models: 1982 – 1988, 1988 – 1997 
and 1997 – 2003. ET trend could be uncovered if we are tuning the 
model in a shorter period. Accordingly, the advisable strategy is to make 
the acceptance constraint (ME, R2, etc.,) respectively for all individual 
subperiods, when model has been calibrated. This can avoid that good 
mean errors based on the whole period allow overestimating one 
subperiod and underestimating another subperiod.    

4.4.1 Using subperiods’ constraint to identify the ET trend 

We have carried out a new calibration for these 43 years as a whole. The 
number of multi-run is 30,000. Its model setup and calibration setup can 
be seen in Appendix 6, 7. The new calibration uses a new feature of 
CoupModel (HBV module), which brings convenience to process-based 
comparison between HBV model and CoupModel. In this case, HBV 
model used some modules (snow, inception, frost) from CoupModel, 
but it still kept its main features (soil routine and runoff response routine) 
After calibration, these 43 years have been evenly divided into 7 
subperiods. If there were indeed some ET trends that occurred in the 
1960s and 1997 – 2003, this division can expose them fully. The criteria 
(R2 > 0.6, Reff > 0.5, abs (ME) < 0.1, RMSE < 1.8) is applied to all the 
subperiods of both models for selecting accepted simulation. When this 
criterion only gives the constraint to the first subperiod, some other 
subperiods would be out of selection (Appendix 8). For instance, in 
mean error, subperiods 2-6 have positive bias, but subperiod 7 has 
opposite bias. When the same constraint is only given to subperiod 2, 
subperiod 3, 4 can also meet this constraint, but subperiod 5,6,7 has 
positive bias, and subperiod 1 has negative bias. Likewise, this procedure 
is applied to other subperiods.  This method gives us a reasonably good 
way to tune systematic mean error, and then to identify the trend of ET.  
When connecting the mean of residuals from accepted runs of each 
subperiod, the trend of accumulative discrepancy has been flattened and 
smoothed out. It implies that the overall systematic mean error has been 
greatly improved, comparing with that of accept runs based on 
constraint for the whole period (Fig. 36). The dynamic of simulated 
runoff has also been improved (Appendix 8). The trend of plant‘s 
proprieties can be interpreted by investigating the posterior mean of 
relevant parameters (Fig. 37). The variation of LAI between starting 
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value and optimum value is decreased in the later period; however, the 
height is not changed too much if only pay attention to its the start and 
the end value. The root depth of plant is going to grow deeper. One 
possibility to explain this trend is that trees‘ habitat is changed from 
deciduous hosts to coniferous hosts. Mean albedo of land surface varies 
from 17 to 20. Nevertheless, in general it does not show an evident trend. 
A typical forest‘s albedo is between 10 -15. Therefore, mean albedo from 
the model can represent a combination of forest and grassland.  Based 
on investigating the distribution of mean errors in all the subperiods to 
identify the trend of ET, we find that there are four trends of mean 
error‘s variation. The time period corresponding to these four trends are 
sub1, sub2-4, sub5-6, sub7.  

 
Fig. 36. Accumulative discrepancy of two models after tuning subperiods and whole 
period  

  

 
Fig. 37. The trend of plant property parameters in seven subperiods 
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4.4.2 Using a dynamic simulation to explore the ET trend 

Even though we have identified time period corresponding to four 
patterns of ET in these 43 years, we still have no idea how ET is 
changed from one subperiod to next subperiod, and whether HBV 
model reveals the same partitioning of ET as CoupModel. The method 
to explore these questions is to construct a dynamic simulation.  The 
limitation of this dynamic simulation is that initial storage of each 
subperiod‘s simulation is uncertain; the mean value of parameters is 
subjective to selection; the mean value of presentation should be 
displayed together with its uncertainty range. However, it has no 
influence to explore the trend of the seasonality of ET partitioning and 
plant properties in different subperiods. The procedure to construct this 
dynamic simulation is firstly to choose a good simulation from accepted 
runs of four subperiods. Four subperiods corresponding to the time 
period of these four trends are: 1961 - 1967, 1967 - 1985, 1985 - 1997 
and 1997 – 2003.  The criterion for selecting accepted runs is still R2 > 
0.6, Reff > 0.5, abs (ME) < 0.1, RMSE < 1.8.   

When it comes to accepted runs, total evapotranspiration versus a 
common year in CoupModel and HBV model has a similar dynamics. 
Both models are using the same interception module, so the difference is 
how these models represent soil evaporation and transpiration. 
CoupModel is using Iterative Energy Balance method and Penman 
Monteith equation to estimate evaporation from bare soil and 
transpiration by the plant‘ root separately, but HBV is using the function 
of water availability and potential evaporation to estimate water loss 
from soil and plant as a whole. After calibration, the differences of 
partitioning between two models are negligible (Fig. 38). HBV model 
still has an underestimated runoff than CoupModel from April to June as 
it is discussed in Fig. 30. In other seasons, two models basically have the 
same variations. The trend of ET can be reflected by ET partitioning 
patterns during these four subperiods. The change of ET partitioning 
from subperiod 1 to the later subperiods are controlled by climatic 
factors and land-use together. For instance, the trend affected by climate 
change can be recognized by higher interceptive water loss and soil 
evaporation due to higher vapor deficit and wind speeds. Transpiration is 
also constrained by vapor deficit. The effects from land-use change can 
be reflected by examining the growth period of plants. There was no 
noticeable interception evaporation but considerable soil evaporation in 
the winter, which means that the forest at that approximates to the 
deciduous forest (Fig. 39). Other variations of ET partitioning are that 
mean value of interception evaporation is decreased in subperiod 2 but is 
increased in the last two subperiods; soil evaporation is decreased in the 
subperiod 2 and 3 and raised again in the last subperiod; transpiration is 
mainly taking place in the summer; however, in the last subperiod, it is 
increased in both magnitude and duration. Some year of each subperiod 
has been selected to indicate how variables relevant to ET are 
accumulated within a year. The slope of accumulative curve can reflect 
how variable is increased. Two models show that increased total 
evapotranspiration is mainly contributed by more interception and 
transpiration of spring and more interception of winter time (Fig. 39). 
This is an integrated result from both climate change and land-use 
change.  More precipitation and higher temperature occurred in the 
winter time in the latest decade (Fig. 4, 6). On the other hand, 
interceptive water loss and transpiration was started to spread out 
through the whole year, which brings a signal that the growth period of 
tree is also spread towards winter.  
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Fig. 38. The comparison of actual evapotranspiration in HBV 
model and CoupModel versus a common year 

 
Fig. 39. Trend of ET partitioning in the dynamic simulation in Klippan from 1961 to 
2003 

Moreover, plant‘s stomatal control is a response mechanism to climatic 
condition. In the first subperiod, higher vapor pressure deficit in winter 
causes the closure of leaves‘ stomata, and then leads less transpiration. 
When vapor pressure deficit decreases, transpiration will started to 
increase because of opening of stomata. Moreover, stomata are also 
sensitive to relative humidity as well as a colder or warmer climate. 
Reduction coefficient of moisture is used to describe water demand in 
the soil. It is related to climate condition. When precipitation is less and 
soil evaporation is higher, the soil easily becomes dry. It is also related to 
vegetation type. Energy forest usually requires more water. It needs 
water uptake rate to be raised, which brings more reduction of moisture 
during the winter of the last subperiod (Fig. 40). This can be supported 
by the fact that there was a large scale introduction of water-demanding 
energy forestry in Sweden (Halldin, 1988). 
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Fig. 40. Annual cumulative value of ET variables during 4 particular years 
respectively from 4 subperiods, calibrated by HBV model and CoupModel 

Furthermore, a dynamic simulation can highlight the difference of 
potential ET with or without land-use change (Fig. 41). Apparently, the 
dynamics of these time series is similar to each other. However, its 
magnitude is dramatically different in different land-use. Based on 
change of magnitude, we can hypothesize that from subperiod 1 to 
subperiod 2, foresters had a careful species selection, but the later three 
periods, it can be regarded as a long term adaptation of species to a given 
climate change. A gradual change from land-use would give us another 
look of ET trend.    

At last but not least, this dynamic simulation introduces more details on 
how ET trend is influenced by the change of land-use integrated with 
climate change (Fig. 42 and Fig. 43). Aerodynamic resistance and 
surface resistance are related to plant and soil properties. Lower 
resistance will lead to more water loss. Resistance canopy is a surface 
resistance above canopy. It is a function of LAI sum, stomatal 
conductance and vapor deficit. Lower resistance canopy in the later 
subperiod made vegetation open its stomata when vapor deficit was 
lower. LAI sum became more stable. More transpiration occurred in the 
later subperiod. Leave was changed to needle-type. Stomatal efficiency 
takes place in spring and early summer of the latest subperiod can 
possibly explained as a result of remaining physiological effects from the 
hibernation (Lindroth, 1985). Aerodynamic resistance above the soil is a 
dominating resistance between soil and reference height. It comprises of 
two parts: one part accounting the atmosphere stability and the other 
part representing the influence of canopy cover. Taller forests have a 
longer roughness length. The first part has a negative correlation with 
roughness length and wind speed. The second part is also called 
aerodynamic resistance air mean. It is the resistance from canopy to 
reference height, and is proportional to LAI sum.  However, the second 
part is usually the negligible term.  

HBV Coup
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Fig. 41. The comparison of time series of potential ET in different land-use 

 
Fig. 42. Time series of some important variables in the dynamic simulation 
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5. CONCLUSION AND OUTLOOK 

ET trend in the middle and the south of Sweden from 1961 to 2003 
depicts a different picture from China. In China, last four decades‘ ET in 
most regions experienced a decline trend (Gao, 2010). However, this 
study on a basis of six subcatchments of Sweden shows that their ET 
was going up. This implies that ET trend is dependent on the local 
pattern, which is controlled by two dominant factors: climate change and 
land-use change.  

In this thesis, we can conclude that 

1) The trend of yearly mean actual ET was going up in six 
subcatchments in Sweden. Based on Klippan subcatchment, four 
estimation methods (Penman, Penman Monteith, Thornthwaite, 
Priestly Taylor) dependent on different climatic factors show 
different trends of yearly mean EP. These EP had a more evident 
correlation with net radiation and temperature than cloudiness and 
relative humidity.  

2) The partitioning of ET in terms of surface energy and water balance 
signified two distinct characteristics for the south and the middle of 
Sweden. All but two subcatchments (Ärrarp and Heåkra) indicated 
that transpiration was the main part of the total ET, followed by the 
soil evaporation and interception evaporation respectively. Soil latent 
heat can be found as the largest part of energy available, as it 
reflected the energy of vaporization. The negative soil sensible heat 
and soil surface heat meant that the heat flux was moving from air to 
surface and from ground underneath to the surface. This can happen 
in forest. However, the sensible heat flux in subcatchment 
Vattholma was positive. In general, yearly mean value of sensible 
heat and soil surface heat was negligible after balance negative value 
of winter with positive value of summer. It is inferred that these 
positive or negative values may have such a high magnitude as latent 
heat. 

3) CoupModel gives us one possibility that causes ET trend due to 
climate change from two split periods (1961 – 1981) and (1982 – 
2003). Mean value of parameters in the accepted simulations implied 
that more trees grow in the ecosystem and their LAI are increased. 
The increased ET was mainly contributed by the addition of 
Transpiration. The part of soil evaporation is shifted to inception 
evaporation and transpiration.  

4) HBV model tells us another possibility according to two split period 
(1971-1981) and (1982-2003). ET trend was caused by the increased 
interception evaporation. This increased interception evaporation 
resulted from the increased precipitation. The characteristics of land-
use derived by the model were consistent with the whole period. ET 
trend primarily resulted from climatic variation rather than land-use 
change.  The reason to explain different results attained from two 
models is that the considerable trend occurred in the 1960s and 
1997-2003.  

5) Model tuning practice showed that larger compartment size can 
bring us better simulation. By contrast with Penman Monteith 
method, Iterative energy balance method produces better mean error 
distribution in the multi-run simulation. The subcatchment with 
smaller size had a larger number of accepted simulations.  

6) Being validated by observed runoff, discrepancy (mean errors) of 
accepted simulations from different ET parameterizations vary with 
different seasons. They all have an underestimation of ET in March. 
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That might be related to the sudden appearance of cold weather and 
high precipitation. However, the consecutive underestimate runoff 
in the late spring can be attributed to the snow melt. When looking 
at accumulative discrepancy, it is easy to find out in which time span 
the extreme event took place. Thornthwaite method is more 
sensitive than other methods when this period has experienced some 
extreme events, like extremely high precipitation accompanied with 
extremely low temperature.  

7) The discrepancy of ET simulation versus a common year can 
characterize model‘s behavior. The model behavior is mainly 
determined by the model parameterization. CoupModel in this thesis 
is based on energy balance standpoint, and thereby its discrepancy is 
related to variation of radiation and frost condition. However, other 
four methods in HBV model are related to climate factors as well as 
the dry and the wet period. In the wet period, the simulated runoff 
will be easily overestimated, but in the dry period, it will be 
underestimated.  

8)  The use of mean errors of subperiod can avoid overestimation and 
underestimation for a certain shorter period. Tuning and 
investigating mean error of each subperiod is a good strategy to look 
for ET trend.  

9) The whole period is divided into four subperiods: 1961 - 1967, 1967 
- 1985, 1985 - 1997 and 1997 – 2003, given that we observe there is 
a strong trend in the 1960s and the other after 1997 based on the 
variations of accumulative mean error of accepted runs from seven 
evenly split time span.  

10) A dynamic simulation from HBV and CoupModel indicates the 
same partitioning of interception ET and ET from land (soil ET and 
transpiration as a whole), even though HBV has a bit overestimation 
of total ET from April to June. They both conclude that increased 
total ET was primarily from the increased winter time ET. More and 
more interceptive water loss and transpiration resulted from that 
land-use could be changed from deciduous forest host to coniferous 
forest host. The trend from subperiod 1 to other subperiods is 
affected by substantial land-use change, as the magnitude of ET 
potential was dramatically getting lower. The later trend of other 
periods could be assumed as the adaptation of new species to 
climate change. Meanwhile, land-use change also has a feed back to 
climate change. For instance, transpiration controlled by the 
mechanism of stomata and water uptake controlled by reduction of 
soil moisture is highly related to variations of climatic conditions.   

Outlook  

There are still many interesting tasks that can be explored in the future.  

1) In this thesis, the plant properties represent a unique feature of a 
virtual plant or a combination of several real plants. It would be 
interesting to create a distributed model, which considers different 
percentage of vegetations.  

2) The analysis ET trend related to climate change and land-use change 
will make more sense and find more clues if it takes carbon cycle 
and nitrogen cycle into account.  

3) A dynamic simulation mentioned in this thesis should give more 
freedom to simulate plant properties as the time, rather than like in 
this case initial storage is jumping from one subperiod to another 
subperiod.  
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APPENDIX 1 POTENTIAL ET ESTIMATION 

Five methods of EP estimations based on different climatic factors have 
been selected to calculate daily EP for model simulation. They are 
Penman formula, Penman Monteith equation, Thornthwaite method, 
Priestly Taylor equation and Iterative energy balance method respectively, 
among which the results of first four methods will be given as input data 
of HBV model.  

Penman formula 

The Penman formula is a semi-empirical equation combining mass 
transfer (Ea) mechanism and energy budget (Rn) methods, also called 
combination method. This formula was developed by Penman in 1948 
and is still widely used for calculating the potential evaporation using 
synoptic meteorological data. After making some simplifying 
approximations, the meteorological data can be reduced to cloudiness, 
air temperature, relative humidity and wind speed. Supposing that 
evaporation occurs in the short green crop cover, completely shading the 
ground and never short of water, it is possible to convert EP into ER in 
an empirical way. (Penman HL, 1948) The calculation of Penman 
formula is following the steps in table. 

Penman-Monteith equation 

The FAO Penman-Monteith equation is derived from the further 
development of Penman formula by introducing two resistance factors: 
aerodynamic resistance and surface resistance. The aerodynamic 

resistance ar  describes the resistance from the vegetation upward and 

involves friction from air blowing over vegetative surfaces. The surface 

resistance Sr  describes the resistance of vapour flow through stomata 

openings, total leaf area and soil surface. EP of a grass reference surface 
can be estimated by Penman-Monteith method according to assumptions 
and calculation as below.  

Priestly-Taylor equation 

Priestley-Taylor equation is a modified combination method (like 
Penman formula), which suggests an empirical factor between mass 
transport term and energy budget term. For evaporation over very large 
areas, energy balance considerations largely govern the evaporation rate. 
For such cases Priestley and Taylor (1972) found that the second term of 
the combination equation is approximately 26 percent of the first term, 
which has confirmed that its good applicability in the humid climate. 
(Priestly & Taylor, 1972) 

1000 ( )

1.26

n

w
P

R G

E
 







 

      

Thornthwaite method 

This method is to estimate potential ET based on temperature. It is 
derived by Thornthwaite (1948) who correlated mean monthly 
temperature with evapotranspiration as determined from water balance 
for valleys where sufficient moisture water was available to maintain 
active transpiration. (Xu, 2001) Generally, the Thornthwaite equation is 
at first to calculate unadjusted monthly values of potential 
evapotranspiration based on a standard month of 30 days, 12 h of 
sunlight/day, and then ET value should be adjusted depending on the 
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number of days in a month and duration of average monthly or daily 
daylight (in hours), which is a function of season and latitude.  

Unadjusted monthly (10 / 5)a
P aE C T , the constant C  is equal to 16 

and the exponent a  varies from zero to 4.25 depending on annual heat 
index I, that is, 

 

8 3 6 267.5 10 77.1 10 0.0179 0.492a I I I             

 

The annual value of the heat index I is calculated by summing up 
monthly indices over a 12-month period. The monthly indices are 
obtained from the equations: 

( )
5

baT
i   and 

12

1

j

j

I i



        

 

in which I is the monthly heat index for the month j (which is zero when 

the mean monthly temperature is equal or less than zero, aT is the mean 

monthly air temperature and j is the number of the months. b is 
empirical value, usually taken as 1.51.   

Besides, we have another simplified Thornthwaite method (Lindström et 
al, 1994) applied in the HBV model, which is able to calculate the daily 

PE  . It is compiled by Matlab code as below: 

( 0),

1.0 1 sin(2 ( ) ( . 2)

/365);

0 ;

0;

a

P a

P

if T

epotcorr pCepar pi latitude DayNo pCepar

E pCepar T epotcorr

else

E



     

  



1, 2, 0pCepar pCepar pCepar  are the parameters that should be 

calibrated in the model, and the meaning of these parameters can be 
referred to the Appendix 3.  

Iterative energy balance method  

This is a physically based approach, originating from the idea of 
solving an energy balance equation for the soil surface. According to the 
law of conservation of energy, the net radiation at the soil surface, Rn, is 

assumed to be equal to the sum of latent heat flux, v PL E , sensible heat 

flux, sH  and heat flux conducted to the soil, hq : 

s v P s hR L E H q  
   

The three different heat fluxes are estimated by an iterative procedure 

where the soil surface temperature, sT
 is varied according to a given 

scheme until being balanced:  
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where vapbd is the tortuosity given as an empirical parameter because of 

not-perfect condition for diffusion. 0D is the diffusion coefficient for a 

given temperature, af is the fraction of air filled pores ( s -  ), the 

difference between saturated porosity and soil water content. 1,v vsc c are 

the concentrations of water vapor at the soil surface and at the middle of 

the uppermost compartment respectively. z is the height of the first 

layer. 1T is the mean temperature of first layer. (Jansson & Karlberg , 

2004) 

Table 11. Penmen formula calculation procedure 

Formula Unit  

1000 ( )n

w a
P

R G
E

E
  

 




 
   

 
[ / ]mm d   

2

4098

(237.3 )

se

T


 


 [ / ]kPa C   

17.27
0.6108 exp( )

237.3
s

T
e

T
 


 [ ]kPa   

/ ( )PC P   [ / ]kPa C   

2.501 0.002361 T     [ / ]MJ kg   

(1 )n in outR R R    2 1[ ]MJm d 
  

(1 ) (0.25 0.5 / )in aR R n N    2 1[ ]MJm d 
  

4 (0.34 0.14 )

(0.10 0.90 / )

out a dR T e

n N

 


 2 1[ ]MJm d 

  

( )a as aE B e e   [ / ]mm d   

/H a asR e e       2 1[ ]MJm d 
  

2
2 00.102 / [ ( / )]B u In Z Z  [ / / ]mm d kPa   

Note: 

G is the soil heat flux, which is often neglected when considering daily 
value.  

P is atmospheric pressure [ ]kPa ;  

w is the density of water, approximately 1000 
3/kg m ; 

Cp is the specific heat at constant pressure, 1.013 10-3 / /MJ kg C ; 

 is the ratio between molecular weight of water vapour and dry air, 
0.622; 
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aR is the solar radiation; 

 is the albedo (0.05 for water, and 0.23 for a green crop) (Smith, 
1991).  

n/N, the fraction of bright sunshine hours per day. It is estimated by 
using the cloudiness, e.g., a cloudiness of 60% gives an n/N of 40% 
(= 100%-60%); 

de is actual vapour pressure, and can be calculated from se and 

relative humidity; 

4
aT is the theoretical black body radiation, where  is Stefan-

Boltzmann constant, usually kept as 4.903 10-9
2 4 1MJm K day  

; 

u  is the wind speed (m/s) measured at height 2Z  (2 meters); 

0Z is the roughness height assumed as 0.03m for arable land and 

0.25m for forests.  

B is the vapour transfer coefficient, /m Pa s  

PE should be corrected by multiplying the factor that can indicate the 

growing stage of the plants. For instance, using the factor applied for 
southeast England, and it can have value 0.6 for November to 
February, 0.8 for May to August, and 0.7 for the other four months. 
However, we neglect this consideration in this thesis.   

Table 12．FAO Penman-Monteith equation calculation procedure 

Formula Unit  

( ) ( ) /

[ (1 / )]

n a s a a

P

s a

R G C e e r
E

r r



 

   


  
 [ / ]mm d   

2

[ ] [ ]m h

om oh
a

z

z d z d
In In

z z
r

k u

 

  
[ / ]s m   

2 / 3d h  [ ]m   

0.123omZ h  [ ]m   

0.1oh omZ Z  [ ]m   

/s l activer r LAI  [ / ]s m   

Note: 

omZ is roughness length governing momentum transfer;  

ohZ  is roughness length governing transfer of heat and vapour; 

k  is Von Karman‘s constant, 0.41; 

Zu is wind speed at height z; 

d is the zero plane displacement height; 

lr is the stomata resistance of a single leaf having a value of about 100 

/s m under well-watered conditions; 

ar aerodynamic resistance /s m ; 

sr aerodynamic resistance /s m ; 
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h croup height; 

activeLAI  is active leaf area index, which is usually assumed as 12 h ; 

Constant Crop is assumed to be 0.12m high with a sr around 70 /s m ; 

,m hZ Z  is the standardized height for measuring wind speed and 

humidity respectively, and they are both assumed equal to 2m in this 
case.  
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APPENDIX 2 RAINFALL-RUNOFF MODEL 

Rainfall-runoff model can be classified into many types according to 
different perspectives of consideration. (Table 15) In the lumped 
hydrological model, storages, flows and parameters (like multiple land-
use, vegetation and soil types) represent aggregate values of the entire 
study area, and the flow is calculated as a function of time alone. The 
example of this model is like HBV, CoupModel, WASMOD. Semi-
distributed hydrological models divide watershed into smaller 
hydrological units, usually by either sub-basin and/or land-use 
classification. Each hydrological unit contains a lumped sub-model that 
passes flow downstream, for example: HBV, SWAT, Topmodel. 
Distributed hydrological model is to divide the study area into grids. 
Each cell is a lumped model. The flow is calculated as a function of 
space and time throughout the system, for example: Mike-SHE from 
DHI. The model chosen in this thesis is to use CoupModel and HBV 
model. 

Table 13．The classification of model alternatives 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 AL 1 AL 2 AL3 

Classifying 

Criteria 

By how storages are 
spatially allocated 

By the level of 
process detail used in 
the equations 

By how the model 
is calibrated 

Model Type Lumped  

Semi-distributed 

Distributed 

Emprical 

Process-based 

Deterministic 

Stochastic 
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APPENDIX 3 RADIATION ESTIMATION PROCEDURE 

Table 14．The calculation procedure of potential radiation 

 
The table above decribes the method for calculating the potential 
radiation based on albedo, temperature, latitude, cloudiness data (n/N) 
and vapor pressure. In this thesis, radiation is estimated based on 
grassland with albedo 0.23 unless albedo is calibrated by the model.  
More detailed information can be referred to ‖Handbook of Hydrology‖ 
(Maidment DR, 1992) 

 

 

 

 

 

 

 

 

 

 

 

 

 Variables Formula Units 

nR  n n nR S L   MJ/m2/d 

nS  (1 )n tS S     0.23   MJ/m2/d 

tS  
0( / )t s sS a b n N S   0.25sa   0.5sb   MJ/m2/d 

nL  4(0.9 / 0.1)(0.34 0.14 )n dL n N e T       MJ/m2/d 

0S  0 15.392 ( sin sin cos cos sin )r s sS d           mm/d 

r
d  1 0.033cos(2 / 365 )

r
d J     - 

s  0 arccos( tan tan )       radians 

  0.4093sin(2 / 365 1.1405)J      radians 

nR  Net Radiation 

nS  Net Short Wave Radiation 

tS  Solar Radiation 

n
L  Net Long Wave Radiation 

0S  Extraterrestrial Radiation 

rd  Relative Distance Between the Earth and the Sun 

s  Sunset Hour Angle 

  Solar declination 
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APPENDIX 4 COUPMODEL PARAMETERS’ INTERPRETATION 

Drain spacing (m): 

The distance between drain pipes, or more exactly the denomnator when 
estimating the gradient necessary for the calculation of the horizontal 
water flow to drainage pipe. When drain spacing is higher, the gradient 
between rate and groud water depth is higher. It represents the drainage 
capacity.  

CritThresholdDry (cm): 

Critical pressure head for reduction of potential water uptake. A wide rage 
(1000-3000 cm) of values has been reported in the literature. Lower values 
are expected for sandy soils with low root densities and higher values are 
expected for clayed soils with high root densities.  

HighFlowDampC (Vol%): 

It is scaling coefficient for the high flow domain damping function. 
Relative reduction of hydraulic conductivity in the high-flow domain is a 
function of ice content for different values.  

IOptimum Value (-): 

The optimum value for the leaf area index (LAI). It is a dimensionless 
quantity, equal to the leaf area (upper side only) per unit area of soil below 
it. It is expressed as m2 leaf area per m2 ground area.  

hOptimum Value (m): 

The optimum height of the plant. 

rOptimum Value (m): 

The optimum root depth of the plant 

IStart Value and IEnd Value (-): 

Leaf Area Index is a function of day number. Start value and End value is 
the value for the start and the end of vegetation growing period.  

hStart Value and hEnd Value (m): 

The plant height for the start and the end of vegetation growing period 

rStart Value and rEnd Value (m): 

Root depth for the start and the end of vegetation growing period 

OrganicLayerThick (m): 

Thickness of the hums layer. This parameter isonly used as a thermal 
property. A value greater than 0 may also be used in case you want to 
introduc or account for a thermal barrier between the atmosphere and the 
soil.  

ThScaleLog (-): 

A multiplicative scaling coefficinet (10-log base) for the thermal 
conductivity applicable for each soil layer for frozen and unfrozen soil. 
This value is multiplied with the thermal conductivity for mineral soils as 
estimated from the Kersten‘s equations and the linear equation used for  
organic soils. 

Total Conductivity (mm/day): 

Toal unsaturated conductivity. It describes the ease with which water can 
move through pore spaces or fractures.  

Lambda (-): 

Pore size distribution index. It is used to estimate effective saturation 
together with air entry.  

Air Entry (cm): 
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 Air entry tension 

WatercapacityLAI (mm/m2): 

Interception water storage capacity per LAI input 

PrecAoCorr (-): 

Wind correction for rain precipitation. The standard 1.07 takes account for 
the aerodynamic error in precipitation measurements. It represents gauge 
with wind shelter at 1.5m height. A value of 1.0 should be used if no 
adjustments are to be done. 

PrecA1Corr (-): 

Addition wind correction for snow precipitation. The value will be 
uncertain because of both aerodynamic problems and representativeness 
problems with snow precipitation measurements. A typical value will be 
around 0.08 which means that precipitation is increased with this fraction 
when snow only. 

MeltCoefGlobRad ( 1kgJ  ): 

Global radiation coefficient in the empirical snow melt function. A normal 
value for forests 1.5E-7 implies that a global radiation of 15 MJ m-2 during 
a sunny day in the spring will melt 2.2 mm of new snow or 6.6 mm of old 
snow with the value MeltCoefGlobRadAge1 put to 2. Values of open 
fields may be 2-3 times larger 

MeltCoefAirTemp ( 1 1 2kgd C m   ): 

Temperature coefficient in the empirical snow melt function. A value of 2 
is normal for forests. Similar as for MeltCoefGlobRad a two or three fold 
increase is expected if adaptation to an open filed to be done. 
EquilAdjustPsi (-): 

Factor to account for differences between water tension in the middle of 
top layer and actual vapour pressure at soil surface. Normal values ranges 
from 0 to 2. 0 implies that there is no difference in soil moisture between 
the soil surface and the uppermost soil layer. 1 implies that the surface can 
be two orders of magnitudes drier and one order of magnitude wetter than 
the uppermost soil layer, if the ―MaxSurf‖ parameters are set to default 
values.  

KBMinusOne (-): 

Difference between the natural logarithm of surface roughness length for 
momentum and heat (or moisture) respectively. Theoretically the kB-1 
should increase with the aerodynamic roughness of the surface due to the 
different mechanisms responsible for transfer of momentum and scalars 
like heat and moisture. Field measurements indicate that this is the case 
above low to medium rough surfaces like grass land and crops with KB-

1≈2.3 (z0M/z0H=10) (Garrat, 1993). Sparse roughness elements also tend to 
enlarge the momentum transport compared to heat transport (Beljaars and 
Holtslag, 1991). However, kB-1 can be found to decrease above very rough 
forest surfaces due to a deep roughness sub-layer, which enhances the heat 
transport (Mölder et al 1999). 

MaxSoilCondens (mm/d): 

A threshold for the maximal allowed condensation rate that is accounted 
for in the water budget of the uppermost layer. 

RaIncreaseWithLAI (s/m): 

The contribution of LAI to the total aerodynamic resistance from 
measurement height (reference level) to the soil surface. 

RoughLBareSoilMom (m): 
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Surface roughness length for momentum above bare soil. 

WindLessExchangeSoil (-): 

Minimum turbulent exchange coefficient (inverse of maximum allowed 
aerodynamic resistance) over bare soil. Avoids exaggerated surface cooling 
in windless conditions or extreme stable stratification. 

AlbedoLeaf 

The value of plant albedo 

WindLessExchangeCanopy (-): 

Minimum turbulent exchange coefficient (inverse of maximum allowed 
aerodynamic resistance) over canopy.  
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APPENDIX 5 HBV PARAMETERS’ INTERPRETATION 

pCritWater (-): 

Soil moisture threshold for reduction of evaporation 

pFieldCapacity (mm): 

Maximum soil moisture storage 

pBetaFactor: 

Parameter that determines the relative contribution to runoff from rain or 
snow melt 

pDischargeCoefK1(-): 

Recession coefficient for the intermediate flow 

pDischargCoefK2(-): 

Recession coefficient for the base flow 

pDischargeCoefAlfa(-): 

Recession coefficient for the peak flow 

pCanopySkyView (-): 

A paramenter deciding the fraction of direct throughfall 

pCeLake: 

The fraction of potential evaporation from the lake 

pKMelt 1( )mm C : 

Canopy snow melt temperature index 

pDelayfactor (-): 

The discharge delay factor, which describes the fraction of todays‘ 

dischage 

pCanopyLAI (-): 

Canopy Leaf Area Index 

pMaxPerc (mm/d): 

Maximum percolation rate 

pCepar1 (-): 

Thornthwaite potential evaporation amplitude parameter 

pCepar2 (d): 

Thornthwaite potential evaporation delay parameter 

pCepar0 (mm/k/d): 

Thornthwaite potential evaporation degree day parameter 
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APPENDIX 6 MODEL SETUP FOR 30,000 MULTI-RUN 

 
Fig. 43. Model setup of a dynamic multi-run (30000) 
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APPENDIX 7 MODEL SETUP FOR 30,000 MULTI-RUN 

 
Fig. 44. Calibration setup of a dynamic multi-run (30000) 
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APPENDIX 8 MODEL CRITERIA FOR ALL THE SUBPERIODS 

 
Fig. 45. Criteria setting for selecting the accepted run in the subperiod 1,2 
 

 

 

 

 

 

min max mean min max mean min max mean min max mean

HBV 0.034 0.780 0.416 -1.105 1.142 0.130 0.631 3.710 1.626 -8.217 0.733 -0.972

COUP 0.000 0.757 0.362 -1.142 0.884 -0.014 0.639 3.654 1.470 -7.939 0.727 -0.564

Total 0.644 0.644 0.355 0.355 1.165 1.165 0.092 0.092

1.000 0.666 0.666 -0.009 -0.009 0.832 0.832 0.511 0.511

2.000 0.586 0.586 0.380 0.380 1.284 1.284 -0.139 -0.139

3.000 0.661 0.661 0.417 0.417 1.313 1.313 0.077 0.077

4.000 0.708 0.708 0.458 0.458 1.155 1.155 0.024 0.024

5.000 0.684 0.684 0.531 0.531 1.177 1.177 -0.063 -0.063

6.000 0.694 0.694 0.564 0.564 1.205 1.205 -0.008 -0.008

7.000 0.232 0.435 -0.659 -0.659 1.218 1.218 0.056 0.056

Total 0.679 0.679 0.232 0.232 0.747 0.747 0.627 0.627

1.000 0.611 0.611 -0.079 -0.079 0.748 0.748 0.605 0.605

2.000 0.710 0.710 0.240 0.240 0.708 0.708 0.654 0.654

3.000 0.740 0.740 0.284 0.284 0.773 0.773 0.680 0.680

4.000 0.706 0.706 0.304 0.304 0.730 0.730 0.610 0.610

5.000 0.696 0.696 0.410 0.410 0.773 0.773 0.541 0.541

6.000 0.686 0.686 0.450 0.450 0.826 0.826 0.526 0.526

7.000 0.539 0.539 -0.213 -0.213 0.967 0.967 0.404 0.404

Total 0.638 0.749 -0.083 0.128 0.690 0.956 0.388 0.682

1.000 0.510 0.687 -0.501 -0.320 0.772 0.945 0.419 0.599

2.000 0.603 0.784 -0.094 0.096 0.628 0.819 0.537 0.720

3.000 0.669 0.802 -0.004 0.182 0.710 1.048 0.097 0.730

4.000 0.670 0.819 0.000 0.237 0.559 1.050 0.403 0.771

5.000 0.700 0.837 -0.029 0.277 0.551 0.948 0.216 0.767

6.000 0.693 0.833 0.074 0.318 0.581 0.832 0.539 0.765

7.000 0.720 0.770 0.249 0.382 0.795 1.059 0.286 0.598

Total 0.547 0.707 -0.069 0.197 0.693 0.857 0.508 0.679

1.000 0.299 0.657 -0.464 -0.177 0.770 1.166 0.116 0.601

2.000 0.601 0.728 -0.054 0.085 0.655 0.850 0.557 0.719

3.000 0.628 0.761 0.035 0.227 0.590 0.862 0.403 0.715

4.000 0.609 0.792 -0.015 0.284 0.642 0.772 0.581 0.738

5.000 0.614 0.750 0.052 0.294 0.633 0.759 0.517 0.710

6.000 0.609 0.760 0.087 0.334 0.667 0.815 0.539 0.704

7.000 0.728 0.753 0.315 0.396 0.747 0.765 0.628 0.645

Criteria for bothsub2: R2>0.6 & Reff>0.5 &abs(ME)<0.1&RMSE<1.8 accepted number:11

HBV

COUP

Criteria for  both sub1: R2>0.6 & Reff>0.5 &abs(ME)<0.1&RMSE<1.8 accepted number:1

HBV

COUP

Criteria

R2 ME RMSE Reff
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Fig. 46. Criteria setting for selecting the accepted run in the subperiod 3,4 
 

 

 

Total 0.419 0.734 -0.184 0.088 0.671 1.511 -0.528 0.698

1.000 0.375 0.663 -0.608 -0.265 0.832 1.068 0.194 0.511

2.000 0.442 1.000 -0.224 0.013 0.000 0.926 0.407 1.000

3.000 0.618 1.000 -0.085 0.071 0.000 0.952 0.515 1.000

4.000 0.532 1.000 -0.125 0.167 0.000 0.915 0.378 1.000

5.000 0.495 1.000 -0.027 0.215 0.000 1.017 0.206 1.000

6.000 0.487 1.000 -0.080 0.233 0.000 1.083 0.184 1.000

7.000 0.704 0.783 0.144 0.290 0.673 0.751 0.641 0.712

Total 0.495 0.689 -0.207 0.037 0.772 1.158 0.103 0.601

1.000 0.201 0.627 -0.638 -0.343 0.877 1.210 0.044 0.500

2.000 0.539 1.000 -0.221 0.027 0.000 0.936 0.394 1.000

3.000 0.608 1.000 -0.095 0.095 0.000 0.917 0.550 1.000

4.000 0.513 1.000 -0.153 0.118 0.000 0.879 0.435 1.000

5.000 0.532 1.000 -0.091 0.189 0.000 0.790 0.520 1.000

6.000 0.578 1.000 -0.052 0.240 0.000 0.842 0.508 1.000

7.000 0.587 0.642 0.171 0.215 0.769 0.844 0.546 0.623

Total 0.419 0.746 -0.198 0.088 0.653 1.511 -0.528 0.715

1.000 0.480 0.663 -0.666 -0.265 0.832 1.083 0.178 0.511

2.000 0.442 1.000 -0.301 0.064 0.000 0.991 0.333 1.000

3.000 0.549 1.000 -0.159 0.128 0.000 1.070 0.290 1.000

4.000 0.608 1.000 -0.098 0.097 0.000 0.954 0.508 1.000

5.000 0.607 1.000 -0.064 0.241 0.000 0.906 0.284 1.000

6.000 0.633 1.000 -0.147 0.248 0.000 0.879 0.463 1.000

7.000 0.585 0.819 0.029 0.205 0.557 1.053 0.295 0.803

Total 0.462 0.706 -0.240 0.009 0.682 1.158 0.103 0.689

1.000 0.183 0.670 -0.692 -0.343 0.821 1.269 -0.084 0.524

2.000 0.313 1.000 -0.320 0.006 0.000 1.101 0.188 1.000

3.000 0.484 1.000 -0.172 0.109 0.000 1.074 0.188 1.000

4.000 0.609 1.000 -0.098 0.091 0.000 0.935 0.523 1.000

5.000 0.509 1.000 -0.227 0.189 0.000 0.883 0.320 1.000

6.000 0.563 1.000 -0.129 0.212 0.000 0.958 0.390 1.000

7.000 0.572 0.759 0.054 0.202 0.635 0.923 0.458 0.744

Total 0.419 0.726 -0.239 0.088 0.671 1.511 -0.528 0.698

1.000 0.420 0.643 -0.717 -0.265 0.876 1.140 0.104 0.484

2.000 0.442 1.000 -0.278 0.000 0.000 0.991 0.337 1.000

3.000 0.557 1.000 -0.156 0.036 0.000 1.208 0.190 1.000

4.000 0.608 1.000 -0.156 0.081 0.000 0.907 0.359 1.000

5.000 0.665 1.000 -0.055 0.096 0.000 0.840 0.512 1.000

6.000 0.619 1.000 -0.137 0.151 0.000 0.982 0.329 1.000

7.000 0.688 0.825 0.063 0.155 0.559 0.804 0.588 0.801

Criteria for both sub5: R2>0.6 & Reff>0.5 &abs(ME)<0.1&RMSE<1.8 accepted number:30

HBV

COUP

COUP

Criteria for both sub4: R2>0.6 & Reff>0.5 &abs(ME)<0.1&RMSE<1.8 accepted number:39

HBV

Criteria for both sub3: R2>0.6 & Reff>0.5 &abs(ME)<0.1&RMSE<1.8 accepted number:21

HBV
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Fig. 47. Criteria setting for selecting the accepted run in the subperiod 5,6 and 7 
 

 

 

 

Total 0.479 0.692 0.005 0.153 0.682 1.158 0.103 0.689

1.000 0.215 0.670 -0.343 0.190 0.877 1.264 -0.130 0.500

2.000 0.447 1.000 0.000 0.165 0.000 0.996 0.315 1.000

3.000 0.574 1.000 0.109 0.140 0.000 1.032 0.292 1.000

4.000 0.488 1.000 0.166 0.190 0.000 1.085 0.363 1.000

5.000 0.616 1.000 0.097 0.089 0.000 0.830 0.522 1.000

6.000 0.489 1.000 0.234 0.178 0.000 0.967 0.352 1.000

7.000 0.677 0.773 0.202 0.089 0.635 0.745 0.647 0.744

Total 0.419 0.746 -0.286 0.088 0.653 1.511 -0.528 0.715

1.000 0.373 0.645 -0.808 -0.265 0.867 1.204 0.058 0.494

2.000 0.471 1.000 -0.290 0.000 0.000 1.116 0.236 1.000

3.000 0.549 1.000 -0.198 0.060 0.000 1.175 -0.134 1.000

4.000 0.649 1.000 -0.234 0.167 0.000 1.079 0.370 1.000

5.000 0.607 1.000 -0.224 0.215 0.000 0.922 0.258 1.000

6.000 0.672 1.000 -0.100 0.096 0.000 0.801 0.554 1.000

7.000 0.605 0.833 0.092 0.290 0.577 0.952 0.423 0.788

Total 0.421 0.692 -0.315 0.059 0.682 1.158 0.103 0.689

1.000 0.112 0.670 -0.780 -0.343 0.877 1.357 -0.302 0.500

2.000 0.359 1.000 -0.329 0.000 0.000 1.129 0.145 1.000

3.000 0.524 1.000 -0.235 0.081 0.000 1.180 -0.025 1.000

4.000 0.523 1.000 -0.259 0.217 0.000 1.125 0.316 1.000

5.000 0.528 1.000 -0.270 0.205 0.000 0.962 0.192 1.000

6.000 0.608 1.000 -0.099 0.094 0.000 0.842 0.508 1.000

7.000 0.587 0.763 0.068 0.318 0.635 0.923 0.458 0.744

Total 0.553 0.726 -0.307 -0.072 0.673 0.998 0.334 0.696

1.000 0.387 0.612 -0.843 -0.557 0.971 1.274 -0.093 0.366

2.000 0.419 0.726 -0.408 -0.165 0.739 1.079 0.286 0.665

3.000 0.512 0.709 -0.263 -0.042 0.671 1.046 0.102 0.630

4.000 0.660 0.804 -0.197 0.037 0.625 0.995 0.465 0.789

5.000 0.682 0.807 -0.184 0.070 0.523 0.901 0.291 0.762

6.000 0.695 0.912 -0.267 -0.011 0.393 0.785 0.591 0.897

7.000 0.653 1.000 -0.086 0.092 0.000 0.884 0.503 1.000

Total 0.260 0.654 -0.330 0.627 0.741 2.265 -2.437 0.633

1.000 0.162 0.535 -0.845 0.209 1.000 1.835 -1.266 0.326

2.000 0.191 0.609 -0.412 0.503 0.876 2.161 -1.866 0.529

3.000 0.220 0.704 -0.296 0.646 0.634 2.212 -3.017 0.670

4.000 0.307 0.764 -0.201 0.729 0.712 2.309 -1.884 0.726

5.000 0.325 0.746 -0.188 0.736 0.570 2.262 -3.468 0.716

6.000 0.489 0.767 -0.287 0.152 0.635 1.114 0.175 0.732

7.000 0.630 1.000 -0.080 0.097 0.000 0.870 0.519 1.000

COUP

Criteria for both sub6: R2>0.6 & Reff>0.5 &abs(ME)<0.1&RMSE<1.8 accepted number:37

HBV

COUP

Criteria for both sub7: R2>0.6 & Reff>0.5 &abs(ME)<0.1&RMSE<1.8 accepted number:12

HBV

COUP
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APPENDIX 9 MODEL CALIBRATION RESULTS  

 
Fig. 48. Posterior values of parameters being calibrated (a) 

 

 

min max Prior mean Post mean Post CV Post mean Post CV Post mean Post CV Post mean Post CV Post mean Post CV Post mean Post CV Post mean Post CV

DrainLevel -2.00 -0.50 -1.25 -1.15 -0.39 -1.61 -0.25 -1.48 -0.24 -1.35 -0.31 -1.42 -0.28 -1.41 -0.28 -1.47 -0.26

DrainSpacing 10.00 1.00E+04 5.01E+03 2.07E+03 1.24 174.28 1.03 127.74 0.85 117.46 1.53 103.56 1.35 182.42 1.25 99.27 1.07

WaterCapacityPerLAI 0.10 0.50 0.30 0.30 0.40 0.28 0.40 0.31 0.32 0.31 0.37 0.30 0.35 0.29 0.37 0.30 0.41

WindLessExchangeCanopy 0.00 1.00 0.50 0.45 0.66 0.56 0.47 0.41 0.79 0.42 0.65 0.49 0.64 0.51 0.52 0.51 0.59

lOptimum Value(1) 1.00 10.00 5.50 6.44 0.31 5.88 0.29 5.92 0.32 6.32 0.32 6.55 0.23 6.65 0.28 6.27 0.28

hOptimum Value(1) 0.10 20.00 10.05 12.64 0.51 9.77 0.63 9.93 0.58 10.80 0.55 11.27 0.41 9.90 0.58 12.00 0.48

rOptimum Value(1) -2.00 -0.10 -1.05 -0.96 -0.56 -1.27 -0.42 -1.01 -0.58 -1.37 -0.36 -1.13 -0.57 -1.24 -0.48 -1.45 -0.33

lStart Value(1) 0.00 6.00 3.00 2.29 0.41 3.67 0.43 4.11 0.26 4.12 0.26 4.38 0.22 3.95 0.28 4.16 0.29

hStart Value(1) 0.01 10.00 5.01 4.96 0.47 4.18 0.66 5.82 0.38 5.08 0.47 5.70 0.50 5.24 0.56 6.08 0.53

rStart Value(1) -1.00 -0.01 -0.51 -0.39 -0.69 -0.50 -0.46 -0.54 -0.55 -0.49 -0.63 -0.47 -0.64 -0.45 -0.69 -0.45 -0.59

hEnd Value(1) 0.00 6.00 60.00 4.96 0.47 4.18 0.66 5.82 0.38 5.08 0.47 5.70 0.50 5.24 0.56 6.08 0.53

lEnd Value(1) 0.01 10.00 6.00 2.29 0.41 3.67 0.43 4.11 0.26 4.12 0.26 4.38 0.22 3.95 0.28 4.16 0.29

rEnd Value(1) -1.00 -0.01 -10.01 -0.39 -0.69 -0.50 -0.46 -0.54 -0.55 -0.49 -0.63 -0.47 -0.64 -0.45 -0.69 -0.45 -0.59

AlbedoLeaf 8.00 30.00 19.00 20.49 0.31 17.10 0.34 17.60 0.35 18.60 0.36 17.83 0.37 20.06 0.31 16.95 0.38

MeltCoefAirTemp 1.00 5.00 3.00 3.61 0.26 3.36 0.23 3.18 0.32 3.09 0.33 3.34 0.34 2.83 0.43 3.56 0.25

MeltCoefGlobRad 0.00 0.00 0.00 0.00 0.82 0.00 0.97 0.00 0.51 0.00 0.52 0.00 0.32 0.00 0.54 0.00 0.37

OrganicLayerThick 0.00 0.20 0.10 0.11 0.53 0.13 0.34 0.09 0.62 0.11 0.47 0.12 0.39 0.12 0.42 0.07 0.87

ThScaleLog(1) -0.50 0.50 0.00 0.02 13.89 -0.15 -1.63 -0.05 -6.36 -0.01 -35.90 0.05 5.33 0.01 36.51 -0.05 -5.37

HighFlowDampC 0.10 80.00 40.05 35.03 0.60 46.98 0.51 36.16 0.63 35.97 0.64 37.63 0.62 38.41 0.59 38.75 0.71

EquilAdjustPsi 0.00 4.00 2.00 2.19 0.57 2.46 0.42 2.38 0.52 1.89 0.68 2.46 0.49 2.41 0.50 2.40 0.51

RoughLBareSoilMom 0.00 0.05 0.03 0.01 1.87 0.00 1.91 0.00 1.48 0.00 2.07 0.01 1.56 0.01 1.72 0.00 3.01

WindLessExchangeSoil 0.00 0.01 0.01 0.00 1.11 0.00 1.10 0.00 1.20 0.00 1.21 0.00 1.12 0.00 1.14 0.00 1.20

Sub6 Sub7Sub1initialization Sub2 Sub3 Sub4 Sub5
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Fig. 49. Posterior values of parameters being calibrated (b) 

 

 

 

 

 

MaxSoilCondens 1.00 4.00 2.50 2.33 0.32 2.31 0.49 2.71 0.34 2.41 0.34 2.36 0.32 2.57 0.35 2.20 0.26

KBMinusOne 0.00 2.50 1.25 1.28 0.64 1.38 0.45 1.47 0.44 1.22 0.56 1.34 0.52 1.26 0.51 1.40 0.46

RaIncreaseWithLAI 20.00 100.00 60.00 57.82 0.42 81.59 0.19 66.18 0.26 64.62 0.37 60.73 0.39 63.01 0.38 66.10 0.25

Total Conductivity(1) 1.00E+02 1.00E+04 5.05E+03 1.45E+03 1.40 3.94E+03 0.91 2.10E+03 1.13 2.45E+03 1.21 2.69E+03 1.08 3.03E+03 0.88 1.74E+03 1.46

Lambda(1) 0.05 0.60 0.33 0.27 0.59 0.41 0.36 0.36 0.44 0.37 0.42 0.40 0.40 0.41 0.31 0.30 0.56

Air Entry(1) 5.00 20.00 12.50 11.37 0.43 11.96 0.41 14.04 0.26 12.71 0.33 12.11 0.34 12.44 0.38 13.75 0.26

CritThresholdDry 5.00E+01 1.00E+04 5.03E+03 1.12E+03 1.35 1.38E+03 1.61 1.72E+03 1.22 1.65E+03 1.27 1.87E+03 1.25 1.00E+03 1.12 2.14E+03 1.44

BetaCoef 1.00 6.00 3.50 3.05 0.54 3.14 0.56 3.32 0.41 3.60 0.37 3.43 0.47 3.89 0.38 3.46 0.35

Critical Uptake Frac 0.10 1.00 0.55 0.69 0.34 0.46 0.38 0.55 0.47 0.53 0.51 0.54 0.45 0.48 0.52 0.48 0.55

Discharge Alfa 0.00 1.00 0.50 0.08 0.65 0.08 0.67 0.13 0.86 0.16 0.77 0.17 0.62 0.17 0.68 0.17 0.50

Discharge K1 0.10 0.30 0.20 0.13 0.17 0.17 0.24 0.18 0.30 0.18 0.31 0.18 0.33 0.17 0.30 0.21 0.30

Discharge K2 0.00 0.10 0.05 0.05 0.50 0.05 0.46 0.05 0.57 0.05 0.67 0.05 0.67 0.05 0.59 0.04 0.63

FieldCapacity 10.00 400.00 205.00 222.31 0.45 198.09 0.37 252.17 0.38 245.48 0.40 236.76 0.44 259.81 0.38 280.05 0.28

PMaxPerc 0.10 0.60 0.35 0.37 0.40 0.33 0.41 0.37 0.37 0.33 0.44 0.34 0.45 0.36 0.44 0.31 0.49

Conduct Ris(1) 1.00E+06 1.00E+07 5.50E+06 5.81E+06 0.41 6.98E+06 0.38 5.32E+06 0.49 5.83E+06 0.43 5.81E+06 0.46 5.46E+06 0.49 5.14E+06 0.49

Conduct VPD(1) 50.00 500.00 275.00 233.71 0.63 322.30 0.36 210.45 0.55 238.38 0.51 262.12 0.59 242.67 0.58 271.58 0.51

Conduct Max(1) 0.00 0.01 0.01 0.01 0.34 0.01 0.41 0.01 0.35 0.01 0.32 0.01 0.37 0.01 0.35 0.01 0.37

Total Conductivity(2) 1.00 1.00E+03 500.50 546.62 0.53 463.62 0.69 649.20 0.40 494.97 0.60 562.44 0.49 573.94 0.50 411.84 0.60

Common value 1.00 100.00 50.50 38.10 0.66 34.58 0.56 50.21 0.66 48.17 0.57 48.31 0.52 50.41 0.53 49.63 0.49

AScaleSorption 0.00 1.00E+03 500.00 46.47 2.15 8.59 2.43 8.92 3.69 42.26 3.82 32.23 4.39 2.56 3.36 71.63 3.06


