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Abstract 

Quantifying suspended sediment discharge at large catchment scales has 

significant implications for various research fields such as water quality, global 

carbon and nutrient cycle, agriculture sustainability, and landscape evolution. 

There is growing evidence that climate warming is accelerating the water cycle, 

leading to changes in precipitation and runoff and increasing the frequency and 

intensity of extreme weather events, which could lead to intensive erosion and 

sediment discharge. However, suspended sediment discharge is still rarely 

represented in regional climate models because it depends not only on the 

sediment transport capacity based on streamflow characteristics but also on the 

sediment availability in the upstream basin. This thesis introduces a continental-

scale Atmospheric and Hydrological-Sediment Modelling System (AHMS-SED), 

which overcomes the limitations of previous large-scale water erosion models. 

Specifically, AHMS-SED includes a complete representation of key hydrological, 

erosion and sediment transport processes such as runoff and sediment generation, 

flow and sediment routing, sediment deposition, gully erosion and river irrigation.  

In this thesis, we focus on developing and applying AHMS-SED in the Yellow 

River Basin of China, an arid and semi-arid region known for its wide 

distribution of loess and the highest soil erosion rate in the world. There are three 

key issues involving the model development and application: human perturbation 

(irrigation) of the water cycle, the uncertainty of precipitation forcing on the 

water discharge and the large-scale water erosion and sediment transport. This 

thesis addresses all these three issues in the following way.  

First, a new irrigation module is integrated into the Atmospheric and 

Hydrological Modelling System (AHMS). The model is calibrated and validated 

using in-situ and remote sensing observations. By incorporating the irrigation 

module into the simulation, a more realistic hydrological response was obtained 

near the outlet of the Yellow River Basin. Second, an evaluation of six 

precipitation-reanalysis products is performed based on observed precipitation 

and model-simulated river discharge by the AHMS for the Yellow River Basin. 

The hydrological model is driven with each of the precipitation-reanalysis 

products in two ways, one with the rainfall-runoff parameters recalibrated and the 

other without. Our analysis contributes to better quantifying the reliability of 
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hydrological simulations and the improvement of future precipitation-reanalysis 

products. Third, a regional-scale water erosion and sediment transport model, 

referred to as AHMS-SED, is developed and applied to predicting continental-

scale fluvial transport in the Yellow River Basin. This model couples the AHMS 

with the CASCade 2-Dimensional SEDiment (CASC2D-SED) and takes into 

account gully erosion, a process that strongly affects the sediment supply in the 

Chinese Loess Plateau. The AHMS-SED is then applied to simulate water erosion 

and sediment processes in the Yellow River Basin for a period of eight years, 

from 1979 to 1987. Overall, the results demonstrate the good performance of the 

AHMS-SED and the upland sediment discharge equation based on rainfall 

erosivity and gully area index. AHMS-SED is also used to predict the evolution 

of sediment transport in the Yellow River Basin under specific climate change 

scenarios. The model results indicate that changes in precipitation will have a 

significant impact on sediment discharge, while increased irrigation will reduce 

the sediment discharge from the Yellow River. 
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Zusammenfassung 

Die Quantifizierung des Schwebstoffaustrags in großen Einzugsgebieten 

hat erhebliche Auswirkungen auf verschiedene Forschungsbereiche wie 

Wasserqualität, globaler Kohlenstoff- und Nährstoffkreislauf, 

Nachhaltigkeit in der Landwirtschaft und Landschaftsentwicklung. Es gibt 

immer mehr Belege dafür, dass die Klimaerwärmung den Wasserkreislauf 

beschleunigt, was zu Veränderungen bei den Niederschlägen und dem 

Abfluss führt und die Häufigkeit und Intensität extremer Wetterereignisse 

erhöht, was zu intensiver Erosion und Sedimentaustrag führen könnte. Der 

Abfluss von Schwebstoffen wird jedoch in regionalen Klimamodellen noch 

selten dargestellt, da er nicht nur von der Sedimenttransportkapazität auf 

der Grundlage der Abflusscharakteristiken, sondern auch von der 

Sedimentverfügbarkeit in den flussaufwärts gelegenen Einzugsgebieten 

abhängt. In dieser Arbeit wird ein kontinentales Atmospheric and 

Hydrological-Sediment Modelling System (AHMS-SED) vorgestellt, das 

die Grenzen bisheriger großmaßstäblicher Wassererosionsmodelle 

überwindet. AHMS-SED enthält eine vollständige Darstellung der 

wichtigsten hydrologischen, Erosions- und Sedimenttransportprozesse wie 

Abfluss- und Sedimentbildung, Abfluss- und Sedimentführung, 

Sedimentablagerung, Gully-Erosion und Flussbewässerung.  

In dieser Arbeit konzentrieren wir uns auf die Entwicklung und 

Anwendung von AHMS-SED im Einzugsgebiet des Gelben Flusses in 

China, einer ariden und semi-ariden Region, die für ihre weite Verbreitung 

von Löß und die höchste Bodenerosionsrate der Welt bekannt ist. Bei der 

Entwicklung und Anwendung des Modells geht es um drei Schlüsselfragen: 

die Beeinflussung des Wasserkreislaufs durch den Menschen 

(Bewässerung), die Ungewissheit über die Auswirkungen des 

Niederschlags auf den Wasserabfluss und die großräumige Wassererosion 

und den Sedimenttransport. Die vorliegende Arbeit befasst sich mit all 

diesen drei Themen auf folgende Weise.  

Zunächst wird ein neues Bewässerungsmodul in das Atmospheric and 

Hydrological Modelling System (AHMS) integriert. Das Modell wird 

anhand von In-situ- und Fernerkundungsbeobachtungen kalibriert und 
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validiert. Durch die Einbeziehung des Bewässerungsmoduls in die 

Simulation wurde eine realistischere hydrologische Reaktion in der Nähe 

der Mündung des Gelben Flussbeckens erzielt. Zweitens wird eine 

Bewertung von sechs Niederschlagsanalyseprodukten auf der Grundlage 

von beobachteten Niederschlägen und modellsimulierten Flussabflüssen 

durch das AHMS für das Einzugsgebiet des Gelben Flusses vorgenommen. 

Das hydrologische Modell wird mit jedem der Niederschlags-

Analyseprodukte auf zwei Arten betrieben, einmal mit und einmal ohne 

Rekalibrierung der Niederschlag-Abfluss-Parameter. Unsere Analyse trägt 

dazu bei, die Zuverlässigkeit der hydrologischen Simulationen besser zu 

quantifizieren und künftige Niederschlagsanalyseprodukte zu verbessern. 

Drittens wird ein regionales Wassererosions- und Sedimenttransportmodell 

(AHMS-SED) entwickelt und zur Vorhersage der kontinentalen fluvialen 

Transportprozesse im Einzugsgebiet des Gelben Flusses eingesetzt. Dieses 

Modell verbindet das AHMS mit dem CASCade 2-Dimensional SEDiment 

(CASC2D-SED) und berücksichtigt die Erosion durch Gullys, ein Prozess, 

der die Sedimentversorgung im chinesischen Lößplateau stark beeinflusst. 

Die AHMS-SED wird dann angewandt, um Wassererosion und 

Sedimentprozesse im Becken des Gelben Flusses für einen Zeitraum von 

acht Jahren, von 1979 bis 1987, zu simulieren. Insgesamt zeigen die 

Ergebnisse die gute Leistungsfähigkeit von AHMS-SED und der Gleichung 

für den Abfluss von Sedimenten aus dem Hochland, die auf der Eosivität 

von Niederschlägen und dem Flächenindex von Gullys basiert. AHMS-

SED wird auch zur Vorhersage der Entwicklung des Sedimenttransports im 

Einzugsgebiet des Gelben Flusses unter bestimmten Szenarien des 

Klimawandels verwendet. Die Modellergebnisse deuten darauf hin, dass 

sich Änderungen der Niederschläge erheblich auf den Sedimentabfluss 

auswirken werden und dass eine verstärkte Bewässerung den 

Sedimentabfluss aus dem Gelben Fluss verringern wird. 
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1 Introduction 

1.1 Background  

Erosion and sedimentation are natural terrestrial processes that have been active from 

geological time to the present day, shaping the landscape of the world today (Julien, 

2010). Further, soil erosion is a major resource and environmental problem today, as 

it damages agricultural soils and sustainability by reducing soil fertility and field 

productivity (Mao et al., 2010). Soil erosion by water is the main cause of soil 

erosion on a global scale, although wind erosion is more severe in many arid regions 

(Lal, 2017; Shao, 2008). Water erosion and sediment transport processes also play an 

important role in the global nutrient and carbon cycle by detaching nutrients and 

carbon from the terrestrial carbon and nutrient pools and transporting them into 

rivers and oceans (Lal, 2003; Ludwig & Probst, 1996). Moreover, sediment degrades 

the quality of freshwater because not only is it a major pollutant, but the aggregation 

of sediment catalyzes, carries and stores other forms of pollutants (Oschwald, 1972). 

Furthermore, sedimentation in streams or reservoirs can reduce water storage 

capacity and reduce the role of reservoirs in flood control, water supply, irrigation, 

and power generation, or even lead to their abandonment (Dutta, 2016). 

The response of the water cycle and the associated energy, transported carbon, 

nutrients and sediments to climate change constitutes a topic of great interest to the 

scientific community and has significant implications for society (Chahine, 1992; 

Schlesinger & Bernhardt, 2020). A growing body of evidence (Allen & Ingram, 2002; 

Folland et al., 2002; Genfo et al., 1991; Huntington, 2006; Loaiciga et al., 1996; 

Trenberth, 1999) suggests that climate warming will accelerate the water cycle, 

leading to changes in precipitation and runoff, and will increase the frequency and 

intensity of extreme hydrological events, which could lead to intensive erosion and 

sediment discharge. During such events, very heavy rain leads to flooding and severe 

water erosion, such as landslides and mudslides in natural hazards, posing a very 

high risk to life and property, such as the floods in western Germany in 2021 (Watts, 

2021). 

Water erosion and sediment transport not only play an important role in human 



Chapter 1. Introduction 

 

2 
 

production and livelihoods but are also, in turn, heavily influenced by human 

activities within the basin (Walling, 1999). Specifically, in the sediment source areas 

(upland), water erosion processes are often accelerated through land management 

activities (Wicks, 1988), including ploughing and tillage in agriculture, deforestation, 

road construction, mining, and urbanization, and decelerated by vegetation 

restoration. In the sediment transfer area (river) and sink areas (reservoir), man-

induced changes to the hydraulic characteristics of the river, the river sand mining, 

check dams and the reservoirs have drastically altered (decrease by sedimentation) 

the sediment load in the river (Wang et al., 2016). 

As the study basin of this thesis, the Yellow River Basin of China (See Section 1.2), 

is mostly arid and semi-arid, the response of the water cycle to human perturbation 

and the water erosion and sediment transport specific to arid and semi-arid regions 

are described below. 

The IPCC report (Pörtner et al., 2022) highlights that ecosystems and freshwater in 

drylands are susceptible to changes in precipitation, and they are at high risk of 

climate change due to water scarcity and poor resilience. Human alterations to the 

water cycle can be extreme (Vorosmarty & Sahagian, 2000). Specifically, human 

activities, such as irrigation and regulation of reservoirs in drylands, strongly 

interfere with the water cycle. For example, freshwater consumption in the rivers and 

lakes (irrigation and domestic use) can reduce runoff and increase evaporation; flood 

control dams can reduce the peak flow; reservoirs can alter the seasonal variation of 

flow and increase the evaporation from the water bodies; land use change from 

reforestation or afforestation (deforestation) will lead to increased (decreased) 

evaporation and decreased (increased) runoff in the watershed. In the drylands, the 

combined impacts of climate change and strong human interference on the water 

cycle make it difficult to differentiate their respective contributions to changes in 

hydrological variables (Wang et al., 2015).  

On the other hand, water erosion in drylands is severe, mostly due to the sparse 

vegetation, heterogeneous rainfall, and intensive human farming (Langbein & 

Schumm, 1958). According to Langbein & Schumm (1958), based on records from 

170 gauging stations and reservoirs in the USA, the sediment yield in the watershed 

reaches the maximum when the mean annual precipitation is around 254 mm to 356 

mm. This is caused, on the one hand, by aridity leading to a lack of runoff. On the 
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other hand, increased rainfall leads to increased vegetation density, which means 

increased surface soil cover and protection. Therefore, it has also been suggested that 

future increases in precipitation under climate change may not always increase water 

erosion in the world but will depend on the climate before the change (Langbein & 

Schumm, 1958). A typical example of the special and intense water erosion of the 

arid and semi-arid Chinese Loess Plateau in the Yellow River Basin is presented in 

detail below. 

1.2 Water Erosion in the Yellow River Basin 

Interestingly, our planet's most severe soil erosion area is located on the arid and 

semi-arid Chinese Loess Plateau. As shown in Fig. 1.1, the Chinese Loess Plateau, 

located in the middle reaches of the Yellow River, covers an area of 640,000 km2 in 

northwest China. This plateau is well known for large-scale loess cover and for its 

high soil erosion rates (approximately 1.6 Gt yr-1 on average over 1950-1980, 

according to Qian & Dai (1980)). Over 60% of land in the Loess Plateau is 

undergoing severe soil erosion, with an average soil yield of 2000-2500 tons km-2 yr-1 

and about 0.01-2 cm of topsoil being washed away every year (Shi & Shao, 2000). 

According to  Hessel et al. (2003) and Zheng & Wang (2014), the world's highest 

soil erosion rate is the result of several factors, including high soil erodibility, sparse 

vegetation, large permanent gullies, concentrated and high-intensity rainfall, as well 

as intensive long-term human activity. Further, over the past 60 years, the sediment 

load of the Yellow River has decreased by approximately 90% (Yu et al., 2013) due 

to the reductions in water discharge and sediment concentration. These changes can 

be attributed to regional climatic changes and human interventions such as soil 

conservation on the Loess Plateau, increased water consumption, and several dams 

along the Yellow River (Wang et al., 2016; Yu et al., 2013). 

In addition, investigating water erosion and sediment yield on the Loess Plateau 

requires knowledge of the Yellow River Basin in which it is located. The Yellow 

River is the second-longest river in China (5464 km), and the Yellow River Basin 

(795,000 km2) is the largest river basin in north China. The Yellow River flows 

across the Qinghai-Tibet Plateau, Inner Mongolia Plateau, Chinese Loess Plateau and 

Huanghuaihai Plain. The annual mean air temperature in the Yellow River Basin 

ranges from -4° to 2°, and the annual mean precipitation is approximately 450 mm 

(Yellow River Water Bulletin), which is unevenly distributed. Moreover, the basin is 



Chapter 1. Introduction 

 

4 
 

characterized by a plateau and temperate climate and is strongly affected by the East 

Asian monsoon.  

As seen in Fig. 1.2, the mean annual runoff in sub-basin 3 is negative, which can be 

attributed to the river water used for irrigation in this region. Therefore, it is known 

that river water used for irrigation is an important component of the water balance, 

particularly in the semi-arid areas of the Yellow River Basin. Moreover, the sediment 

discharge of the Yellow River significantly increases as it flows through the Loess 

Plateau. As seen in Fig. 1.2, the upper-stream area of TDG supplies only 10% of the 

sediment load to the Yellow River. In comparison, nearly 90% of the sediment load 

comes from the middle-stream area (TDG - HYK), where the main geological 

characteristic is the wind-deposited Loess Plateau. Therefore, the main focus of this 

study is the representation of human perturbation (irrigation) of the water cycle and 

severe water erosion in this important part of the Yellow River Basin, as detailed 

below. 

 

 

Figure 1.1: Location and topography of the Yellow River Basin, including the locations of 
the five main hydrological stations: Tangnaihe (TNH), Lanzhou (LZ), 
Toudaoguai (TDG), Longmen (LM) and Huayuankou (HYK). The colours 
indicate the height above sea level from the digital elevation model (DEM). The 
dotted area, separating the stations of Longmen at the south and Toudaoguao at 
the north, corresponds to an area of permanent gully activity and very high-
intensity water erosion. Sediment yield modulus within the time span from 1999 
to 2019 exceeded 5000 tons km-2 yr-1 in this area (http://www.ncdc.ac.cn). 
Subfigure: a typical landscape of permanent gullies in the Chinese Loess 
Plateau.  

 
 
 

http://www.ncdc.ac.cn/
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Figure 1.2: Observed average annual runoff and sediment yield in the sub-basins of the 
Yellow River Basin from 1979 to 1987 based on data from gauging stations. 
The four sub-basins, namely HW - TNH, TNH - LZ, LZ -TDG and TDG - HYK, 
are identified by the four main hydrological stations along the Yellow River. 
Annual observed runoff and sediment yield are converted from the daily 
streamflow and sediment concentration at gauging stations of TNH, LZ, TDG 
and HYK. Daily measurements of water discharge and suspended sediment 
concentration for the Yellow River can be obtained upon request from the 
National Earth System Science Data Center of China (http://gre.geodata.cn). 

1.3 Motivation  

Three key issues related to developing and applying the Atmospheric and 

Hydrological-Sediment Modeling System (AHMS-SED) in the Yellow River 

Basin are shown below. 

Study I: human perturbation (irrigation) of the water cycle 

Study II: the uncertainty of precipitation forcing on the water discharge 

Study III: large-scale water erosion and sediment transport 

In the following, the aims of the three studies are motivated. 

1.3.1 Study I 

Atmospheric and hydrological models have been developed substantially in recent 

years, as they provide a powerful tool for the prediction and assessment of regional 

http://gre.geodata.cn/
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meteorological and hydrological processes and for investigating the dynamic 

feedback between the atmosphere and hydrosphere (Gochis et al., 2015; Maxwell et 

al., 2011; Shrestha et al., 2014; Wagner et al., 2016). Such models have found 

diverse applications in studies on basin-scale hydrological responses to climate 

change and anthropogenic activities (Maxwell et al., 2007; Wilby et al., 1994).  

However, hydrological simulation in arid and semi-arid regions remains a formidable 

task because the reliable representations of the often low and heterogeneous rainfall, 

intermittent river flow and impacts of human activities are particularly challenging 

(Pilgrim et al., 1988; Rafiei-Sardooi et al., 2022). Thus, we focus here on the 

development of a hydrological model for arid and semi-arid regions. 

Specifically, the Yellow River Basin is selected as the research area owing to its 

unique hydrological characteristics and important position in China. The average 

water resources in the Yellow River Basin account for only 2% of the total water 

resources in China, but the water from this basin feeds 12% of the Chinese 

population. However, water shortage constitutes a serious problem given the 

increasing water demand in the area, with continuing population growth and urban 

development. In 1997, the downstream 704 km from the estuary dried up for more 

than 226 days (Cong et al., 2009). The large irrigation districts in the Yellow River 

Basin are mainly located in arid and semi-arid areas, and irrigation has accounted, for 

instance, for more than 80% (60%) of the gross human water use in the period from 

1956 to 2010 (2001-2019) and rapidly increasing with time (see Fig. 1.3). For 

instance, the Hetao region takes about 5 billion m3 of water every year from the 

Yellow River.  

Most previous studies about hydrological processes in the Yellow River Basin 

neglected explicit consideration of river water use in large-scale irrigation districts 

(e.g. Cong et al. (2009), Yuan et al. (2016)). Jia et al. (2006) introduced a water use 

module in the distributed hydrological model to assess the water resources in the 

Yellow River Basin by taking the census irrigation data as input. In the latter study, 

irrigation water requirements in the model were estimated using statistical methods 

and data, not physically based modelling. Yin et al. (2021) extended the global land 

surface model ORCHIDEE (ORganizing Carbon and Hydrology in Dynamic 

EcosystEms) by including a model for irrigation, crop and offline dam operation. 

Their model assumes that streams supply water to the crops within the grid cells they 
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flow across only, neglecting water transfer over long distances. Given the commonly 

used channels in the irrigation districts of arid and semi-arid regions, this neglect 

may lead to an underestimation of actual river irrigation volumes and affect the 

accuracy of hydrological simulations over large, irrigated districts (Yin et al., 2021). 

 

Figure 1.3: Annual gross water use in the Yellow River Basin from 1956 to 2019. For the 
period from 1956 to 2000, data were obtained from Jia et al. (2006), while for 
the period 2001-2019, data were collected from the Yellow River Bulletin of 
Water Resources, published by the Yellow River Conservancy Commission 
(YRCC) of the Ministry of Water Resources of China 
(http://www.yrcc.gov.cn/other/hhgb/). 

1.3.2 Study II 

Precipitation is an important meteorological variable that is usually measured using 

rain gauges, ground-based weather radars, satellite sensors, etc. For continental-scale 

estimates, precipitation reanalysis is generated by the assimilation of observations 

into weather prediction models or climate models, and precipitation reanalysis 

products have been widely used for hydrological modelling (Michaelides et al., 

2009). Several such products have been developed with different objectives, 

temporal ranges, data sources and resolutions, as summarized in Table 5.1. 

Precipitation is one of the most important forcing variables for hydrological 

modelling. Thus, it is crucial to evaluate how the hydrological model responds to 

different precipitation products to gain insight into model uncertainty and 

characterize the different biases in precipitation reanalysis. Moreover, although 

rainfall measurements are assimilated in the reanalysis, different data sources and 

assimilation systems lead to different accuracies, which are difficult to assess. 

Therefore, hydrological modellers are often confronted with the question of how 
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their hydrological simulations depend on the choice of precipitation datasets and 

which dataset performs the best for a given region and time (Bitew et al., 2012). 

Numerous studies have evaluated precipitation datasets to understand their respective 

advantages and limitations (Beck et al., 2019, 2020; Maggioni et al., 2016). Some 

studies (Dinku et al., 2008; Gao & Liu, 2013; Hersbach et al., 2020; Hirpa et al., 

2010) used statistical methods and rain gauge observations for the evaluation, while 

others (Bitew et al., 2012; Qi et al., 2016; Stisen & Sandholt, 2010; Tang et al., 2016) 

employed hydrological modelling to compare the simulated streamflow or soil 

moisture with the corresponding observations. Although hydrological models offer 

the possibility of using observed water discharge to evaluate precipitation products, 

previous studies have focused primarily on wet headwater areas and small 

mountainous basins when using hydrological models (Bitew et al., 2012; Tang et al., 

2016; Wang et al., 2023). This is because quantifying the streamflow in large 

watersheds remains challenging, especially in arid and semiarid areas (Pilgrim et al., 

1988; Vorosmarty & Sahagian, 2000). 

Therefore, this study aims to evaluate precipitation products in large-scale, arid and 

semiarid basins using a sub-continental scale hydrological model considering the 

significant impacts of human activities on the water cycle. Specifically, we evaluate 

precipitation reanalysis datasets for the Yellow River Basin in China using the 

offline Atmospheric and Hydrological Modelling System (AHMS-IRR), which 

integrates with an irrigation module (Jiang et al., 2022). The Yellow River Basin 

offers a compelling case study for assessing the accuracy of these precipitation 

datasets for its diverse range of climates and geomorphic features. Our evaluation 

includes widely used near-surface precipitation reanalysis datasets, including 

NCEP/NCAR, ERA5, GLDAS 2.0, WFDE5/CRU, WFDE5/(CRU+GPCC), and 

CMFD. We directly compare these datasets with rain gauge observations and 

indirectly assess their impact on the hydrological response of the basin using 

streamflow observations. 

1.3.3 Study III 

The quantitative understanding of the dynamics of soil erosion and sediment 

transport and the concatenated spatial and temporal distribution of suspended 

sediment discharge is of considerable importance for various research fields such as 
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agriculture (Montgomery, 2007; Syvitski et al., 2005), hydraulic and sedimentation 

engineering (Rijn, 1986; Vanoni, 2006), hydrology (Fagundes et al., 2021; Gao et al., 

2013), ecology (Newbold et al., 2015; Oost et al., 2007), and geomorphology 

(Dietrich et al., 2003; Tucker & Hancock, 2010). However, suspended sediment load 

at a given cross-section of a river depends not only on the stream transport capacity 

but also on the sediment availability in the upstream watershed (Einstein, 1964; 

Julien, 2010). Water-induced soil erosion in a watershed is influenced by multiple 

environmental factors, including climate (rainfall and runoff), soil (erodibility), 

topography (slope), ground cover (vegetation and rock), and human influences 

(tillage and soil conservation practices). For example, these influences are encoded 

within the widely applied Universal Soil Loss Equation (USLE) (Wischmeier & 

Smith, 1978) and its revised version, RUSLE (Renard et al., 2017). However, despite 

intensive research conducted over the last few decades (Morgan et al., 1998; Pelletier, 

2012; Wicks & Bathurst, 1996), estimating large-scale suspended sediment load in 

watersheds poses a challenging task due to the complexity of the watershed 

environment and the insufficient quantitative understanding of large-scale water 

erosion and transport processes.  

The limitations of current modelling and the key scientific questions associated with 

them are described in detail below.  

Despite these efforts, predicting regional water erosion and suspended sediment 

discharge still constitutes an active matter of research (de Vente et al., 2013). Very 

few studies have considered suspended sediment discharge in regional climate 

models (RCMs). Most process-based models developed earlier are only applicable to 

processes at small spatial (filed or small watershed, <100 km2) and temporal (event) 

scales and therefore have uncertain applicability to regional-scale simulations. 

Empirical models, such as USLE and RUSLE, do not address the intricate aspects of 

sediment transport and deposition processes, nor do they provide comprehensive 

coverage of sediment supply resulting from gully and channel erosion. Such models 

are also inadequate for applications to large areas where gully or channel erosion 

prevails and sediment transport capacity is limited. 

One further limitation is that sediment transport equations for overland flow are 

derived from flume experiments conducted under limited hydraulic conditions. It has 

been shown that sediment transport equations developed from fluvial bed load 
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equations perform poorly in representing overland flow processes (Ali et al., 2013; 

Hessel & Jetten, 2007). Attempts have also been made (Fagundes et al., 2021; Mao 

et al., 2010; Stewart et al., 2017; Tan et al., 2017) to test the validity of such models 

for region-scale simulations. However, some current regional sediment discharge 

simulations (Fagundes et al., 2021; Stewart et al., 2017; Tan et al., 2017) overlook 

the detachment–transport coupling approach, which is crucial to describe regional-

scale processes adequately. The sediment yield models with and without the 

transport process are mixed (Fagundes et al., 2021; Stewart et al., 2017; Tan et al., 

2017), which do not allow for a complete assessment of the existing sediment yield 

equations (Fagundes et al., 2021). 

One of the most significant drawbacks of the existing models is that gully erosion 

and its effects on sediment flux are neglected. Gully erosion plays a vital role in 

large-scale sediment yield, as pointed out in various studies (de Vente & Poesen, 

2005; Poesen et al., 2003; Poesen et al., 1996). It represents a major process for 

fluvial sediment supply on the Loess Plateau of the Yellow River Basin, the study 

area of this research (see Section 1.2). The representation of gully erosion in the 

framework of large-scale sediment transport modelling constitutes a challenging task 

owing to the poor understanding of concentrated flow and stochastic gravity erosion 

on high-gradient hillslopes and the lack of data for the characterization of gully 

distribution (e.g., gully density) and morphology (e.g., width, depth, and volume). 

Such information is indispensable to upscale from existing sediment transport 

models - which apply to the scale of flume experiments and small watersheds, to 

regional scale. Therefore, a new approach to quantify the sediment supply from gully 

erosion is required for improved modelling of continental-scale hydrological erosion 

processes.  

The motivation of this work is thus to develop a soil erosion and sediment transport 

model that is applicable to regional-scale hydrological transport processes, which 

incorporates the sediment supply by gully erosion, a major hydrological process on 

the Loess Plateau (Osterkamp & Toy, 1997). The present study addresses the 

following key science questions: 

I. How to model upland sediment detachment and transport capacity in a large-

scale hydrological model? Which erosivity predictors based on rainfall, runoff or 

overland flow perform best?  
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II. How can a large-scale model incorporate gully erosion and the concatenated 

sediment supply? 

III. What scale effects, such as decaying precipitation and slope with decreasing 

spatial and temporal resolution, need to be considered when building the large-

scale erosion and sediment transport model? 

1.4 Objectives and Outline 

This thesis was carried out within the framework of the Atmospheric and 

Hydrological Modelling System (AHMS) project (Jiang et al., 2020, 2022; Xia, 2019) 

of the University of Cologne, in association with the Heisenberg Programme 

"Multiscale Simulation of Earth Surface Processes" at the University of Duisburg-

Essen (project number: 434377576) and SFB 1211 "Earth - Evolution at the Dry 

Limit" (project number: 268236062) jointly, support by German Research 

Foundation (DFG). This joint project aims to improve the understanding of the 

hydrological, erosion and sediment transport processes and to investigate the 

response of the hydrological cycle and sediment yield to climate change and 

anthropogenic impacts. 

Several features of the Yellow River Basin particularly need to be addressed.  

• human perturbation (intensive irrigation) of the water cycle in the arid and semi-

arid areas 

• complex topography ranging from the mountainous Tibetan Plateau to the arid 

and semi-arid Chinese Loess Plateau 

• large permanent gullies in the Chinese Loess Plateau and the huge sediment load 

in the Yellow River 

Figure 1.4 depicts the contribution of this thesis to the development of AHMS, 

including model development, application and evaluation, and evaluation of forcing 

precipitation data, comprising this thesis (Study I-III). As shown, AHMS can either 

be run online, i.e., coupled with the full WRF model for atmospheric dynamics, or 

offline – which is the situation adopted in the present study – by using prescribed 

near-surface atmospheric forcing variables. 

The main objectives of this thesis are: 

a. development of a regional hydrological model for the arid and semi-arid regions 
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with consideration of irrigation (AHMS-IRRIG) 

b. calibration and evaluation of offline AHMS-IRRIG using in-situ and remote 

sensing observations in the Yellow River Basin 

c. evaluation of precipitation-reanalysis products based on offline AHMS-IRRIG 

and observed water discharge 

d. development of a regional model for water erosion and sediment transport with 

consideration of gully erosion and its sediment supplements (AHMS-SED) 

e. application and evaluation of offline AHMS-SED in the Yellow River Basin 

 

Figure 1.4: Schematic diagram of online and offline Atmospheric and Hydrological 
Modelling System (AHMS) and its extension and application in the studies that 
comprise this thesis.   

The structure of this thesis is described below. Chapter 2 presents the relevant 

theories and models of water erosion and sediment transport. Chapter 3 describes the 

AHMS-SED and associated components of irrigation, water erosion and sediment 

transport models. Chapter 4 describes the development and application of a regional 

hydrological model for the arid and semi-arid river basin with consideration of 

irrigation. Precipitation reanalysis products are evaluated using gauge observations 

and hydrological modelling in Chapter 5. Chapter 6 introduces the development of 

the continental-scale water erosion and sediment transport model AHMS-SED and 

their application to the Yellow River Basin. Last but not least, a summary and 
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conclusion drawn from the simulation results of this project are presented in Chapter 

7. 
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2 Water Erosion and Sediment Transport Modelling 

2.1 Introduction 

Erosion and sediment transport processes are driven by hydrological processes in the 

watershed and by stream hydraulics. At a particle scale, a sediment particle 

undergoes several stages, including detachment, transport and deposition. Before 

reaching the ocean, these processes go through several cycles. These processes 

depend on the physical properties and interactions between fluids and particles. 

Therefore, this chapter provides an overview of the hydraulic and sediment variables 

associated with the overland and channel flow (Section 2.2), as well as shallow water 

and sediment transport equations (Section 2.3) and water erosion and sediment 

transport modelling (Section 2.4). 

2.2 Hydraulic and Sediment Variables  

This section focuses on the hydraulic and sediment variables that are well-

parameterized in existing sediment detachment functions and sediment transport 

capacity equations.  

2.2.1 Hydraulic Variables  

The movement of water over the land is known as overland flow, which can occur 

either as diffuse sheet flow (laminar or mixed laminar flow) or as concentrated flow 

(turbulent flow) in rills and gullies (Ward & Robinson, 1975). On the other hand, 

open channel flow refers to the movement of liquid within a conduit with a free 

surface (Akan, 2006). Hydraulic variables such as shear stress, fraction velocity, 

stream power, unit stream flow, effective stream power, and Shield's number, etc., 

are among the most commonly used predictors in soil detachment functions and 

sediment transport capacity equations for overland and channel flow. These 

predictors and the associated basic hydraulic variables are described and explained 

below. 

The hydraulic radius (Rh) of the rectangular channel is given by   

 2
c

h
w

A whR
P w h

= =
+

 (2.1) 
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where Ac is the cross-sectional area of the flow (m2), Pw is the wetted perimeter of the 

flow (m), w is the flow width (m), and h is the flow depth (m). For the wide and 

shallow river or overland flow, if w >> h, then Rh ≈ h. 

The Manning equation is frequently employed to estimate the average velocity of a 

river flow cross-section (V in m s-1), which is given by 

 1 2/3 1/2
h fRV n S−=  (2.2) 

where n is Manning’s roughness coefficient (s m-1/3), and Sf is the friction slope (-). It 

is worth noting that (Chow et al., 1988) pointed out that the Manning equation is 

only applicable to turbulent flows. 

In the case of steady overland flow and the wide and shallow river, the water 

discharge per unit width (m2 s-1) can be expressed as: 

 uq V h= ⋅  (2.3) 

Two important dimensionless numbers used to describe shallow water flow are the 

Reynolds number (Re) and the Froude number (Fr). The Reynolds number is the 

ratio of inertial forces to viscous forces in a flowing fluid and can be used to identify 

the flow patterns, such as laminar, turbulent or laminar-turbulent transitional flow. 

The Froude number is the ratio of inertial force to gravitational force and is used to 

predict whether the flow is sub-critical flow (Fr < 1), super-critical flow (Fr > 1) or 

critical flow (Fr ≈ 1). The expressions for the Reynolds and Froude numbers read: 

 
4Re = hV R

ν
⋅ ⋅

 (2.4) 

 Fr = V
g h⋅

 (2.5) 

where ν is the kinematic viscosity (m2 s-1), g is the gravitational acceleration (m s-2) 

and h  is the uniform depth of flow (m), which is equal to the cross-sectional area Ac 

divided by free-surface width w. 

The bed shear stress, denoted as τ0, represents the force per unit area (N m-2) that 

water flow exerts on the soil. It is given by 

 0 = h fgR Sτ ρ  (2.6) 
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where ρ is the water density (kg m-3). 

Friction velocity, also known as shear velocity u* (m s-1), represents the gradient of 

stream velocity in boundary layer flow and is defined as 

 0
* =u τ

ρ
 (2.7) 

The concept of stream power was introduced by Bagnold (1966) based on the 

assumption that the rate of sediment transport is proportional to the rate of potential 

energy consumption per unit bed area. Bagnold's research demonstrated that a 

stream's capacity for sediment transport is determined by its available power rather 

than its available energy (Yang, 1973). Stream power ω (J m-2 s-1) is defined as 

 0= Vω τ⋅  (2.8) 

According to Yang (1972), sediment transport rates are associated with the potential 

energy expenditure rate per unit weight of water. The unit stream power ωu (m s-1) 

can be defined as the product of flow velocity and slope gradient, as given as 

 0=u V Sω ⋅  (2.9) 

where S0 is the bed slope (-). 

Moreover, effective stream power is an empirical relationship based on the concept 

of shear stress (Bagnold, 1980). This concept was primarily employed by Govers 

(1990) and Everaert (1991) to establish empirical relationships for predicting 

sediment transport rates. The effective stream power ωeff (N1.5 s-1.5 m-2.17) is given as 

 
1.5

0
eff 2/3

( )= V
h
τω ⋅  (2.10) 

2.2.2 Sediment Variables  

Furthermore, the relevant sediment variables included in this thesis are described 

below. The specific gravity (Gs) is defined as 

 s s
sG γ ρ

γ ρ
= =  (2.11) 

where γs is the specific weight of the sediment particle (N m-3), γ is the specific 

weight of the water (N m-3), and ρs is the sediment density (kg m-3). 
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The volumetric sediment concentration Cv (-) and sediment concentration by weight 

Cw (-) of the suspension are given by  

 s s
v

t s w

V VC
V V V

= =
+

 (2.12) 

 s s
w

t s w

W WC
W W W

= =
+

 (2.13) 

where Vs is the volume of the solid (m3), Vw is the volume of the water (m3), Vt is the 

total volume (m3), Ws is the weight of the solid (N), Ww is the weight of the water (N), 

and Wt is the total weight (N). 

The particle Reynolds number Re* characterizes the nature of the surrounding flow 

and the fall velocity of the particle, 

 *
*Re = su d

ν
 (2.14) 

where ds is the particle diameter (m). 

The settling velocity is obtained from the balance between gravity and drag forces, 

 
3 2 2

( ) =
6 4 2

s s s
s d

d d vCπ π ργ γ−  (2.15) 

where Cd is the drag coefficient (-), which is usually a function of the particle 

Reynolds number (Re*), and vs is the sediment fall velocity (m s-1). 

For sufficiently small particle Reynolds numbers, the flow around spherical particles 

is laminar, and the resistance of the flow around the particles can be calculated with 

the analytical model by Stokes (1851). However, for large particle Reynolds numbers, 

the flow around the sphere becomes turbulent, making it difficult to obtain an 

analytical solution for the drag coefficient. Therefore, in the regime of high particle 

Reynolds numbers, empirical models have been developed based on experimental 

evaluations. According to Stokes (1851) and Engelund & Hansen (1967), the drag 

coefficient and the corresponding settling velocity can be calculated by the following 

equations, respectively. 

* 0.5Re ≤   

 
*

24=
RedC  (2.16) 



Chapter 2. Water Erosion and Sediment Transport Modelling 

 

18 
 

  
21=

18
s s

s
gdv γ γ

γ ν
−

 (2.17) 

 
* > 0.5Re  

 
*

24= 1.5
RedC +  (2.18) 
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s

G gv d
d
ν

ν

 −  + −     
 (2.19) 

where ν is the kinematic viscosity (m2 s-1 ). 

The sediment transport takes place when the horizontal hydrodynamic force exceeds 

the vertical resisting force. The ratio between these two forces represents the 

threshold condition for the initiation of sediment transport in a fluid flow (Shields, 

1936). The value of the Shields number, denoted here τ*, can be calculated using the 

equation: 

 *
hydrodynamic forces= =

resisting forces
L D R

W B

F F F
F F

τ + −
−

 (2.20) 

where FL is the lift force and is proportional to 2 2
l m sC u dρ  and 2

0 sdτ , u is the flow 

velocity, and Cl is the lift coefficient (-), FD is the drag force and is proportional to 
2 2

d m sC u dρ and 2
0 sdτ , FR is the resisting force, FW is the particle gravitational 

acceleration force and is proportional to 3
s sdγ , and FB is the buoyancy force and is 

proportional to 3
sdγ . By neglecting the lift force, Eq. (2.20) can be rewritten as 

follows: 

 
2 2

0 0 *
* 3 3= = ==

( ) ( )
s

s s s s s s s

d u
d d d d
τ τ ρτ

γ γ γ γ γ γ− − −
 (2.21) 

The ratio of the sediment fall velocity (vs) to the upwards velocity of the grain, which 

is the product of the von Kármán constant (κ, typically 0.4) and the shear velocity 

(u*), as shown by Eq. (2.22), is known as the Rouse number (RO). This number is 

used to characterize the concentration profile of suspended sediment and analyze 

sediment transported in a flowing fluid.  

 
*

= s
O

vR
uκ  (2.22) 
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2.3 Shallow Water and Sediment Transport Equations 

This section presents commonly used shallow water and sediment transport 

equations. The shallow water equations, also known as the Saint-Venant equations, 

consist of continuity and momentum equations that describe the behaviour of shallow 

water. The derivation and explanation of these equations are provided below.   

The continuity equation asserts that the total mass of a fluid within a closed system 

remains constant with time. In differential form, the continuity equation (Julien, 2010) 

reads: 

 = 0m ym m x m zvv v
t x y z

ρρ ρ ρ∂∂ ∂ ∂
+ + +

∂ ∂ ∂ ∂
 (2.23) 

where ρm is the mixture density of the fluid (kg m-3), t denotes the time (s), and vx, vy 

and vz refer to the flow velocities (m s-1) in the x, y and z directions, respectively. 

The momentum equation is derived from the hydrodynamic forces balance. The 

differential form of the momentum equation (Julien, 2010) in the x-component is 

given below. 

1 1 ( )yxx x x x xx zx
x y z x

m m

v v v v pv v v g
t x y z x x y z

ττ τ
ρ ρ

∂∂ ∂ ∂ ∂ ∂ ∂∂
+ + + = − + + +

∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
 (2.24) 

where p is the pressure (N m-2), gx = 𝑔𝑔 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the horizontal (downstream) 

component of the gravitational acceleration (m s-2), with 𝜃𝜃  denoting the angle 

between the riverbed plain and the horizontal, and τ is the shear stress (N m-2). The 

stress components τxx, τyx, and τzx denote the applied stress components in the x 

direction, τxx being the stress on the 𝑥𝑥 -face of the infinitesimal cubical volume 

element and τyx and τzx representing the stresses on 𝑦𝑦- and 𝑧𝑧-faces, respectively. 

In order to apply these equations to slow and unsteady flow in a one-dimensional 

open channel, the above equations are multiplied by the differential area, dA, and 

then integrated over the control area, which corresponds to the cross-sectional area Ac. 

Thus, the integral form of the continuity equation can be written as 

   0
c c

ym x z
c cA A

vv vdA dA
t x y z
ρ ∂∂ ∂ ∂

+ + + =
∂ ∂ ∂ ∂∫ ∫  (2.25) 

Given the vy and vz are zero in one-dimensional flow, and assuming (i) constant 
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density with depth and (ii) averaging out the turbulent component in the vy and vz, the 

above  equation can be simplified as follows: 

 
( ) = 0h hV

t x
∂ ∂

+
∂ ∂

 (2.26) 

where h is the depth of flow (m), and V is the cross-sectional averaged velocity (m s-1). 

The momentum correction factor βm is defined as follows: 

 2
2

1
c

m x cA
c x

v dA
A V

β = ∫   (2.27) 

The momentum equation in nonconservation form for a one-dimensional open 

channel is given below under several assumptions. Firstly, in the one-dimensional 

flow, vy = vz = τxx = 0. Additionally, the Saint-Venant equation neglects lateral inflow, 

wind shear, and eddy losses. It assumes that the bed shear stress (τ0) is equal to the 

bank shear stress (τs), that the wind shear (τw) (a component of τzx) is zero, that 

channel inclination is a small (sinθ ≈ S0), and that βm is equal to 1.  

 
  





0
Gravity force Friction force

Pressure force Convective acceleration term termLocal acceleration 
ter term t mm er

     =  - f
V h Vg V gS gS
t x x

∂ ∂ ∂
+ +

∂ ∂ ∂  (2.28) 

The dependencies of the terms in the above equation are explained below. 

• Local acceleration term: the changes of momentum due to changes in velocity 

along the channel  

• Pressure force term: proportional to the change in the water depth  

• Convective acceleration term: the changes in momentum  

• Gravity force term: proportional to the bed slope   

• Friction force term: proportional to the fraction slope 

In nature, the flood waves of different rivers might have their own different 

characteristics. Thus, the relatively small terms can be ignored in order to simplify 

the calculation and use the simplified Saint-Venant dynamical equation. Specifically, 

the completed form of the Saint-Venant dynamical equation is called the dynamic 

wave approximation, as follows: 
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f
V h VV S S

g t x g x
∂ ∂ ∂

+ + = −
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 (2.29) 

According to Bates et al. (2010), the convective term is neglected in the local inertial 

form approximation, 

 0
1

f
V h S S

g t x
∂ ∂

+ = −
∂ ∂

 (2.30) 

While the gravity and friction force terms are neglected in the gravity wave 

approximation, 

 
1 1 0V h VV
g t x g x
∂ ∂ ∂

+ + =
∂ ∂ ∂

 (2.31) 

Moreover, the local and convective acceleration terms are neglected in the diffuse 

wave approximation, 

 0 f
h S S
x
∂

= −
∂

 (2.32) 

which leads to the kinematic wave approximation by further neglecting the pressure 

terms, 

 0 = 0fS S−  (2.33) 

If the transport medium is replaced by sediment, a similar equation can be obtained. 

The differential form of the sediment continuity equation is given by 

 
( )( ) ( ) = 0v yv v x v zC vC C v C v

t x y z
∂∂ ∂ ∂

+ + +
∂ ∂ ∂ ∂

 (2.34) 

Given the vy and vz are zero in one-dimensional flow, and assuming (i) constant flow 

density with depth and (ii) averaging out the turbulent component in the vy and vz, the 

integrated form of the sediment continuity equation for a one-dimensional open 

channel is given by 

 
( ) ( ) 0v vhC hVC

t x
=

∂ ∂
+

∂ ∂
 (2.35) 

2.4 Water Erosion and Sediment Transport Modelling in the Watershed 

There are a number of soil water erosion and sediment transport models for 
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watershed and fluvial systems, which vary in complexity, process description, data 

requirements, and spatial and temporal scales (de Vente et al., 2013; de Vente & 

Poesen, 2005; Hajigholizadeh et al., 2018; Harmon et al., 2001; Merritt et al., 2003). 

But in essence, there are three main types of erosion models: empirical, process-

based, and conceptual models (Table 2.1).  

Empirical models, such as USLE and RUSLE, are the most widely used for long-

term and large-scale predicting of soil loss from sheet and rill erosion. These models 

are based on the empirical relations developed from observations over more than 

10,000 plot-years of rainfall and soil loss data on a hillslope.  

Several process-based water erosion models have been developed to estimate 

suspended sediment load. These models include, for instance, WEPP (Laflen et al., 

1991), EUROSEM (Morgan et al., 1998), LISEM (De Roo et al., 1996), SHESED 

(Wicks & Bathurst, 1996), SHETRAN (Ewen et al., 2000) and CASC2D-SED (Rojas 

et al., 2003). In these models, sediment detachment due to rainfall is calculated based 

on the rainfall kinetic energy (SHESED and WEPP). The detachment effect of runoff 

in the watershed is modelled by means of excess shear stress (SHESED and WEPP) 

or detachment–transport coupling approach, for example, by employing effective 

sediment transport capacity theory (WEPP, EUROSEM, LISEM and CASC2D-SED). 

Furthermore, the sediment transport capacity of overland and stream flow are based 

on theories of shear stress (DuBoys, 1879; Govers, 1992; Yalin, 1963), stream power 

(Bagnold, 1966, 1980; Engelund & Hansen, 1967), unit stream power (Yang, 1972) 

and unit effective stream power (Bagnold, 1980; Govers, 1990). These equations are 

derived either from experimental data collected in laboratory flumes or from bedload 

transport models for fluvial systems. By using dimensional analysis and experimental 

data obtained from laboratory flumes (Julien & Simons, 1985; Kilinc, 1972; Kirkby, 

1971), the various sediment transport capacity equations for overland flow can be 

unified to a general relationship as the power function of surface slope (S0), unit 

water discharge (q) and excess shear stress (1-τcr/τ0), as shown in Table 2.2. 
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Table 2.1: Rainfall erosivity and sediment transport capacity for overland flow in selected water erosion and sediment transport models. 

Model 
Spatial and temporal 

scale 
Type Process 

Rainfall, runoff and overland flow erosivity 

Method and Equation 
Reference 

USLE Hillslope/Event-based 

Empirical Erosion 

Rainfall kinetic energy 30evR EI=  Wischmeier & Smith 
(1978) 

MUSLE 

(SWAT-

MUSLE) 

Hillslope/Event-based 

(Watershed/Continuous) 
Runoff kinetic energy ( ) 1

1 
b

ev v pR a Q q=
 Arnold et al. (1998); 

Neitsch et al. (2011) 

USLE-M 

Hillslope/Event-based Rainfall kinetic energy 
30ev RR Q EI=  

Kinnell & Risse (1998) 

USLE-MM 1
30( )d

ev RR Q EI=  
Bagarello et al. (2008) 

CASC2D-

SED 
Watershed/Continuous 

Process-

oriented 

Erosion, 

transport, and 

deposition 

Unit flow discharge 

(Kilinc & Richardson, 1973) 
32

0
ee

c uT S q

 
Rojas et al. (2003) 

WEPP Watershed/Continuous 

Rainfall and runoff intensity; 

excess shear stress theory 

(Yalin, 1963) 

c,Interill i sfT r R

 

0.5
, 0 0( )c rill crT τ τ τ−

 Laflen et al. (1991) 

EUROSEM 

Watershed/Single event 

Excess unit stream power and excess 

effective stream power theories 

(Bagnold, 1980; Everaert, 1991; Yang, 

1972) 

c,Interill eff effcr( )T ηω ω−

 

2
c,rill ( )d

u ucrT ω ω−

 

Morgan et al. (1998) 

LISEM De Roo et al. (1996) 

SHETRAN 

Watershed/Continuous 
Rainfall momentum squared and excess 

shear stress theory 

r rD M  

0~ ( 1)f
cr

D τ
τ

−
 

Ewen et al. (2000) 

SHESED Wicks & Bathurst (1996) 

*These variables are described above and in the list of symbols.
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2.4.1 Universal Soil Loss Equation 

The Universal Soil Loss Equation (USLE) (Wischmeier & Smith, 1978) was initially 

designed to predict long-term annual average soil loss associated with inter-rill and 

rill erosion.  This is achieved by using empirical relationships that consider a broad 

range of environmental factors, including climate, soil, topography and land use and 

management practices. The original version of this equation reads 

 usle=A R K L S C P⋅ ⋅ ⋅ ⋅ ⋅  (2.36) 

where A is the annual soil loss per unit area per year based on the original USLE 

(tons ha-1 yr-1), R is the rainfall-runoff erosivity index (MJ mm ha-1 hr-1 yr-1), Kusle is 

the soil erodibility index (tons ha hr ha-1 MJ-1  mm-1), L is the slope length factor (-), 

S is the slope steepness factor (-), C is the vegetation cover or called crop factor (-), 

and P is the practice factor (-). For consistency with the sources, we use "tons" and 

"ha" in the text below, which are abbreviations for the metric tonnes and hectares, 

non-SI units equal to 1000 kg and 10,000 m2, respectively.  

The erosivity index R is calculated as the cumulative effect of the contribution of 

individual events, as given below.  

 
=1

= ( )
N

ev i
i

R R∑  (2.37) 

  30=evR EI  (2.38) 

  
=1

=
M

t
t

E hε ∆
∆
∑  (2.39) 

where Rev is the erosivity index (MJ mm ha-1 hr-1) of an individual event (i), N is the 

number of individual events per year, E is the rainfall kinetic energy of the interval 

∆t (MJ ha-1), I30 is the maximum 30 min rainfall intensity (mm hr-1), M is the number 

of rainfall intervals in one event, ε is the rainfall kinetic energy per unit rainfall depth 

per hectare (MJ ha-1 mm-1), and h∆t is the rainfall depth in each time interval ∆t (mm). 

As shown by Equation (2.37), the erosivity index of an individual event is the 

product of the kinetic energy of the raindrops (E) and the 30-minute maximum 

rainfall (I30). Therefore, USLE explicitly quantifies the effect of raindrop impact to 

detach sediment particles and implicitly the amount and rate of runoff associated 
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with rainfall. Kinnell (2005) highlights that raindrop-impact flow is the main factor 

in rill and sheet erosion. The influence of raindrop impact on the sediment transport 

mechanism is significant and overlooked by the current process-based models. 

According to Wischmeier & Smith (1978), the unit kinetic energy is calculated as  

 
-1

usle 10
-1

usle

= 0.119 0.0873log ( )     76 mm h
= 0.283             > 76 mm h

i i

i

r r
r

ε
ε
 + ≤



 (2.40) 

where ri is the rainfall intensity (mm hr-1). 

Moreover, the soil erodibility index measures the resistance of surface soil to 

detachment by water. In the original USLE, it is given by 

 7 1.14 3 3
usle = 2.77 10 (12 ) 4.3 10 ( 2) 3.3 10 ( 3)OM M t pK P P S S− − −× × − + × × − + × × −  (2.41) 

 (100 )M ss scP α γ= −  (2.42) 

where POM is the soil organic matter content (%), St is the index related to soil texture, 

St=1 is for very fine granular, St=4 is for massive compacted, Sp is the index related 

to the soil permeability class, ranging from 1 to 6, αss is the percentage of silt divided 

by sand, and γsc is the percentage of silt divided by clay. 

The slope length factor in the original USLE is given by 

 

0.5       9
0.4  3 9

        where  
0.3   3 122.13
0.2         1

m

m
m

L
m
m

θ
θλ
θ
θ

= >
 = > ≥ =   = ≥ ≥  
 = <

 (2.43) 

where λ is the slope length (m), m is the exponent, and θ is the slope (in degrees). 

The slope steepness factor in the original USLE is given by 

 2
0 06.613 (0.43 0.30 0.043 )S S S= ⋅ + +  (2.44) 

where S0 is the slope gradient in percent. 

In addition, crop and practice factors (C and P) depend on specific vegetation growth 

stages and individual support practices such as tillage planning, terrace farming 

systems and stable waterways, which are not addressed here. 

2.4.2  Revised Universal Soil Loss Equation 
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Renard et al. (2017) revised the USLE model to create the Revised Universal Soil 

Loss Equation (RUSLE) model by incorporating newer research and technology that 

emerged after (Wischmeier & Smith (1978). The RUSLE model features 

improvements to the R, Kusle, and S factors. Here, the εrusle and S factors used in 

RUSLE are described below. 

RUSLE uses the exponential equation proposed by Brown & Foster (1987)  to 

calculate the unit kinetic energy as follows: 

 0.05
rusle = 0.29(1 0.72 )ieε −−  (2.45) 

McCool et al. (1987) revised the slope steepness factor. Liu et al. (1994) discovered 

that S underestimated soil loss on steep slopes and proposed a new factor applicable 

to slopes greater than 10°. The equations of these two studies are combined as 

follows: 

 

o

o o

o

10.80sin( ) 0.03             5
16.80sin( ) 0.50    5 10
21.91sin( ) 0.96           10

S
θ θ
θ θ
θ θ

 + ≤
= − < <
 − ≥

 (2.46) 

2.4.3  Modified Universal Soil Loss Equation 

The USLE and RUSLE have a limitation in that they do not take into account runoff 

in an explicit manner. To address this issue, Williams (1975) developed the Modified 

Universal Soil Loss Equation (MUSLE), in which the rainfall-energy factor used in 

the USLE is replaced by a runoff energy factor: 

 ( ) 1

1 usle         
b

r pSY a Q q K L S C P= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅  (2.47) 

where SY is the sediment yield (tons) for the entire watershed on a storm basis, Qr is 

the runoff volume (m3), and qp is the peak runoff rate in a storm (m3 s-1). For areas 

where the equation was developed, the coefficients a1 and b1 are 11.8 and 0.5, 

respectively. 

2.4.4 Kilinc and Richardson's equation (1973) 

Kilinc (1972) and Kilinc & Richardson (1973) studied sheet and rill erosion using 

flume experiments and derived an equation (Kilinc and Richardson's equation, KR) 

for predicting sediment discharge in uniform flow over the bare sandy soil. They 
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found that unit sediment discharge, denoted as qs (tons m-1 s-1), increases with the 

square of water discharge and with the 5/3 power of the slope, i.e., 

 5/3 2
0s uq S q⋅   (2.48) 

where S0 is the soil slope (m m-1), and qu is the unit flow discharge (m2 s-1). 

Julien & Simons (1984) derived a general relationship between unit sediment 

discharge, slope and water discharge through dimensional analysis. Their equation, 

which builds on the work of Kilinc & Richardson (1973), is as follows: 

 
4

32
s

0
0 1e c

e
e

u
rq S q τ

τ
 

⋅ ⋅ − 
 

   (2.49) 

where e2, e3 and e4 are exponents. The coefficient e2 ranges from 1.2 to 1.9, and e3 

ranges from 1.4 to 2.4. τcr is critical bed shear stress for the initiation of soil particle 

motion (N m-2). When τcr remains small compared with τ0, the last term of Eq. (2.49) 

can be neglected. 

Furthermore, Julien (2010) modified the KR equation to account for non-uniform 

flows by considering soil type, vegetation and practice factors, which are parameters 

encoded in USLE. The equation, according to Julien (2010), is as follows: 

 5/3 2
0 usle23210s uq S q K C P= ⋅ ⋅ ⋅ ⋅ ⋅   (2.50) 

Table 2.2: Modified sediment transport equations for overland flow (adopted from Julien & 
Simons (1985)) 

Investigator Equation 
Laminar flow Turbulent flow 

e2 e3 e4 e2 e3 e4 
Meyer-Peter and Muller, 1948 qs~(τ-τcr)1.5 * 1 0.5 1.5 1.05 0.9 1.5 

Bagnold, 1986 qs~τ0
0.5(τ-τcr) 1 0.5 1 1.05 0.9 1 

Yalin 1963 (τ>>τcr) qs~τ0.5(τ-τcr) 1 0.5 1 1.05 0.9 1 

WES, 1935 qs~(τ-τcr)1.5 1 0.5 1.5 1.05 0.9 1.5 

Chang et al. 1965 qs~τ V 1 1 0 1 1 0 
Du Boys, 1979 qs~τ0(τ-τcr) 1.33 0.66 1 1.4 1.2 1 
Barekyan, 1962 qs~SquV 1.33 1.67 0 1.3 1.4 0 

Schoklitsch, 1934 qs~S1.5(qu-qucr) 1.5 1 - 1.5 1 - 

Shields, 1936 qs~Sq(τ-τcr) 1.67 1.33 1 1.7 1.6 1 

Engelund-Hansen, 1967 qs~τ1.5V2 1.67 1.83 0 1.65 1.7 0 

Yalin 1977 (τ≈τc) qs~τ2.0(τ-τcr) 1.67 0.83 2 1.75 1.5 2 

* These variables are described above and in the list of symbols. 
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2.4.5 CASCade Two-dimensional Sediment Model (CASC2D-SED) 

The original iteration of the CASCade 2 Dimensional SEDiment (CASC2D-SED) 

model was founded upon a two-dimensional overland flow routing algorithm 

developed by Professor P.Y. Julien at Colorado State University (Julien et al., 1995). 

Later, CASC2D was reformulated to add continuous simulation capabilities and 

additional hydrologic components such as interception, infiltration,  

evapotranspiration and diffusive-wave channel routing model, etc. (Billy Edmond 

Johnson, 1997) incorporated the upland erosion and channel sediment transport 

module to CASC2D, called CASC2D-SED, based on previous work by Mustafa 

Yilmaz Kilinc (1972) and Kilinc & Richardson (1973). Rojas (2002) enhanced 

sediment transport algorithms in CASC2D-SED over Johnson et al. (2000) by 

improving the simulation of transition between supply-limited and capacity-limited 

transport, allowing transport by advection of suspended material even with negligible 

capacity and improving sedimentation simulation in backwater areas.  

The model has the following characteristics: 

(1) The transport capacity of overland flow (caused by the sheet and rill erosion) is 

estimated by the modified Kilinc-Richardson equation (Eq. 2.50) depending on 

water flow erosivity (water discharge), topography (slope), soil erodibility (Kusle 

factor), vegetation (C factor) and land use practice (P factor). 

(2) The transport capacity of channel flow is estimated with the Engelund and 

Hansen equation (1967) (Eq. 2.51) based on hydraulic parameters (hydraulic 

radius, flow velocity and friction slope) and particle characteristics (specific 

gravity and particle diameter). 

(3) Once it is in suspension, the sediment is transported through advection even 

under transport capacity limited conditions. 

(4) The particle sizes are divided into three size fractions: sand, slit and clay (see 

Table 2.3). The median of the corresponding particle size distribution (d50) is 

used for each fraction to characterise the particle sizes associated with the sand, 

silt and clay fractions. The settling time of particles is then calculated according 

to the constant settling velocity based on the sediment type and water depth (Eq. 

2.19).  
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a) Sediment Transport Approximation 

Once eroded from the soil, a soil particle is entrained into the water flow and 

transported downstream in the watershed. At any downstream cross-section, 

sediment flux is controlled mainly by two factors: sediment availability and stream 

transport capacity. The finer material (clay) is easily carried by the water flow, so its 

transport is limited mainly by the sediment supply in the watershed. By contrast, the 

coarse material (sand) is associated with higher resistance to flow. Transport of this 

coarse material is, therefore, limited mainly by the transport capacity of the flow. 

Furthermore, fine material is transported primarily in suspension as wash load, while 

the transport of the coarse material occurs mainly as (near-surface) bed load. 

Therefore, the total sediment load consists of the wash load of fine particles and the 

bed load of coarse grains. The wash load can be estimated by measurements and 

predicted using the upland sediment yield equation. The bed-material load can be 

estimated by the flow condition using the sediment transport equations. 

The processes of upland soil erosion, as well as upland and channel sediment 

transport, can be summarized through the following steps 1-4 (see also Fig. 2.1). 

Step 1: The transport capacity of the water flow is calculated using the modified 

Kilinc and Richardson's equation (1973) (Eq. 2.50) for overland flow and Engelund 

and Hansen's equation (1967) (Eq. 2.51) for channel flow. 

Step 2: The transport capacity of the water flow is used to estimate the transport rate 

of the suspended sediment for the various particle size fractions considered.  

Step 3: Deposited sediment is entrained into suspension transport based on the excess 

transport capacity, i.e., the total transport capacity minus the amount of suspended 

sediment. 

Step 4: If the amount of suspended and deposited sediment is exceeded by the total 

sediment transport capacity, then bed soil erosion in the upland occurs. The 

percentage of soil eroded is proportional to the percentage of the corresponding size 

fraction of the parent material. However, channel erosion is not considered. 
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Figure 2.1: Schematic of upland and channel sediment transport in CASC2D-SED. 

b) The sediment transport capacity of rivers 

The equation of Engelund & Hansen (1967) employs Bagnold's stream power model 

and the similarity principle to estimate the sediment concentration by weight, called 

transport capacity in the river. The equation reads, 

 ,
,,

0.05( )
1 ( 1)( 1)

f h fs
w i

s s s is s i

VS R SGC
G G dG gd

=
− −−

 (2.51) 

where Cw,i is the sediment concentration of flow by weight for the size fraction i (-), 

and ds,i is the size diameter (m) of fraction i. 

c) Suspended sediment settling velocity 

The median of the corresponding particle size distribution (d50) is used here for every 

corresponding fraction to characterize the particle sizes associated with the sand, silt 

and clay fractions. Moreover, the settling velocity (vs) is estimated based on the 

sediment settling velocity equation (Eq. 2.19). 

Table 2.3: Particle mean diameter and settling velocity. 
Size fraction (i) d50 (mm) vs (m s-1) 

Sand 0.35 0.036 
Silt 0.016 2.20E-04 
Clay 0.001 8.60E-07 
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2.4.6 Pelletier’s Model (2012) 

Pelletier (2012) developed a globally applicable spatially distributed model that 

predicts long-term suspended sediment discharge and drainage basin delivery ratio 

for pre-dam conditions. This model comprises a soil detachment rate equation for 

each local grid and a sediment routing model. The soil detachment rate equation is 

given by  

 
5/4

Pelletier 1 0
1..12

( , , )      kL
b d k

k
D x y d p f S R eρ −

=

= ⋅ ⋅ ⋅ ⋅ ⋅∑  (2.52) 

where DPelletier(x, y, d) is the detachment rate (kg m-2 yr-1) calculated at every location 

(x, y) and for each grain diameter d; p1 is an empirical parameter (-), which is 

calibrated to the measured global sediment discharge data; ρb is the bulk density of 

the soil (kg m-3), assumed to be 1500 kg m-3; fd is the fraction of the soil within each 

soil texture bin of grain diameter d (-); Rk is the mean monthly rainfall (m yr-1), 

which is indexed by k and varies from January to December, and Lk is the mean 

monthly leaf area index (-). 

Pelletier (2012) employed the Rouse numbers in the sediment routing model to 

determine whether a sediment of a specific size is transported to the next pixel 

downstream in the fluvial system. The Rouse number used in Pelletier (2012) differs 

from the original Rouse number, i.e.,   

 # 2 1/2
0

= s
O

vR p
S  (2.53) 

where RO# is the Rouse numbers used in Pelletier (2012), and p2 is an empirical 

parameter (s m-1), which must be calibrated using the sediment yield data from 

global rivers. The model assumes that the shear velocity is solely dependent on the 

slope and does not account for the effect of flow depth variations on the shear 

velocity. 

2.4.7 Sediment Yield Component of Système Hydrologique Européen 

Wicks & Bathurst (1996) integrated a process-based, spatially distributed erosion and 

sediment yield component into the watershed-scale Système Hydrologique Européen 

(SHE) hydrological modelling system (Bathurst & Cooley, 1996). The component, 
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known as SHESED, simulates water erosion, which is caused by the impact of the 

raindrop, leaf drip and overland sheet flow (without rill), as well as sediment 

transport on hillslopes. For channels, the SHESED simulates bed material erosion 

and downstream sediment transport. The soil net detachment rate is determined 

based on the momentum squared of rainfall and excess shear stress of overland flow,  

 ( ) ( )( )11r w g c rrm dD k F C MC M−= − +  (2.54) 
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where Drm is the soil mass detachment rate by the raindrop (kg m-2 s-1), Dfm is the soil 

mass detachment rate by overland flow (kg m-2 s-1), kr and kf are soil erodibility 

coefficient by the raindrop and overland flow (J-1), Cg is the proportion of soil 

protected by ground cover, Cr is the proportion of ground protected by canopy cover, 

Mr is the momentum squared of rain ((kg m s-1)2 m-2 s-2), Md is the momentum 

squared of leaf drip ((kg m s-1)2 m-2 s-2), τcr is critical shear stress for initiation of soil 

particle motion (N m-2) from the Shields curve extended by (Mantz, 1977).  

Hillslope sediment routing of SHESED is based on the two-dimensional partial 

differential equation for the conservation of sediment mass, reads 

 ,,( ) (1 ) 0s ys xv qqh C z
t t x y

λ
∂∂∂ ⋅ ∂

+ − + + =
∂ ∂ ∂ ∂

 (2.56) 

where λ is the soil surface porosity (-), z is soil surface elevation (m), and qs,x and qs,y  

are the sediment transport rates per unit width in the x and y directions (m3 s-1 m-1), 

respectively. 

Similarly, channel sediment routing of SHESED is based on the one-dimensional 

partial differential equation for the conservation of sediment mass, which reads 

 sed
,

( ) ( )(1 )c v c v v
c s o

A C A C V Czw A q
t t x x x

λ ε
∂ ∂ ∂∂ ∂  + − + = + ∂ ∂ ∂ ∂ ∂ 

 (2.57) 

where λ is the bed porosity (-), w is the active bed width for which there is sediment 

transport (m), z is the channel bed elevation (m), Vsed is the longitudinal sediment 

velocity (m s-1), ε is the longitudinal dispersion coefficient (m2 s-1), and qs,o is the 
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overland flow sediment input to the channel per unit length of flow (m3 s-1 m-1). 

2.4.8 European Soil Erosion Model (EUROSEM) 

The European Soil Erosion Model (EUROSEM) is a dynamic and distributed model 

for simulating water erosion, sediment transport and deposition processes in the field 

and small catchment scales in a single storm (Morgan et al., 1998). In EUROSEM, 

soil detachment by rainfall is based on the kinetic energy of the rain. The  soil 

detachment rate by rainfall for time step (∆t in s) is calculated by 

 bhr
r

s

kD KE e
ρ

−= ⋅ ⋅  (2.58) 

where Dr is the soil detachment by raindrop impact per unit length of flow (m3 m-1 s-1), 

kr is soil erodibility coefficient by raindrop impact (kg J-1), KE is the total kinetic 

energy of the rain (J m-2), b is an exponent, h is the depth of the surface water layer 

(mm). 

The total kinetic energy of rain KE includes the kinetic energy of direct rainfall KEDT 

(J m-2 mm-1) and leaf drainage KELD  (J m-2 mm-1) from the vegetation top. It is given 

as: 

 = ( )DT DT LD LDKE KE Q KE Q t⋅ + ⋅ ⋅∆  (2.59) 

where QDT is the direct throughfall intensity (mm hr-1), and QLD is the leaf drainage 

intensity (mm hr-1).  

While the kinetic energy of direct rainfall KEDT is calculated by Marshall & Palmer 

(1948) as follows 

 10= 8.95 8.44 ( )DT iKE log r+  (2.60) 

where ri is the rainfall intensity (mm hr-1). 

While the kinetic energy of leaf drainage KELD is obtained using Brandt (1990): 

 = 15.8 5.87LD vegKE h −  (2.61) 

where hveg is the effective height of the plant canopy (m). 

The soil detachment rate by runoff is modelled in terms of a generalized erosion-

deposition theory proposed by Smith et al. (1995). This theory assumes that the 
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transport capacity of the runoff (Tc) reflects a balance between the two continuous 

counteracting processes of erosion and deposition. Accordingly, the soil net 

detachment rate by the flow per unit length of flow (m3 m-1 s-1),  Df, reads 

 s ( )f f c vD k wv T C= −  (2.62) 

where kf is a flow detachment efficiency coefficient (-), vs is the settling velocity of 

particles (m s-1), w is the width of the channel, and Tc is the flow transport capacity 

(m3 m-3). 

The rill transport capacity equation by Govers (1990) simulates the total sediment 

load in overland and channel flows and reads 

 2
2= ( )d

c crT c ω ω−  (2.63) 

where ω and ωcr are the unit stream power (m s-1) and critical unit stream power (ωcr 

= 4 mm s-1), respectively, while c2 and d2 are experimentally determined coefficients 

depending on particle size (-), defined as 
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The sediment routing model in EUROSEM uses a one-dimensional partial 

differential equation for the conservation of sediment mass to route sediment over 

the land surface, which is expressed as follows: 

 ( , ) ( , )
( ) ( )

s
c v v e x t q x t

A C QC
t x

− =
∂ ∂

+
∂ ∂

 (2.66) 

where qs is the external input or extraction of sediment per unit length of flow (m3 s-1 

m-1), and e(x, t) is the net detachment rate or rate of erosion of the bed per unit length 

of flow (m3 m-1 s-1). The equation for  e(x, t) reads 

 ( , ) r fe x t D D= +  (2.67) 
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3.1 Introduction 

The previous chapter provided an overview of the hydraulic and sediment variables 

and the most widely used soil erosion and sediment transport models. This chapter 

presents the Atmospheric and Hydrological-Sediment Modelling System (AHMS-

SED) in Section 3.2, the Atmospheric and Hydrological Modelling System (AHMS) 

in Section 3.3, and highlights the irrigation model (Section 3.7) and the water erosion 

and sediment transport model (Section 3.8) developed in this thesis, along with 

various other related components. These components consist of the surface soil 

model (Section 3.4), the groundwater model (Section 3.5) and the channel routing 

model (Section 3.6). 

3.2 Atmospheric and Hydrological-Sediment Modelling System 

The Atmospheric and Hydrological-Sediment Modelling System (AHMS-SED) is 

developed by incorporating a water erosion and sediment transport module into 

AHMS  (Jiang et al., 2022; Xia, 2019). Specifically, the water erosion and sediment 

transport model of CASC2D-SED (Rojas et al., 2003) is modified and incorporated 

into the AHMS. This modelling system accounts for irrigation and has been shown to 

accurately reproduce the observations on a broad range of hydrological processes at 

Yellow River Basin – including water budget, evapotranspiration, terrestrial water 

storage changes, and streamflow in this basin (Jiang et al., 2022). The coupled 

AHMS-SED provides the capability to estimate the watershed-scale or continental-

scale sediment discharge while considering gully erosion. Figure 3.1 shows the 

flowchart of the water erosion and sediment transport module coupled within the 

large-scale hydrological model. 
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Figure 3.1: A simplified flowchart of AHMS-SED, integrating the Atmospheric and 
Hydrological Modelling System (AHMS) with a modified water erosion and 
sediment transport model (CASC2D-SED). 

3.3 Atmospheric and Hydrological Modelling System 

As shown in Fig. 3.1, the Atmospheric and Hydrological Modelling System (AHMS) 

is a fully coupled atmospheric and hydrological modelling system (Xia, 2019). 

Specifically, AHMS couples the Weather Research and Forecasting (WRF) 

modelling system (Skamarock & Klemp, 2008) with the physically-based distributed 

regional Hydrological Model System HMS (Yu et al., 2006) through the Noah-

Multiparameterziation Land Surface Model (Noah-MP) (Chen & Dudhia, 2001; Niu 

et al., 2011). Furthermore, the module in WRF-Hydro (Gochis et al., 2015) is 

employed for downscaling and upscaling variables between the grids of the land 

surface model and hydrological model.  

AHMS can either be run online, i.e., coupled with the full WRF model for 

atmospheric dynamics, or offline – which is the situation adopted in the present study 

– by using prescribed near-surface atmospheric forcing variables. A schematic 

diagram identifying the main components of the online and offline AHMS 

simulations is displayed in Fig. 3.1. As shown in this figure, while the online AHMS 

can be employed to study the dynamic feedback between the atmosphere, surface and 
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subsurface, the offline AHMS can be used to effectively calibrate and validate 

hydrological models. The difference between online and offline is whether the land 

surface model is combined with the weather forecast model WRF. 

Figure 3.2 displays a schematic diagram of the hydrological cycle represented in 

AHMS, which also includes the irrigation processes. The development and 

application of the irrigation module will be introduced in Section 3.7 and Chapter 4, 

respectively. 

 

Figure 3.2: Sketch of the hydrologic cycle modelled in AHMS. 

3.4 Vertical Movement of Soil Moisture in the Land Model 

The movement of soil water in the vertical direction is described by the Richards 

equation (Pachepsky et al., 2003; Richards, 1931): 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝐾𝐾
𝜕𝜕(Ψ + 𝑧𝑧)

𝜕𝜕𝜕𝜕 � − 𝑆𝑆(𝑧𝑧, 𝑡𝑡) (3.1) 

where 𝜃𝜃 is the volumetric soil water content (-), 𝑡𝑡 is time (s), 𝑧𝑧 is the height above 

the data in the soil column (positive upward) (m), 𝐾𝐾 is the hydraulic conductivity 

(m s−1), Ψ is the soil matric potential (m), and 𝑆𝑆(𝑧𝑧, 𝑡𝑡) is the soil moisture sink term 

(e.g., transpiration losses in the root zone). To solve Eq. (3.1), the following top 

boundary condition is considered  
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𝑄𝑄wat = 𝑃𝑃t + 𝑀𝑀 − 𝐸𝐸g − 𝑅𝑅sf + 𝑄𝑄irr (3.2) 

where 𝑄𝑄wat  denotes the water input on the soil surface, 𝑃𝑃t   is the throughfall 

precipitation, 𝑀𝑀 is the snow melt, 𝐸𝐸g  is the ground evaporation, 𝑅𝑅sf  is the surface 

runoff and 𝑄𝑄irr  is the actual irrigated water, including river irrigation and 

groundwater irrigation, which in the present study is added to the soil surface. 

Furthermore, it is assumed that the irrigation water is spread evenly and horizontally 

over the ground, while the actual irrigation input value on the soil surface is 

calculated from Eq. 3.12 (see Section 3.7). 

3.5 2D Single-layer Distributed Groundwater Model 

The dynamics of the horizontal movement of groundwater are described by the 

following partial differential Boussinesq equation for unconfined conditions, 

𝑆𝑆p
𝜕𝜕ℎg
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝑇𝑇g
𝜕𝜕ℎg
𝜕𝜕𝜕𝜕

� +
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝑇𝑇g
𝜕𝜕ℎg
𝜕𝜕𝜕𝜕

� − 𝑄𝑄net(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) (3.3) 

 where 𝑇𝑇g  is the aquifer transmissivity ( m2 s−1 ), 𝑆𝑆p  is the storage coefficient 

(porosity) (m3 m−3), 𝑄𝑄net (m s−1) denotes the net contribution of sink and source 

terms, including the interaction flux between groundwater and unsaturated soil, the 

exchange of water between rivers and groundwater, and the extraction of 

groundwater from wells (𝑄𝑄irr_gw). 

3.6 Channel Routing Model 

River and lake levels are represented by the prognostic variable ℎr (m) , which 

represents the thickness of surface water averaged over the grid cell. By combining 

the continuity of mass in the cell with the momentum equation for transport between 

cells, the rate of change of ℎr can be written as  

𝐴𝐴
𝜕𝜕ℎr
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝐴𝐴c
1
𝑛𝑛
𝑅𝑅h
2 3⁄ 𝜕𝜕ℎr

𝜕𝜕𝜕𝜕
�
𝜕𝜕ℎr
𝜕𝜕𝜕𝜕

�
−12
� +

𝜕𝜕
𝜕𝜕𝜕𝜕�

𝐴𝐴c
1
𝑛𝑛
𝑅𝑅h
2 3⁄ 𝜕𝜕ℎr

𝜕𝜕𝜕𝜕
�
𝜕𝜕ℎr
𝜕𝜕𝜕𝜕

�
−12
�  

+ 𝑅𝑅sf − 𝑓𝑓w�𝐶𝐶g + 𝐶𝐶u� − 𝐶𝐶lake − 𝑄𝑄irr_sf(𝑥𝑥,𝑦𝑦, 𝑡𝑡) (3.4) 

where 𝐴𝐴 is the river bed area of water in the river or lake (m2), 𝐴𝐴c  is the cross-

sectional area of water in the river or lake at cell boundaries (m2), 𝑛𝑛 is Manning’s 
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roughness coefficient ( s m−1 3⁄ ), and 𝑅𝑅h  is the hydraulic radius (m), which is 

equivalent to 𝑤𝑤ℎr (2ℎr + 𝑤𝑤)⁄  for an open channel flow through a rectangular cross-

section, with 𝑤𝑤 and 𝑑𝑑 denoting the width and depth of the river (m). Furthermore, 𝑥𝑥 

and 𝑦𝑦  denote the horizontal directions, and the water flow term between 

neighbouring grid cells is computed by considering all eight directions on the plane, 

including the diagonals. Specifically, for every grid cell in the square lattice 

constituting the simulation domain, Eq. (3.4) is solved by considering both nearest 

neighbouring cells in 𝑥𝑥 and 𝑦𝑦 directions, as well as in the diagonals (omitted from Eq. 

(3.4) for clarity). In addition, 𝑅𝑅sf is the surface runoff (m3s−1), which encodes the 

infiltration-excess runoff (𝑅𝑅ins) and the saturation-excess runoff (𝑅𝑅sat), while 𝑓𝑓w is 

the wetted surface fraction, which is set to 1 for lakes and to 𝑓𝑓b for running rivers, 

with 𝑓𝑓b denoting the fractional area of the river bed (computed following the method 

described next; see Eq. (3.9) in Section 3.6.2). Moreover, 𝐶𝐶g,  𝐶𝐶u and 𝐶𝐶lake denote the 

values of water flux exchanged by the river with saturated soil, unsaturated soil and 

lake, respectively (m3 s−1), while 𝑄𝑄irr_sf is equal to the irrigated water from surface 

water, which has been added to the model in this study (m3 s−1). Water supply from 

the streams to the crops is modelled based on irrigation water demand predicted by 

the dynamic irrigation scheme in Noah-MP and constrained by the amount of 

available water in the stream (see Section 3.7 Eq. (3.13)). Specifically, water is 

supplied to the crops located within the grid cells the streams flow across, as well as 

to the crops located in adjacent (off-stream) grid cells. The flow process is modelled 

here by means of the proximity grid search method, which considers the nearest 

neighbouring cells in 𝑥𝑥 and 𝑦𝑦 directions, as well as in the diagonals. 

3.6.1 Manning Equation  

The Manning equation is used to estimate the average velocity 𝑉𝑉 (m s−1) of the river 

flow cross-section, 

𝑉𝑉 = 𝑛𝑛−1𝑅𝑅h
2 3⁄ 𝑆𝑆f

1 2⁄ (3.5) 

where 𝑆𝑆f is the friction slope (-). To model 𝑉𝑉, the diffusive wave equation (Eq. 2.32) 

is applied, neglecting the local and convective acceleration terms and assuming that 

𝑆𝑆f = 𝑆𝑆ws, where 𝑆𝑆ws is the water surface slope (-). Here, following (Chow, 1968; De 
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Paiva et al., 2013; Yamazaki et al., 2011), it is assumed that the Manning roughness 

coefficient is constant throughout the Yellow River Basin.  

3.6.2 Channel Bathymetry and Floodplain 

It is assumed that the hydraulic geometric shape of the channel follows the power-

law function of the bank full discharge 𝑄𝑄BF (Leopold & Maddock, 1953), i.e., 

𝑤𝑤 = 𝑎𝑎𝑄𝑄B𝑏𝑏 (3.6) 

𝑑𝑑 = 𝑐𝑐𝑄𝑄BF
𝑓𝑓 (3.7) 

where 𝑄𝑄BF (m3 s−1) is estimated by multiplying the upstream area by the uniform 

local river input (assuming that the local river input is 0.5 mm/day based on the 

average of historical data) for each cell (Yu et al., 2006), while the coefficients 𝑎𝑎 and 

𝑐𝑐 and the exponents 𝑏𝑏 and 𝑓𝑓 must be determined from observations. According to 

Parker (1979), the scale factors (a and c) vary over different locations, while the 

values of the exponents b (~ 0.5) and f (0.3 ~ 0.4) exhibit a remarkable degree of 

consistency. Here, it is assumed that exponents 𝑏𝑏 =  0.5 and 𝑓𝑓 =  0.3, which are 

values roughly consistent with the observations of Leopold & Maddock (1953), who 

estimated the values of these exponents for river basins. Furthermore, we estimate 

𝑎𝑎 = 5.0  through measurements of the river width from Google Earth satellite 

imagery, and we assume 𝑐𝑐 = 0.6 in consistency with observations of shallow river 

cross sections throughout the Yellow River Basin. Indeed, the Yellow River has a 

wide and shallow cross-section in the Hetao and North China Plains, as indicated in 

the China River Sediment Bulletin 2000 for the Yangtze River and the Yellow River. 

Additionally, its lower reaches are shallow due to the flat terrain in the area and the 

substantial sediment deposition within the channel. Since the river routing model 

needs to define the width 𝑤𝑤 and depth 𝑑𝑑 of the channel in each grid, it is assumed 

that the minimum values of depth and width are 2 m and 10 m, respectively.  The 

width and depth of the river are defined as follows   

�
𝑤𝑤 = max�5.0 ∙ 𝑄𝑄BF0.5, 10.0� 
𝑑𝑑 = max[0.6 ∙ 𝑄𝑄BF0.3, 2.0]   

(3.8) 

As shown in Fig. 3.3, flood inundation is simulated using the storage model in Cunge 

et al. (1980) and De Paiva et al. (2013), i.e., assuming that (1) the flow velocity 
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parallel to the river direction vanishes on the floodplain, (2) the floodplain acts only 

as storage areas, and (3) the water level of the floodplain equals the water level of the 

main channel. The fractional area of the riverbed 𝑓𝑓b is then estimated as 

𝑓𝑓b = �
𝑤𝑤
Δ𝑥𝑥
�
𝛼𝛼1

(3.9) 

where w is the width of the channel (m) and Δ𝑥𝑥 is the grid size (m). The default value 

of α1 is 0.5, which is related to the river’s meandering and floodplain geometry.  

 

Figure 3.3: Simple river-floodplain storage model used in the sub-grid cross-section of the 
AHMS. The main channel area (blue) corresponds to the parameter Ac in Eq. 
(3.4). Furthermore, the equivalent floodplain area (green) is based on fb, which 
is computed using Eq. (3.9). Modified after Cunge (1980). 

3.7 Irrigation Model 

This study aims to develop an irrigation model applicable to arid and semi-arid 

regions, different from the previous study by Xia et al. (2022) that combined the land 

surface hydrological model with the Global Crop Water Model (GCWM) to study 

hydrological processes in water-rich areas of China. To this end, AHMS is extended 

to incorporate and modify a dynamic irrigation scheme (Xu et al., 2019) in Noah-MP, 

allowing us to quantify the dynamic irrigation water requirements of dryland crops 

based on the soil moisture deficit method (Ozdogan et al., 2010). Furthermore, the 

water uptake applicable to irrigation districts located in arid and semi-arid regions is 

incorporated into the channel routing model and groundwater model of HMS. 

Specifically, a channel routing model has been developed that considers long-

distance water supply processes in irrigation areas characteristic of arid and semi-arid 

regions, such as those in the Yellow River Basin. 

The soil moisture deficit method in Noah-MP is employed to calculate the irrigation 

water requirements, i.e., when, where and how much to irrigate (Ozdogan et al., 2010; 
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Xu et al., 2019). The equations for the integrated soil moisture availability (SMA) in 

root zones and irrigation water requirements (IWR) read: 

SMA =
SM − SMwlt

SMref − SMwlt
(3.10) 

IWR = (SMref − SM) ∙ 𝐹𝐹veg ∙ 𝐹𝐹crop ∙ (1.0 + 𝐹𝐹iloss) (3.11) 

where SM  is the integrated soil moisture (m), and SMref  and SMwlt denote the 

integrated field capacity and wilting point in the root zones (m), respectively,  𝐹𝐹veg is 

the vegetation fraction (-), taken from the MODIS‐based climatological dataset for 

the period from 2001 to 2012 (Broxton et al., 2014), and 𝐹𝐹crop denotes the associated 

500-m MODIS-based irrigation fraction (Ozdogan & Gutman, 2008). 𝐹𝐹iloss  is the 

fraction of flood irrigation loss, which is set as 0.1 in this study. 

The following irrigation conditions, based on irrigation fraction, rainfall, leaf area 

index, and soil water availability, are considered. Xu et al. (2019) reviewed the 

progress made in the control and optimization of various irrigation models and found 

that the following irrigation conditions apply to a broad range of scales, from the 

field scale to the continental scale.  

(1) Cropland fraction: the irrigation fraction is larger than the irrigation 

fraction threshold (IRR_FRAC), which is set to 0.25. 

(2) Dry soil: soil moisture availability is less than the irrigation trigger 

criterion (IRR_MAD), which is set to 0.5. 

(3) Weather: rainfall is less than the threshold rainfall rate (IR_RAIN), which 

is set to 1 mm/hr. 

(4) Crop growing season: the leaf area index is larger than the threshold leaf 

area index (IRR_LAI), which is set to 0.6. 

The actual total irrigation water amount 𝑄𝑄irr is associated with both surface water 

and groundwater. However, this actual amount is limited by the availability of 

surface water in rivers and lakes. The following model applies, 

𝑄𝑄irr = 𝑄𝑄irr,sf + 𝑄𝑄irr,gw (3.12) 

𝑄𝑄irr,sf = min�𝐼𝐼max ∙ 𝐴𝐴𝑔𝑔 ∙ 𝐹𝐹irr,sw,𝑊𝑊sf,avail� (3.13) 
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𝑄𝑄irr,gw = 𝐼𝐼max ∙ 𝐴𝐴𝑔𝑔 ∙ 𝐹𝐹irr,gw (3.14) 

IWRR(𝑡𝑡) = max�IWRR(𝑡𝑡 − ∆t) −
𝑄𝑄irr ∙ ∆t
𝐴𝐴𝑔𝑔

, 0� (3.15) 

where 𝑄𝑄irr,sf and 𝑄𝑄irr,gw denote the actual amounts of irrigation water from surface 

water (see Section 3.6, Eq. (3.4) in) and groundwater (see Section 3.5, Eq. (3.3) ) (m3 

s-1), respectively, while 𝐹𝐹irr,sw  and 𝐹𝐹irr,gw  are the corresponding area fractions of 

surface water (river) and groundwater irrigation, based on the “Global Map of 

Irrigation Areas” (Siebert et al., 2005).  Imax is the infiltration capacity (m s-1), which 

is considered in the irrigation scheme in the present study (see Section B.1 of 

Appendix B), while Ag refers to the grid area (m2). Moreover, 𝑊𝑊sf,avail denotes the 

available surface water in the river or lake according to the channel routing model 

(m3 s). Furthermore, we assume that groundwater is sufficient to meet irrigation 

demand. IWRR (t) and IWRR (t - ∆t) are the remaining irrigation water requirements 

at t and t - ∆t time step (m), respectively and ∆t is the time step. 

3.8 Water Erosion and Sediment Transport Model  

A summary of the CASC2D-SED is described in Section 2.4.5, and a full description 

of the original version can be found in Rojas et al. (2003).  This section presents the 

updated sediment transport capacity model for overland flow used in this study. The 

sediment transport capacity equation for overland flow is based on the Universal Soil 

Loss Equation (USLE, USLE-M and USLE-MM) and Kilinc and Richardson's 

equation (KR). Specifically, the USLE-type erosivity factor and the modified KR 

equations are based on rainfall, runoff and unit-width water discharge.   

a) Modified Kilinc and Richardson's equation  

Kilinc and Richardson's equation (Kilinc & Richardson, 1973) and the modified KR 

equation by Julien (2010) are described in Section 2.4.4. In this thesis, the KR 

equation, including the modification of Julien (2010), is further improved to 

incorporate concentrated flow in the gullies. As discussed in the previous section, 

this extension is essential for the accurate modelling of sediment transport capacity at 

the regional scale. Specifically, the sediment discharge qs is assumed to be 

proportional to the gully area factor Gf (see Eq. (3.24)), by taking into account 
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concentrated flow and additional parameters related to sediment supply due to gullies 

and gravity erosion. The equation for qs, the unit sediment discharge (tons m-1 s-1), 

reads 

 5/3 2
s 1, kr 0 usleu fq e S q K C P G= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅   (3.16) 

where qs is the unit sediment discharge based on the KR equation, including the 

modification introduced in the present study (tons m-1 s-1), e1,kr is a dimensionless 

free parameter, which needs to be calibrated with the help of sediment discharge data; 

Gf is the gully area factor (-).  

The sub-grid hydraulic model in AHMS efficiently simulates the large-scale water 

surface elevation, wave velocity and inundation extent. In this study, the overland 

flow is incorporated here by computing the unit discharge (qu) of overland flow both 

from the surface runoff rate (Rsf) and using the Manning equation. For one-

dimensional overland flow, the unit flow discharge is equal to the runoff rate 

multiplied by the runoff length on the slope, while in the Manning equation, the 

slope of the energy line is equal to the slope of the soil surface (kinematic wave 

approximation). It is given by 

 5 1
3 2
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n

∆
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

 (3.17) 

where Rsf is the surface runoff rate (m s-1), ∆x is the width of grid cells applied in the 

simulations (m), n is the Manning roughness coefficient, which is selected according 

to the type of ground cover, and Rh is the hydraulic depth (m).  

b) Extension to the Universal Soil Loss Equation (USLE) to incorporate gully 

erosion 

As described in Chapter 2, Section 2.4.1, the original version of the Universal Soil 

Loss Equation (USLE) (Wischmeier & Smith, 1978) has been developed to predict 

long-term soil erosion based on different environmental factors. To calculate the 

sediment discharge in the upland areas of the Yellow River Basin, the USLE is 

extended to incorporate additional parameters associated with the sediment supply 

from gullies and gravity erosion. Specifically, the equation for qs, the unit sediment 
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discharge (tons m-1 s-1), reads 

 4
s 1, usle usle= 10 t f

xq e R S K C P G
t ∆

∆
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

∆
  (3.18) 

where qs is the sediment discharge per unit width based on the USLE with the 

modification introduced in the present study, e1 is a dimensionless free parameter, 

which needs to be calibrated with the help of sediment discharge data, and R∆t is the 

erosivity index (MJ mm ha-1 hr-1) for a time step ∆t (s). 

c) Kusle, S, C, P and Gf factors  

In the original USLE, the soil erodibility factor (Kusle) encodes information about the 

inherent resistance of sediment on the soil to water erosion, which is related to soil 

texture, organic matter and permeability. Many studies have found that soil 

erodibility is mainly associated with clay content. Zhang et al. (2004) developed and 

validated, thus, the following soil erodibility equation related to clay content using 

experimental field data from the Chinese Loess Plateau. 

 usle = 0.031 0.0013K CL− ⋅  (3.19) 

where CL is the clay content in percent (%). 

The length and slope factors (L and S, respectively) represent the geomorphological 

controls in the original USLE. Since it is difficult to represent the slope length factor 

L in a continental-scale domain, Pelletier (2012) suggests using S as the only 

geomorphological control parameter and employing a model that is not based on L. 

We follow Pelletier (2012) and use the following equation for S. 

 5/4
020S S=  (3.20) 

The crop factor is calculated based on the vegetation greenness and cropland fraction 

Fveg and Fcrop, respectively, and corresponds to the tillage method factor. To 

represent and quantify soil conservation practices on a large scale, we assume a 

practice factor P value of 1.0. Summarizing, 

 0.52
veg 1 LAIF e− ⋅= −  (3.21) 
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 no-till veg till veg crop= (1 )C f F f F F− +  (3.22) 

where Fcrop is the cropland fraction obtained from 500 m MODIS-based irrigation 

fraction (Ozdogan & Gutman, 2008). Moreover, LAI is the leaf area index (-) 

obtained from lookup tables on land use types and the calendar month, and ftill is the 

tillage method factor, which accounts for agricultural soil erosion due to ploughing 

and tillage. For the cropland, we assumed to ftill = 1.0. Furthermore, fno-till  is the no-

tillage method factor for nature land, which is less than 1.0 and will be calibrated 

with the help of measurements of measured sediment discharge. (Wilkinson & 

McElroy, 2007) indicated that soil erosion on cultivated land is four times greater 

than on natural land on a continental scale. Thus, the default value of fno-till is 

assumed as 0.25. 

In this thesis, a novel gully area index Ga (-) to predict the gully area fraction (gully 

areas in grid / grid areas) on regional scales is proposed. We assume that the gully 

area index describing the extent of ground fragmentation can be estimated from the 

rate with which the slope decreases as the resolution of DEM decreases. Here, the 

gully area index Ga is defined as the quotient ratio of S30m and S20km, i.e., the average 

slopes derived from the 30 m high-resolution DEM and the average slopes derived 

from the 20 km resolution DEM, respectively. Please note that the definition of slope 

and the interpolation method using raster data is detailed in Section D.1 of the 

appendix. 

 30m

20
a

km

SG
S

=  (3.23) 

The gully area factor Gf is therefore defined as the exponential equation of the gully 

area index. 

 ( )exp ( 1)f aG Gα= −  (3.24) 

where Ga ≥ 1.0 and α is an empirical dimensionless parameter, which must be 

calibrated with observed sediment discharge data from rivers. 
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4.1 Introduction 

The main purpose of this section is to develop a hydrological model for long-term, 

large-scale hydrological processes in arid and semi-arid basins, focusing on the 

Yellow River Basin. Our model development builds on the offline mode of the 

coupled Atmospheric and Hydrological Modelling System (AHMS) developed at the 

University of Cologne (Jiang et al., 2020; Xia, 2019). An example of the AHMS 

applications to wet hydrological basins can be found in Xia et al. (2022). The use of 

river water and groundwater for irrigation in the Yellow River Basin is expected to 

profoundly impact the regional hydrological processes. We thus extend the AHMS to 

include river water and groundwater use processes to better simulate the streamflow 

and assess the water resources in the Yellow River Basin. To this end, the land 

surface, channel routing and groundwater models of AHMS are extended to account 

for river water and groundwater use in irrigation and to include a scheme for 

estimating irrigated water requirement as proposed by Xu et al. (2019). These new 

developments lead to improved AHMS simulations by reducing the errors associated 

with the underestimation of evaporation and the overestimation of runoff in the 

Yellow River Basin. We also show that the modelling of streamflow in the arid and 

semi-arid regions of the Yellow River Basin also improves upon the consideration of 

irrigation. 

4.2 Model Input Data 

A Lambert conformal projection with standard parallel 38.3◦ N centred at 109.0◦ E is 

used to process input data at a resolution of 20 km for the Yellow River Basin. 

4.2.1 Topography Data 

The high-resolution geographic digital elevation data set Multi-Error-Removed 

Improved-Terrain DEM (MERIT) with a 3-sec resolution (Yamazaki et al., 2019) is 

used and upscaled to 20-km resolution by using an AHMS pre-processing program 

(Yu et al., 2006). In the upscaling process, the lower values are weighted more 

strongly to derive a consistent river network. The AHMS pre-processing program is 

combined with the method of Leopold & Maddock (1953) and the hydrology toolset 

in ArcGIS to obtain the related hydrological data, i.e., river depth and width, water 

surface elevation, upstream area, and sub-basin area. Furthermore, the depth and 

width of the river channel are estimated from the empirical channel discharge-depth-
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width relationship (see Section 3.6.2) based on the theory of hydraulic geometry 

(Leopold & Maddock, 1953). 

4.2.2 Soil and Vegetation Data 

The study utilizes the United States Department of Agriculture (USDA) 16-class soil 

classification system (Davis & Bennett, 1927; Soil Survey Division Staff, 1993) for 

categorizing soils. The State Soil Geographic Database Food and Agriculture 

Organization (STATSGO/FAO) (FAO, 1991) soil dataset provides the soil type map. 

Furthermore, soil type map and USGS 24-category vegetation (land use) datasets are 

aggregated from 5 arc min resolution to model grid in the Yellow River Basin using 

the WRF Preprocessing System (WPS), as depicted in Section 6, Figs. 6.1c and 6.1d. 

4.2.3 Subsurface Data 

The initial groundwater head is derived from the simulations using the global 

groundwater model (de Graaf et al., 2015). By using the China 1:4,000,000 Geology 

Dataset, the hydrogeologic parameters, including aquifer thickness, porosity and 

hydraulic conductivity of the aquifer, are obtained correspondingly for each 

lithologic type with a lookup method (Yang et al., 2010). 

4.2.4 Meteorological Data 

The forcing data applied in our simulations are obtained from the China 

Meteorological Forcing Dataset (CMFD) (He et al., 2020). These data include 

precipitation, near-surface air temperature, near-surface specific humidity, surface 

pressure, near-surface wind, surface downwelling shortwave and longwave radiation. 

CMFD is a high spatial-temporal resolution gridded near-surface meteorological 

dataset, which is specially designed for studies of land surface processes in China. 

This dataset was generated by combining remote sensing products, reanalysis 

datasets and in-situ observations from weather stations. Precipitation fields in CMFD 

were produced based on the assimilation of 753 weather stations from the China 

Meteorological Administration (CMA) and gridded background data, including 

TRMM and GLDAS-NOAH. 

4.2.5 Validation Data 

To calibrate and validate AHMS and the new irrigation model introduced here, we 

consider the observed daily water discharge dataset, publicly available from the 



Chapter 4. A Regional Hydrological Model 
 

51  

National Earth System Science Data Center of China (http://loess.geodata.cn), and 

the estimated annual averages of surface water withdrawals for the period 1979-1988. 

The area associated with the referred dataset comprises the four main gauging 

stations TN (a), LZ (b), TDG (c) and HYK (d) of Yellow River Basin.  

Specifically, due to the lack of data on direct statistical surface withdrawals from 

1979 to 1987, we have estimated the corresponding annual averages of surface water 

withdrawals at the four gauging stations mentioned above based on information 

available for five years from the Yellow River Bulletin of Water Resources 

(1999~2003) and Jia et al. (2006). According to the Yellow River Bulletin of Water 

Resources, in the period from 1999 to 2003, the percentage of whole basin average 

surface water withdrawals was 0.6%, 9.12%, 45.38% and 17.18% at the four main 

gauging stations, respectively. Moreover, Jia et al. (2006) reported a value of 

approximately 24 km3/yr for the average annual surface water withdrawals from 

1980 to 1989. Therefore, the surface water use in the upper reaches of the TNH is 

negligible – the corresponding values are 2.34, 10.91 and 4.13 km3/yr from 1979 to 

1989 for the remaining three subbasins, respectively. Similarly, we have estimated 

the corresponding annual averages of surface water and groundwater withdrawals for 

irrigation from 1979 to 1989 in the area upstream of the HYK station mentioned 

above, which are 14.93 and 6.05 km3/yr, respectively, for the period 1979 to 1989. 

To validate our model prediction for evapotranspiration, we employ the Global Land 

Evaporation Amsterdam Model (GLEAM) v3.5 dataset (Martens et al., 2017), which 

has been acquired from satellite observations. Moreover, here we consider Gravity 

Recovery and Climate Experiment (GRACE) terrestrial water storage (TWS) data to 

evaluate modelled TWS on a regional scale. To this end, we have downloaded the 

latest GRACE products from the JPL-RL06M Mascon solutions (thereafter JPL-

Mascon) (Wiese et al., 2018), provided by the Jet Propulsion Laboratory (JPL) at the 

0.5-degree resolution and native resolution of JPL-RL06M of 3 degrees. JPL-Mascon 

has been pre-processed as follows. It is, firstly, masked by the land grid, and 

subsequently rescaled by using the scaling factors obtained by comparing the TWS 

of JPL-Mascon with the CLM4-based TWS provided by the GRACE website. 

Thereafter, the dataset is interpolated to a 0.25-degree grid (approximately 30 km on 

the equator). 

Figure 4.1 shows that the TWS in the Yellow River Basin (upstream of HYK) is 

http://loess.geodata.cn/
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declining, with a linear trend of approximately 0.5 cm/yr from 2002 to 2022. 

Previous studies (Feng et al., 2013) have attributed this phenomenon to groundwater 

over-exploitation in north China. However, our current model does not account for 

the process of land use change (e.g., afforestation or reforestation) and improvement 

of groundwater irrigation systems on farmland that led to the groundwater over-

exploitation in the Yellow River Basin. Therefore, to apply the TWS dataset for the 

validation of our model, here we perform a detrend analysis to remove the associated 

multi-year trend from the JPL-Mascon, thereby obtaining the orange curve in Fig. 4.1.  

 

Figure 4.1: Monthly terrestrial water storage anomaly (TWSA) with equivalent water height 
(EWH) over 2002-2022 in the Yellow River Basin calculated from JPL-Mascon 
(solid blue line), detrend (solid yellow line), and linear trend line (green). The 
trend is about 0.5 cm per year. 

4.3 Model Setup and Spin-up  

Human interventions in the Yellow River Basin, including irrigation and dam 

construction, experienced substantial intensification during the last decades, with 

uncertain impacts on the evolution of the natural streamflow in the basin.  Here, we 

focus on streamflow simulations from 1979 to 1988, for which both observed 

streamflow and meteorological data are available. To this end, model spin-up was 

conducted, firstly, over several decades to reach dynamic equilibrium, while the 

vegetation type and soil texture were assumed unchanged for the entire simulation 

period. The spatial and temporal resolutions of the land surface and hydrological 

models are 20 km and 60 minutes, respectively. Moreover, a summary of the 

physical and control parameterization schemes used in Noah-MP is listed in Table 

B.2 in Section B.5 of the Supplementary Material. 
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4.4 Model Performance Evaluation Indices 

The agreement between the predicted and observed values of a given variable can be 

quantified using the percentage error ( PE ) and the square of the correlation 

coefficient according to Bravais-Pearson (𝑟𝑟2)  

PE =
𝑃𝑃 − 𝑂𝑂
𝑂𝑂

× 100% (3.1) 
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2

(3.2) 

 

where O and P denote observed and predicted values, N is the total number of 

observations, which are identified by the index i in the summation operator, and the 

upper horizontal bar indicates averaging over all data points in the time series. 

Furthermore, to quantify the agreement between predicted and observed streamflow, 

we employ the Nash–Sutcliffe model efficiency coefficient (NSE), defined through 

  

NSE = 1 −
∑ �𝑄𝑄s𝑖𝑖 − 𝑄𝑄0𝑖𝑖 �

2𝑁𝑁
𝑖𝑖=1

∑ �𝑄𝑄0𝑖𝑖 − 𝑄𝑄�0�
2𝑁𝑁

𝑖𝑖=1

(3.3) 

 

where 𝑄𝑄s  and 𝑄𝑄0  are the predicted and observed values of the streamflow, 

respectively, and 𝑄𝑄�0 denotes the average of the observed values. NSE ranges from 

minus infinity (poor fit) to 1.0 (perfect fit). In general, model prediction is considered 

to be satisfactory if NSE > 0.5  (Moriasi et al., 2007). 

4.5 Parameter Calibration of Hydrological Model 

The calibration of the hydrological model parameters often constitutes a laborious 

task due to a large number of parameters and a range of uncertainties. The sensitivity 

analysis presented in Section B.6 in the Supplementary Material and (Cuntz et al., 

2016) indicates that the output fluxes, evapotranspiration, and runoff predicted from 

Noah-MP are sensitive to parameters related to both soil and vegetation 

characteristics. However, to calibrate average runoff in the land surface model for 

further studies, here we select the soil parameters (saturated hydraulic conductivity) 

that directly affect runoff generation and soil water budget. Moreover, the saturated 
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hydraulic conductance of the riverbed ( 𝐶𝐶s ) is calibrated against the observed 

baseflow. 

However, according to Fig. 1.3, the amount of artificial water withdrawals, including 

irrigation and domestic water, is very large and cannot be neglected in the 

computation of the regional water budget. Therefore, to calibrate the hydrological 

parameters, here we consider surface withdrawals (see Section 3.2.4) by comparing 

simulated total runoff with the sum of surface withdrawals and observed runoff. Four 

subbasins were selected to calibrate soil saturated hydraulic conductivity according 

to the climate, landscape conditions and human activity impact. The selected 

subbasins are the upstream areas of the Tangnaihai (TNH), Lanzhou (LZ), 

Toudaoguai (TDG) and Huayuankou (HYK) gauges (see Fig. 1.1). 

 

Figure 4.2: Predicted (dashed line) and observed (solid line) monthly streamflow from 1979 
to 1987 at the hydrological stations: Tangnaihe (a), Lanzhou (b), Toudaoguai (c) 
and Huayuankou (d). 

The calibrated hydrographs and the corresponding statistics are presented in Fig. 4.2. 

In this figure, the monthly streamflow series predicted with our simulations are 

compared with the observations at the four gauging stations from 1979 to 1988. The 

hydrograph is greatly improved by the calibration procedure, and a reasonable 

agreement is found between these observations and the simulation results for upper 

stream stations (Tangnaihe and Lanzhou). Notably, the agreement is better at the 

upstream stations than at other stations in the midstream arid region. We thus 

conclude that the model must be improved to incorporate human activities in the 

midstream region, including the effect of river irrigation, which is the subject of 

a) b) 

c) d) 
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Section 5. 

4.6 Evaluation and Discussion 

The performance of the offline AHMS is evaluated in this section by means of 

terrestrial water budget analysis and by comparing the predicted and observed mean 

annual runoff and monthly streamflow, evapotranspiration and terrestrial water 

storage anomaly in the Yellow River Basin. Moreover, Section B.7 in the 

Supplementary Material further describes the spatial distribution of eight 

hydrological variables, including precipitation, evapotranspiration, runoff, 

streamflow, soil moisture, groundwater depth, surface runoff and subsurface runoff 

averaged annually from 1979 to 1988. 

4.6.1 Terrestrial Water Budget 

Water budget analysis offers a means to verify and evaluate hydrological models (De 

Paiva et al., 2013; Maurer et al., 2001). The corresponding mean annual terrestrial 

water budget for the Yellow River Basin is presented in Fig. 4.3a. As we can see 

from this figure, predicted and observed averaged annual precipitation values agree 

upon a percentage error (PE) of -2%, which gives us confidence that the input 

precipitation data from CMFD reanalysis products are reliable for the purpose of the 

present study. The deviation of the model water budget amounts to about 3% for 

precipitation, while the changes in total terrestrial water storage are about 3% of the 

precipitation. Furthermore, from the results obtained for the average annual 

evapotranspiration (PE is -5%) and runoff (PE is 35%), we conclude that the AHMS 

underestimates the evapotranspiration and overestimates the runoff if river irrigation 

is neglected. 

Based on these findings, we further conclude that irrigation constitutes an essential 

component of the water balance in the Yellow River Basin and must be incorporated 

into the AHMS model to improve the hydrological simulations. In Fig. 4.3b, the 

mean annual runoff over 1979-1988, as predicted from our simulations, is compared 

with the corresponding observation at four gauging stations over the same period, 

from 1979 to 1988. The APE values of runoff in the subbasins of TNH, TNH-LZ, 

LZ-TDG and TDG-HYK are 3%, 4%, -124% and 23%, respectively. Therefore, 

Figure 4.3b shows that the PE of the mean annual runoff is significant at the LZ-

TDG subbasin. As mentioned before, the main source of this bias can be attributed to 
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the river water used for irrigation in this region. Therefore, river water used for 

irrigation is an important component of the water balance, particularly in the semi-

arid areas of the Yellow River Basin. Section 5 discusses the incorporation of river 

water taken for irrigation into AHMS simulations. 

         

Figure 4.3: (a) Results from the water budget analysis. Displayed are the predicted and 
observed annual averaged precipitation, evapotranspiration and runoff over 
1979-1988 in the Yellow River Basin. Annual observed precipitation is 
upscaled from daily precipitation data provided by the China Meteorological 
Administration, and GLEAM is the Global Land Evaporation Amsterdam 
Model, while the annual observed runoff is converted from daily streamflow at 
the gauging station (Huayuankou). (b) Predicted and observed annual runoff 
averaged over 1979-1988 in the five subbasins of the Yellow River. Annual 
observed runoff is converted from the daily streamflow at gauging stations of 
Tangnaihe, Lanzhou, Toudaoguai and Huayuankou. 

4.6.2 Evapotranspiration 

Figure 4.4 displays monthly evapotranspiration at the Yellow River Basin estimated 

from the GLEAM, along with the corresponding prediction from the AHMS, for the 

period from 1980 to 1988. As shown in Fig. 4.4, the AHMS prediction agrees well 

with the GLEAM estimate, with the square of the correlation coefficient 𝑟𝑟2 =  0.98, 

thus further corroborating the capability of our AHMS simulations to quantitatively 

describe long-term hydrological processes at the Yellow River Basin. 

However, the AHMS slightly underestimates evapotranspiration, especially in the 

winter, notwithstanding the good agreement between the AHMS and GLEAM 

estimates with regard to the evaporation peaks. In particular, the evapotranspiration 

in January predicted using AHMS is clearly lower than the corresponding GLEAM 

estimate. Two factors could explain this underestimation. First, since groundwater 

provides the main source of water for evaporation during dry seasons, this 

underestimation of evapotranspiration could be associated with underestimated 

groundwater recharge in winter. Second, it has been noted in previous studies  

a) b) 
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(Groisman & Legates, 1994; Yeh & Famiglietti, 2008) that measured precipitation 

from rain gauges has a systematic negative bias because of the local wind effect 

around rain gauges. This negative bias is greater in winter since snowflakes are more 

prone to wind deflections than raindrops. This underestimation of evapotranspiration 

may be thus caused by negative bias in the precipitation dataset, especially in winter.  

 

Figure 4.4: Comparison of evapotranspiration simulated by GLEAM and AHMS over 1980-
1988 in the Yellow River Basin (a) monthly evapotranspiration (b) annual 
cycles of monthly evapotranspiration. 

4.6.3 Terrestrial Water Storage 

In Fig. 4.5, terrestrial water storage change (TWSC) predicted in numerical 

simulations using AHMS and GLDAS is compared with the corresponding GRACE-

based observation results. As can be now seen from Fig. 4.5, we find a good 

quantitative agreement (r2 = 0.55) between the corresponding AHMS simulation 

predictions and their observation counterparts from the GRACE datasets. Moreover, 

the agreement of our AHMS simulation predictions compares reasonably well with 

corresponding predictions from the Global Land Data Assimilation System (GLDAS) 

results (r2 = 0.56) too, as can be seen from Fig. 4.5. Therefore, AHMS represents the 

long-term, large-scale water cycle in the Yellow River basin with a good quantitative 

agreement with observations. 

Furthermore, as shown in Fig. 4.5, our results indicate that terrestrial water storage 

changes (TWSC) in 2003-2004 have been much larger than in other years. This 

finding is consistent with the flooding that occurred in the middle and lower reaches 

of the Yellow River basin (Weihe River sub-basin) in August 2003. According to the 

2003 Yellow River Water Resources Bulletin, the areal precipitation (555.6mm) of 

2003 in the Yellow River Basin was 28.6% higher than the average areal 

precipitation (432mm) over the years (1956~2000). We thus attribute the higher 

TWS in the period from 2003 to 2004 (see Fig. 4.5) to the 2003 floods and the 
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concatenated increase in infiltration and groundwater recharge. Our interpretation is 

in line with the association between precipitation and terrestrial water storage (Chen 

et al., 2010). 

It should be noted that while the TWSC in AHMS simulations is obtained by 

explicitly considering soil moisture, groundwater, and surface water of rivers and 

lakes, GLDAS (LSM-Noah) makes no explicit consideration of rivers and lakes in 

the simulations. This difference could explain the larger amplitude of the TWSC 

predicted using AHMS compared to the corresponding GLDAS prediction. 

Therefore, we compare in Fig. 4.6 the GRACE-based monthly TWSC with the 

AHMS prediction TWSC of the surface water (Δ𝑊𝑊sf), soil moisture water (Δ𝑊𝑊us), 

and groundwater (Δ𝑊𝑊gw). Figure 4.6 indicates that changes in surface water, soil 

moisture and groundwater are associated with TWSC fluctuations of nearly the same 

magnitude.  

 

Figure 4.5: Monthly terrestrial water storage change (TWSC) with equivalent water height 
over 2003-2011 in the Yellow River Basin calculated from GRACE dataset 
observation: JPL-mascons (solid blue line with circles), the offline AHMS 
simulation (solid black line; red circle) and the Global Land Data Assimilation 
System (GLDAS) (dash black line and black rectangle).  

 

 

Figure 4.6: Comparison of the monthly GRCAE-based TWSC with components of AHMS 
simulation, including changes in surface water (Δ𝑊𝑊sf; green line and circles), 
soil moisture water (Δ𝑊𝑊us; red dash line and triangles) and groundwater (Δ𝑊𝑊gw; 
black dash line and rectangles) over 2003-2011 in the Yellow River Basin. 
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It is interesting to note that surface water storage change, including in rivers and 

lakes, has been largely ignored in previous studies. For example, Cai et al. (2014) 

found, by applying the Noah-MP model for the Mississippi Basin, that soil moisture 

dominates the TWS anomalies, while groundwater constitutes the second component 

for this basin. However, consideration of surface water storage is indispensable for 

hydrological simulations of arid and semi-arid regions, such as the Yellow River 

Basin. Since the average annual precipitation in the Yellow River Basin is only about 

450 mm, the upper reaches provide the main water resources for the arid and semi-

arid middle and lower reaches, i.e., terrestrial water storage in rivers plays a 

fundamental role in the Yellow River Basin and must be considered in the 

simulations.  

We note that the TWSC should further depend on river width and depth, and on the 

area of the floodplains, so the caveat must be added that some uncertainty exists 

about the values of these parameters, as discussed in the previous sections. 

Furthermore, the original AHMS models natural terrestrial water cycles, i.e., it does 

not consider the interference of human activities, such as reservoir storage and 

agricultural irrigation. The present work applies a coupled hydrological model of 

groundwater, soil moisture and channel routing model, thus making it possible to 

explicitly describe the contribution of each component to hydrological processes in 

the Yellow River Basin. 

4.7 Irrigation Impact on the Runoff, Evapotranspiration and Streamflow in 

the Yellow River Basin 

Irrigation water is an important component of the water balance in arid and semi-arid 

areas and strongly affects streamflow in the Yellow River Basin. As can be seen 

from Fig. 4.3b, the Lanzhou-Tangnaihe (LZ-TDG) subbasin is a net water 

consumption region. However, the current operational version of the AHMS does not 

account for the effect of water taken from the Yellow River for irrigation. We thus 

attribute the discrepancy between the predicted and observed average annual runoff 

at the LZ-TDG station (see Fig. 4.3b; the predicted average annual runoff is positive 

while the observed one is negative) to the lack of a representation of irrigation water 

in the model.  

Here, we extend the land surface, channel routing and groundwater models of AHMS 
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to include the effect of water taken from the Yellow River for irrigation (𝑄𝑄irr in Eq. 

(3.2), 𝑄𝑄irr_gw in Eq. (3.3) and 𝑄𝑄irr_sf in Eq. (3.4)). To this end, we combine the land 

surface model Noah-MP in the AHMS with a dynamic irrigation scheme (Xu et al., 

2019) to quantify the dynamic water requirements for irrigation, which is based on 

soil moisture deficit. Furthermore, the actual river irrigation is further constrained by 

the amount of available water, as well as by the fraction of river water within the 

total irrigation based on the statistics of irrigation facilities (see Section 3.7). As 

described in Section 3.7, five parameters related to the irrigation model are 

considered. The calibration and sensitivity analysis of these parameters are shown in 

Section B.8 of the Supplementary Material. In the following paragraphs, we discuss 

the results obtained from AHMS using the calibrated parameter values in our 

irrigation model. 

Table 4.1: Comparison of statistical and simulated areal average annual irrigation in the 
Yellow River Basin from 1979 to 1987 (mm/yr) 

Period 

River  
irrigation 

Groundwater  
irrigation 

Total  
irrigation 

Statistics Simulation PE (%) Statistics Simulation PE 
(%) Statistics Simulation PE 

(%) 
1979~1987 20.5 14.9 -27.3 8.3 11.2 35.0 28.8 26.1 9.4 
 

 

Figure 4.7: (a) Monthly and (b) annual averaged cycles of total irrigation amount (green line) 
in the Yellow River Basin (upper reaches of Huayuankou station) for the period 
of 1978-1988, including river irrigation (blue line) and groundwater irrigation 
(orange line).       

To validate and evaluate the irrigation model, we compare the simulated areal 

average annual irrigation amount with regional statistics (see Section 4.2.4) from 

1979 to 1988. As shown in Table 4.1, the model simulates the total areal average 

annual irrigation well, but the model underestimates river irrigation and 

overestimates groundwater irrigation. Moreover, we perform the sensitivity analysis 

of the irrigation amount, including river irrigation and groundwater irrigation and the 
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average monthly streamflow at the outlet of the Yellow River Basin (HYK) to the 

irrigation parameters (see Table B.4 in Section B.8 of the Supplementary Material). 

We find that the model greatly underestimates the amount of river irrigation in the 

Yellow River Basin if the long-distance transfer of water from the river to the 

irrigation area is not considered (see Table B.5 in Section B.8 of the Supplementary 

Material). Furthermore, Figure 4.7 represents the monthly and annual averaged 

cycles of actual irrigation amount, including river irrigation and groundwater 

irrigation in the Yellow River Basin. The temporal distribution of irrigation water 

consumption indicates that the maximum water consumption rate occurs in June, 

while during the winter, the basin relies heavily on groundwater irrigation. 

Figure 4.8a displays the annual averaged precipitation, evapotranspiration and runoff 

for the period 1979-1988, obtained from the simulation under consideration of 

irrigation in the Yellow River Basin, along with the corresponding observations. 

Compared to the results displayed in Fig. 4.3 (no irrigation), the percentage error (PE) 

of evapotranspiration and runoff changed from -5% to -2% and from 35% to 9%, 

respectively. Moreover, the annual average runoff obtained from the model with 

irrigation is compared against the observed value in Fig. 4.8b. As can be seen by 

comparing Fig. 4.8b with Fig. 4.3b (no irrigation), the incorporation of irrigation 

substantially improved the model predictions. In particular, in Fig. 4.8b, the negative 

average annual runoff at the LZ-TDG subbasin is accurately reproduced by the 

model as a result of considering irrigation. 

        

Figure 4.8: As in Fig. 4.3, but now considering irrigation in the AHMS simulation.  

Furthermore, we compare the GLEAM estimate for evapotranspiration in the Yellow 

River Basin in the period of 1980-1988 with the corresponding predictions from the 

AHMS simulation, obtained under consideration of taking water from the river for 

irrigation. The results for the Yellow River Basin are shown in Fig. 4.9. Since 

a) b) 
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microwave observations of surface soil moisture are assimilated into the GLEAM 

soil profile to correct for forcing errors in GLEAM (Martens et al., 2016), the 

evapotranspiration estimated by GLEAM should be able to reflect the effects of 

irrigation. However, the incorporation of irrigation into the model does not improve 

the agreement between GLEAM estimates and AHMS predictions of 

evapotranspiration – the coefficient of determination (𝑟𝑟2) decreased slightly from 

0.98 to 0.97 upon including irrigation. This behavior can be understood by noting 

that the original AHMS simulation without irrigation already overestimates 

evapotranspiration in the summer (see Section 4.2). We find that this overestimation 

is slightly enhanced by considering irrigation, as indicated by the respective square 

of the correlation coefficient. Our findings clearly show, thus, that evapotranspiration 

is overestimated by AHMS in the summer and underestimated in the winter, and that 

this behaviour is not caused by our irrigation model. Therefore, future research 

should focus on elucidating this behaviour to improve the overall accuracy of AHMS, 

and its applicability to the arid and semi-arid regions of the Yellow River Basin. 

 

 

Figure 4.9: As in Fig. 4.4, but now considering irrigation in the AHMS simulation (orange 
line). 
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Figure 4.10: As in Fig. 4.5 and Fig. 4.6, but now considering irrigation in the AHMS 
simulation.  

Next, we investigate the effect of irrigation on the changes in terrestrial water storage 

change (TWSC). Figure 4.10a and Figure 4.10b compare TWSC computed from the 

GRACE-based monthly observations with the prediction from the AHMS simulation, 

considering the different model components affected by water taken from rivers and 

groundwater for irrigation. We find that the agreement of TWSC between AHMS 

simulations and GRACE observations improved when irrigation was taken into 

account, with the respective r2 values changing from 0.55 (without irrigation) to 0.57 

(with irrigation). In particular, the consistency between the GRACE-based TWSC 

and the surface water changes (Δ𝑊𝑊sf) improved significantly due to the inclusion of 

irrigation, with the associated r2 increasing from 0.23 to 0.39. Moreover, the 

difference between the GRACE-based TWSC and the soil moisture water changes 

(Δ𝑊𝑊us) was reduced moderately, with the associated r2 increasing from 0.30 to 0.36. 

However, there are no significant improvements in the comparison between the 

GRACE-based TWSC and groundwater changes (Δ𝑊𝑊gw). 

Figure 4.11 compares our model predictions with observations of the monthly (Fig. 

4.11a) and averaged monthly (Fig. 4.11b) streamflow at the outlet of the middle 

reaches of the Yellow River Basin (Huayuankou station) for 1979-1988. In Figs. 

4.11a and 4.11b, the comparison is made both with and without water taken from the 

river for irrigation in the large irrigation districts – including the Hetao Plateau and 

a) 

b) 
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Ningxia agriculture area. The results displayed in Figs. 4.11a and 4.11b show that 

AHMS predictions of streamflow agree more closely with observation data when 

irrigation is considered in the simulation.  

 

Figure 4.11: Comparison of (a) monthly and (b) averaged annual cycles of predicted (dashed 
lines), which is with (red) and without (blue) consideration of irrigation, and 
observed (solid line) streamflow at outlet of middle reaches of Yellow River 
Basin (Huayuankou station) for the period of 1979-1988. 

Consideration of irrigation has led to a reduction in the systematic errors associated 

with the streamflow simulations. As can be seen in Fig. 4.11b, the integration error 

has been reduced from zone to zone in the Yellow River Basin. More precisely, the 

Nash-Sutcliffe model efficiency (NSE) changed from 0.26 (without irrigation) to 0.55 

(with irrigation) for the monthly streamflow changes, and from 0.27 (without 

irrigation) to 0.82 with irrigation) for the mean monthly streamflow changes. Model 

performance improves significantly (see area A in Fig. 4.11b) with consideration of 

irrigation. However, various sources for the remaining error associated with the area 

in Fig. 4.11 should be elucidated in future work. To address the remaining error in 

streamflow (see area B in Fig. 4.11b), the influence of industrial and domestic water 

use, as well as dam regulations, should also be included in future modelling to 

improve the model of water use in AHMS. 

Our model has provided insights into the relevance of irrigation for hydrological 

processes throughout the Yellow River Basin. As can be seen from Figs. 4.2 and 4.3a, 

a good agreement between predicted and observed runoff and streamflow in the 

basin’s upstream region (Tangnaihe and Lanzhou stations) could be obtained in 

simulations without irrigation after calibration of the soil hydraulic conductivity. 

However, the mere calibration of this parameter could not yield a satisfactory 

comparison between corresponding observations and model results in the midstream 

area (Huayuankou station). Good quantitative agreement, including the midstream 

area, could only be found after the incorporation of our irrigation module – see 

Figures 4.8b and 4.11. Therefore, our model results clearly show that irrigation plays 
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a major role in hydrological processes in the midstream area of the Yellow River 

Basin (Huayuankou station), which is characterized by an arid and semi-arid climate. 

Our irrigation module should be thus considered in future regional hydrological 

modelling of arid and semi-arid hydrological basins. 

4.8 Predict the Evolution of Streamflow under Specific Climate Change 

Scenarios  

 

 

 

 

Figure 4.12: Comparison of (a) monthly and (b) averaged annual cycles of predicted (dashed 
lines), which is under (red) and not under (blue) specific climate change 
scenarios (Scenario 1, 2, 3 and 4) and observed (solid line) streamflow at outlet 
of middle reaches of Yellow River Basin (Huayuankou station) for the period of 
1979-1987. Subfigure (1) Scenario 1:  precipitation halves, which means the 
rate of precipitation is uniformly halved during the study period. Subfigure (2) 
Scenario 2: temperature rises by 2 degrees evenly during the study period. 
Subfigure (3) Scenario 3: precipitation time (or amount) is halved, which 
means no rainfall on the even days (1979.01.02, 1979.01.04, 1979.01.06...) 
during the study period. Subfigure (4) Scenario 4: doubling the amount of river 
irrigation during the study period. 

(1) 

(3) 

(2) 

(4) 
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As mentioned in Section 1.1., the response of the water cycle to climate change is of 

great interest to the scientific community and has major implications for society 

(Chahine, 1992; Schlesinger & Bernhardt, 2020). However, predicting the evolution 

of climate change-driven decadal discharge water on a regional scale is challenging 

due to the wide range of atmospheric, hydrological and anthropogenic variables 

involved. 

Here, we predict the evolution of water discharge using the AHMS-IRRIG model 

and historical meteorology data under specific climate change scenarios in the 

Yellow River Basin. Figure 4.12 compares predicted, i.e., under real historical 

meteorological data and specific climate change scenarios, with observed monthly 

and monthly average streamflow. The simulations of streamflow are divided into two 

cases. Specifically, one case is offline AHMS driven by historical meteorological 

data. The others are the model driven by modified historical meteorological data, 

which is based on certain climate change scenarios. We find that climate change 

Scenario 1, which is the uniform halving of rainfall, has the greatest impact on water 

discharge of the Yellow River Basin at the outlet (Huayuankou station) with the WBI 

of 0.06 and 0.35, as seen in Fig. 4.12 (1) and (3). This indicates that water discharge 

is most sensitive to changes in precipitation, especially changes in precipitation rate, 

followed by a doubling amount of irrigation in the basin and a doubling of 

temperature.  As shown in Fig. 4.12 (2), the increase in temperature, resulting in an 

increase in evaporation, tends to have a slight impact on water discharge. As shown 

in Fig. 4.12 (4), the increase in irrigation tends to have a moderate impact on water 

discharge, particularly by exacerbating the scarcity of spring river water. 

4.9 Conclusion and Outlook 

In the present work, a regional model for long-term, large-scale hydrological 

processes under consideration of irrigation in the arid and semi-arid regions (AHMS-

IRRIG) has been presented. The model (AHMS-IRRIG) combines the land surface 

model, the flow routing model and the groundwater model of the Atmospheric and 

Hydrological Modelling System (AHMS) with a modified irrigation scheme (Xu et 

al., 2019) to quantify the dynamic irrigation amount in arid and semi-arid basins. 

Specifically, this study developed a dynamic irrigation model based on the soil 

moisture deficit method and constrained by water availability for the arid and semi-

arid regions. Moreover, the channel routing model and groundwater model of the 
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AHMS have been modified here to incorporate the water uptake applicable to the 

long-distance water supply to irrigation districts in an arid and semi-arid basin. 

Furthermore, the actual amount of irrigation is therefore constrained by the water 

availability estimated with the flow routing, as well as the irrigation fractions of 

surface water and groundwater based on the “Global Map of Irrigation Areas”. 

AHMS-IRRIG has been then applied to hydrological simulations of the Yellow River 

Basin for the period 1979-2011 to assess the impact of irrigation on the land surface 

processes in the basin’s arid and semi-arid areas.  

To this end, AHMS has been first calibrated and evaluated for the Yellow River 

Basin by means of a parameter sensitivity analysis and a terrestrial water budget 

analysis and through a comparison of model predictions for the mean annual runoff, 

monthly streamflow, evapotranspiration and terrestrial water storage anomaly with 

corresponding observation data, both from in-situ and remote sensing datasets. 

Furthermore, to account for water consumption in the Yellow River, the land surface, 

channel routing, and groundwater models have been extended to account for water 

taken from the river for irrigation. The irrigation water demand calculated by the 

dynamic irrigation scheme in Noah-MP was added to the sink term and further 

constrained by water availability in the flow routing and groundwater model, and 

then actual irrigation water is distributed evenly and horizontally over the ground in 

the land surface model. 

By incorporating the irrigation module into the simulation, a more realistic 

hydrologic response near the outlet of the Yellow River Basin could be obtained. 

Moreover, a quantitative agreement was found between the predicted discharge at the 

upstream gauging stations, namely, Tangnaihe and Lanzhou, and the corresponding 

observation data. A reasonable agreement between model TWSC and observations 

from GRACE was also found. Monthly evapotranspiration estimated by GLEAM 

and the one modelled by AHMS were found to agree well with each other, with the 

square of correlation coefficient (r2) of about 0.98. Our results thus demonstrate the 

capability of AHMS of reproducing long-term hydrological processes in the Yellow 

River Basin, provided water taken from irrigation is considered in the simulation. 

Therefore, the main novelties of our model development and application can be 

summarized as follows: 
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1) The development of an irrigation model that considers the long-distance water 

transfer off-stream from the river to irrigation districts – is fully neglected by 

previous irrigation models. With our model, the actual irrigation amount is 

explicitly computed using the soil moisture deficit method and constrained by 

the water availability estimated with the flow routing, as well as the irrigation 

fractions of surface water and groundwater based on the “Global Map of 

Irrigation Areas”; 

2) The development of a regional hydrological model that is applicable to arid and 

semi-arid regions, through the incorporation of irrigation sink and source terms 

into the channel routing and groundwater models; 

3) The incorporation of the advanced Earth gravity satellite (GRACE) dataset for 

the verification of our hydrological model and the assessment of irrigation 

impacts on hydrological processes in the arid and semi-arid environments of the 

Yellow River Basin.  

Therefore, the future application of our model has the potential to substantially 

improve the quantitative assessment of the irrigation impacts on hydrological 

processes in arid and semi-arid areas, by incorporating our irrigation module into the 

regional AHMS simulation. Furthermore, our model shall provide a helpful tool in 

the study of feedback effects between irrigation, rainfall and temperature in arid and 

semi-arid regions, by means of (online) numerical simulations coupled with the 

Weather Research Forecasting (WRF) modelling system. Moreover, the hydrological 

model extended here to incorporate our irrigation module shall also find application 

in the study of irrigation effects on local environmental processes under 

consideration of changes in climate and land use type.  

However, the current version of AHMS needs to be improved in different ways to 

more accurately represent hydrological processes in the semi-arid and arid areas of 

the Yellow River Basin. In the present study, only soil parameters were calibrated 

from the land surface model. The incorporation of vegetation parameters into the 

calibration of the numerical simulations would constitute one important model 

extension in future work. Additional measurement data of river and floodplain 

geometry for the channel routing model of the AHMS would also improve the 

prediction of flood timing and peak. Furthermore, the incorporation of various 
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anthropogenic influences, such as damming or change in land use, and the inclusion 

of the dynamic land use change (e.g. reforestation or afforestation) and damming 

processes into AHMS constitutes an open modelling task, which will be important to 

improve the quantitative assessment of the hydrological processes in future work. 

Overall, the extension of AHMS presented here led to a more reliable model for 

predicting runoff and streamflow in arid and semi-arid regions, such as the Yellow 

River Basin. The progress achieved in the present work shall pave the way toward a 

wider model application of AHMS at the regional scale over the Yellow River Basin 

and other hydrological systems in future work, including a broader range of climatic 

and environmental conditions, and anthropogenic influences. 
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5.1 Introduction 

The most widely used and more recent versions of near-surface precipitation 

reanalysis datasets, including NCEP/NCAR, ERA5, GLDAS 2.0, WFDE5/CRU, 

WFDE5/(CRU+GPCC) and CMFD, are evaluated here by directly comparing them 

with the rain gauge observations and indirectly the model simulated streamflow 

obtained using these rainfall products with streamflow observations. We investigate 

how the hydrological model responds to different precipitation products to gain 

insight into its sensitivity to precipitation inputs and potential biases in precipitation 

reanalysis in a large basin context. 

5.2 Data 

Table 5.1 presents the six precipitation reanalysis products and the gridded rain 

gauge datasets included in this study. These datasets were classified into three types: 

the first was based exclusively on gauge data, the second on reanalysis data that are 

not bias-corrected by gauge data, and the third on the assimilation of reanalysis data 

and gauge data. Among these, we consider one first-type (OBS), two second-type 

(NCEP/NCAR and ERA5) and four third-type (WFDE5/CRU, 

WFDE5/(CRU+GPCC), GLDAS 2.0 and CMFD) datasets. 

5.2.1 Non-gauge-corrected Reanalysis Precipitation Datasets 

NCEP/NCAR (National Centers for Environmental Prediction and the National 

Center for Atmospheric Research) Reanalysis is a global dataset of atmospheric 

variables to support the needs of the climate research communities (Kalnay et al., 

1996). A frozen state-of-the-art global data assimilation system and a complete 

database were used in the NCEP/NCAR Reanalysis project. 

ERA5 is the fifth-generation reanalysis product created by the European Center for 

Medium-Range Weather Forecasts (ECMWF) for global weather and climate from 

1979 to near real-time (Hersbach et al., 2020). This reanalysis is carried out with the 

4D-Var data assimilation and model forecasts in CY41R2 of the Integrated Forecast 

System (IFS). ERA5 hourly data on a single level is used in the present work. ERA5 

has the following main advantages compared to other reanalysis datasets: higher 

spatial and temporal resolutions, advanced modelling and data assimilation systems 

(4D-Var), and a more considerable amount of integrated historical observations and 
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parameters. 

5.2.2 Observed Precipitation Datasets 

An observed hourly gridded precipitation dataset across China was developed by 

Yang et al. (2010) based on the observed daily precipitation data provided by the 

China Meteorological Administration (CMA). Hereby, the daily rain gauge data from 

833 weather stations across China from 1951 to 2006 were gridded using the method 

described in Milly & Dunne (2002) and Xia (2008), which considered the 

topographic effects on rainfall. Furthermore, the daily gridded precipitation was 

downscaled to hourly by using a random statistical function that is the same over a 

calendar month (Waichler & Wigmosta, 2003). 

5.2.3 Gauge Corrected Reanalysis Precipitation Datasets 

WATCH Forcing Data methodology applied to ERA5 (WFDE5) is derived from 

ERA5 with the methodology used to derive the widely employed water, energy and 

climate change (WATCH) forcing data. It is often used as a meteorological forcing 

dataset for land surface and hydrological models (Cucchi et al., 2020). The 

referenced reanalysis consists of a bias-corrected reconstruction of near-surface 

meteorological variables based on ERA5 (Hersbach et al., 2020).  

Precipitation fields in the WFDE5 have been adjusted using monthly-scale bias 

corrections based on Climatic Research Unit (CRU) and Global Precipitation 

Climatology Centre (GPCC) data. Two different precipitation datasets 

(WATCH/CRU and WATCH/(CRU+GPCC)) come from WFDE5. One was 

corrected using the CRU TS dataset, and the other was corrected using both the CRU 

TS and the GPCC observational datasets. 

The China Meteorological Forcing Dataset (CMFD) is a high spatio-temporal 

resolution gridded near-surface meteorological dataset that was developed for studies 

on land surface processes (He et al., 2020). This dataset combines remote sensing 

and reanalysis datasets with in-situ observations from weather stations. Precipitation 

fields in the CMFD are produced based on the assimilation of 753 weather stations 

from the CMA and gridded background data (base reanalysis) GLDAS 

NOAH10SUBP 3H for the research period of this work, i.e., from 1979 to 1989. 

The goal of the Global Land Data Assimilation System (GLDAS) is to integrate 
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satellite and ground-based observational data products using advanced land surface 

modelling and data assimilation techniques to generate optimal fields of land surface 

states and fluxes (Rodell et al., 2004). GLDAS 2.0 is one of the two components of 

the GLDAS Version 2 (GLDAS-2) dataset, which was produced by GLDAS. 

Moreover, GLDAS 2.0 was derived from the global meteorological forcing dataset 

from Princeton University (Sheffield et al., 2006). Specifically, precipitation in 

GLDAS 2.0 was constructed by combining global observation-based datasets from 

the Global Precipitation Climatology Project (GPCP) daily product, the Tropical 

Rainfall Measuring Mission (TRMM, in operation from 1997 to 2015) 3-hourly real-

time dataset and the National Centers for Environmental Prediction–National Center 

for Atmospheric Research (NCEP/NCAR) reanalysis.  

5.2.4 Streamflow Dataset 

To calibrate and validate streamflow, observed daily streamflow (m3 s-1) for the 

period 1979-1987 was acquired from the National Science & Technology 

Infrastructure of China (http://gre.geodata.cn), including the four main gauging 

stations in the basin, i.e., Tangnaihe (a), Lanzhou (b), Toudaoguai (c) and 

Huayuankou (d). 
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Table 5.1: Overview of seven (3 or 6-) hourly gridded precipitation datasets evaluated in this study. Abbreviations in the data source column are defined as 
follows: G: gauge; S: satellite; and R: reanalysis. 

Filename Description 
Data 

source 
R data G data 

Spatial 

resolution 

Temporal 

resolution 

Temporal 

coverage 
Reference 

OBS Gridded rain gauge data from CMA G None CMA  Hourly 1979-2003 
Yang et al. 

(2010) 

NCEP/NCAR 
National Centers for Environmental Prediction and 

National Centers for Atmospheric Research 
R NCEP/NCAR None 2.5° 6-Hourly 1979-2021 

Kalnay et al. 

(1996) 

ERA5 
The fifth generation ECMWF reanalysis for the global 

climate and weather 
R ERA5 None 0.25° Hourly 

1959-

present 

Hersbach et al. 

(2020) 

GLDAS 2.0 Global Land Data Assimilation System G, S, R NCEP/NCAR 
GPCP and 

TRMM 
0.5° 3-hourly 1979-2015 

Sheffield et al. 

(2006) 

WFDE5/ 

CRU 
WATCH Forcing Data methodology applied to ERA5 G, R ERA5 

CRU TS 

0.5° Hourly 1979-2019 
Cucchi et al. 

(2020) WFDE5/ 

(CRU+GPCC) 

CRU TS and 

GPCC 

CMFD The China Meteorological Forcing Dataset G, S, R GLDAS CMA 0.1° 3-hourly 1979-2018 He et al. (2020) 



Chapter 5. Evaluation of Precipitation Reanalysis Products 
 

75 
 

5.3 Method 

5.3.1 Hydrological Model Setup 

The AHMS-IRR model was configured for the Yellow River Basin with a temporal 

resolution of one hour and a spatial resolution of 20 km (Jiang et al., 2022). The key 

input static parameters, including vegetation type and soil texture data, are 

aggregated from the 30 arc-second data of the hybrid State Soil Geographic Database 

Food and Agriculture Organization (STATSGO/FAO) soil texture dataset and the 

USGS 24-category vegetation (land use) datasets. The performance of AHMS-IRR 

was rigorously assessed through a comprehensive evaluation, incorporating a 

combination of ground-based (in situ) and remote-sensing data sources. This 

evaluation encompassed various factors, including observed streamflow, terrestrial 

water storage data derived from the Gravity Recovery and Climate Experiment 

(GRACE), and assimilated evaporation data provided by the Global Land 

Evaporation Amsterdam Model (GLEAM). Much better agreements between 

predicted and observed streamflow in the middle reaches of the Yellow River Basin 

can be obtained if AHMS is run with the irrigation module.  

Based on sensitivity analysis conducted by Jiang et al. (2022), the most crucial 

parameters for calibrating the model against observations were identified as soil 

saturated hydraulic conductivity in the rainfall-runoff model, Manning's roughness 

coefficient in the flow routing model, and irrigation-triggered soil moisture 

availability and leaf area index in the irrigation model. In order to effectively achieve 

our objective of evaluating various precipitation products using hydrological 

modelling in this study, we focused our calibration efforts solely on the rainfall-

runoff model parameter known as soil saturated hydraulic conductivity. We 

incorporated calibrated values of Manning's roughness coefficient, irrigation-induced 

soil water availability, and leaf area index from the study of Jiang et al. (2022). 

Furthermore, following the approach of Bitew et al., (2012) and Tang et al. (2016), 

we designed two scenarios to distinguish between uncertainties related to rainfall 

datasets and those related to numerical simulations. For Scenario 1, the rain-runoff 

model parameters were calibrated using gauged precipitation and remained constant 

for the other precipitation products. For Scenario 2, the rain-runoff model parameters 

were recalibrated for each precipitation product. 
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Table 5.2 lists the two hydrological settings used for model calibration or validation. 

In Scenario 1, the offline AHMS-IRRIG is calibrated for gauged precipitation from 1 

Jan 1979 to 31 Dec 1983. The model is then validated using the same parameters 

(Para 1) for each of the six (non-)gauge-corrected precipitation reanalysis products 

described above from 1 Jan 1984 to 31 Dec 1987. 

In Scenario 2, the offline AHMS-IRRIG was recalibrated for every precipitation 

product, and the set of parameters was named accordingly (Para 1 to Para 7). For 

scenarios 1 and 2, the performance of six (non-) gauge-corrected precipitation 

reanalysis products was assessed by comparing simulated and observed streamflow 

from major hydrological stations during the validation period. Moreover, it should be 

noted that the other required near-surface atmospheric forcing variables (as shown in 

Table C.1), except for precipitation, were the same for each setup and were derived 

from ERA5 in Scenarios 1 and 2. 

Table 5.2: Two scenarios are designed to evaluate different precipitation products using the 
offline Atmospheric and Hydrological Modelling System integrated IRRigation 
module (AHMS-IRRIG). 

Scenario Setup 
Calibration or 

Validation 
Period 

Precipitation 

Dataset  

Parameter 

Set 

Ⅰ 

1 Calibration 
1 Jan 1979-31 Dec 1983 (the 

same as below) 
OBS 

Para 1 

1-7 Validation 
1 Jan 1984-31 Dec 1987 

(the same as below) 
All datasets 

Ⅱ 

1 
Calibration - 

OBS Para 1 
Validation - 

8 
Calibration - 

CMFD Para 2 
Validation - 

9 
Calibration - 

GLDAS 2.0 Para 3 
Validation - 

10 
Calibration - 

WFDE5/CRU Para 4 
Validation - 

11 
Calibration - 

WFDE5/(CRU+GPCC) Para 5 
Validation - 

12 
Calibration - 

NCEP/NCAR Para 6 
Validation - 

13 
Calibration - 

ERA5 Para 7 
Validation - 
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Furthermore, Table C.3 in Appendix C shows the calibrated parameters (soil 

saturated hydraulic conductivity) of the rainfall-runoff model in the four subbasins, 

including Headwater-Tangnaihe, Tangnaihe-Lanzhou, Lanzhou-Toudaoguai and 

Toudaoguai-Huayuankou. Specifically, we calibrated the rainfall-runoff model 

against the mean annual observed runoff in the calibration period (from 1979 to 

1983). Moreover, Table C.4 in Appendix C presents the simulated and observed 

mean annual area runoff from 1979 to 1987, including the calibration and validation 

periods in the Yellow River Basin. The parameters in the rainfall-runoff model were 

calibrated here to keep the BIAS (see next section) of runoff for each reanalysis 

product as small as possible.  

5.3.2 Evaluation Metrics 

The agreement between the model-predicted and observed values was quantified by 

employing the following performance metrics: the Nash–Sutcliffe model efficiency 

coefficient (NSE) (Nash & Sutcliffe, 1970), the root-mean-square error (RMSE), the 

Pearson correlation coefficient (PCC), the mean absolute error (MAE), the mean 

absolute percentage error (MAPE), the relative bias (BIAS) and the modified Kling-

Gupta efficiency (mKGE) (Gupta et al., 2009; Kling et al., 2012). These performance 

metrics are defined as follows, and the value ranges and perfect agreement 

corresponding values are summarized in Table B.2 in the Supplement. 
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where Ps and Po are the simulated and observed values of the P variable, respectively, 

and oP  is the mean value of Po. Moreover, μS and μO represent the averages of the 

predicted and observed values, respectively, while σS and σO correspond to the 

standard deviations of the predicted and observed values, respectively.  

5.3.3  Standard Deviation of Elevation 

The standard deviation of elevation is used to depict the complexity of the terrain and 

is defined as follows 
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where SDE is the standard deviation of elevation of the larger grid, which is at a 20 

km resolution in this study, xi is the elevation of the ith sub-grid at a 1 km resolution 

in the cell, N is the number of sub-grids at a 1 km resolution in the larger cell, and μ 

is the average elevation of the cell. In this study, a moving window of 20 × 20 was 

used to calculate the standard deviation of elevations. Values close to zero indicate 

no variation (i.e., flat areas), while high standard deviations indicate areas with 

complex and steep terrain. 

5.4 Results 

5.4.1 Performance Evaluation Using Gauge Observation 

In this section, the performance of six reanalysis precipitation products, namely 

NCEP/NCAR, GLDAS 2.0, ERA5, WFDE5/CRU, WFDE5/(CRU+GPCC) and 

CMFD, were assessed on annual, seasonal and monthly scales by comparison with 
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the gauge precipitation (OBS). The daily scale was used as the base time scale. 

 
Figure 5.1: Annual precipitation in the Yellow River Basin from 1979 to 1989: NCEP 

(brown dashed line), OBS (solid orange line), GLDAS 2.0 (orange dashed line), 
ERA5 (green dashed line), WFDE5/CRU (blue dashed line), 
WFDE5/(CRU+GPCC) (pink dashed line) and CMFD (green dotted line). 

Fig. 5.1 displays the average yearly precipitation of each product along with the 

observed annual precipitation. As shown, the non-gauge-corrected reanalysis 

precipitation datasets (NCEP and ERA5) significantly overestimated precipitation by 

50% and 45%, respectively. Furthermore, the CMFD dataset results were almost 

identical to the observed precipitation on an annual scale. 

Moreover, Table 5.3 lists the annual precipitation statistics of seven products from 

1979 to 1989. As shown, NCER/NCAR yielded the highest average annual 

precipitation (664m), had the widest range in the annual mean precipitation (514-772 

mm), and was associated with the largest deviation (82.3 mm) over the Yellow River 

Basin. To compare, WFDE5/CRU had the narrowest range in the annual mean 

precipitation (331-479 mm) as well as the smallest associated deviation (46.3 mm). 

As shown in Fig. 5.2, the annual precipitation density from the CMFD dataset 

yielded the best agreement with the gauge data (OBS), followed by the 

WFDE5/(CRU+GPCC). Moreover, WFDE5/CRU and GLDAS 2.0 yielded an 

overall low precipitation level with a peak of approximately 450 mm. Furthermore, 

the non-gauge corrected datasets NCEP/NCAR and ERA5 significantly 

overestimated the precipitation levels in the study period. 
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Table 5.3: Annual precipitation statistics for the Yellow River Basin from 1979 to 1989 
(unit: mm), associated with the different products considered in this study. 

Index Minimum Median Mean Maximum Standard Deviation 

OBS 353 457 442 504 50.6 

NCEP/NCAR 514 666 664 772 82.3 

ERA5 557 635 639 719 55.4 

GLDAS 2.0 317 432 407 467 47.0 

WFDE5/CRU 331 445 423 479 46.3 

WFDE5/(CRU+GPCC) 366 472 456 518 52.2 

CMFD 355 457 443 501 51.0 

 

 
Figure 5.2: Density curve (kernel density estimates KDE, which is the estimation of 

probability density functions of random variables based on kernels as weights) 
of annual precipitation of the products over the Yellow River Basin from 1979-
1989.  
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Figure 5.3: Spatial distribution of the daily mean precipitation of the seven precipitation 

products considered in the present study, i.e., (a) OBS, (b) NCEP, (c) ERA5, (d) 
GLDAS 2.0, (e) WFDE5/CRU, (f) WFDE5/(CRU+GPCC) and (g) CMFD, 
from 1979 to 1989 over the Yellow River Basin (upland of Huayuankou), along 
with the Pearson correlation coefficient (PCC) between the reanalysis dataset 
and OBS for each grid in the basin. 

Fig. 5.3 displays the spatial distributions of the precipitation from all products and 

the Pearson correlation coefficients (PCCs) for the six reanalysis products in the 

Yellow River Basin (upland of Huayuankou) from 1979 to 1989. This figure shows 

that the average annual precipitation gradually increased from northwest to southeast. 

The areas with the highest annual precipitation were located in the southern Yellow 

River Basin, including the upper reaches of this basin, the Weihe Basin, and the 

Sanmenxia to Huayuankou area (see Fig. 1.1). In contrast, the lowest annual 

precipitation occurs at Ningxia and the Hetao Plateau in the northwest of the basin. 

According to the PCC, precipitation data from WFDE5/(CRU+GPCC) (PCC=0.99) 
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and CMFD (PCC=0.98) were the most consistent with OBS. GLDAS 2.0 and 

WFDE5/CRU slightly underestimate precipitation in the upper reaches of the river, 

while the non-gauges-corrected precipitation products (NCEP/NCAR and ERA5) 

significantly overestimated precipitation, especially in the mountainous area of the 

basin). For further details and interpretations, please refer to the discussion in Section 

5.5.1. 

 
Figure 5.4: Spatial distribution of the 99th percentile precipitation of the seven precipitation 

products considered in the present study, i.e., (a) OBS, (b) NCEP, (c) ERA5, (d) 
GLDAS 2.0, (e) WFDE5/CRU, (f) WFDE5/(CRU+GPCC) and (g) CMFD, 
from 1979 to 1989 over the Yellow River Basin (upland of Huayuankou), along 
with the root mean square error (RMSE, mm) and the Pearson correlation 
coefficient (PCC) between the reanalysis dataset and OBS for each grid in the 
basin. 

To evaluate extreme precipitation, we calculated the 99th percentile of the daily 

precipitation for each precipitation dataset. The results are presented in Fig. 5.4. 

Based on the RMSE and PCC values calculated over the research area, the spatial 
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distribution of extreme precipitation (i.e., 99th percentile precipitation) predicted 

from WFDE5/(CRU+GPCC) (PCC=0.97 and RMSE=1.81) and CMFD (PCC=0.96 

and RMSE=2.13) exhibited the best agreement with the observations (OBS).  

Remarkably, although NCEP and ERA5 exhibited similar annual precipitation, their 

spatial patterns of extreme precipitation showed significant differences, as indicated 

by the RMSE values of 8.09 and 4.13 and the PCC values of 0.21 and 0.93 for NCEP 

and ERA5, respectively. 

 
Figure 5.5: (a) Monthly precipitation of the products over the Yellow River Basin from 

1979-1989. (b) The annual cycle of monthly precipitation averaged over 1979-
1989.   

Table 5.4: Statistics of the monthly precipitation of the products over the Yellow River 
Basin from 1979 to 1989 (unit: mm). 

  Index PCC RMSE MAE MAPE 

NCEP/NCAR 0.976 25.18 18.43 61.8 

ERA5 0.993 19.11 16.39 104.44 

GLDAS 0.998 4.53 3.02 13.64 

WFDE5/CRU 0.997 0.99 2.18 10.4 

WFDE5/(CRU+GPCC) 0.999 2.02 1.34 5.68 

CMFD 1.000 0.88 0.61 4.20 

Fig. 5.5 shows the monthly precipitation of the products in the Yellow River Basin 

from 1979-1989 and the average annual cycle of monthly precipitation for this period. 

As shown in Fig. 5.5, NCEP/NCAR and ERA5 overestimated precipitation in all 

months, while all other products did not differ much in terms of monthly 

precipitation. Table 5.4 lists monthly precipitation statistics of the six reanalysis 

precipitation datasets. These monthly statistics showed that CMFD yielded the 

highest correlation coefficient. Similarly, CMFD attained the lowest MAE, MAPE 

and RMSE. 
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Fig. 5.6 shows the average monthly evaluation metrics of the precipitation products 

in the Yellow River Basin from 1979 to 1989. As seen, Fig. 5.6 indicates that CMFD 

had the lowest RMSE, MAE and MAPE, while NCEP/NCAR performed the worst. 

Compared to other months, all data showed the most considerable error in August. 

On the contrary, Figure 5.6d shows that the percentage error in precipitation for these 

products was significantly higher in December, January and February. 

 
Figure 5.6: Averaged monthly evaluation metrics of the precipitation products over the 

Yellow River Basin from 1979-1989: (a) RMSE (mm), (b) PCC, (c) MAE (mm), 
and (d) MAPE (%). 

Similarly, Fig. 5.7 shows that CMFD (NCEP/NCAR) produced the lowest (largest) 

RMSE, MAE and MAPE for seasonal precipitation, while all products led to an 

overestimation of this precipitation in the summer. Fig. 5.7d shows that the 

percentage error in precipitation for these products increased significantly in the 

winter, especially for NCEP/NCAR and ERA5. This finding is consistent with Beck 

et al. (2017) and Jiang et al. (2021), as it occurs because the atmospheric model 

produces spurious drizzle and tends to overestimate low rainfall due to deficiencies 

in the rainfall generation parameterization scheme. For further insights and 

interpretations, please refer to Section 5.5.1. 
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Figure 5.7: Seasonal evaluation metrics of the precipitation products over the Yellow River 

Basin from 1979-1989: DJF (winter, December to February), MAM (spring, 
March to May), JJA (summer, June to August), SON (autumn, September to 
November), (a) RMSE (mm), (b) PCC, (c) MAE(mm), and (d) MAPE (%). 

5.4.2 Performance Evaluation Using Offline AHMS 

In this section, we evaluated the performance of the six reanalysis precipitation data 

products by comparing the offline AHMS-IRRIG simulated monthly streamflow 

with the corresponding observations. Fig. 5.8 compares simulated monthly 

streamflow with gauge-calibrated parameters and observed monthly streamflow in 

both the calibration and the validation periods at all four main hydrological stations 

(Tangnaihe, Lanzhou, Toudaoguai and Huayuankou).  

As seen, the monthly streamflow was significantly overestimated when using NCEP 

and ERA5 products and slightly underestimated when using gauge-corrected 

reanalysis precipitation products. The associated values of the Nash–Sutcliffe model 

efficiency coefficient (NSE) and the modified Kling-Gupta efficiency (mKGE) in 

both the calibration and the validation periods are displayed in Fig. 5.9 and Table C.5 

in the Supplementary Material. As shown in Fig. 5.9, the model performed much 

better upstream than in the middle stream area. In particular, the highest values of 

NSE (0.82) and mKGE (0.82) were observed at the Tangnaihai station in the 

validation period (from 1984 to 1987). Moreover, WFDE5/(CRU+GPCC) and 

CMFD outperformed the other products during the validation period, with the 
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highest mean NSE and mKGE values of the four stations, consistent with our 

statistical comparison discussed in the previous text. 

 
Figure 5.8: Comparison of monthly streamflow simulated by offline AHMS-IRR with 

gauge-calibrated parameters (Scenario 1). The comparison includes seven 
different precipitation products against observed monthly streamflow at all four 
main hydrological stations, i.e., Tangnaihe (a), Lanzhou (b), Toudaoguai (c) and 
Huayuankou (d). The calibration period ranges from January 1, 1979, to 
December 31, 1983, while the validation period spans from January 1, 1984, to 
December 31, 1987. Note that OBS represents the observed streamflow, while 
OBS_P represents the streamflow simulated using the gauged precipitation. 

 

Figure 5.9: Performance of streamflow simulations forced by seven different precipitation 
products using the static rainfall-runoff parameters during the validation period 
(Scenario 1). (a) NSE, (b) mKGE. 
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Figure 5.10: Same as in Fig. 5.8 but with product-specific calibrated parameters for each of 

the seven precipitation products (Scenario 2). 

Fig. 5.10 compares simulated and observed monthly streamflow, where the simulated 

values were obtained from the hydrological model run with recalibrated parameters. 

Furthermore, Fig. 5.11 and Table C.6 in the Supplement show the model 

performance (NSE and mKGE) associated with the different precipitation products in 

Scenario 2. The recalibration of the rainfall-runoff model substantially improved the 

model performance for all precipitation products compared to the results of Scenario 

1 (Fig. 5.9). The improvement in model performance was particularly notable for 

models using gauge-corrected reanalysis precipitation datasets. For the validation 

period considered in the present work, the gauge-corrected reanalysis precipitation 

datasets, including WFDE5/(CRU+GPCC) and CMFD, demonstrated slightly better 

performance than other gauge-corrected products. However, non-gauge-corrected 

reanalysis precipitation datasets such as NCEP and ERA5 exhibited poorer 

performance than gauge-corrected datasets. Overall, the performance of all gauge-

corrected reanalysis precipitation dataset products was similar. 
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Figure 5.11: Performance of offline AHMS simulations of streamflow forced by seven 
different precipitation products using the dynamic rainfall-runoff parameters 
during the validation period (Scenario 2). (a) NSE, (b) mKGE. 

 

Figure 5.12: Performance of offline AHMS simulations in terms of evapotranspiration 
forced by seven different precipitation products using the static (Scenario 1 in 
blue) and dynamic (Scenario 2 in yellow) rainfall-runoff parameters during the 
validation period. (a) RMSE (mm), (b) NSE. 

Fig. 5.12 displays the performance of the offline AHMS (RMSE and NSE) in 

predicting evapotranspiration by comparing it with the GLEAM results (Martens et 

al., 2017). The analysis is associated with the different precipitation products used in 

Scenarios 1 and 2. The results suggest that simulations driven by the non-gauge-

corrected precipitation products significantly overestimated evapotranspiration. 

Moreover, the recalibration of the rainfall-runoff model led to an increase in runoff 

and an improvement in the evapotranspiration simulation for the gauge-corrected 

precipitation products, whereas it did not produce similar effects for the non-gauge-

corrected precipitation products. Therefore, both Figs. 5.11 and 5.12 reveal that when 

the precipitation bias exceeded a specific threshold (e.g., ERA5 and NCEP/NCAR 

with BIAS≥45%), the calibration of the hydrological model was no longer valid in 

terms of improving the model's performance. 
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5.5 Discussions  

5.5.1 Why Do the Non-gauge Corrected Reanalysis Datasets Overestimate the 

Precipitation in the Yellow River Basin? 

Many previous studies concluded that the reanalysis dataset overestimates the 

observed precipitation in areas of complex terrain, which is consistent with the 

present study (see Fig. 5.1). Amjad et al. (2020) and Izadi et al. (2021) found that 

ERA5 consistently overestimated the observed precipitation over the mountainous 

areas of Turkey and Iran, while Jiang et al. (2022) reported that ERA5 tended to 

overestimate light precipitation events, especially in the mountainous area. 

 
Figure 5.13: Pearson correlation coefficient (PCC) between (a) the average annual observed 

precipitation and (b) six reanalysis precipitation datasets with a standard 
deviation of elevation calculated in each 20-km grid over the Yellow River 
Basin. (c) The number of grids with a 20 km resolution and standard deviation 
of elevation over the Yellow River Basin. 

There are two possible reasons for the overestimation of precipitation in areas with 

complex terrain. On the one hand, this overestimation may be due to the scarcity of 

weather stations in areas of complex terrain, where the limited observations do not 

capture precipitation patterns in sufficient detail (Jiao et al., 2021). On the other hand, 

the precipitation simulations in complex terrain areas are not accurate because the 

resolution of the precipitation simulation is relatively coarse in areas of complex 

terrain. Specifically, as discussed in previous work (Amjad et al., 2020; Izadi et al., 

2021), the mechanisms of humidity injection and turbulence through land surface-

atmosphere interactions in complex terrain areas are poorly understood. Furthermore, 

the lack of snow removal processes in the ERA5 simulation could lead to excessive 

snowfall and precipitation in the Tibetan Plateau region, according to Orsolini et al. 

(2019). These findings are consistent with the fact that the percentage errors of non-

gauged-corrected precipitation products (ERA5 and NCEP/NCAR) were much larger 

in winter than in summer (see Figs. 5.6 and 5.7). 
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To analyse the effect of the complex topography of the Yellow River Basin on the 

quality of the reanalysis precipitation data, Pearson correlation coefficients (PCCs) 

were calculated between precipitation observations and individual reanalysis 

precipitation using the standard deviation of elevation and mean annual precipitation 

over the Yellow River Basin. According to Eq. 5.8, the standard deviation of 

elevation was calculated at a 20 km resolution and was based on a digital estimation 

model at a 1 km resolution (USGS 1K). As shown in Fig. 5.13a, the Pearson 

correlation coefficient between the average annual observed precipitation and 

NCEP/NCAR reanalysis precipitation decreased rapidly with the standard deviation 

of elevation, while ERA5 precipitation maintained a highly stable correlation with 

the observed data. This behaviour was most likely due to the higher resolution of 

ERA5 (2.5° of NCEP and 0.25° of ERA5) and the advanced 4d-Var data assimilation 

system of ERA5. Surprisingly, as the standard deviation of elevation increased (>230 

m), the Pearson correlation coefficient for ERA5 also slightly increased and 

fluctuated, which was also observed in the gauge-corrected reanalysis precipitation 

datasets (see Fig. 5.13b). As shown in Fig. 5.13c, this behaviour may be explained by 

the fact that grids with higher standard deviation elevations are scarce. Furthermore, 

Fig. 5.13b shows that the gauge-corrected reanalysis precipitation data maintained a 

stable correlation with the observed data as the standard deviation of elevation 

changed compared with the non-gauge-corrected reanalysis precipitation datasets. 

Specifically, WFDE5/(CRU+GPCC) and CMFD performed better than GLDAS 2.0 

and WFDE5/CRU. 

Considering the influence of complex terrain on precipitation simulations, the 

simulation grid for future climate modelling should be refined in areas of complex 

terrain to reach a pre-defined threshold of the standard deviation of elevation (Bacon 

et al., 2000; Dietachmayer, 1992). This refinement process improves the simulation 

of precipitation in areas with complex terrain without wasting computing capacity 

(Skamarock & Klemp, 2008). 
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5.5.2 Why Do CMFD and WFDE5/(CRU+CRU) Agree the Best with the 

Precipitation Observations? 

The difference in the performances of gauge-corrected and uncorrected reanalysis 

precipitation datasets is related to the algorithms used and the number of assimilated 

rain gauges. Furthermore, during the study period (1979~1989), only some weather 

stations from CMA were shared globally through the Global Telecommunications 

System (GTS). Fig. 5.14 shows the distribution of a total of 82 CMA weather 

stations in the Yellow River Basin, including 22 national benchmark climate stations 

shared worldwide through the GTS and the other 60 national ordinary stations not 

shared via GTS. This is an important reason why the gauge corrected reanalysis 

precipitation datasets (WFDE5/CRU and GLDAS 2.0) underestimated the annual 

precipitation compared with gauge observations and explained why CMFD and 

WFDE5/(CRU+GPCC) agreed the best with the precipitation observations.  

 
Figure 5.14: Distribution of weather stations of the China Meteorological Administration in 

the Yellow River Basin (upstream of HYK station). Twenty-two national 
benchmark climate stations are shared worldwide through the Global 
Telecommunication System (GTS) (red points), and the other 60 national 
ordinary stations (green points) are not shared through the GTS. 

Specifically, CMFD and WFDE5/(CRU+GPCC) employed a more significant 

number of stations than WFDE5/CRU and GLDAS 2.0. According to He et al. (2020) 

and Yu et al. (2020), the CMFD uses approximately 753 stations across China, 

including 82 stations over the Yellow River Basin, while WFDE5/(CRU+GPCC) 

essentially assimilates the same stations. In contrast, only approximately 300 stations 

across China and 22 stations over the Yellow River Basin, shared by the Global 

Telecommunications System (GTS), have been incorporated to derive the 
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WFDE5/CRU and GLDAS 2.0 datasets. In this study, we found that WFDE5/CRU 

slightly underestimated the observed annual precipitation, which was consistent with 

the observations of Shi et al. (2017). These authors also concluded that the CRU TS 

dataset underestimated precipitation over the three-river headwaters region of China.  

5.5.3 How Do We Constrain Model Uncertainty and Quantify Anthropogenic 

Influences on Streamflow in This Study? 

In this study, we employed an offline AHMS-IRRIG and measured water discharge 

to assess (non-) gauge-corrected precipitation reanalysis. Although the use of offline 

AHMS-IRRIG and measured water discharge provides us with an additional 

dimension for assessing precipitation, it is associated with additional uncertainties 

related to the parameters of the rainfall-runoff model and the flow routing model. 

Therefore, to reduce model uncertainty as much as possible, we recalibrated the 

rainfall-runoff model separately with each meteorological forcing data in the present 

study. In addition, we used two evaluation metrics to evaluate model performance, 

i.e., the Nash-Sutcliffe model efficiency coefficient (NSE) and the modified Kling-

Gupta efficiency (mKGE) (Gupta et al., 2009; Kling et al., 2012). Hereby, we 

focused on the agreements between the observed and simulated streamflow peak and 

correlation, bias and variability. 

Furthermore, anthropogenic factors such as irrigation play an important role in 

hydrological processes and profoundly impact the water balance in arid and semi-

arid basins such as the Yellow River Basin. To quantify anthropogenic influences, 

we used the recently introduced and extended offline AHMS-IRRIG that applies to 

arid and semi-arid regions by explicitly considering the effects of irrigation on 

hydrological processes (Jiang et al., 2022). The extended offline AHMS-IRRIG 

integrates a new irrigation module, which computes the dynamic irrigation demand 

into the modified land surface, flow routing and groundwater models. This new 

extended offline AHMS-IRRIG explicitly represents anthropogenic processes, such 

as irrigation, which significantly impact the water balance in the arid and semi-arid 

areas of the Yellow River Basin. 

5.6 Summary and Conclusions 

In this study, the performance of six precipitation reanalysis products widely used 

within the hydrology community was evaluated against gridded gauge precipitation 
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and observed streamflow using offline AHMS-IRR with consideration of irrigation 

and focused on the Yellow River Basin as a case study. Specifically, the six 

precipitation products were evaluated, including two non-gauge-corrected reanalysis 

products (NCEP/NCAR and ERA5) and four gauge-corrected reanalysis products 

(GLDAS 2.0, WFDE5/CRU, WFDE5/(CRU+GPCC) and CMFD). We compared the 

performance of various products based on annual, seasonal and monthly precipitation 

observation statistics. Furthermore, we compared streamflow observations at the four 

main hydrological stations along the Yellow River with corresponding predictions 

using the recently introduced regional hydrological model (Jiang et al., 2022). 

Hereby, each precipitation dataset constituted the forcing meteorological field for the 

offline AHMS-IRR simulation, considering two model setups with static and 

dynamic parameters of the rainfall-runoff model. 

The main findings of our study can be summarized as follows: 

1) According to the comparison of the magnitude and distribution of the annual, 

seasonal, and monthly mean precipitation with the observed data, the CMFD had the 

best agreement with the measured data, followed by WFDE5/(CUR+GPCC). The 

hydrological comparison of the six reanalysis precipitation products considered in 

our analysis also showed better model performance using gauge-corrected reanalysis 

precipitation datasets than non-gauge-corrected datasets. Furthermore, the simulated 

streamflow driven by CMFD and WFDE5/(CUR+GPCC) matched the observed 

streamflow the best based on the NSE and mKGE evaluation metrics. This is because 

the CMFD and WFDE5/(CUR+GPCC) combine more rain gauges (273% more 

stations) than the other precipitation products (WFDE5/CRU and GLDAS 2.0) in the 

Yellow River Basin and have very high spatial resolutions of 0.1° and 0.5°, 

respectively. 

2) Non-gauge-corrected reanalysis precipitation datasets (NCEP/NCAR and ERA5) 

significantly overestimated precipitation by 50% and 45% on an annual mean scale 

in the Yellow River Basin. In terms of spatial distribution, the non-gauge-corrected 

reanalysis precipitation datasets overestimated precipitation, especially in complex 

terrain-mountain areas. Possible reasons for the overestimation of precipitation in 

mountainous areas include limited precipitation observations in the mountain areas, 

deficiencies in rainfall generation parameterization scheme, a poor understanding of 

the mechanisms of humidity injection and turbulence through land surface-



Chapter 5. Evaluation of Precipitation Reanalysis Products 

94 
 

atmosphere interactions and difficulties in representing snow removal processes. 

Furthermore, ERA5 performed much better than NCEP/NCAR, especially over the 

complex terrain of the Yellow River Basin, due to the much higher resolution of 

ERA5 and the advanced data assimilation system (4D-var). 

3) The hydrological response in the Yellow River Basin is significantly influenced 

by the selection of the precipitation reanalysis dataset, and the proper calibration of 

the rainfall-runoff model can effectively compensate for deficiencies in available 

precipitation data. However, when precipitation bias exceeded a specific threshold 

(e.g., BIAS > 45% for NCEP/NCAR), the calibration of the hydrological model 

became invalid for improving the model performance. 

To accurately model the hydrology of the Yellow River Basin, it is recommended to 

consider using CMFD or WFDE5/(CUR+GPCC) as near-surface meteorological 

variables. To improve the quality of reanalysis products in mountainous areas where 

stations are scarce, it is necessary to incorporate not only rain gauges shared by the 

Global Telecommunications System (GTS) but also national ordinary climate 

stations shared by the China Meteorological Administration (CMA). Additionally, 

precipitation simulations in mountainous regions can be improved through a better 

understanding and parameterization of land surface-atmosphere interactions and 

higher-resolution simulations. It is important to carefully calibrate the hydrological 

model to reduce dependence on the quality of precipitation input, which has 

significant impacts on the components of the water balance. This allows the model to 

provide more reliable predictions and assessments of water-related processes and 

phenomena. Therefore, the evaluation of these products not only contributes to future 

development and uncertainty analysis for hydrological modelling applications in the 

Yellow River Basin but also has the potential to significantly enhance Earth system 

simulations and climate modelling across various lengths and time scales. 

5.7 Data Availability Statement 

NCEP/NCAR is available through the NOAA Physical Sciences Laboratory (PSL) 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html. ERA5, WFDE5/CRU 

and WFDE5/(CRU+GPCC) are available through the Climate Data Store, 

https://cds.climate.copernicus.eu/. CMFD is available through the China National 

Tibetan Plateau/Third Pole Environment Data Center, 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://cds.climate.copernicus.eu/
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https://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49/. GLDAS 

2.0 is available through the NASA Goddard Earth Sciences (GES) Data and 

Information Services Center (DISC), https://disc.gsfc.nasa.gov/. Daily water 

discharge of Yellow River at four hydrological stations, including Tangnaihe, 

Lanzhou, Toudaoguai, and Huayuankou, are available on request from the National 

Geographic Resource Science SubCenter, the National Earth System Science Data 

Center, and the National Science & Technology Infrastructure of China 

(http://gre.geodata.cn). Statistical irrigation data in the Yellow River Basin during the 

study period can be obtained from Jia et al. (2006) and be downscaled to annual data 

(Jiang et al., 2022) according to the Yellow River Bulletin of Water Resources from 

2000 to 2009, published by the Yellow River Conservancy Commission (YRCC) of 

the Ministry of Water Resources of China (http://www.yrcc.gov.cn/other/hhgb/). 

Simulation data of AHMS-IRRIG in the Yellow River Basin will be made available 

on request. 

https://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49/
https://disc.gsfc.nasa.gov/
http://gre.geodata.cn/
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6.1 Introduction 

This Chapter addresses the main task of this thesis by developing and applying a 

water erosion and sediment transport model in the Yellow River Basin. As 

mentioned in section 1.3.3, this study is motivated by the need to develop an 

advanced soil erosion and sediment transport model that can be applied to regional-

scale hydrological processes, with a particular focus on addressing the critical issue 

of gully erosion, which holds considerable relevance in the context of the Chinese 

Loess Plateau (Osterkamp & Toy, 1997). The present study addresses the following 

key science questions: 

I. How to model upland sediment detachment and transport capacity in a large-

scale hydrological model? Which erosivity predictors based on rainfall, runoff or 

overland flow perform best?  

II. How can a large-scale model incorporate gully erosion and the concatenated 

sediment supply? 

III. What scale effects, such as decaying precipitation and slope with decreasing 

spatial and temporal resolution, need to be considered when building the large-

scale erosion and sediment transport model? 

6.2 Data 

6.2.1 Near Surface Meteorological Data 

The high spatial-temporal resolution gridded China Meteorological Forcing Dataset 

(CMFD) (He et al., 2020) is adopted as the near-surface meteorological input dataset 

driving the land surface model. The associated variables include precipitation, near-

surface air temperature, near-surface specific humidity, surface pressure, near-

surface wind, surface downwelling shortwave and longwave radiation.  

6.2.2 Geo-static Data 

The digital elevation model, including the information about hydrological systems in 

the study area, is used as the input variable for the flow and sediment routing model. 

Specifically, the high-resolution geographic digital elevation data set Multi-Error-

Removed Improved-Terrain DEM (MERIT) with a 3sec resolution (Yamazaki et al., 

2019) is used and upscaled to the model resolution by using an HMS pre-processing 
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program (Yu et al., 2006). The slope is calculated based on 30 m resolution DEM 

SRTM (Farr et al., 2007) and then interpolated to 20 km resolution using the four-

point bilinear interpolation method and the WRF Preprocessing System (WPS). 

USGS soil type and USGS vegetation type maps are interpolated to the model 

resolution with the help of WPS.  

The soil erodibility factor Kusle is calculated using Eq. 3.19, while the gully area 

index is obtained using Eq. 3.23. Also, the clay content is obtained from a 30 arc-

seconds resolution soil particle-size distribution dataset for regional land and climate 

modelling by Shangguan et al. (2012). Furthermore, a basic boundary map of rich 

sediment areas in the middle reaches of the Yellow River Basin, i.e., the area with 

sediment transport modulus greater than 5000 tons km-2 yr-1 and extensive 

distribution of permanent gullies. 

6.2.3 Measured River Discharge and Suspended Sediment Concentration 

In order to calibrate and validate the model predictions for the water and sediment 

discharge, we employ the daily measured water discharge (m3 s-1) and suspended 

sediment concentration (kg m-3) for the period 1979-1987 from the National Earth 

System Science Data Centre, China, including the five major stations along Yellow 

River, namely Tangnaihe (a), Lanzhou (b), Toudaoguai (c), Longmen (d) and 

Huayuankou (e). The method for measuring the concentration of suspended sediment 

at river locations involves collecting instantaneous bucket samples to determine the 

river water volume-averaged concentration. 

6.3 Model Configuration and Experimental Design 

6.3.1 Model Configuration 

The offline AHMS-SED is set up for modelling hydrological and sediment transport 

processes in the Yellow River Basin, as described in the following paragraphs.  

The spatial and temporal resolutions of the offline AHMS-SED are 20 km and 60 

min, respectively. Here, we focus on streamflow simulations around the 1980s, i.e., 

the early years preceding the construction of the dams, since our model currently 

does not consider the role of dams and reservoirs in regulating river flow and 

suspended sediment. Furthermore, to reach the equilibrium conditions of the model, 

several decades of climatological spin-up are performed under constant geo-static 
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data and applied cyclic forcing (in the 1980s) before the numerical experiments are 

performed. As seen in Fig. 6.1, the geo-static variables are re-gridded into the 

modelled domain in the Yellow River Basin and the gully area index distribution is 

closely related to the rich sediment areas and permanent gullies (Fig. 6.1f). The 

parameters of the model are selected from the land surface, river routing, 

groundwater model, water erosion and sediment transport models. 

6.3.2 Hydrological Modelling Parameters 

Based on the offline AHMS-IRRIG sensitivity analysis, the sensitive hydrological 

parameters selected in this study include the soil saturated hydraulic conductivity, 

channel width and depth, hydraulic conductance of riverbed, riverbed fraction and 

Manning's roughness coefficients, irrigation-triggered soil water availability and 

triggered leaf area (Jiang et al., 2022). Jiang et al. (2022) calibrated and validated the 

regional hydrological model of the Yellow River Basin with consideration of 

irrigation by comparing observed and predicted water discharge, evapotranspiration 

and terrestrial water storage change using in situ, satellite and assimilated data. A 

summary of the physical and control parameterization schemes used in the land 

surface model (Noah-MP) is listed in Table B.2 in Appendix B.  

6.3.3 Water Erosion and Sediment Transport Model Parameters 

Three parameters within the erosion and sediment transport module of AHMS-SED 

are selected for the parameter sensitivity analysis. These three parameters are the 

empirical parameter in the gully factor equation (α), the scaling parameter in the 

overland flow transport capacity equation (e1) and the no-tillage parameter in the 

crop factor equation (fno-till).  

We calibrate the offline AHMS-SED against the observed average sediment yields at 

the HYK station from 1 Jan 1979 to 31 Dec 1983. Therefore, the offline AHMS-SED 

is validated by comparing the observations and predictions of monthly sediment 

fluxes at five hydrological stations from 1 Jan 1984 to 31 Dec 1987. 
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Figure 6.1: The input geo-static data include elevation (a), slope (b), soil type (c), vegetation 

type (d), soil erodibility (e) and gully area index (f) for the Yellow River Basin. 
In subplot (f), the red line represents sediment source hotspots in the middle 
reaches of the Yellow River, the Loess Plateau of China. 

6.3.4 Experimental Design 

As shown in Table 6.1, 23 numerical experiments and associated parameters are 

designed to calibrate and validate AHMS-SED. For each experiment, the simulation 

periods are from 1 Jan 1979 to 31 Dec 1983 for calibration and 1 Jan 1984 to 31 Dec 

1987 for validation. Numerical experiments are categorized into Ensembles I, II and 

III to examine the different sediment transport equations based on rainfall, runoff and 

overland flow, respectively, as predictors of erosivity for upland erosion. A 

parameter sensitivity study is then performed for different ensembles to elucidate the 

significance of gully and crop factors on the model predictions. Moreover, EXPs 1-3 
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are conducted to evaluate the models of transport capacity for overland flows using 

the different rainfall-based revisions of USLE erosivity (USLE, USLE-M and USLE-

MM). In particular, all the experiments use the same relevant sediment modules, 

including the sediment routing module and the equations for sediment transport 

capacity and deposition velocity. 

Table 6.1: Experimental design to evaluate the different sediment transport capacity 
equations for overland flow  

 Experiments Description 
Rainfall or 

runoff factor 

Slope 

term 

Scaling 

e1 

Gully 

factor 

α 

fno-

till 

Kusle, 

and P 

I EXP 1 USLE EI30 

20S1.25 

 38 

0.3 0.25 

Eq. 

(3.19) 

and  

1.0 

 
EXP 2  USLE-M QREI30 77 

EXP 3 USLE-MM (QREI30)1.55 24 

 I 

EXP 4 

USLE 

Rainfall 
EI30  

129 0.2 0.1 

EXP 5 65 0.3 0.1 

EXP 6 27 0.4 0.1 

EXP 7 230 0.0 0.25 

EXP 8 81  0.2 0.25 

EXP 9 15  0.4 0.25 

II 

EXP 10 

KR-1 

Runoff  
q2.0 

S1.66 

2.4e4  0.3 0.25 

EXP 11 1.3e5 0.0 0.25 

EXP 12 4.7e4  0.2 0.25 

EXP 13 9.8e3 0.4 0.25 

EXP 14 7.8e4  0.2 0.1 

EXP 15 4.1e4  0.3 0.1 

EXP 16 1.8e4  0.4 0.1 

III 

EXP 17 

KR-2 

Flow  
q2.0 

7.2e6 0.3 0.25 

EXP 18 3.1e7 0.0 0.25 

EXP 19 1.3e7  0.2 0.25 

EXP 20 3.6e6 0.4 0.25 

EXP 21 1.9e7  0.2 0.1 

EXP 22 1.1e7  0.3 0.1 

EXP 23 5.8e6  0.4 0.1 

6.3.5 Model Performance Evaluation Indices 

The model performance is evaluated by using the following metrics: the Nash–
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Sutcliffe model efficiency coefficient (NSE) (Nash & Sutcliffe, 1970), Pearson 

correlation coefficient (PCC), sediment balance index (SBI) and modified Kling-

Gupta efficiency (mKGE). These performance metrics are defined as follows. 
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where Ps and Po are the simulated and observed values of the P variable, respectively, 

and oP  is the mean value of Po, μS and μO denote the mean of the predicted and 

observed values, respectively, while σS and σO denote the corresponding standard 

deviations. 

6.4 Results 

6.4.1 Model Calibration and Validation 
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Figure 6.2: Comparison of observed and predicted monthly suspended sediment discharge at 

the five hydrological stations: TNH (a), LZ (b), TDG (c) and HYK (d). HYK 
corresponds to the midstream outlet. Results of EXP 1 are shown here, and the 
upland erosion equation is based on USLE rainfall erosivity (EI30). Note that the 
range of the y-axis is not the same for the five subplots.  

As shown in Fig. 6.2 and Table 6.2, the observed and predicted sediment fluxes for 

all stations during the calibration and validation periods are quantitatively consistent, 

including fluctuations and averages, except for the underestimation of sediment 

fluxes at the TDG station. In particular, excellent agreement between the predictions 

and observations (mKGE = 0.90) is obtained at the outlet of the middle reaches in the 

Yellow River Basin (HYK station). Consistent with the observations in Fig. 6.2, the 

simulated sediment fluxes at TNH, LZ and TDG are relatively small compared with 
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their counterparts at LM and HYK, with a maximum peak of approximately 20 t/s. 

Table 6.2: Statistical evaluation for the suspended sediment discharge, predicted by the 
model, based on corresponding observations at five hydrological stations.  

6.4.2 Large Permanent Gully Erosion 

TDG-LM sub-basin is characterized by large permanent gully activity and severe 

concatenated erosion processes, which provide the Yellow River with large amounts 

of sediment. Therefore, in order to validate the gully area factor, it is necessary to 

consider the long-term averaged sediment yield predicted by the model for the 

different sub-basins: HW-TNH, TNH-LZ, LZ-TDG and TDG-HYK. 

As seen in Fig. 6.3, in the absence of the gully factor, the model underestimates the 

sediment yields in Sub-basin 4 (TDG-LM) and overestimates the sediment yields in 

gully-free sub-basins 1 and 2. According to our model results, Sub-basin 3 is an area 

of net deposition. Therefore, crop-induced erosion may have been underestimated in 

this area. We will further discuss this matter later in Section 6.4.3. As can be seen in 

Fig. 6.4, the predicted sediment transport capacity of overland flow and net eroded 

and deposited soils agree well with the observed large permanent gully area. 

Furthermore, we find that the model overestimates sediment yield in areas without 

gullies, particularly in steep areas (see Fig. 6.4b). 

 

 

 

Calibration period (1979–1983) Validation period (1984–1986) 

Mean 

obs  

(Mt a-1) 

Mean 

sim  

(Mt a-1) 

NSE mKGE SBI 

Mean 

obs  

(Mt a-1) 

Mean 

sim  

(Mt a-1) 

NSE mKGE SBI 

TNH 20.6 23.5 0.35  0.51 1.14 14.0 20.4 
-

0.15  
0.26  1.57  

LZ 49.9 47.7 0.83  0.71 0.96 53.8 31.3 0.35 0.42  0.63 

TDG 127.3 46.0 0.16  -0.00  0.36  109.0 38.0 0.08  0.21  0.38 

LM 514.1 517.8 0.17 0.60 1.01  368.1 477.5 0.08  0.61  1.27  

HYK 868.5 865.7 0.11  0.59  1.00  666.0 681.7 0.81 0.90 1.04 
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Figure 6.3: Simulation and corresponding observations of annual mean sediment yield 

averaged over 1979–1987 in the Yellow River. The simulations with and with 
the gully factor are EXP1 and EXP 7. 

 

 
Figure 6.4: Spatial distribution of offline AHMS-SED simulated annual mean sediment 

transport capacity of overland flow, net eroded and deposited soil in the Yellow 
River over 1979–1987, subfigure (a) and (b) without the gully factor (EXP 1) 
while subfigure (c) and (d) with the gully factor (EXP 7). 

6.4.3 Predicting Upland Sediment Discharge 

Table 6.3 displays the ensemble modelling results for the suspended sediment 

discharge, considering the three ensembles I, II and III defined in Section 6.3.4, 

along with corresponding observations at five hydrological stations. The model 

performance evaluation indicators at the HYK stations show the best agreement and 

stability between simulated and corresponding observed data using USLE rainfall 

erosivity (EI30). This best agreement can be understood by noting that rainfall is still 

the most accurate variable inside large-scale watersheds, while runoff can be 
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predicted more accurately than overland flow.  

Furthermore, as seen in Table 6.3 and Fig. D.1 in Appendix D as an example, we 

find that the model-predicted sediment yields based on the KR-runoff equation are 

overestimated in humid mountainous areas (at TNH and LZ), where subsurface 

runoff plays an important role in total runoff. Indeed, in the land surface model 

(Noah-MP), surface and subsurface runoff are not accurately distinguished in 

mountainous areas. As shown in Fig. D.2 in Appendix D, the overland flow-based 

KR equation function performs poorly in the simulation, particularly in extreme 

flood events. Overall, we find that consideration of the gully factor and USLE 

rainfall erosivity (EI30) over a time span of nearly one decade yields stable and 

accurate watershed sediment yields at the LM station (Table 6.3). 

Table 6.3: Statistical evaluation of the modelling ensemble average of suspended sediment 
discharge obtained with the model along with corresponding observations at 
five hydrological stations.  

Stations Ensemble 

Calibration period (1979–1983) Validation period (1984–1986) 

Mean 

obs 

(Mt a-1) 

Mean 

sim 

(Mt a-1) 

Mean 

NSE 

Mean 

SBI 

Mean 

mKGE 

Mean 

obs 

(Mt a-1) 

Mean 

sim 

(Mt a-1) 

Mean 

NSE 

Mean 

SBI 

Mean 

mKGE 

TNH 

I 

20.6 

20.43  0.22 0.99 0.38 

14.0 

19.11  -0.29 1.37 0.23 

II 
68.19  

-5.90 3.31 -1.45 
62.77  

-

13.94 4.48 -2.57 

III 30.35  -2.48 1.47 -0.12 24.66  -2.96 1.76 -0.24 

LZ 

I 

49.9 

45.91  0.78 0.92 0.63 

53.8 

32.37  0.30 0.60 0.37 

II 119.18  -0.24 2.39 -0.47 96.21  3.26 1.79 -0.10 

III 
201.01  

-

50.39 
4.03 -2.19 

47.43  0.02 0.88 0.20 

TDG 

I 

127.3 

44.13  0.10 0.35 -0.10 

109.0 

39.42  0.06 0.36 0.19 

II 98.23  -0.01 0.77 0.33 79.21  0.22 0.73 0.32 

III 
194.34  

-

35.80 
1.53 -2.28 

35.79  -0.06 0.33 0.04 

LM 

I 

514.1 

482.40  0.16 0.94 0.56 

368.1 

435.59  -0.03 1.18 0.59 

II 450.69  -0.06 0.88 0.51 211.66  0.30 0.58 0.62 

III 446.41  -0.09 0.87 0.10 144.79  0.13 0.39 0.25 

HYK 

I 

868.5 

868.50  0.12 1.00 0.59 

666.0 

684.87  0.74 1.03 0.85 

II 861.26  -0.02 0.99 0.54 578.31  0.54 0.87 0.68 

III 
869.95  

-0.01 1.00 0.50 
511.71  

-

14.10 0.77 -0.05 
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6.4.4 Model Prediction for the Evolution of Sediment Yields Under Specific 

Climate Change Scenarios in the Yellow River Basin 

The response of the water cycle and the transport of carbon, nutrients and sediments 

to climate change constitutes a topic of great interest to the scientific community and 

has significant implications for society (Chahine, 1992; Schlesinger & Bernhardt, 

2020). These transformations in the water cycle and the concatenated changes in 

hydrological processes could lead to substantial enhancement of erosion and 

sediment discharge at the regional scale.  

However, predicting climate-change-driven decadal evolution of sediment transport 

rates at the regional scale is challenging, owing to the broad range of atmospheric, 

hydrological, anthropogenic and geomorphological variables involved. Indeed, our 

coupled hydrological-atmospheric simulations incorporate both the effect of 

irrigation on hydrological processes (Jiang et al., 2022) and a comprehensive module 

for soil erosion processes at the continental scale. Therefore, given the good 

performance of our model in the validation tests discussed in Section 6.4.1, we 

conclude that our simulations provide meaningful estimates of the transport 

processes in the Yellow River Basin under plausible climate change scenarios.  

Here, we predict the evolution of sediment discharge using the AHMS-SED model 

and historical meteorology data under specific climate change scenarios in the 

Yellow River Basin. We focused on predicting changes in sediment discharge using 

historical meteorological data in the 1980s because the model is well calibrated and 

validated during this period. The IPCC Scenario SSP2, "Middle of the road", with the 

temperature increase of 2 degrees by 2050, is considered here. As seen in Fig. 6.5, 

the results of experiments show that reducing precipitation intensity will significantly 

reduce sediment discharge of the Yellow River Basin. While a two-degree 

temperature increase only slightly reduces the sediment discharge. Increasing 

irrigation will also increase sediment deposition and decrease sediment discharge 

from the Yellow River. 
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Figure 6.5: Comparison of (a) monthly and (b) averaged annual cycles of predicted (dashed 

lines), which are under (red) and not under (blue) specific climate change 
scenarios (Scenario 1, 2, and 3) and observed (solid line) sediment flux at the 
outlet of middle reaches of Yellow River Basin (Huayuankou station) for the 
period of 1979-1987. Subfigure (1) Scenario 1: precipitation halves, which 
means the precipitation rate is uniformly halved during the study period. 
Subfigure (2) Scenario 2: temperature rises by 2 degrees evenly during the 
study period. Subfigure (3) Scenario 3: precipitation time (or amount) is halved, 
which means no rainfall on the even days (1979.01.02, 1979.01.04, 
1979.01.06, ...) during the study period. (4) Scenario 4: doubling the amount of 
river irrigation during the study period. 

6.5 Discussions 

6.5.1 Gully Factor vs. Slope Factor 

The slope factor S (Eq. 3.20), as defined by Pelletier (2012), encodes information 

about sheet erosion and rill erosion but neglects the contribution from gully erosion 

to sediment sources in the upland. However, sediment input from gully erosion plays 

a major role in sediment load and transport in various hydrological basins (de Vente 

(3) 

(1) 

(2) 

(4) 
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& Poesen, 2005; Poesen et al., 2003; Poesen et al., 1996) and must be, thus, 

incorporated into the relationship between slope and upland sediment flux (Pelletier, 

2012; Roering et al., 1999).  

While previous attempts to incorporate gully erosion effects focused on a small 

(laboratory) scale, in the present study, we consider the contribution of gully erosion 

on a continental scale by introducing the gully area index as a parameter in the model 

(see Eq. 3.23). As indicated by the PCC in Fig. 6.6, there is a strong negative linear 

relationship between the slope factor (S) and the gully area index (Ga), especially for 

large values of the slope. This behavior can be understood by noting that gully 

erosion is not only related to the slope but also to climate and geological 

characteristics, the thickness of the topsoil and the proportion of rocks on the surface. 

Indeed, steep mountainous areas such as the Tibetan Plateau are characterized by 

little sediment yields compared to the Chinese Loess Plateau of the Yellow River 

Basin. The variable of the slope is, therefore, not a direct indicator of the intensity of 

gully erosion. By contrast, the gully area index represents the degree of surface 

fragmentation, i.e., gully density, and is, thus, a better indicator of gully erosion 

intensity.  

We note that previous studies suffer from a lack of sound formulas and datasets on 

the density of large-scale gullies to characterize gully erosion. The gully area index 

introduced in the present study represents a novel descriptor of gully erosion and its 

contribution to sediment sources in hydrological and sediment transport process 

modelling at the continental scale. We propose that this gully area index is, indeed, 

the adequate parameter for regional hydrological and sediment transport modelling, 

as the slope factor, used in state-of-the-art models, suffers from the deficiencies 

discussed in the previous paragraph and is applicable to small (laboratory) scale 

hydrological systems only. In the future, application and evaluation of the gully area 

index to other watersheds, including different environments, landforms and climate 

forms., will be necessary to improve the development of regional water erosion and 

sediment modelling. 
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Figure 6.6: Pearson correlation coefficient (PCC) between slope and gully area index at 20 

km resolution in the Yellow River Basin. 

6.5.2 Scaling Issues 

Scaling issues arise in any study that attempts to model hydrological behavior and 

related water erosion and sediment transport processes without resolving equations 

on every minor hillslope valley unit in the watershed (Yu et al., 2006). As Yu et al. 

(2006), the present investigation also deals with two different scaling issues related 

to large-scale water erosion and sediment transport modelling: (1) Downscaling 

climate forcing timescales from long time step (daily) to short duration (hourly) (2) 

Resolve upland sediment yield at a large-scale using grid cell sizes of one kilometer 

to several tens kilometers. 

Regarding the first scaling issue, some researchers noted that the mean values of 

precipitation, when averaged over a large scale and long duration, may be 

substantially smaller than point precipitation. Therefore, following Yin et al. (2007), 

we derive the 30 mins maximum rainfall rate (I30) at a given hydrology grid cell by 

multiplying the LSM timestep averaged rainfall rate by a linear scaling-dependent 

parameter that increases with the LSM timestep. We choose the 30 mins time 

window since the timestep of the climate-forcing dataset is often larger than a half 

hour. We note that our models could be considered in future work, for instance, by 

incorporating a random variable that represents the stochastic properties of point 

precipitation. 

Regarding the second scaling issue, the 20 km grid cell size applied in the present 

work is too coarse to resolve individual gullies and hillslopes, although it proved 

effective in simulating the hydrological and sediment transport process considered in 
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the calibration and validation tests (see Section 6.3.4). However, it is still an open 

question which grid scale should be used for predicting water erosion and sediment 

transport processes (Pelletier, 2012; Wood et al., 1988). Parameters associated with 

topography variables, such as slope, usually become rapidly small when grid 

resolution decreases. Moreover, a grid cell size of several kilometres may not resolve 

most of the spatial heterogeneities in rainfall, runoff and overland flow. In the 

present study, we introduced a linear scaling parameter for the decay of slope, 

rainfall, runoff or overland flow with decreased grid resolution. Overall, of the 

scaling parameter, e1 encodes information about rainfall or runoff and slope.  

However, this explicitly scaling-dependent parameter increases as the grid resolution 

decreases. Therefore, in the future, similar to precipitation, it will be necessary to 

consider random variations at the sub-grid level to represent stochastic properties of 

runoff, overland flow or shear stress on the ground. 

6.5.3 Cropland Erosion 

 
Figure 6.7: Same as Fig. 6.3, but mean annual sediment yields in sub-basins are from EXP 1 

and EXP 5, with different no-tillage method factors. 

According to both the irrigation fraction map (Ozdogan & Gutman, 2008) and the 

Global Map of Irrigation Areas" (Siebert et al., 2005), irrigation is most intensive in 

the Sub-basins 3 and 5. Indeed, as shown in Fig. 6.7, EXP 5 indicates that a relatively 

higher amount of cropland erosion in Sub-basin 5 will yield an improved agreement 

between predicted and observed sediment yield, compared to EXP 1 (see Fig. 6.2). 

As seen, changing the no-tillage factor causes no significant change in cropland 
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erosion for sub-basin 3. We attribute this behavior to the underestimation of sediment 

transport capacity and the flow velocity in the river in this area. Future research 

should use additional streamflow observations to evaluate river flow velocity, depth, 

and corresponding sediment transport capacity. 

6.5.4 Sedimentation in Reservoirs 

 
Figure 6.8: Annual cycles of observed monthly inflow and outflow sediment flux of the 

Longyangxia Reservoir (a), Liujiaxia Reservoir (b) and Sanmenxia Reservoir 
(c), averaged over 1979-1987. 

Increasing anthropogenic activities in the Yellow River Basin, such as dams and 

reservoirs, usually significantly impact the dynamics of suspended sediment load 

through sedimentation. Here, the potential sedimentation by the reservoir is 

examined by comparing the sediment fluxes at the reservoir's upstream and 

downstream gauge stations. Figures 6.8a and 11c show that the outflow sediment 

flux at the Longyangxia and Sanmenxia Reservoirs is larger than the inflow sediment 

flux at the same reservoirs. Therefore, we conclude that sediment flux at these 

reservoirs did not change substantially from 1979 to 1987. However, as shown in Fig. 

6.8b, the outflow sediment flux is lower than the inflow of Liujiaxia Reservoir. 

Therefore, we propose that sediment flux at the Liujiaxia Reservoir changed over 

time due to sedimentation in the reservoir. It would be interesting to extend the 

AHMS-SED sediment transport model in future work to incorporate the effects of 

sedimentation in the reservoirs.  

6.6 Conclusions and Outlook 

The present study has been motivated by the need for a water erosion and sediment 

transport model that is applicable to the watershed scale or continental scale. Despite 

the progress achieved in the last few decades in the field of regional hydrological 

modelling, previous models for sediment transport processes were designed for and 

tested against observations at the laboratory scale and neglected environmental 
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factors that are essential to represent regional-scale processes. In particular, one of 

the most important factors missing in previous models is the input of sediment to 

rivers due to gully erosion and gravity erosion. 

6.6.1 Development of a Regional Model for Water Erosion and Sediment 

Transport 

Therefore, here we presented a model for water erosion and sediment transport that 

overcomes the deficiencies of previous models, highlighted in the paragraph above, 

and is, thus, applicable to the regional scale. Our regional model, AHMS-SED, 

combines the coupled Atmospheric and Hydrological Modeling System, AHMS (Xia, 

2019) – which has been recently extended to include the effect of irrigation in the 

hydrological simulations (Jiang et al., 2022) – with the water erosion and sediment 

transport model CASC2D-SED (Rojas et al., 2003). Furthermore, our model 

incorporates a novel module, introduced in the present work, to represent gully 

erosion and the concatenated effects on sediment sources by means of the gully area 

index, defined as the local fraction of gully-covered area in the simulation domain. 

This index quantifies, thus, the extent of potential permanent gully erosion and its 

effect on sediment supply at the regional scale.  

We have then applied our model to simulate regional sediment transport processes in 

the Yellow River Basin, China, building on previous hydrological simulations within 

the time span from 1979 to 1986 (Jiang et al., 2022). We have chosen the Yellow 

River Basin as the study area for the case application, given that gully erosion plays a 

major role in the sediment budget in the Chinese Loess Plateau. Using our model, we 

evaluated the applicability of the various sediment transport equations available in 

the literature to describe upland processes based on rainfall (USLE-EI30), runoff (KR 

equation) and overland flow (KR equation). Furthermore, we predicted the evolution 

of sediment transport in the Yellow River Basin under consideration of specific 

climate change scenarios, including temperature, irrigation, precipitation volume and 

rate changes. 

6.6.2 Insights From the Model Application to Yellow River Basin With 

Consideration of Gully Erosion 

The main findings from our model application to the Yellow River Basin are 

summarised as follows. 
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1. The monthly suspended sediment fluxes predicted by AHMS-SED at the five 

major hydrological stations along the Yellow River are in reasonably good 

agreement with observations, including fluctuation and mean (SBI and mKGE). The 

best agreement was found for LM and HYK stations, where suspended sediment 

fluxes are larger than at other stations due to gully erosion in the Chinese Loess 

Plateau.  

2. The introduced gully area index and the corresponding sediment transport 

capacity for overland flow correlate with observed sediment source hotspots in the 

Chinese Loess Plateau. A comparison of the predicted and observed long-time 

averaged sediment yield in the sub-basin of TDG-LM indicates that the model with 

gully erosion performs well and could capture the profound impact of gully erosion 

on the sediment budget in this area accurately. However, the model tends to 

significantly overestimate sediment yield in steep regions and could not reproduce 

the spatial distribution of soil erosion without considering gully erosion.  

3. The rainfall erosivity (USLE-EI30) is the best predictor for large-scale water 

erosion and sediment transport model. The runoff-based KR equation performs well 

for the arid and semi-arid areas in the YRB where the excess-infiltration runoff is 

dominant. However, the runoff-based KR equation tends to overestimate overland 

flow transport capacity in humid mountainous areas, where subsurface runoff plays 

an important role. Sediment discharge tends to be overestimated by the overland 

flow-based KR equation, particularly in extreme flood events. 

4. Surprisingly, the transport capacity equation based on USLE-M (QcEI30) and 

USLE-MM (QcEI30)1.55 does not perform much better than the USLE-based equation, 

even with consideration of the runoff coefficient and nonlinear relations between EI30 

and soil erosion. USLE-MM erosivity based transport capacity also tends to 

overestimate sediment discharge, especially in extreme flood events. 

5. Our predictions for sediment fluxes in the Yellow River Basin under 

consideration of specific climate change scenarios reveal that sediment yield in this 

basin is particularly sensitive to the changes in precipitation rates, and increasing 

irrigation will increase the deposition in streams and decrease the sediment yields. In 

the decades ahead, climate-change-driven alterations in precipitation rates shall have 

a more important impact on sediment transport processes in the Yellow River Basin 
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compared to changes in precipitation volume or temperature. 

6.6.3 Outlook 

There is a broad outlook for future studies building on the present work. Future work 

should focus on a scale-adaptive parameterization of water erosion to resolve scale-

dependent variables without the need for employing scale-related parameters. One 

further line for model improvement involves applying a random distribution to 

explicitly represent the stochastic nature of the spatial and temporal distributions of 

precipitation, runoff and overland flow. Moreover, a sedimentation model should be 

developed and incorporated into the sediment transport model to account for the 

effect of sedimentation in reservoirs.  

We note that the overestimation of sediment discharge using the KR and USLE-MM 

equations suggests that future work should also focus on parameter calibration and 

sensitivity analysis, to better constrain the value of the exponent of water discharge 

or USLE rainfall erosivity (EI30). Moreover, in future studies, model predictions for 

flow rates in the Yellow River and the concatenated sediment transport capacity 

should be calibrated and validated with the help of additional data on streamflow 

observations, including flow velocity and depth. Such studies could help to improve, 

for instance, the predictions of sediment discharge in the LZ-TDG sub-basin. 

The present study demonstrates that our regional model, AHMS-SED, can be applied 

for regional simulations of continental-scale soil erosion and sediment transport in 

areas where gully erosion profoundly influences water erosion and sediment yield. 

As shown here, AHMS-SED is a comprehensive regional model that incorporates a 

broad range of geological, climatic and environmental factors. Therefore, the future 

application of AHMS-SED in regional climate modelling has the potential to 

substantially improve predictions of suspended sediment flux and sediment yield, 

both at watershed and continental scales. 

6.7 Data Availability Statement 

The high spatial-temporal resolution gridded China Meteorological Forcing Dataset 

(CMFD) is available through the China National Tibetan Plateau/Third Pole 

Environment Data Center, https://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-

965612652c49/. Multi-Error-Removed Improved-Terrain DEM (MERIT) with a 3sec 

https://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49/
https://data.tpdc.ac.cn/en/data/8028b944-daaa-4511-8769-965612652c49/
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resolution is accessible from the MERIT Hydro webpage, http://hydro.iis.u-

tokyo.ac.jp/~yamadai/MERIT_DEM/. SRTM is available through the Jet Propulsion 

Laboratory, https://www2.jpl.nasa.gov/srtm/. Daily measured water discharge and 

suspended sediment concentration of the Yellow River at five hydrological stations, 

including Tangnaihe, Lanzhou, Toudaoguai, Huayuankou and Huayuankou, are 

obtainable on request from the National Earth System Science Data Center of China 

(http://gre.geodata.cn). The 30 arc-seconds resolution soil particle-size distribution 

dataset for regional land and climate modelling in China is accessible from the Land-

Atmosphere Interaction Research Group of the Sun Yat-sen University, China 

(http://globalchange.bnu.edu.cn/research/soil). The boundary map of rich sediment 

areas in the middle Yellow River Basin is available in the National Cryosphere 

Desert Data Center of China (http://www.ncdc.ac.cn/portal/metadata/f266f81b-3d5b-

43ab-8fd5-c2389e6b90cb). The results of AHMS-SED simulations in the Yellow 

River Basin will be made available upon request. 

https://www2.jpl.nasa.gov/srtm/
http://gre.geodata.cn/
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7 Conclusions and Outlook 

7.1 Summary  

A continental-scale Atmospheric and Hydrological-Sediment Modelling System 

(AHMS-SED) has been developed and applied to the Yellow River Basin in China. 

As mentioned in Chapter 1, this study focuses on three key scientific questions: 

anthropogenic interference with the hydrological cycle (Study I, Chapter 4), 

uncertainty in precipitation data and model response (Study II, Chapter 5) and the 

regional water erosion and sediment transport (Study III, Chapter 6). 

In Study I, a regional model (AHMS-IRRIG) for long-term, large-scale hydrological 

processes under the consideration of irrigation in arid and semi-arid regions has been 

developed and applied to the Yellow River Basin. AHMS-IRRIG combines the land 

surface model, flow routing model and groundwater model of the Atmospheric and 

Hydrological Modelling System (AHMS) with a modified irrigation scheme (Xu et 

al., 2019) to quantify the dynamic irrigation amount in arid and semi-arid basins. The 

channel routing model and groundwater model of the AHMS have been modified to 

incorporate the water uptake connected to the long-distance water supply of 

irrigation districts in arid and semi-arid basins. The actual amount of irrigation is, 

therefore, constrained by the water availability estimated with the flow routing and 

the irrigation fractions of surface water and groundwater based on the “Global Map 

of Irrigation Areas”. By incorporating the irrigation module into the simulation, a 

more realistic hydrological response was obtained near the outlet of the Yellow River 

Basin compared to previous studies (Jia et al., 2006; Yin et al., 2021). The model 

results thus demonstrate the ability of AHMS to reproduce long-term hydrological 

processes in the Yellow River Basin, provided that water taken for irrigation is 

included in the simulation. 

In Study II, an evaluation of six precipitation-reanalysis products has been performed 

using the offline AHMS to understand model uncertainties and characterize the 

different biases in precipitation forcing data. The six precipitation products are 

evaluated, including two non-gauge-corrected reanalysis products (NCEP/NCAR and 

ERA5) and four gauge-corrected reanalysis products (GLDAS 2.0, WFDE5/CRU, 
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WFDE5/(CRU+GPCC) and CMFD). The hydrological model is then driven with 

each of the precipitation-reanalysis products in two ways, one with the rainfall-runoff 

parameters recalibrated and the other without. The model predictions for the 

streamflow are then compared with the corresponding observations. We also assess 

these products by comparing the annual, seasonal and monthly precipitations with 

the gauge data. This analysis will help to better quantify the reliability of 

hydrological simulations and improve future precipitation reanalysis products. 

The objective of Study III is to develop a water erosion and sediment transport model 

suitable for the watershed or continental scale, while previous models for sediment 

transport processes were designed for and tested against observations at the 

laboratory scale and overlooked environmental factors crucial for regional-scale 

processes. In particular, one of the most important factors missing in previous 

models is the input of sediment to rivers due to gully erosion and gravity erosion. To 

address this limitation, a regional-scale water erosion and sediment transport model, 

called AHMS-SED, is developed by integrating the AHMS with the modified 

version of CASCade 2-Dimensional SEDiment (CASC2D-SED) to take into account 

gully erosion, which profoundly affects the sediment supply in the Chinese Loess 

Plateau. In order to quantify the extent of potential permanent gully erosion and its 

effect on sediment supply at the regional scale, AHMS-SED incorporates a novel 

module by means of the gully area index, defined as the local fraction of gully-

covered area in the simulation domain. Furthermore, the applicability of various 

sediment transport equations available in the literature to describe upland processes 

based on rainfall (USLE-EI30), runoff (KR equation), and overland flow (KR 

equation) is evaluated. It also predicts the evolution of sediment transport in the 

Yellow River Basin under specific climate change scenarios, including changes in 

temperature, irrigation, precipitation volume and rate. 

7.2 Main Achievements  

Study I: 

(1) This regional hydrological model AHMS-IRRIG, with consideration of 

irrigation, is calibrated and validated in the Yellow River Basin of China by 

comparing observed and predicted water discharge, evapotranspiration and 

terrestrial water storage change using in situ, satellite and assimilated data. 
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(2) The development of an irrigation model that considers the long-distance water 

transfer off-stream from the river to irrigation districts – is fully neglected by 

previous irrigation models. With AHMS-IRRIG, the actual irrigation amount is 

explicitly computed using the soil moisture deficit method and constrained by 

the water availability estimated with the flow routing, as well as the irrigation 

fractions of surface water and groundwater based on the “Global Map of 

Irrigation Areas”. 

(3) The development of a regional hydrological model that is applicable to arid and 

semi-arid regions, through the incorporation of irrigation sink and source terms 

into the channel routing and groundwater models. 

(4) The advanced Earth gravity satellite data set provided by the GRACE satellites 

is incorporated and used to verify the hydrological model and assess the impact 

of irrigation on hydrological processes in the arid and semi-arid environments of 

the Yellow River Basin.  

Study II:  

(1) The hydrological comparison of the six reanalysis precipitation products 

considered in our analysis shows better model performance using gauge-

corrected reanalysis precipitation datasets than non-gauge-corrected datasets. 

The non-gauge-corrected products are found to have significantly overestimated 

precipitation, especially in mountainous regions. 

(2) The results of the hydrological simulations depend heavily on the choice of 

precipitation reanalysis dataset in the Yellow River Basin, but the calibration of 

the rainfall-runoff model can greatly reduce this dependence.  

(3) It is found that among the six precipitation-reanalysis products, CMFD and 

WFDE5/(CRU+GPCC) are the most accurate for the relevant study area and 

period. 

Study III: 

(1) The regional model, AHMS-SED, has been developed by combining the 

coupled Atmospheric and Hydrological Modeling System, AHMS (Xia, 2019) – 

which has been recently extended to include the effect of irrigation in the 

hydrological simulations (Jiang et al., 2022) – and revised the water erosion and 
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sediment transport model CASC2D-SED (Rojas et al., 2003).  

(2) The monthly suspended sediment fluxes predicted by AHMS-SED at the five 

major hydrological stations along the Yellow River are in reasonably good 

agreement with observations, including fluctuation and mean (SBI and mKGE). 

(3) The gully area index introduced here and the corresponding sediment transport 

capacity for overland flow correlate with observed sediment source hotspots in 

the Chinese Loess Plateau. 

(4) A comparison of the predicted and observed long-time averaged sediment yield 

in the sub-basin of TDG-LM indicates that the model incorporating the proposed 

gully area index performs well and could capture the profound impact of gully 

erosion on the sediment budget in this area accurately.  

(5) The rainfall erosivity (USLE-EI30) is the best predictor for large-scale water 

erosion and sediment transport model.  The runoff-based KR equation performs 

well for the arid and semi-arid areas in the YRB where the excess-infiltration 

runoff is dominant. The runoff-based KR equation tends to overestimate 

overland flow transport capacity in humid mountainous areas, where subsurface 

runoff plays an important role. Sediment discharge tends to be overestimated by 

the overland flow-based KR equation, particularly in extreme flood events. 

(6) Our predictions for sediment fluxes in the Yellow River Basin under 

consideration of specific climate change scenarios reveal that sediment yield in 

this basin is particularly sensitive to the changes in precipitation rates, and 

increasing irrigation will increase the deposition in streams and decrease the 

sediment yields in the Yellow River Basin. 

7.3 Main Limitations  

Despite the achievements highlighted in Section 7.2, there are limitations in the 

model and the studies. The limitations can mainly be attributed to time and resource 

constraints, as well as to the complexity of the underlying problem. This is explained 

below from several perspectives, including model development, calibration and 

application. 

(1) The water erosion model employs a linear scaling parameter which cannot 

represent the sub-grid processes. In addition, the influence of soil moisture or 
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groundwater table on water erosion is not explicitly taken into account. 

(2) Various other anthropogenic influences on the water cycle, water erosion and 

sediment transport, such as reservoirs, damming or dynamic land use change 

(e.g., reforestation or afforestation), were not considered in this study. 

(3) The channel routing model is limited by the use of a single set of empirical 

hydraulic geometry equations to represent the river depth and width. This 

approach may not produce accurate river bathymetry for the full length of the 

Yellow River. 

(4) The finer resolution of the simulation (1-10 km) was not tested in the Yellow 

River Basin as the current channel routing model of AHMS does not support 

parallel computation. The current 20 km grid cells may be too coarse to resolve 

the hydrological, water erosion and sediment transport processes on many slopes 

and valleys in the landscape. 

(5) Another limitation of calibrating a hydrological model is the use of a single 

optimization target variable, namely streamflow discharge. To improve the 

overall performance of the hydrological model, a joint calibration target that 

includes the river's water level, soil moisture, and evapotranspiration within the 

watershed could be employed. 

7.4 Recommendations for Future Research 

A broad outlook for future studies building on the present work is as follows. 

(1) Future work should focus on a scale-adaptive parameterization of water erosion 

to resolve scale-dependent variables without the need for employing scale-

related parameters. An additional method for enhancing the model consists of 

applying a random distribution to explicitly represent the stochastic 

characteristics of the spatial and temporal distributions of precipitation, runoff 

and overland flow. 

(2) The incorporation of various anthropogenic influences, such as damming or 

change in land use, and the inclusion of the dynamic land use change (e.g., 

reforestation or afforestation) and damming processes into AHMS constitutes an 

open modelling task, which will be important to improve the quantitative 

assessment of the hydrological processes in future work. Moreover, a 

sedimentation model should be developed and incorporated into the sediment 
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transport model to account for the effect of sedimentation in reservoirs.  

(3) Additional in-situ and satellite measurements of river and floodplain geometry 

for the channel routing model of the AHMS would also improve the prediction 

of flood timing and peak.  

(4) In future studies, model predictions for flow rates in the Yellow River and the 

concatenated sediment transport capacity should be calibrated and validated with 

the help of additional data on streamflow observations, including flow velocity 

and depth. Such studies could help to improve, for instance, the predictions of 

sediment discharge in the LZ-TDG sub-basin. 

(5) Future research could employ (online) numerical simulations combined with the 

Weather Research Forecasting modelling system (WRF) to investigate the 

impact of irrigation on local environmental processes and extreme events like 

floods, while considering variations in climate and land use types in arid and 

semi-arid regions. 

(6) The inclusion of vegetation parameters and several optimization target variables, 

such as river water level and soil moisture and evapotranspiration within the 

watershed, into the calibration of the numerical simulations will be an important 

extension of the model in future work. 

(7) Future work should also focus on parameter calibration and sensitivity analysis 

for the upland sediment discharge equation to better constrain the exponent of 

water discharge and USLE rainfall erosivity (EI30).  

(8) In the future, the application and evaluation of the gully area index to other 

catchments, including different environments, landforms and climates, will be 

necessary to improve the development of regional water erosion and sediment 

modelling. 
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Appendix A 

A.1 Discretization of the Richards equation 

Hydraulic diffusivity (D, in units of m2 s-1) is defined as 

 ( ) ( )D Kθ θ
θ

∂Ψ
=

∂
 (A.1) 

By substituting the redefinition of hydraulic diffusivity into Eq. (3.1), the diffusivity 

form of the one-dimensional Richards equation is given by 

 = [ ( ) ( )] ( , )D K S z t
t z z
θ θθ θ∂ ∂ ∂

+ −
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 (A.2) 

The difference method for the Richards equation uses an implicit time scheme and a 

centred difference scheme for spatial discretization, as given below 
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By substitution and transformation, the above equation is formulated as a tri-diagonal 

equation as follows 

 1 1 1
1 1(1 ) =t t t

i i i i i i iA B C rhsθ θ θ+ + +
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where the matrix coefficients (Ai, Bi and Ci) for the tri-diagonal matrix are given 

below 
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If  2 < i < n, then 
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If i = 2, then 
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If i ≠ 2, then 
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 If i = n, then  
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If i = 1, then  
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If 1< i < n, then 
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If i = n, then  
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where i is the soil layer index, n is the last layer, z is the elevation at the bottom of 

the soil layer (m), t
iq  is water flux, which is positive in the outward direction, Isfc is 

the infiltration rate at the surface, ET is the transpiration rate, Esfc is the soil surface 

evaporation rate, K is the hydraulic conductivity (m s-1), and Qdrain is the soil bottom 

drainage flux. 

A.2 Discretization of the Diffusion Wave Equation 

The finite difference method implicitly solves the diffusion wave equation in the 
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channel routing model (Eq. 3.4) with the time-implicit Newton-Raphson term for 

slopes. The slope term is given by 

 
0.5 0.51t tdh dh dh

dl dl dl
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It is assumed that there is a linear relationship between head change and time, given 

as follows. 
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As shown in Eq. (3.4), in the AHMS channel routing model, each grid (i, j) has eight 

flow directions for inflows and outflows as follows. 
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By substitution and transformation, Eq. (3.4) is formulated as: 
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The equation above is reformulated through substitution and transformation as 

follows: 
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where the constant terms are  
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After solving Eq. (A.19), 1
, ,
t t
i j i jh h+ −  is obtained and the water level and inundation 

are updated accordingly. 

A.3 Discretization of Two-Dimensional Boussinesq Equation 

The alternating direction implicit (ADI) method is used here to discretize the 

Boussinesq equation as follows: 

Step 1: Explicit difference in direction x and implicit difference in direction y. 
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where ,i jhφ is the calculated head at node (i, j) at the end of the previous time 

increment ∆t. The above equation is simplified to a tridiagonal equation of the form: 

 1 1 1
, 1 , , 1* * * =t t t

i i j i i j i i j iAA h BB h CC h DD+ + +
− ++ +  (A.23) 

where the matrix coefficients and right-hand side terms are  
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 Step 2: Explicit difference in direction y and implicit difference in direction x.  
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The above equation is simplified to a tridiagonal equation of the form as 

 1 1 1
1, , 1,* * * =t t t

i i j i i j i i j iAA h BB h CC h DD+ + +
− ++ +  (A.26) 

where the matrix coefficients and right-hand side terms are  
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After solving the set equations in Eq. (A.24) and Eq. (A.27), the groundwater head is 

updated to be 1
,
t
i jh + . 
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Abstract: In Sections 1-4 of this Supplemental Material (SM), we provide further 

information about the hydrological model introduced in Section 2 of the main 

document. Moreover, in Section 5 of this SM, the impacts of the four most 

influential reservoirs along Yellow River’s mainstream, in the period from 1977 to 

1988, are discussed, while the Noah-MP parameterization options used are 

described in Section 6. The sensitivity analysis of the annual cycles of averaged 

weekly streamflow on the hydrological parameters, including the 

parameters β, B, W, n, α and Cs defined in both main document and SM, is then 

presented in Section 7. Furthermore, Section 8 provides the spatial distribution of 

the hydrological variables including (a) precipitation, (b) evapotranspiration, (c) 

runoff, (d) streamflow, (e) soil moisture, (f) groundwater depth, (g) surface runoff, 

(h) subsurface runoff, for the Yellow River basin averaged from 1979 to 1988. To 

conclude this SM, Section 9 presents the calibration and sensitivity analysis of the 

irrigation model parameters on the irrigation amount and streamflow. 

B.1 Infiltration and Infiltration-Excess Runoff 

Infiltration capacity or maximum infiltration rate (𝐼𝐼max) is a variable that determines 

the surface water input distribution between infiltration and runoff. The infiltration 

capacity indicates the infiltration rate under the condition of sufficient water supply, 

and depends on the characteristics of the soil, such as soil moisture and texture.  
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Previous studies (Beven, 1989; Chamizo et al., 2012; Gao et al., 2015; Yu et al., 

1999) indicated that the soil infiltration capacity is, indeed, much smaller than the 

saturated hydraulic conductivity at surface (𝐾𝐾sat(0)) in a coarse grid, owing to the 

spatial heterogeneity in hydraulic parameters of soil and precipitation. We thus 

assume the following model (Best et al., 2011), 

 
𝐼𝐼max = 𝛽𝛽𝐾𝐾sat(0) (B. 1) 

 
𝑅𝑅ins = max(0,𝑄𝑄wat − 𝐼𝐼max) (B. 2) 

 
𝐼𝐼sfc = 𝑄𝑄wat − 𝑅𝑅ins (B. 3) 

 

where β  is an empirical parameter ( 0 ≤ 𝛽𝛽 ≤ 1 ), which can be determined by 

calibration of the annual average runoff in the sub-basins of the Yellow River Basin, 

𝑅𝑅ins is the infiltration-excess runoff, 𝑄𝑄wat is the water input on the soil surface, and 

𝐼𝐼sfc is the infiltration rate at the surface.  

B.2 Interaction Fluxes of River-Groundwater and River-Vadose 

Given the river channel considered in HMS, the river-groundwater (𝐶𝐶g) and river-

vadose ( 𝐶𝐶u )  interaction fluxes are also computed here using Darcy’s law 

(Sophocleous, 2002; Yu et al., 2006). It is assumed that there is a layer of low-

permeability material at the riverbed so that the water in the river can be separated 

from the groundwater system in each grid. If the water table is higher than the river 

bed, then 𝐶𝐶g is proportional to ℎr − ℎg, and 𝐶𝐶u = 0, where ℎr is the river water level 

and ℎg is the groundwater level. If the groundwater level is lower than the riverbed, 

then 𝐶𝐶u is proportional to ℎr − ℎbot, and 𝐶𝐶g = 0, where ℎbot is the elevation of the 

stream bed. The exchange flow between river and groundwater is then calculated 

using, 

 

𝐶𝐶g =
𝐾𝐾b
𝑀𝑀
�ℎr − ℎg� = 𝐶𝐶s�ℎr − ℎg� (B. 4) 

 
𝐶𝐶u = 𝐶𝐶s(ℎr − ℎbed) (B. 5) 

 

where 𝐶𝐶s is the hydraulic conductance of stream-aquifer interconnection (s−1), 𝐾𝐾b is 

the hydraulic conductivity of streambed material ( m s−1 ), 𝑀𝑀  is the streambed 
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thickness (m), ℎr is the stream water level (m), ℎg is the groundwater head (m), and 

ℎbed is the streambed elevation (m). The hydraulic conductance of the riverbed 

usually needs to be calibrated against the observed base flow of the river. The 

sensitivity of AHMS to 𝐶𝐶s is discussed in Section B6. 

B.3 Terrestrial Water Budget and Changes 

This section describes the terrestrial water budget equation used in this study. The 

discharge and balance of water play a key role in the water cycle. Therefore, the 

quantification and assessment of terrestrial water storage budget and changes 

constitute an essential prerequisite for the reliable simulation of hydrological 

processes. The total terrestrial water storage 𝑆𝑆t and the terrestrial water balance are 

computed using 

 
𝑆𝑆t = 𝑊𝑊sn + 𝑊𝑊un + 𝑊𝑊sf + 𝑊𝑊gw (B. 6) 

 
d𝑆𝑆t
d𝑡𝑡

= 𝑃𝑃r − ET − 𝑅𝑅sf − 𝑅𝑅sub (B. 7) 

 

where 𝑆𝑆t  is the total terrestrial water storage (m), 𝑊𝑊sn is the water storage in 

snowpack (liquid equivalent) (m), 𝑊𝑊un is the soil moisture storage in the unsaturated 

soil layer (m), 𝑊𝑊sf is the surface water storage (m), including water storage in the 

rivers, lakes and reservoirs, 𝑊𝑊gw  is the groundwater water storage (m), 𝑃𝑃r is the 

precipitation (m s−1), ET is the evapotranspiration (m s−1), 𝑅𝑅sf is the surface runoff 

(m s−1), including infiltration-excess runoff and saturation excess runoff, and 𝑅𝑅sub is 

the subsurface runoff ( m s−1 ), which includes the interaction fluxes of river-

groundwater 𝐶𝐶g  and river-vadose 𝐶𝐶u. 

B.4 Major Reservoirs Along the Yellow River 

Human activities, such as irrigation and dam regulation, play an important role in the 

Yellow River Basin area. Table B.1 shows the information on the four most 

influential constructed reservoirs along the mainstream of the Yellow River, while 

Figure B.1 shows the annual cycle of the Longyangxia, Liujiaxia and Sanmenxia 

Reservoir inflow and outflow. This figure indicates that, during the period from 1979 

to 1988, streamflow through Longyangxia and Sanmenxia reservoirs (left and right 

subfigures in Fig. B.2) was little affected by artificial regulation because of 
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unfinished construction work and reservoir sedimentation. However, streamflow 

through the Liujiaxia reservoir (subfigure in the centre of Fig. B.2) was greatly 

affected by artificial regulation. The Liujiaxia Reservoirs increased substantially the 

baseflow in spring for water supply to the downstream agricultural irrigation areas 

and decreased streamflow slightly in summer and autumn for flood interception 

during the period from 1979 to 1988. 

Table B.1: Information of four major reservoirs along the mainstream of Yellow River. 
 

Reservoirs Location Height (m) Storage (109 m3) Time of completion 

Sanmenxia Middle reaches 335 9.7 September 1960 

Liujiaxia Upper reaches 147 5.7 October 1968 

Longyangxia Upper reaches 178 27.6 October 1986 

Xiaolangdi Middle reaches 160 12.7 October 1999 

 

 
Figure B.1: Annual cycles of measured monthly inflow (Tangnaihe station) and outflow 

(Guide station) of the Longyangxia reservoir (a), monthly inflow (Xunhua 
station) and outflow (Lanzhou minus Minhe and Minxian station) of the 
Liujiaxia reservoir (b) and monthly inflow (Longmen plus Haxian and Hejin 
station) and outflow (Sanmenxia station) of the Sanmenxia reservoir (d), 
averaged over 1979-1988. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) b) c) 
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B.5 Noah-MP Parameterization 

Table B.2: Noah-MP parameterization options used in this study. 
Parameterizations Description Schemes Used 
Dynamic vegetation 4: table LAI, shdfac = maximum 
Stomatal resistance 1: Ball-berry, related to photosynthesis (Ball et 

al., 1987) 
Soil moisture factor controlling stomatal 
resistance  

1: Noah scheme, function of moisture (Chen & 
Dudhia, 2001) 

Runoff and groundwater 9: Darcy’s law (Xia, 2019) 
Surface exchange coefficient for heat 1: M-O (Brutsaert, 2013) 
Supercooled liquid water in frozen soil NY06 (Niu & Yang, 2006) 
Frozen soil permeability 1: NY06 (Niu & Yang, 2006) 
Radiation transfer 3:  gap = 1-FVEG 
Snow surface albedo 2: CLASS (Verseghy, 1991)  
Partitioning precipitation into rainfall and 
snowfall         

1: Jordan91 (Jordan, 1991) 

Lower boundary condition of soil 
temperature 

1: zero flux 

The first-layer snow or soil temperature 
time scheme        

1: semi-implicit 

B.6 Sensitivity Analysis 

Figures B.2-B.7 display observed annual cycles of averaged weekly streamflow at 

the main gauging stations along with the associated predictions from our simulations 

using the different values of 𝛽𝛽, 𝐵𝐵, 𝑊𝑊, 𝑛𝑛, 𝛼𝛼 and 𝐶𝐶s, respectively. As can be seen from 

these figures, the model results are particularly sensitive to 𝛼𝛼 , 𝛽𝛽  and 𝑛𝑛. We thus 

calibrate AHMS to obtain the optimal combination of the two most sensitive river 

routing parameters (𝛼𝛼 and 𝑛𝑛) and soil parameters (𝛽𝛽 and 𝐶𝐶s) for the upper and middle 

reaches of the Yellow River.  

As described in Table B.3, the calibrated values of soil saturated hydraulic 

conductivity amount to 0.028𝐾𝐾sat , 0.035𝐾𝐾sat , 0.15𝐾𝐾sat , and 0.12𝐾𝐾sat  in the 

subbasins TNH, TNH-LZ, LZ-TDG, and TDG-HYK, respectively. 

Furthermore, in large-scale hydrological simulations, empirical equations are used to 

estimate channel parameters due to the lack of a large-scale river hydraulic geometry 

dataset. Indeed, the quantitative assessment of these parameters experienced an 

improvement in recent years through the progress achieved in advanced satellite data 

applications. Neal et al. (2012) used high-resolution satellite imagery to estimate the 

width of rivers, and Yamazaki et al. (2011) developed the Global Width Database of 

Large Rivers (GWD-LR) based on observed water bodies. Notwithstanding this 
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significant progress, there is still considerably sparsity in the data available for 

obtaining channel depth and the Manning roughness coefficient in hydrological 

simulations. Therefore, based on previous research on large-scale river dynamics (De 

Paiva et al., 2013; Neal et al., 2012; Yamazaki et al., 2011; Yu et al., 2006), the 

Manning roughness coefficient (𝑛𝑛), the coefficients of the hydraulic geometry (𝐵𝐵 and 

𝑊𝑊), and the exponent of river bed fraction 𝑓𝑓𝑏𝑏  are selected for the sensitivity analysis. 

The selected model parameters are summarized in Table B.3. In particular, the 

sensitivity analysis consists of perturbing the value of each parameter of the flow 

routing model in the Yellow River Basin by the factors 0.5, 0 and -0.5. 

Table B.3: Experimental design for hydrological parameters sensitivity analysis. 
Symbol Name Unit Model default Value 

Soil Parameters 

β 
Decay factor of soil saturated 

hydraulic conductivity 
- 

calibrated in subbasins as 

0.028, 0.035, 0.15 

and 0.12 × Ksat 

× 0.5, 

1.0, 1.5 

Cs 
hydraulic conductance of stream-

aquifer interconnection 
s−1 

calibrated in subbasins as 

10−7, 10−6, 10−6 and 10−6 
× 0.1, 

1.0, 10 
River routing parameters 

w Channel width m 5.0 0.5
BFQ  × 0.5, 

1.0, 1.5 

d Channel depth m 0.6 0.3
BFQ  × 0.5, 

1.0, 1.5 

n Manning roughness coefficient 
s m-

1/3 
calibrated in subbasins as 

0.025, 0.025, 0.01, 0.01 
× 0.5, 

1.0, 1.5 

α 
an exponent used to calculate the 

fraction of the riverbed 
- 0.5 

0.4, 0.5, 

0.8 
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Figure B.2: Annual cycles of averaged weekly streamflow for the period of 1979-1988 at six 

main hydrological stations of the Yellow River, TangnaiHe (a), Lanzhou (b), 
Toudaoguai (c) and Huayuankou (e), with standard infiltration scheme 0.5𝛽𝛽 
(blue dashed line), 1.0𝛽𝛽  (orange dashed line), 1.5𝛽𝛽  (green dashed line) and 
observed discharge (red solid line with a grey fill), where β  is the decay factor 
of soil saturated hydraulic conductivity. 

 
Figure B.3: Annual cycles of averaged weekly streamflow for the period of 1979-1988 at 

four main stations of Yellow River, Tangnaihe (a), Lanzhou (b), Toudaoguai (c) 
and Huayuankou (d), with Manning roughness coefficient of river 0.5n×  (blue), 
n  (orange), 1.5n×  (green), observed discharge (red solid line with a grey fill). 
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Figure B.4: Annual cycles of averaged weekly streamflow for the period of 1979-1988 at 

four main stations of the Yellow River, Tangnaihe (a), Lanzhou (b), Toudaoguai 
(c) and Huayuankou (d), with the depth of river 0.5B×  (blue), B  (orange), 

1.5B×  (green), observed discharge (red solid line with a grey fill). 

 
Figure B.5: Annual cycles of averaged weekly streamflow for the period of 1979-1988 at 

four main stations of Yellow River, Tangnaihe (a), Lanzhou (b), Toudaoguai (c) 
and Huayuankou (d), with the width of the river 0.5W ×  (blue), W  (orange), 

1.5W ×  (green), observed discharge (red solid line with a grey fill). 
 



Appendix B 

136 
 

 
Figure B.6: Annual cycles of averaged weekly streamflow for the period of 1979-1988 at 

four main stations of the Yellow River, Tangnaihe (a), Lanzhou (b), Toudaoguai 
(c) and Huayuankou (d), with an exponent of the fraction of riverbed α =0.4 
(blue), 0.5 (orange), 0.8 (green), observed discharge (red solid line with a grey 
fill). 

 
Figure B.7: Annual cycles of averaged weekly streamflow for the period of 1979-1988 at 

four main stations of the Yellow River, Tangnaihe (a), Lanzhou (b), Toudaoguai 
(c) and Huayuankou (d), with hydraulic conductance of stream-aquifer 
interconnection sC =0.4 (blue), 0.5 (orange), 0.8 (green), observed discharge 
(red solid line with a grey fill). 
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B.7 Spatial Distribution of the Hydrological Variables 

Figure B.8 shows the spatial distribution of hydrological variables including (a) 

precipitation, (b) evapotranspiration, (c) runoff, (d) streamflow, (e) soil moisture, (f) 

groundwater depth, (g) surface runoff and (h) subsurface runoff in the Yellow River 

Basin, averaged annually from 1979 to 1988. As shown in Fig. B.8a, the Yellow 

River Basin has a very uneven distribution of precipitation. In particular, this 

precipitation decreases considerably from south (700-1000 mm yr-1) to north (100-

200 mm yr-1). Moreover, the precipitation distribution correlates strongly with the 

evapotranspiration map (Fig.B.8b), and appears consistent with the occurrence of 

two major runoff areas in the southern part of the Yellow River Basin, i.e., the upper 

reaches and the Wei He River Basin (Fig. B.8c). Furthermore, it can be seen in Fig. 

B.8d that the river network and flow magnitude predicted by the model match the 

corresponding observations. Figure B.8e shows that the maximum and minimum 

values of soil moisture are in the upper reaches and in the arid to semi-arid middle 

reaches of Yellow River Basin, respectively, and that the spatial distribution of soil 

moisture follows closely the river network. Moreover, groundwater depth exceeds 25 

m over most of the Yellow River Basin (Fig. B.8f), except for the main river 

networks and the lower reaches – which have groundwater levels under 10 m. Figure 

B.8g shows that the distributions of runoff and surface runoff are consistent with 

each other, while it can be seen from Fig. B.8h that subsurface runoff is mainly 

generated in the upper reaches, with the Yellow River recharging groundwater from 

Lanzhou to Toudaoguai. 
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Figure B.8: Spatial distribution of mean annual (a) precipitation, (b) evapotranspiration, (c) 

runoff, (d) streamflow, (e) soil moisture, (f) groundwater depth, (g) surface 
runoff, (h) subsurface runoff, averaged over 1979-1988, at the Yellow River 
Basin. 
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B.8 Calibration and Sensitivity Analysis of Irrigation Model Parameters 

Table B.4: Experimental design for calibration and validation of irrigation model. 
Experiment 

name Irrigation scheme Irrigation parameters Objective 

NO_IRR No No 

As a reference with 
the calibrated 
hydrological 

parameters at the 
basin scale 

CNTL_IRR Yes 

IRR_FRAC=0.25, 
IR_RAIN= 1.00, 
IRR_MAD=0.5, 
IRR_LAI=0.6, 
FILOSS=0.1 

As a reference with 
the calibrated 

hydrological and 
irrigation 

parameters 
at the basin scale 

MAD_0.4 Yes Same as CNTL_IRR, but 
with IRR_MAD=0.4 To test the model 

sensitivity to 
IRR_MAD MAD_0.6 Yes Same as CNTL_IRR, but 

with IRR_MAD=0.6 

LAI_0.8 Yes Same as CNTL_IRR, but 
with IRR_LAI=0.8 To test the model 

sensitivity to 
IRR_LAI LAI_1.0 Yes Same as CNTL_IRR, but 

with IRR_LAI=1.0 

ONLY 
STRAM 

Yes, but sink term 
𝑄𝑄irr_sf in flow routing 
model only irrigate the 

main streams flow 
across cells 

Same as CNTL_IRR 

As a reference with 
only irrigating the 

grid cells the streams 
flow across 

 

Table B.5: Comparison of statistical and simulated areal average annual irrigation in the 
Yellow River Basin, as well as the NSE of monthly streamflow at outlet of 
YRB (HYK) from 1979 to 1987 (mm yr-1). 

Experiment  
River irrigation Groundwater irrigation  Total irrigation NSE  

Statistics Sim PE  
(%) Statistics Sim PE 

(%) Statistics Sim PE 
(%) 

CNTL_IRR 

20.45 

14.89 -
27.19 

8.29 

11.16 34.98 

28.74 

26.05 -9.36 0.55  

MAD_0.4 9.89 -
51.64 

6.66 -7.49 16.55 -
42.41 

0.53  

MAD_0.6 22.66 10.81 19.99 141.13 42.65 48.40 0.50 

LAI_0.8 14.39 -
29.63 

9.60 15.80 23.99 -
16.53 

0.52  

LAI_1.0 13.70 -
33.00 

9.45 14.00 23.15 -
19.45 

0.53  

ONLY 
STRAM 

1.81 -
91.15 

10.55 27.26 12.36 -
57.00 

0.35  
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cSchool of Water Resources and Hydropower Engineering, Wuhan University, Bayi Road. 299, 
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C.1 Required Meteorological Variables for Offline AHMS 

Table C.1: List of meteorological variables required to run AHMS in an offline mode. 

   Number Name Meteorological variables Unit 

1 Wind Near-surface wind speed m s-1 

2 Tair Near-surface air temperature K 

3 PSurf Surface air pressure N m-2 

4 Qair Near-surface specific humidity kg kg-1 

5 LWdown Surface downward longwave radiation W m-2 

6 SWdown Surface downward shortwave radiation W m-2 

7 Rainf Rainfall flux kg m-2 s-1 

8 Snowf Snowfall flux kg m-2 s-1 

C.2 Irrgation Scheme in AHMS-IRR 

The present work adopts the irrigation scheme AHMS-IRR developed by Jiang et al. 

(2022) for arid and semi-arid river basins, which is briefly described below. 

The soil moisture deficit method calculates the irrigation water requirements, i.e., 

when, where and how much water is required to irrigate (Ozdogan et al., 2010; Xu et 

al., 2019). The equations for the integrated soil moisture availability (SMA) in root 

zones and irrigation water requirements (IWR) are, 
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SMA =
SM − SMwlt

SMref − SMwlt
(C. 1) 

 
IWR = (SMref − SM) ∙ 𝐹𝐹veg ∙ 𝐹𝐹crop ∙ (1.0 + 𝐹𝐹iloss) (C. 2) 

where SM  represents the integrated soil moisture [m]; SMref  and SMwlt are the 

integrated field capacity and wilting point in the root zone [m], respectively; 𝐹𝐹veg is 

the vegetation fraction, taken from the MODIS‐based climatological dataset from 

2001 to 2012 (Broxton et al., 2014); 𝐹𝐹crop represents the associated 500-m MODIS-

based irrigation fraction (Ozdogan & Gutman, 2008), and 𝐹𝐹iloss  is the fraction of 

flood irrigation loss, and is set as 0.1 in this study. 

The actual total irrigation water flow 𝑄𝑄irr  is related to both surface water and 

groundwater irrigation. However, this actual irrigation flow is limited by the 

availability of surface water in rivers and lakes. The following formulae applies, 

 
𝑄𝑄irr = 𝑄𝑄irr,sf + 𝑄𝑄irr,gw (C. 3) 

 
𝑄𝑄irr,sf = min�𝐼𝐼max ∗ 𝐴𝐴𝑔𝑔 ∗∗ 𝐹𝐹irr,sw,𝑊𝑊sf,avail� (C. 4) 

 
𝑄𝑄irr,gw = 𝐼𝐼max ∗ 𝐴𝐴𝑔𝑔 ∗ 𝐹𝐹irr,gw (C. 5) 

 

IWRR(𝑡𝑡) = max�IWRR(𝑡𝑡 − 1) −
𝑄𝑄irr ∗ ∆t
𝐴𝐴𝑔𝑔

, 0� (C. 6) 

where 𝑄𝑄irr,sf and 𝑄𝑄irr,gw represent the actual irrigation water flow from surface water 

and groundwater [m3 s-1], respectively; 𝐹𝐹irr,sw and 𝐹𝐹irr,gw are the corresponding area 

fractions of surface water (river) and groundwater irrigation according to the “Global 

Map of Irrigation Areas” (Siebert et al., 2005); Imax is the infiltration capacity [m s-1], 

and Ag denotes the grid area [m2]. Moreover, 𝑊𝑊sf,avail denotes the available surface 

water in the river or lake according to the channel routing model [m3 s]. We assume 

that groundwater is sufficient to meet irrigation demand. IWRR (t) and IWRR (t-1) 

denote the remaining irrigation water demand [m] at times t and t-1, respectively, 

while ∆𝑡𝑡 is the time step. 

C.3 Evaluation Metrics for Performance 
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Table C.2: Evaluation metrics, range, and perfect agreement value. 
  Evaluation metrics Range The value indicates perfect agreement 

Nash–Sutcliffe model efficiency coefficient 
(NSE) (-∞, 1] 1 

Root mean square error 
(RMSE) [0, +∞) 0 

Pearson correlation coefficient 
(PCC) [-1, 1] 1 

Mean absolute error 
(MAE) [0, +∞) 0 

Mean absolute percentage error 
(MAPE) [0, +∞) 0 

Relative error in percent 
(BIAS) [-∞, +∞) 0 

Modified Kling-Gupta efficiency 
(mKGE) (-∞, 1] 1 

C.4 Calibration of Rainfall-Runoff Model 

In our study, the soil saturation hydraulic conductivity is derived from the default 

soil parameter table (SOILPARM.TBL) of the Noah-MP land surface model (Chen 

& Dudhia, 2001; Niu et al., 2011). They are further calibrated in four sub-basins, 

namely, Headwater-Tangnaihai (HW-TNH), Tangnaihai-Lanzhou (TNH-LZ), 

Lanzhou-Toudaouai (LZ-TDG) and Toudaoguai-Huanyuankou (TDG-HYK), as 

shown in Table C.3. 

Table C.3: Calibrated soil parameters against observed runoff in the sub-basins. 

As seen in Table C.4, during the calibration period, in the upper reaches of the 

Yellow River Basin, which is rarely affected by human activity, the BIAS of the 

gauge-corrected reanalysis products is calibrated to less than 10% (except for 

NCEP/NCAR at LZ station BIAS=25%). In the middle reaches of the basin, where 

irrigation has large influence on the water balance (Jiang et al., 2022), the BIAS of 

the gauge-corrected reanalysis products is calibrated to less than 15% (except for 

CMFD at TDG station BIAS=23%). The slightly larger errors in the sub-basin areal 

runoff for the NCEP/NCAR at LZ station and CMFD at TDG station may be due to 

the lack of further calibration of other parameters (e.g. hydraulic conductivity of the 

Para The soil saturated hydraulic conductivity (×Ksat) in sub-basins 
1 2 3  4 

1 0.039 0.060 0.400 0.300 
2 0.020 0.035 0.250 0.140 
3 0.008 0.020 0.100 0.080 
4 0.010 0.025 0.250 0.130 
5 0.025 0.035 0.200 0.150 
6 1.000 1.000 0.300 0.090 
7 0.065 0.100 0.400 0.280 
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riverbed). However, this error is within acceptable limits, while further increasing the 

number of considered parameters would make the parameter calibration process 

substantially more difficult. 

Table C.4: Simulated and observed mean annual area runoff from 1979 to 1987 in the 
Yellow River Basin including four subbasins, Sub-basins 1 (HW-TNH), Sub-
basins 2 (TNH-LZ), Sub-basins 3 (LZ-TDG) and Sub-basins 4 (TDG-HYK). 

Para 

Areal Runoff (mm) 

Sub-basins 1 Sub-basins 2 Sub-basins 3 Sub-basins 4 

Observed 
runoff 

Simulated 
runoff minus 

Irrigation 
BIAS Observed 

runoff 

Simulated 
runoff minus 

irrigation 
BIAS Observed 

runoff 

Simulated 
runoff minus 

rrrigation 
BIAS Observed 

runoff 

Simulated 
runoff minus 

irrigation 
BIAS 

1  
calibration 210.96 203.32  3.62 100.92 107.39 - 

1.62=105.77  4.80  -53.34 
 

9.57-54.82 
=-45.25  15.17 48.57 51.08-3.17 

= 47.91  1.36 

1 
validation 171.11  188.00 9.54 101.94  111.06-

1.31=109.75 7.66 -53.92  10.26-47.58 
=-37.31 30.80 46.09 40.62-3.53 

=37.09 19.53 

2  
calibration 210.96 209.21 0.83  100.92 99.12-1.48 

=97.64 3.25  -53.34 
6.48-47.46 

=-40.98 
 

23.17 48.57 47.85-2.68 
=45.17 7.00 

2 
validation 171.11  195.59 14.30 101.94  98.02-1.03 

=96.99 4.86 -53.92  8.83-44.73 
=-35.90 33.43 46.09 41.44-2.78 

=38.66 16.12 

3 
calibration 210.96 201.66 4.40 100.92 107.69-2.66 

=105.03 4.07 -53.34 22.94-74.63 
=-51.69 3.09 48.57 55.47-4.52 

=50.95 4.90 

3 
validation 171.11  190.05 11.07 101.94  114.70-2.13 

=112.57 10.43 -53.92  24.31-77.22 
=-52.91 1.87 46.09 44.74-6.55 

=38.19 17.14 

4  
calibration 210.96 200.60 4.91 100.92 

 
98.80-2.17 

=96.63 4.25 -53.34 
 

12.49- 
59.30 

=-46.81 
12.24 48.57 53.21-4.21 

=49.00 0.89 

4 
validation 171.11  192.49 12.49 101.94  107.87-1.85 

=106.02 4.00 -53.92  10.87-66.34 
=-55.47 2.87 46.09 42.56-6.20 

=36.36 21.11 

5 
calibration 210.96 205.92 2.39 100.92 

104.04-1.53 
=102.51 

 
1.58 -53.34 

14.44-60.10 
=-45.66 

 
14.40 48.57 48.41-3.10 

=45.31 6.71 

5 
validation 171.11  190.89 11.56 101.94  109.96-1.29 

=108.67 6.60 -53.92  16.75-53.17 
=-36.42 32.46 46.09 41.96-3.71 

=38.25 17.01 

6  
calibration 210.96 233.88 10.86 100.92 126.99-2.07 

=126.43 25.28 -53.34 9.53-58.98 
=-49.46  7.26 48.57 54.03-4.18 

=49.85 0.58 

6 
validation 171.11  268.56 56.95 101.94  146.21-

2.46=143.75 41.01 -53.92  11.87-46.91 
=-35.04 35.01 46.09 59.00-2.45 

=56.55 22.69 
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7 
calibration 210.96 202.30 4.10 100.92 

 
102.32-1.03 

=101.29  0.37 -53.34 9.48-42.77 
=-33.29 37.59 48.57 48.04-1.71 

=46.33 4.61 

7 
validation 171.11  218.34 27.6 101.94  123.93-0.88 

=123.05 20.71 -53.92  11.67-37.55 
=-25.88 52.00 46.09 51.53-1.86 

=49.47 7.33 

C.5 Performance Evaluation Using Offline Atmospheric and Hydrological 

Modelling System (AHMS) 

Table C.5: Comparison of monthly streamflow simulated with gauge-calibrated parameters 
using seven different precipitation products and observed streamflow.  

 
 
 
 
 
 
 
 
 
 
 
 
 

  Precipitation products 
Tangnaihe Lanzhou Toudaoguai Huayuankou Mean 

NSE mKGE NSE mKGE NSE mKGE NSE mKGE NSE mKGE 

Calibration period 

OBS 0.77 0.86 0.46 0.61 0.03 0.54 0.47 0.73 0.43 0.69 

CMFD 0.49 0.57 0.21 0.55 -0.16 0.27 -0.42 0.08 0.03 0.37 

GLDAS 2.0 -0.49 -0.20 -1.02 -0.14 -1.07 -0.51 -1.20 -0.61 -0.95 -0.37 

WFDE5/CRU -0.32 0.03 -0.76 0.15 -0.79 -0.19 -0.95 -0.36 -0.71 -0.09 

WFDE5/(CRU+GPCC) 0.54 0.59 0.32 0.60 -0.18 0.27 -0.52 -0.02 0.04 0.36 

NCEP/NCAR -2.13 -0.15 -6.44 -0.20 -7.46 -0.65 -0.53 0.32 -4.14 -0.17 

ERA5 0.53 0.52 0.12 0.62 -0.59 0.37 0.40 0.63 0.12 0.54 

Validation period 

OBS 0.82 0.82 0.51 0.59 -0.18 0.58 0.43 0.70 0.40 0.67 

CMFD 0.72 0.73 0.40 0.62 0.03 0.42 -0.43 0.14 0.18 0.48 

GLDAS 2.0 -0.29 0.07 -0.89 0.17 -1.09 -0.33 -1.31 -0.47 -0.90 -0.14 

WFDE5/CRU -0.08 0.26 -0.56 0.36 -0.94 -0.17 -1.18 -0.30 -0.69 0.04 

WFDE5/(CRU+GPCC) 0.75 0.72 0.54 0.69 -0.06 0.32 -0.50 0.05 0.18 0.45 

NCEP/NCAR -6.50 -0.64 -15.51 -0.62 -19.23 -1.33 -3.53 -0.12 -11.19 -0.68 

ERA5 0.01 0.17 -0.94 0.35 -3.67 -0.27 -0.44 0.32 -1.26 0.14 
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Table C.6: Same as Table C.5, but with recalibrated parameters for each of the six 
precipitation products (Scenario 2). 

  Precipitation products 
Tangnaihe Lanzhou Toudaoguai Huayuankou Mean 

NSE mKGE NSE mKGE NSE mKGE NSE mKGE NSE mKGE 

Calibration period 

OBS 0.77 0.86 0.46 0.61 0.03 0.54 0.47 0.73 0.43 0.69 

CMFD 0.78 0.82 0.54 0.71 0.19 0.65 0.51 0.74 0.51 0.73 

GLDAS 2.0 0.82 0.83 0.57 0.76 0.08 0.60 0.49 0.74 0.49 0.73 

WFDE5/CRU 0.83 0.82 0.63 0.76 0.19 0.64 0.49 0.72 0.54 0.74 

WFDE5/(CRU+GPCC) 0.77 0.76 0.60 0.76 0.23 0.65 0.52 0.70 0.53 0.72 

NCEP/NCAR 0.68 0.65 0.70 0.85 0.33 0.66 0.50 0.65 0.55 0.70 

ERA5 0.57 0.56 0.49 0.66 0.08 0.47 0.51 0.59 0.41 0.57 

Validation period 

OBS 0.82 0.82 0.51 0.59 -0.18 0.58 0.43 0.70 0.40 0.67 

CMFD 0.77 0.77 0.57 0.64 0.07 0.64 0.60 0.81 0.50 0.72 

GLDAS 2.0 0.77 0.78 0.38 0.64 -0.14 0.58 0.61 0.80 0.41 0.70 

WFDE5/CRU 0.72 0.77 0.32 0.60 0.17 0.67 0.59 0.77 0.45 0.70 

WFDE5/(CRU+GPCC) 0.81 0.78 0.62 0.74 0.11 0.63 0.61 0.81 0.54 0.74 

NCEP/NCAR 0.13 0.36 -0.51 0.53 -2.08 0.10 0.42 0.40 -0.51 0.35 

ERA5 0.62 0.46 0.52 0.67 -0.33 0.30 0.47 0.58 0.32 0.50 

Table C.7: Root-Mean-Square Error (RMSE) and Nash-Sutcliffe Efficiency (NSE) 
computed between the measured and simulated evapotranspiration produced by 
the numerical experiments for the period January 1980 to December 1987. 

Scenario Setup 
  Precipitation products 

Basin 

 1 RMSE MAE NSE r2 

Ⅰ 

1 OBS 6.56 4.79 0.90 0.979 

2 CMFD 6.77 5.00 0.89 0.983 

3 GLDAS 2.0 6.68 4.90 0.90 0.978 

4 WFDE5/CRU 6.78 5.02 0.89 0.981 

5 WFDE5/(CRU+GPCC) 7.42 5.44 0.87 0.982 

6 NCEP/NCAR 9.24 7.69 0.80 0.985 

7 ERA5 11.90 9.57 0.67 0.982 

Ⅱ 

8 CMFD 5.90 4.39 0.92 0.982 

9 GLDAS 2.0 5.11 4.02 0.94 0.975 

10 WFDE5/CRU 5.13 3.90 0.94 0.979 

11 WFDE5/(CRU+GPCC) 6.41 4.67 0.91 0.980 

12 NCEP/NCAR 9.32 7.76 0.80 0.985 

13 ERA5 12.52 10.05 0.64 0.983 

 



Appendix D 

146 
 

Appendix D 
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D.1 Definition of Slope and Interpolation Method 

In a raster dataset, the slope is defined as the steepness of the terrain or the steepest 

gradient at each cell or pixel. It represents how quickly the elevation changes from 

one cell to another. The calculation of slope is typically carried out using elevation 

data, such as a Digital Elevation Model (DEM), within a three-by-three cell 

neighbourhood, utilizing a moving window approach. The slope for the central cell is 

determined using the following formula: 

 
22

arctan
yradians

dz dzS
dx d

   = +   
    

 (D.1) 

where Sradian is the slope in radians, dz/dx represents the rate of change in elevation in 

the x-direction, and dz/dy represents the rate of change in elevation in the y-direction. 

The method of interpolation using the four-point bilinear interpolation method from 

the WRF Preprocessing System (WPS). Four-point bi-linear interpolation requires 

four nearby source points to interpolate a value at a target point (x, y). It involves 

linear interpolation between these neighbouring points in both the x and y directions. 
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D.2 Observed and Predicted Sediment Discharge at Five Stations 

 
Figure D.1: Same as Fig. 6.2 but use the runoff in the KR equation (EXP 10). 
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Figure D.2: Same as Fig. 6.2 but use the overland flow in the KR equation (EXP 17). 
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