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Abstract

Accelerated soil water erosion is one of the major global environmental problems that ad-
versely affect both rural and urban areas. While many investigations have been initiated to
efficiently understand and effectively manage water erosion problems in agricultural areas,
specific knowledge on urban water erosion is less pronounced. This paper aims at providing
an overview of the extent at which erosion dynamics processes have been explored in urban
areas. Based on the last decade’s publications, the majority (64%) of studies were conducted
in the developed world, mostly in humid subtropical and humid continental climate regions.
Furthermore, researchers largely concentrated on offsite erosion, focusing on contaminated
sediments and on stream erosion. The employed methods were mostly traditional approach-
es (81% of all articles) compared to modern methods of remote sensing and modelling. This
review identifies limitations in methods employed, and gaps in focal research topics and ur-
ban-specific management strategies. In particular, the paper argues that approaches oriented
towards minimising the risks from water erosion in urban areas are urgently needed. The re-
view findings are expected to be of interest to researchers, urban planners and environmental
related managers.

1. Background

Erosion is generally defined as the removal of materials from the earth surface by erosive
agents such as wind and water (Morgan, 1995; Aksoy & Kavvas, 2005). Thereby, ‘removal’
includes the transport and deposit of the eroded sediments and solutes at a new location
(Vrieling, 2006). In most systems, erosion is a natural process that has continuously oc-
curred since the earliest age of geological times in history, shaping landscapes, moulding
landforms, and creating mountain valleys, hills, pediment slopes, alluvial fans, deltas and
floodplains (Sundborg & Rapp, 1986). Human land use clearly impacts soil erosion that has
significantly escalated in the last couple of decades, consequential to the rapid popula-
tion growth and diverse human activities (Cantdn, et al., 2011). Currently, accelerated soil
erosion is one of the most serious global problems contributing to land degradation (Lal,
2001; Vrieling, 2006). It is estimated that around 2 billion ha of total land area worldwide
has been affected by soil degradation as a result of human activities (Lal, 2001; Pimentel &
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Kounang, 1998). These areas include arid, semiarid and humid environments (e.g. Booth &
Henshaw, 2001; Aksoy & Kavvas, 2005; Fu, et al., 2009; Ibotoye & Eludoyin, 2010; Cantdn,
et al., 2011).

Soil erosion problems are generally related to agricultural practices in tropical and semi-
arid countries (Nearing, Pruski & O’Neal, 2004; Prasannakumar, Vijith, Abinod, & Geetha,
2012). Around 450 hundred million ha of the world’s arable land was found to be unproduc-
tive by mid 1990s and an estimated of 10 million ha of cropland are abandoned each year
by agricultural use due to soil erosion (Pimentel, 2006). Soil erosion, however, is not only
important in agriculture but has also become an important phenomenon in urban environ-
ments. As a result of the rapid population growth, the continuous demand for more settle-
ment land and the unavoidable removal of vegetation coupled with the changes in climate
in particular aggravate soil erosion by water in agricultural as well as in urban environ-
ments. Recent projections assume that by 2050 approx. 70 % of the world populations will
be living in urban areas (United Nations, 2012). This urbanisation process is further acceler-
ated by climatic changes. Particularly in many dryland areas, the increased risk of droughts
and soil erosion, and the related vulnerability of natural resources, lead to an increasing
rural-urban migration (McLeman & Smit, 2006; Portnov & Paz, 2008). At this point, the sec-
ond phase of land conversion from both native land and agricultural land to impermeable
urban surfaces continues at an alarming rate (Allan, Erickson, & Fay, 1997). The accompany-
ing socio-economic needs of the growing urban population require constant infrastructure
development, thus constant urban surface alteration and growth to cater for the popula-
tion needs and demands (Shuster, Bonta, Thurston, Warnemuende, & Smith, 2005).

Increasing urban populations are evidently associated with an increase in sealing of per-
meable surfaces (Shuster, et al., 2005; Strahler, 2010). The impervious surfaces include road
networks, buildings, canalization of drainage systems, pavements and other concrete-like
surfaces. Such surface changes do not only impact the kinetics of chemical soil reactions
and gas diffusion but also modify water movements (Scalenghe & Marsan, 2009; Strahler,
2010). As such, the movements of water get more restricted to specific flow paths where
the amount of water runoff is amplified and water erosion is accelerated. Accordingly, the
accelerated water erosion leads to considerable urban problems such as (a) damages to
bridges, roads, buildings, and other structures through high speed of water erosion and/or
flooding (Merz, Kreibich, Schwarze, & Thieken, 2010); (b) clogging of drainages systems,
muddy roads and reduction of water storage capacity in reservoirs with deposited sedi-
ments. The latter leads to either channel diversion or cut off and in the process contributes
to flash flooding (Wei, Chen, Yang, Fu, & Sun, 2012); (c) the transportation of pollutions and
contaminations into drinking water supplies which threatens public health (Gaffield, Goo,
Richards, & Jackson, 2003); (d) the reduction of the ground water recharges (Shuster, et
al,, 2005); (e) degradation of critical urban ecological functions (Strahler, 2010), and (f) the
contribution to climate change by releasing carbon into the atmosphere from eroded areas
(Gaiser, Stahr, Billen, & Mohammed, 2008).

Predicted changes in rainfall regimes (e.g., increasing high-intensity precipitation events)
in combination with the enormous urban population growth and the related massive con-
version of land to impermeable surfaces, certainly magnifies the risks of urban flooding
and water erosion. However, the related urban-specific erosion effects and the consequent
underlying erosion dynamics are highly complex, given that they are influenced by a range
of interacting factors that are inadequately studied and are hardly understood (Anigbogu,
2001; Yair & Raz-Yassif, 2004; Wei, et al., 2012). Thus, there is a need to design urban specific
research schemes for water erosion and flooding, including scale-crossing monitoring, ex-
periments and modelling, ultimately improving the planning for and management of urban
areas. As such, worldwide several specific investigations on urban water erosion have been
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published. However, until now, an urgently required overview of this important research
topic is still missing.

This paper aims at providing an overview on the extent to which urban soil water erosion
matters have been covered in literature over the last two decades. Specifically, we intend
to 1) identify the regions covered and focal areas of previous research on urban water ero-
sion, 2) outline the approaches applied in assessing, quantifying, predicting and managing
urban erosion, 3) determine the major gaps in studying water erosion in urban settings
and, 4) illustrate key challenges in current and future comprehension and managing of
urban erosion.

2. Material and methods

We searched the ISI Web of Knowledge and Google scholar for publications between
1991 and March 2014 focusing on soil water erosion processes in urban environments. To
ensure that only articles directly linked to this topic were included, we conducted a title
search using a set of selected keywords. Specifically, the search included the following
terms: soil erosion, water erosion, sediment transportations, and sediment deposition, in
combination with urban (including urbanization and urbanized), city or cities. In this initial
search 34 accessible publications by the researcher at a time, matched our literature search
criteria. In addition, we went further into the literature and searched into the related and
cited articles which yielded 44 more accessible publications, giving a total of 78 publications
on which our analyses were based.

In a first step, we examined and analyzed the climatic and geographical regions where
the studies were carried out and the scales (spatial and temporal) that were considered.
Subsequently, we categorized the published studies according to their apparent research
focus, i.e. (i) key causes and impacts of erosion, (ii) types of contaminations carried by
erosion, (iii) method development for erosion assessment, (iv) sediment movements (i.e.
sediment transportation and deposition) and (v) erosion control. Within these categories
we further analysed the specific types of erosion explored, the different methods engaged
in the studies and lastly the consideration of specific environmental factors influencing
erosion.

3. Results
5
= 20
=
[~
€15
=
e
S 10 -
=
s
o g o
[
& & 52 & & B & 3 & d
& & & o o # o7 UQtP P & &
& & & & I P & o & 1 o
& & o & & e of PO
S & de? o & & ¥ o OQ\L
& o & & 9 &8

Figure 1: The proportion of publications in specific climate regions

The majority of urban water erosion studies were conducted in climate regions of the
developed world (Fig. 1). Within these areas, the highest number of studies was from North
America (42%), mainly from humid subtropical climate regions (e.g., North Carolina: Pater-
son, et al. 1993, or Newack: Ludwig & Lannuzzi, 2005) and from humid continental climates
(e.g. Ontario: Eyles & Meriano, 2010, or Maryland: Colosimo & Wilcock, 2007). This was fol-
lowed by studies from Europe (19%), primarily covering oceanic climate regions (e.g. Canta-
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bria, Spain: Zafra, Temprano, & Tejero, 2008) or Mediterranean climate (e.g., Italy: Bretzel,
Benvenuti, & Pistelli, 2014). The least explored continent of the developed world was Aus-
tralia with only 3% of all studies (e.g., Brisbane: Brown & Chanson, 2012). In the developing
world, most studies were conducted in Asia (16%), with the majority carried out in humid
continental climate (e.g. Korea: Moon, Lee, & Yoon, 1994; China: Zhao & Li, 2013). Overall,
only 12% of the studies took place in Africa, mostly in Nigeria (e.g. Jimoh, 2001; Ehiorobo &
Audu, 2012; Omon & Oisasoje, 2012), and only 9% in South America, with a focus on Brazil
(e.g. Franz, Makeschin, Weip, & Lorz, 2014). Interestingly, drier climate regions appear to
have received rather limited attention regarding erosion in urban areas. Apart from the
semi-arid region (5% of the studies), desert and subarctic regions were only addressed by a
single publication each (desert: Parker, 2000; subarctic: Fan & Li, 2004).
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Figure 2: Distribution of scales employed. Although often scales overlap, a ‘plot’ scale
ranges from areas of 0.01n7 to 10 ooonr, a ‘catchment’ scale ranges from less than 1knr
to several hundreds of knv while a ‘regional’ scale refers to areas larger than a catchment
(Wei et al., 2012). ‘Others’ includes distance measures and areas such as “distance to a
road’, ‘beach stretch’, ‘lagoon’, or “city area’.

Most of the studies (48%) of urban water erosion were conducted at the catchment scale
(Fig. 2), focusing primarily on aspects related to soil loss control (e.g. Stroosnijder, 2005).
This includes research on the sources (Nelson & Booth, 2002; Poleto, Merten, & Minella,
2009), spatial distribution and quantification of various sediments (Rowntree, et al., 1991;
Franz, et al., 2014), and related long term soil losses (Ehiorobo & Audu, 2012). In contrast,
relatively few publications (16%) addressed the plot scale (e.g. Bazzoffi, Pellegrini, Rochini,
Morandi & Grasselli, 1998; Osorio & De Ofa, 2006; Greenstein, et al., 2014) and only one
publication focused on a regional scale other than catchment (i.e. a loess plateau region
in China: Hu, Zhi-mao, & Jun-ping, 2001). However, 32% of the publications fell under the
unspecific category “others” covering a broad variety of scales (e.g. Hu, et al., 2001; Jimoh,
2005; Zhao, Li, Wang, & Tian, 2010; Ehiorobo & Audu, 2012). From a temporal perspective,
many studies (i.e. 81%) covered a time span of less than 25 months, with 29% of studies only
spanning one year or less. Longer time spans were typically related to monitoring activi-
ties (e.g. Colosimo & Wilcock, 2007; Kelderman, 2012) and providing overviews of existing
observed erosion dynamics (e.g. Balamurugan, 1991; Booth & Henshaw, 2001). Only half of
the reviewed publications included sufficient information on spatial and temporal scales to
be integrated in Fig. 2. The reviewed studies mainly addressed erosion induced damages
resulting mostly from heavy rainfall events and poor planning, thus associated with local
flooding, gully formation and debris flow (Rowntree, Natsaba, & Weaver, 1991; Gupta &
Ahmad, 1999; Berger, McArdell, & Schluneger, 2011). The spatial extents of these damages
occur at micro, meso and macro scales. At micro scales, the damage extended to single
unit properties within a settlement, especially during flooding (see e.g. Tas, Tas, Durak, &
Atanur, 2013). At meso scales, studies focus on sediment movements and contaminations
affecting drainage systems and river channels (e.g. Moon, et al., 1994; Taylor & Owens,
2009). At macro scales, larger units at coastlines, such as lagoons and beaches are studied.
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In particular, contaminations from transport activities and industrial activity that affect la-
goons and coastal estuaries, or the effect of eroded sediments that damage municipal or
private properties at larger scales (e.g. Jiménez, Gracia, Valdemoro, Mendoza, & Sanchez-
Arcillo, 2011).
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Figure 3: Focal research topics addressed in the publications

Overall, the reviewed research focused more on offsite erosion (e.g. flooding, contami-
nation, sediment fluxes, river adjustments) than on the onsite effects of erosion (e.g. ero-
sion rate, soil loss, landform development). The highest number of studies addressed con-
tamination (36%) as a focal research topic, followed by sediment movement (i.e. transpor-
tation and deposition) (23%), and the causes and impacts of erosion (18%). Less attention
was paid to the development of methods (14%) and to erosion control (9%). Except from
studies directly addressing erosion control, most studies were oriented towards a basic
understanding (77%) than towards management issues (23%). Moreover, studies aiming at
the management erosion level hardly considered the causes and the impacts of erosion or
the movements of the eroded sediments. On the other hand, studies aiming at understand-
ing focused more on contamination compared to any other subjects and did not consider
the erosion control at all.

Sources of contamination were largely traced back to anthropogenic activities, including
domestic effluents (Horowitz, 2009), output from sewage works (Carter, Owens, Walling,
& Leeks, 2003), and automobile activities (Sutherland & Tolosa, 2000). Contaminations ac-
cumulated in different water bodies, including reservoirs (Wildi et al., 2004) and estuaries
(e.g. Ludwig & Lannuzzi, 2005). Specific agents that were detected included metals such
as Calcium (Ca), Copper (Cu), Lead (Pb) and Zinc (Zn) (Irvine, Drake, & James, 1992; Estébe,
Boudries, Mouchel, & Thévenot, 1997; Parker, 2000; Jartun, Ottesen, Steinnes, & Volden,
2008) and organic contaminants such as Dichlorodiphenyl Trichloroethane (DDT), Polycy-
clic Aromatic Hydrocarbon (PAH) and Polychlorinated Biphenyls (PCBs) (Walker, Walker,
Mcnutt, & Mash, 1999; Greenstein, et al., 2014).

Studies focusing on fluxed sediments identified types of surfaces as a main influencing
factor, which varied highly among urban areas. For example in Rio Grande do Sul (Brazil),
the percentage of sediments yield varied from paved surface (46%), to unpaved surfac-
es (23%) and stream channels (3%) (see Poleto, et al., 2009). Similar variation occurred in
Seattle (Washington, United State of America (USA)), where sediments originated from
landslide areas (40%), channel banks (20%), or road surfaces (15%) (Nelson & Booth, 2002).
In Maseru (Lesotho) construction sites produced in average 85% of sediments, whereas
gulling walls contributed 10% and agricultural areas added another 5% (Franz, et al., 2014).
Also soil losses related to erosion strongly differed among sites. For example, gully erosion
was found to be responsible for soil loss up to 3,57m3/m?in Benin, while observed losses in
China were up to 2, 24m3/m?, and up to 2,11m3/m? in Spain (Ehiorobo & Audu, 2012).
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Reported causes for erosion were primarily from the stream banks being changed (ad-
justed or enlarged) as urban development areas expand (Fan & Li, 2004; Colosimo & Wil-
cock, 2007). Other causes were attributed to high rainfall events, that in combination with
a lack of proper planning of infrastructures led to sediment accumulation in water bod-
ies and to debris flow. This combined water, sediment and debris flood subsequently de-
stroyed bridges and culverts while also forming prominent features such as rills and gullies
(Ibitoye & Eludoyin, 2010). The formation of gullies further depends on the soil type (e.g.
clay or silting sand gravel) since it strongly influenced soil wetness and thus erodibility (e.g.
Omon & Oisasoje, 2012).
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Figure 4: Methods and types of urban erosion researched
The type of erosion primarily studied, included late stages of erosion, i.e. stream erosion
(65%) and gully erosion (19%). As such, only limited attention was paid to the newly formed
erosion of rills (8%) and sheet erosion (8%). Most approaches employed traditional field
methods (81.3%; e.g. soil sampling, field measurements and observations) (Fig. 4). Model-
ing was mostly applied to stream erosion and storm water runoff while the use of Remote
Sensing (RS) and Geographical Information System (GIS) was largely restricted the detec-
tion of erosion related to land use (Tamim, Pallu, Wunas, & Baja, 2012; Khosrokhani & Prad-
han, 2013; Vaz & Bowman, 2013). Models used include ‘USLE’ for soil loss (Mukundan, et al.,
2013), ‘CREAMS’, ‘KENTUCKY’ and ‘MIKE’ for sediments transportation (Irvine, et al., 1992;
Deletic, 2005; Spencer, Droppo, He, Grapentine, & Exall, 2011), and ‘FEFLOW’ for ground
water flow (Eyles & Meriano, 2010). Additional model applications using ‘ISWMS’, ‘PDF’,
‘DWSM’ and ‘SWAT’ concentrated mostly on modeling storm water runoff (Allen, Arnold,
& Skipwith, 2002; Fan & Li, 2004; Harris & Adams, 2006; Zhang, Zhang, Hu, Lie, & Li, 2013).
Only one publication, aimed at understanding the processes of sediment transport in run-
off over grass, was based on laboratory experiments (Deletic, 2005).
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Figure 5: Key factors considered in erosion studies in relation to focal research areas

The most frequently considered influencing factors in the reviewed soil erosion studies,
included land use (43%), topography (24%) and vegetation cover (23%) (Fig. 5). Surprisingly,
independent from the focal research topic of the study, the important soil-related factors
influencing erosion (i.e. geology, soil moisture and infiltration rate) were only rarely or not
at all considered. Examples of studies that had not considered the related soil properties
included investigations on urbanised watersheds (e.g. Colosimo & Wilcock, 2007), contami-
nated sediments (e.g. Tao, et al., 2010; Kelderman, 2012) and coastal erosion (e.g. Jiménez,
et al., 2011). Furthermore, only a limited number of studies linked land use and erosion
control, though this link is probably crucial for future erosion risk management.
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As for managing urban water erosion, studies were overall very case specific and only
few general themes could be identified. One of them was the use of cost effective mate-
rials for erosion control, e.g. natural materials. For example, in Betim (Brazil), straw blan-
kets were successfully applied for controlling gully erosion (De Brito Galvao, Pereira, Coel-
ho, Pereira, & Coelho, 2010). In contrast, in the City of Gaza waste material was used to
control coastal erosion. But, despite of the materials being viable and cheap, they were
also found to be a potential cause for ground and surface water pollution (Al-Agha, 2000).
Similarly, in Italy and Spain, compost was used to control runoff and soil erosion. In Italy,
the compost increased the bulky density by 0.08 Mgm-3 as a result of its inert fraction
content (Bazzoffi, et al., 1998). For Spain, it was reported that soil loss was reduced by
compost-mediated runoff control up to 94% (Ros, Garcia, & Hernandez, 2001). Three oth-
er publications discussed the subject of erosion control. Two of them addressed erosion
programs in North Carolina, where one study assessed the public and private costs and
benefits associated with urban erosion and sediment control (Paterson, et al., 1993). It
established that the urban householders were willing to pay up to around $14.2 million to
maintain and control erosion and sediment pollution. The other study examined the use of
cohesive and cooperative approaches to control erosion and sediment pollution (Burby,
1995). The study concluded that for the programs to be successful in managing erosion
and to control the sediment pollution, a more coercive approach would be required. In par-
ticular, this would include improving staffing, applying severe sanctions when standards
are violated and offering incentives to improve the cooperation between levels of govern-
ments (Burby, 1995). The third publication on erosion control dealt with specific protection
measures, such as adding sand at the Spanish Mediterranean coast (Jiménez, et al., 2011).

4. Discussion

4.1 Distributions of water erosion studies across the continents and climate zones

Most extreme climate regions (i.e. semi-arid, arid or desert regions) are located in the
developping world, especially in Africa and Asia. In comparison to other climatic regions
(e.g. humid), these regions can be more susceptible to problems of water erosion due to
observed and predicted changes in precipitation distributions (Reich, Eswaran, & Beinroth,
2001). In particular, an overall reduction of average annual precipitation in these areas is of-
ten accompanied by less but more intense rainfall events, leading to increased erosion risks
(Nearing, et al., 2004; World Meteological Organization, 2005). Furthermore, the majority
of cities in Africa and Asia are experiencing rapid population growth, brought about by the
dramatic increase of urbanization, due to global warming and decrease of annual precipi-
tation (Portnov & Paz, 2008; United Nations, 2012). Despite this high relevance, the devel-
oping regions, and more especially Africa, have received very limited attention regarding
urban water erosion studies to date. This holds true even though Africa experienced the
highest contributions to soil erosion through land use change in the last decades (Yang,
Kanae, Oki, Koike, & Musiake, 2003). Also, soil erosions are estimated to be increasing up
to 50% in Africa (as well as in Australia) by the year 2090 (Yang, et al., 2003). In particular,
the obvious lack of research in urban areas of the developing world should be a major
source of concern, as soil erosion intensity is generally closely linked to patterns of popu-
lation density distribution (Silveira, 2002). Thus, the urban poor living in high population
density areas are likely to suffer the most severe consequences of increasing erosion risks.

4.2 Temporal and spatial scales

Unlike in agricultural and other areas, where researchers have concentrated more on
sheet and rill erosion processes at plot scale (Poesen, Nachtergaele, Verstraeten, & Valen-
tin, 2003), research on urban water erosion largely focused on stream and gully erosion at
catchment scale (Figs 2 and 4). This focus on visible large scale effects instead of indicative
smaller-scale erosion impacts, suggests that erosion problems in urban areas only come to
the public attention at advanced stages when their alarming consequences have become
obvious.
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Clearly, the proper understanding of soil water erosion processes requires the explicit
consideration of different spatial and temporal scales (Renschler & Harbor, 2002; Cantdn,
et al.,, 2011; Wei, et al., 2012). Long-term and large-scale studies are necessary for moni-
toring consequences of, and changes in soil erosion processes, while small-scale studies
of shorter duration are important for identifying underlying mechanisms and local drivers
(Renschler & Harbor, 2002). However, many urban water erosion investigations have only
lasted for less than two years (Fig. 2). Also, despite the importance of providing regional
information to policymakers (Wei, at al., 2012), only one of the publications on urban areas
were carried out at a regional scale. This stands in contrast to non-urban areas where wa-
ter erosion studies at a regional scale have received ample attention since the 1990s (De
Vente, Poesen, Verstraeten, Van Rompaey, & Govers, 2008).

4.3 Research approaches

Interestingly, modern methods in erosion research, such as satellite based studies, GIS
and computer modeling, are relatively sparsely used in relation to urban erosion (Fig. 4).
This is unexpected since, for example, high resolution sensors, such IKONOS, ASTER and
Quick Bird, are highly suitable for identifying early processes and impacts of erosion (Vriel-
ing, 2006), and can be used to inform the management and policymakers well in advance.
Also, current approaches in erosion modeling lack a clear focus on the specifics of urban
areas. For instance, the widely used Universal Soil Loss Equation (USLE) model was de-
veloped for conservation planning as an assessment tool for predicting long term annual
averages of soil loss (Nearing, 1998; Nearing, et al., 2005). Despite the various modifica-
tions to the model (e.g. the incorporation of process-based equations (Prasannakumar, et
al.,, 2012), its current limitations reduce the applicability to urban settings. This includes the
model’s restriction to small areas (Nearing, et al., 2005), and its limitation in estimating the
distribution of soil loss or runoff volumes (Nearing, 1998). Furthermore, expanding urban
environments are highly variable, especially along vulnerable areas, such as streams. Ad-
dressing this variability would require further refinement of the model or the integration of
new approaches. Similar concerns in terms of applicability also apply to the CREAMS model
(Aksy & Kavvas, 2005). Even though it has been adjusted for the urban environment (e.g.
Irvine, Perrelli, Ngoen-Klan, & Droppo, 2009), the model assumes soil topography and land
use to be uniform (Merritt, Letcher, & Jakeman, 2003), which clearly is not the case in ur-
ban contexts. Also well-established models, such as MIKE (Spencer, et al., 2011) and SWAT
(zhang, et al., 2013) are not able to cover all relevant aspects of urban soil erosion. How-
ever, they can be applied to specific scenarios. For example, the MIKE model can be used
for analysing storm-based events even though it ignores bank erosion processes (Merritt,
et al., 2003), which are vital during flooding in urban watershed areas. In contrast, the
SWAT model can help to predict long term erosion yield but it is not suitable for analysing
severe storm events (Borah & Bera, 2003). This is problematic since such events are critical
in urban areas, and are often leading to flash flooding, which especially occurs in areas with
inefficient drainage systems.

Even though current models disregard some of the important factors for the urban en-
vironment, the integration of various modeling approaches generally appear to be a suit-
able answer to current challenges in urban water erosion. In either case, a close linkage of
models to monitoring data is required to solve the inherent problem of insufficient model
parameterisation and testing (Merritt, et al., 2003).

4.4 Focal factors and processes

The specific approach applied clearly determines the influencing factors considered. Fig.
5 indicates that surface geology, soil moisture and infiltration are the least considered fac-
tors in urban water erosion investigations, despite the fact that related parameters greatly
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influence the understanding and accuracy of predictions of soil water erosion (Western, et
al,, 2004). For example, improved understanding of soil properties’ sensitivity to degrada-
tion has beenidentified as a key to early warning in water erosion risks (Luleva, Werff, Meer,
& Jetten, 2012). More particularly, understanding the effects of surface geology on water
erosion is important because some parent materials, such as limestone and sandstone, are
more easily eroded than others (Kosmas, Gerontidis, Marathianou, 2000). Also, soil perme-
ability largely depends on the surface geology which impacts soil development (Jencso &
McGlynn, 2011). Permeability together with actual soil moisture largely determines how
much water can infiltrate. Hence, they also influence surface water erosion and the related
amount of soil loss and transport (Qiu, Fu, Wang, & Chen, 2003). The inadequacy of current
knowledge regarding the linkage between soil moisture and its influencing environmental
factors (Qiu et al., 2003; Feng, Zhao, Qiu, Zhao, & Zhong, 2013), combined with the lack of
long term observation, largely hampers the calibration and validation of conceptual and
physically-based model approaches of erosion (Venkatesh, Lakshman, Purandara, & Red-
dy, 2011). The lack of such an in-depth understanding of underlying processes implies that
the more complex dynamics of urban water erosion is insufficiently resolved. This clearly
also hampers the management of erosion risks in urban areas.

4.5 Challenges in managing water erosion in urban settings

Urban sectors, including planning, engineering, education and health, typically have in-
adequate measures to cope with urban water erosion impacts, especially during extreme
rainfall events. The related risks can have severe consequences, given the fact that more
than 50% of the world’s populations are currently living in urban areas with an observed
ongoing increase in urbanisation (Kates & Parris, 2003; Seto, Guneralp, & Hutyra, 2012).
Consequent damages to society and to critical environmental systems could be close to
irreversible. Yet, erosion control was the least investigated aspect in the current research
on urban water erosion (Fig. 3).

The few applied erosion management approaches in urban areas used materials that
are either environmental friendly (waste, compost and straw blankets sewn with recycled
plastic threads) or consist of cheap materials (construction waste, white metal waste and
tires). While overall, all tested approaches had achieved their specific aims, the use of
cheap materials suffered from the challenge of balancing the tradeoff between benefit
(immediate condensed public health hazard and less economic strain), and producing new
environmental problems. For example, steel within concrete waste corrodes at a very high
rate as it reacts with sea water and the use of tire wastes eventually degrades and contrib-
utes to environmental pollution (Bazzoffi, et al., 1998). Both results can be very hazardous
to the public health and the environmental systems, and even deadly to aquatic life. Simi-
larly to the inland urban areas, the challenge in managing coastal erosion is also resulting
from a massive expansion of urban land use at coastlines (Vaz & Bowman, 2013). Added
to that is inadequate hazard zone buffers, poor planning of land use and the development
of inappropriate erosion measures (Adelekan, 2010; Vaz & Bowman, 2013). The increasing
anthropogenic pressure on coastal areas further worsens existing (natural) erosion prob-
lems, affecting infrastructures and also reducing beach capacity for recreation (Lizérraga-
Arciniega, Appendini-Albretchsen, & Fitcher, 2001). Natural storm erosion makes manag-
ing coastal erosion even more complicated than managing inland urban areas. Therefore,
especially at the coast, sound environmental policies are essential for the development of
strong and long lasting management measures.
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5. Conclusion

Akey challenge in understanding and managing urban water erosion is the rapid growth
of urban areas and the related ongoing change of the physical environment. Consequent
effects on water erosion might be even greater than effects caused by climate change
(Slaymaker, 2001). This review identifies existing gaps in research on key influencing fac-
tors in urban water erosion, a limitation in current methods employed, and a missing focus
on management strategies that are oriented towards risk minimisation. To start with, only
a very few erosion experiments were carried out at the plot scale, and almost none at the
regional scale. While research at the plot scale is very important to better understand basic
processes, information gathered at regional scales is crucial for management and policy
advice. Furthermore, even though managing strategies are generally based on polices, the
role of policies in managing erosion risks is hardly addressed. Also socio-economic factors,
such as the level of education, the level of income, land availability, and the type of hous-
ing, were not considered in current studies on urban water erosion. The lack of such data
is problematic since they could help to improve the specifics of future management strate-
gies, and the development of suitable policies. In addition, none of the studies reviewed,
explicitly addressed the important issue of climate change for urban areas, even though
the expected increase in the intensity of rainfall events will likely increase current threats in
urban water erosion. Possible reasons for these different shortcomings clearly include the
complexity and dynamics of urban water erosion processes, and the high costs involved in
the necessary detailed scale-crossing and interdisciplinary studies. Furthermore, though
any effort to conserve soil and its ecological functions is based on the state condition of
the soil, the reviewed studies did not address the extent of eroded area in urban areas. Un-
derstanding the extent of which urban areas have been affected is profoundly significant
for soil management and maintaining a quality urban ecosystem. Finally, the stakeholders’
understanding and perception of water erosion are hardly considered, even though such
information can be very instrumental in developing applicable solutions for the affected
communities.

To conclude, urban-specific interdisciplinary studies that (i) systematically explore all un-
derlying factors and drivers that influence erosional processes across scales, (ii) careful
evaluate the applicability of different approaches adapted, and (jii) better integrate mod-
ern approaches such as remote sensing, GIS and urban-specific process-based computer
modeling are urgently needed. Further, more research should be oriented towards (iv)
the detection of early erosion risk signals, (v) the exploration for reinforcement of envi-
ronmental policies, (vi) a better integration of socio-economic factors for urban planning,
(vii) a critical examination of the extent of eroded area in urban settings, oriented towards
long-term management strategies to reduce water erosion risks, and (viii) a stakeholder
analysis in urban areas, focusing on understanding the views and perceptions of the local
communities with regard to water erosion.
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