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RESEARCH ARTICLE

Dynamics and scales of transmission losses in dryland river systems: a 
meta-analysis
Never Mujere a, Mhosisi Masochaa, Hodson Makurirab and Dominic Mazvimavic

aDepartment of Geography and Environmental Science, University of Zimbabwe, Harare, Zimbabwe; bDepartment of Civil Engineering, 
University of Zimbabwe, Harare, Zimbabwe; cDepartment of Earth Sciences, University of the Western Cape, Cape Town, South Africa

ABSTRACT
In this paper, 245 studies were reviewed to understand approaches used for estimating river 
channel transmission losses. Findings indicate that regression equations, differential equations, 
flow routing, experimental approaches and water balances are most widely used. Geographic 
Information Systems are becoming a convenient framework to display model results showing 
spatial variability of losses. In the United States, regression equations and experimental 
approaches involving controlled releases are widely used to assess transmission losses whereas 
in the dryland regions of Australia, water balance and flow routing approaches are popular. In 
Africa and Asia, regression equations and water balances are common approaches to estimate 
transmission losses. By using regression equations on data pooled from studies done in 
different dryland regions of the world, statistically significant (p<0.05) relationships were 
observed between transmission loss volume and, reach length, inflow, flow contributing area 
and runoff coefficient. Overall, the review underscores the importance of channel and catch-
ment characteristics in shaping the dynamics of transmission losses. Two main limitations of 
the current approaches are that they are site-specific and require high amounts of data not 
always available in dryland regions due to sparse network of monitoring stations. The review 
also highlights existing knowledge gaps and future research needs.
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1. Introduction

1.1. Background and environmental context

River reaches experience flow losses downstream 
unless they are augmented by tributary inflows, base-
flow, groundwater inflow and channel precipitation 
(Walters 1990; Choi 2016). These losses, known as 
transmission losses occur in any climate and are best 
characterised relative to the river reach since they vary 
as the reach scale changes. From a water management 
perspective, it is important to understand the varia-
tions in transmission losses otherwise downstream 
users may be charged for water they have not received. 
In drylands (that is, arid and semi-arid regions) accu-
rate information on the magnitude and patterns of 
transmission losses is critical for sustainable manage-
ment of water owing to extremely variable flow 
regimes. These regions cover approximately one- 
third of the Earth’s surface, receive annual precipita-
tion of 100 mm-800 mm and sustain almost 40% of the 
world’s population (Jarihani et al. 2015).

The need for special attention to transmission 
losses occurring within dryland regions is justified 
because of unique environmental settings that have 
the potential to amplify the losses. For instance, 
high actual evapotranspiration from open water 
surfaces and riparian vegetation, large variability 

in rainfall inputs and high atmospheric moisture 
demand trigger considerable variation in runoff 
generation. The variable antecedent soil moisture 
and vegetation cover have significant impacts on 
infiltration processes (Lane, Diskin, and Renard 
1971; Lane 1985; Gu and Deutschman 2001; 
Thomas, Stewart, and Constantz 2000; Greenbaum 
et al. 2002). It therefore becomes critical to discuss 
transmission losses in these regions for accurate 
assessment of available surface water resources, 
prediction of peak discharges as well as to estimate 
groundwater recharge from river channels and 
floodplains (Walters 1990; Din, Dousari, and 
Ghadban 2007; Shaw and Cooper 2008; Wu, 
Zhen, and Lin 2011; Shanafield and Cook 2014).

Studies in drylands have shown that river channel 
transmission losses are significant in supporting ripar-
ian vegetation and channel associated ecosystems 
(Costa, Bronstert, and De Araujo 2011), reducing 
flood or peak discharges (Dunkerley and Brown 
1999; Lange 2005), estimating design floods, fresh-
water supply and improving water quality (Gippel 
2006; Ball et al. 2016). For example, transmission 
losses were integrated in updating the Australian 
Rainfall Runoff project guidelines (Ball et al. 2019). 
In addition, knowledge of transmission losses was 
found to be valuable in flood design to address climate 
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change risks (Ball et al. 2016) and in quantifying 
volumes of water available for diversion in the 
Coorong South Lagoon (Montazeri et al. 2011) as 
well as improving the management of Murray River 
storages (Gippel 2006; Murray-Darling Basin 
Authority 2019).

Research has shown that both allogenic rivers 
whose sources are in upstream humid areas such as 
the Nile River and, endogenic rivers whose sources are 
within the dryland environments such as Cooper 
Creek and Diamantina River in central Australia, 
experience channel transmission losses (Knighton 
and Nanson 1994; Mohammadi, Ryu, and Costelloe 
2013; Saber et al. 2013). The processes accounting for 
transmission losses along river reaches have also 
received adequate attention in the literature. For 
instance, infiltration is the main cause of loss in allu-
vial channel banks and river beds underlain by frac-
tured rocks (Bren 2005; Fu and Burgher 2015). 
Nevertheless, infiltration losses are critical sources of 
groundwater recharge to underlying alluvial aquifers 
which are major sources of water in drylands (Dahan 
et al. 2008; Costa, Bronstert, and De Araujo 2011), and 
provide soil moisture to riparian vegetation 
(Sophocleous 2002).

Evaporation from free water surfaces accounts for 
high percentage of losses in rivers with wide and 
shallow reaches such as the Limpopo River in south-
ern Africa (Hughes 2009). On the other hand, tran-
spiration by riparian and aquatic vegetation is 
a dominant contributing factor to transmission losses 
in vegetated channel reaches (Sophocleous 2002), 
whereas terminal storage or ponding in channel 
pools and overbank flows account for most transmis-
sion losses in floodplains (Lange 2005; Schoener 
2017).

While the processes accounting for river channel 
transmission losses are well known, untangling the 
multiple drivers of transmission losses and their 
appropriate fluxes using a coherent conceptual frame-
work remains a considerable research challenge. 
Hence, the objective of this paper is to develop 
a coherent framework for river channel transmission 
losses. In this paper, the processes influencing the loss 
rates such as infiltration, evaporation, transpiration, 
diversion and terminal water storage, are examined. 
The state of science in the estimation of transmission 
losses and, the strengths and limitations of the 
approaches available are highlighted. A discussion on 
how the approaches of estimating transmission losses 
vary in space and time is undertaken. Finally, a meta- 
analysis of published transmission loss data to exam-
ine relationships between river channel transmission 
losses and, reach length, flow entering the reach, run-
off contributing area and runoff coefficient (that is, the 
ratio of the amount of runoff generated to amount 
rainfall received in an area) is conducted.

1.2. Conceptual framework

River reaches are characterised based on their interac-
tion with groundwater in all types of landscapes. 
Losing river reaches recharge groundwater whereas 
gaining river reaches discharge water from under-
ground sources through baseflow (Cataldo et al. 
2004, 2010).The pattern of ephemeral and intermittent 
flow regimes is influenced by a wide range of meteor-
ological inputs and basin processes. These are critical 
in determining the antecedent soil moisture condi-
tions and can be integrated into a simple framework 
(Figure 1).

The framework shown in Figure 1 can be repre-
sented means of an equation which incorporates 
transmission loss processes of: (1) infiltration (I) into 
the river bed, banks, bars and the floodplains, (2) 
evaporation (E) from water and soil surface, (3) tran-
spiration (Tr) from riparian vegetation, (4) terminal or 
temporary surface water storage (TWS) that is, ponding 
in channel depressions and/or floodplains, (5) flow 
into distributaries or effluent channels (Qdand (and 
(5) channel diverted flow (Qdv)(Shentsis et al. 1999): 

T ¼ I þ Eþ Tr þ Tws þ Qd þ Qdiv (1) 

This framework can be applied to address the chal-
lenges of measuring and modelling transmission losses 
in dryland regions by zooming in on the processes 
involved (Hughes 2009; Lang et al. 2015). Estimating 
the total or the sum of individual components remains 
a considerable modelling challenge due to scarcity of 
measurement infrastructure and difficulty in accu-
rately accounting for the flow distribution in large 
multi-channel floodplain systems. High uncertainties 
of parameters constrain model accuracy (Knighton 
and Nanson 1994; Tooth 2000; Knighton and 
Nanson 2001; Tooth and Nanson 2011; Tooth 2013).

With regard to infiltration, although this process is 
complex for it depends upon the gradient of total soil 
water potential at the ground surface (Lange 2005; 
Schreiner-McGraw, Ajami, and Vivoni 2019), it is 
highly sensitive to soil moisture antecedent condi-
tions. The dryland landscape setting drives consider-
able variation of infiltration losses in both space and 
time. Infiltration is high in floodplains with sandy or 
loam soils, high total head to drive infiltration, large 
surface areas to lose water and alluvial channels that 
have long total residence duration of water (Bren 
2005; Fu and Burgher 2015).

Studies of small to medium-sized catchments with 
low to moderate relief gradients done in Arizona 
(Walters 1990), in India (Sharma and Murthy 
1995), in South Africa (Hughes and Sami 1992) 
and in Namibia (Dahan et al. 2008) have identified 
infiltration losses to the near-surface channel aquifer 
as a major component of transmission loss dominat-
ing headwaters and mid-reaches of rivers. In 
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quantitative terms, almost 75% of the total flow 
volume was recorded as infiltration into the channel 
bed during the first flow event after a long dry period 
in a semi-arid watershed in South Africa. During 
the second flow event after 42 days of no flow, 
infiltration losses decreased to 22% of the total 
volume (Hughes and Sami 1992). Infiltration rates 
are particularly high during the initial or first flow 
events after a long dry period in sand beds and if 
there are cracking clays with large fissures. With 
time, infiltration gradually decreases with wetting 
towards a steady final rate due to formation of 
a clogging layer and sediment cohesion (Thomas, 
Stewart, and Constantz 2000). At the same time, 
there may be increased resistance to seepage of 
water at the soil surface due to surface sealing as 
a result of swelling of clay, water breaking down soil 
aggregates and subsequent inwash of finer soil par-
ticles (Knighton and Nanson 1994; Costelloe et al. 
2003; McMahon et al. 2008).

In dryland river systems, evaporation is as signifi-
cant component of channel transmission losses.For 
example, studies have shown evaporation account for 
16–20% of the transmission losses along the 80 km 
reach of Colorado River (Daesslé et al. 2016). The rates 
of evaporation from intercepted rainfall, open water 
surfaces, wetted channel and floodplain soils are gen-
erally high given the large atmospheric moisture def-
icit driven by a combination of high energy supply and 
limited advection of moisture (McMahon et al. 2008, 
2013). In some systems evaporation is enhanced dur-
ing times of high discharge by the large surface area 
and relative shallowness of floodplain flows. The 

proportion of available water that is lost through eva-
poration in dryland river systems is seasonally variable 
due to variations of flow duration and amount, and 
hydraulic conductivities of alluvial deposits flooring 
river valleys (Boroto and Görgens 2003). It is also 
seasonally variable because within the tropics there is 
seasonal variation in solar radiation which provides 
much of the energy that drives evaporation. 
Nevertheless, the estimation of direct evaporation 
from moving water is still a research challenge.

The proportion of available water that is lost 
through transpiration varies due to the amount of 
vegetation cover present under arid and semi-arid 
conditions (Boroto and Görgens 2003). Studies along 
the Diamantina River have indicated that transpira-
tion losses can be as high as 21.6% (Jarihani et al. 2015) 
and as low as 2–8% (Thomas, Stewart, and Constantz 
2000).Also, transpiration losses along the Limpopo 
River were shown to vary from 5% to 15% (Boroto 
and Görgens 2003). High vegetation cover increases 
rates of transpiration whereas low transpiration rates 
result from sparse or absence of vegetation cover. 
Riparian vegetation along river corridors take advan-
tage of high moisture availability and thus increases 
transpiration (Knighton and Nanson 1994; McMahon 
et al. 2008).

Terminal water storage in pools, subsidiary chan-
nels, floodplains and artificial embankments along 
enlarged channel segments can persist for long dura-
tions and become an important transmission loss 
component. However, as pools become fully saturated 
and channel fully active during floods, the rate at 
which flow is transmitted downstream along the 

Figure 1. Conceptual model showing transmission loss components.
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channel or river transmission efficiency increases 
(Knighton and Nanson 1994). This reduces transmis-
sion losses as most of the flow moves downstream. 
Overbank flows ponded in floodplain depressions can 
reconnect with main channel, albeit at a slower rate 
than channel flow due to friction with riparian vegeta-
tion. Studies show that terminal storage accounted for 
11.2% of the transmission losses along the 180 km 
reach of the Diamantina River (Jarihani et al. 2015).

Distributaries are effluent channels that divert flow 
from main river channel into floodplains. Flow enter-
ing into distributaries never reconnects with main 
channel downstream, thus increasing river flow trans-
mission loss. (Knighton and Nanson 1994; Lange 
2005).In many rivers in Australia, water is lost to 
distributary channels, for example, the Avoca River 
has two large distributary channels that end in term-
inal lakes.

Artificial diversion of surface water from rivers 
particularly for consumptive use and irrigated agricul-
ture alters river streamflow regimes by reducing base-
flows, overbank flooding, magnitude and frequency of 
flow pulses and, attenuation or complete reversal of 
the natural seasonal flow pattern (Stewardson and 
Guarino 2018). Studies have shown that flow diversion 
in the Murray River basin via pumps and weirs into 
irrigation channels accounted for 87% of the losses 
(Murray-Darling Basin Authority 2019) and along 
the Limpopo River flows diverted for irrigation 
reduced reach inflows by 14% (Boroto and Görgens 
2003). For this study, selected river reaches were 
unregulated.

2. Methods

2.1. Literature search

In this study, a search strategy comprising Boolean 
logic, wildcards and truncation was used to locate 
relevant scientific literature on approaches for estimat-
ing river channel transmission loss. Specifically, the 
search targeted ‘river*’ OR ‘stream*’ OR ‘channel*’ 
AND ‘transmission loss*’ OR ‘model*’ OR ‘method*’ 
OR ‘technique*’ OR ‘approach*’ used in the title, 
abstract, keywords and references. A two-tier screen-
ing approach was then used to assess the appropriate-
ness of the studies retrieved by the search strategy. 
First, titles, abstracts, and keywords of publications 
available in English were reviewed. The retrieved pub-
lications were then further examined to select those 
focusing on modelling transmission losses as their 
core subject matter. Then, the strengths or limitations 
and practical applications of specific modelling 
approaches were evaluated. To be considered relevant, 
selected studies had to be conducted in unregulated 
river systems where no large infrastructure control 
river discharge in at least part of the study area.The 

results from reviewed papers were assumed reliable 
because they had undergone peer review. 
Nevertheless, the limitation of this approach is that 
some relevant articles besides those written English 
were not included. This review can also be susceptible 
to publication bias, where data from statistically sig-
nificant studies are more likely to be published than 
those from studies that are not significant (Drucker, 
Fleming, and Chan 2016). In such cases, the literature 
review becomes biased towards articles reporting sig-
nificant results.

2.2. Distribution of sites where transmission 
losses were investigated

To map distribution of sites where transmission loss 
studies were conducted, coordinates were needed. 
Some studies reported the coordinates of the sites 
whereas other studies did not specify the coordinates. 
Instead they used place names to georeference the 
study site. The place names were searched on Google 
Earth and coordinates of the identified names were 
obtained. To extract coordinates of a site such as 
Walnut Gulch experimental station in Arizona 
reported as a place, Google Earth was used to search 
the place name and obtain the coordinates. 
A limitation of this approach is that the coordinates 
were not precise but gave a general location of where 
the studies were conducted. The points were overlaid 
on a world base map showing country boundaries 
downloaded from Diva GIS. A point map showing 
the distribution of study sites of transmission losses 
was created in a GIS.

2.3. Meta-analysis

To establish relationships between transmission loss 
and channel characteristics as well as runoff, studies 
that reported data on inflow, outflow, reach length, 
rainfall and flow contributing area that is, catchment 
area between the upstream and downstream gauges of 
the reach were first identified. Then the data on these 
variables were extracted, pooled and regressed against 
transmission loss using linear regression models. 
Where transmission loss values were not reported in 
the original studies, the difference between reach inflow 
and outflow volumes was calculated. As the magnitude 
of losses. The number of studies that reported on these 
predictors of transmission loss ranged from 15 for 
transmission loss versus flow contributing area and 
runoff coefficient to 50 for transmission loss versus 
reach length and reach inflows.

Prior to performing regression, the data were first 
checked for normality using Kolmogorov-Smirnov 
(K-S) test. For data which deviated from normality 
(p < 0.05), a log-transformation was performed to 
make them normal. No transformations were 
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performed for data pertaining to the relationships 
between river transmission loss and, flow contributing 
area and runoff coefficient obtained from 15 studies 
because the data sets were normally distributed (con-
tributing area; p = 0.610; runoff coefficient, p = 0.906; 
transmission loss, p = 0.159). To derive the relation-
ship between runoff coefficient and transmission loss, 
the amount of rainfall received in the flow contribut-
ing area and runoff generated were used to estimate 
event-based runoff coefficient. Runoff coefficient was 
derived as the ratio of channel reach outflow to rainfall 
received in the flow contributing area. The flow con-
tributing area is the drainage area between river reach 
inflow and outflow gauging stations.

Data for the relationship between transmission loss 
and, reach length and reach inflow reported in 50 
studies were not normally distributed as their p-values 
were less than 0.05 when tested using the Kolmogorov- 
Smirnov (K-S) normality test (reach length: p = 0.001; 
reach inflow, p = 0.002; transmission loss: p = 0.005). 
After the data were log-transformed they followed nor-
mal distribution (reach length: p = 0.963; reach inflow, 
p = 0.345; transmission loss, p = 0.857).

The nature and statistical significance of the rela-
tionships between transmission losses and the four 
explanatory variables were evaluated using the coeffi-
cient of determination, R2 and p-values respectively. 
Alpha, α = 0.05 was taken as the critical level of sig-
nificance.Where the p-value was less than or equal to 
the significance level, sample data provided sufficient 
evidence to conclude that the regression model fitted 
data better than the model with no independent vari-
ables. Thus, the decision was to reject the null hypoth-
esis and conclude that the result occurred by chance 
not due to sampling errors.

3. Results

3.1. Approaches for estimating transmission 
losses

In this review, six approaches applied in estimat-
ing transmission losses were identified; namely 
simple regression equations, differential equations, 
experimental, flow routing, water balance and 
model-based approaches implemented in GIS (El- 
Hames and Richards 1998; Hacker 2005; Rivaz and 
Musavi-Jahromi 2012; Ibrahim et al. 2017; 
Pacheco-Guerrero et al. 2017). Table 1 shows the 
model structure, underlying assumptions and lim-
itations of the six approaches for estimating trans-
mission losses. It can be observed that discharge, 
reach length, hydraulic conductivity and channel 
storage are the main variables used to estimate 
transmission loss. The experimental approach 
which calculates transmission loss as the difference 
between reach inflow and outflow is the simplest 

to use but requires a field campaign and monitor-
ing equipment. Flow routing approaches stand out 
in that they explicitly incorporate the combined 
effects of time, flow rate and channel storage. In 
more recent studies, transmission loss is being 
estimated as a product of hydraulic conductivity 
of the channel bed, flow travel time, channel peri-
meter and reach length in a GIS. For instance, 
Mohammadi, Ryu, and Costelloe (2013) and 
Pacheco-Guerrero et al. (2017) used this model-
ling framework and GIS software to display spatial 
variability of transmission loss.

Simple regression equations use data for river reach 
inflow and outflow from a number of events and river 
reaches to estimate transmission losses.Relationships 
between transmission losses and other independent 
variables such as inflow can be developed (Sorman 
and Abdulrazzak 1993; Schwartz, Schick, and Enzel 
2002). The strength of this approach is that it is 
straight forward to implement. However, regression 
equations lack direct connection to the specific physi-
cal processes governing transmission losses. 
Accordingly, variability in losses at sites not in the 
dataset cannot be determined (Walters 1990; Sharma 
and Murthy 1994).

Simplified differential equations conceptualise an 
ephemeral river channel as a reservoir capable of 
representing transmission loss based on relationships 
between storage and discharge. The equation shows 
infiltration loss as function of discharge and time, 
and high loss at the onset followed by decrease to 
nearly constant. The strength of this approach is that 
it shows temporal variations of losses. However, the 
weakness of the approach is that it represents trans-
mission losses from single events only.

Experimental approaches are conducted at specific 
locations of river reaches using controlled water releases 
(Babcock and Cushing 1942; Sharp and Saxton 1962; Li 
et al. 2011; Saber et al. 2013; Huang et al. 2015; Schoener 
2017). The strength of this approach is that different 
components of transmission losses can be accurately 
estimated. However, experimental studies require large 
amounts of resources and cannot be conducted in inac-
cessible areas.

Flow routing approaches applied to predict the 
variations of flow as it moves through a river reach 
by solving partial differential equations relating, for 
example, storage within the reach and discharge at the 
outlet (El-Hames and Richards 1998; Morin et al. 
2009; Ghobadian and Khalaj 2015). Strengths of the 
routing approaches lie on their ability to show tem-
poral variations of flow along river reaches. However, 
they can only estimate losses over short river reaches 
correctly (Knighton and Nanson 1994).

With regards to the water balance approach, trans-
mission loss is estimated as the difference between 
reach input flow at the upstream gauging station and 
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reach outflow at the downstream gauging station 
(Table 1). Upstream flow comprises channel precipi-
tation along the reach, reach inflow at upstream gauge 
and lateral or tributary inflow. The strength of the 
approach is that the time-scale analyses can be varied 
such as event-based, monthly or annual averages 
(Osterkamp, Lane, and Menges 1995; Goodrlch et al. 
2004). In addition, various components of transmis-
sion loss can be estimated. Nevertheless, the approach 
is limited by scarcity and poor quality of data to 
estimate water balance parameters in dryland regions.

Models based in a GIS are mathematical equations 
such as routing equations whose spatial variables are 
imported, analysed and output displayed in form of 
a map a GIS. The strength of the approach is that the 
output shows spatial variations of transmission loss at 
pixel scale (Nguyen et al. 2018). However, the 
approach is time consuming, and requires large 
amounts of data.

The information presented in Table 2 shows that 
data requirements are low for regression equations 
and differential equations whereas flow routing 
approaches require moderate amounts of data. On 
the other hand, the water balance, experimental and 
models implemented in a GIS all have high to very 
high data requirements. The spatial scale of measure-
ment ranges from reach to basin for regression and 
models implemented in a GIS. In terms of applicabil-
ity, the models implemented in a GIS allow parameters 
to vary in space and over time hence the results tend to 
be reliable. By contrast, the other five approaches rely 
on parameters estimated from the data hence cannot 
be applied in areas outside the study sites.

3.2. Distribution of sites where transmission loss 
studies were conducted

Figure 2 shows the 44 sites where the six approaches 
were applied to estimate river channel transmission 
losses. Nineteen (43.2%) of the study sites were located 

in midwest and western USA where experimental 
watersheds such as the Walnut Gulch were set up to 
conduct controlled runoff studies. Africa and Asia had 
a similar number of 8 (18.2%) sites each, where trans-
mission loss studies were conducted. In Europe, the 
studies were conducted in 5 sites (11.4%) whereas 
Australia had only 4(9.1%) of the sites.

Table 3 shows distribution of approaches used in 
estimating river channel transmission loss as reported 
from the five continents. In the United States most 
(73%) transmission loss studies were conducted fol-
lowed by Australia with 13% of the reviewed studies. 
The United States had the highest number of studies 
using experimental approaches (94%), regression 
equations (50%) and differential equations (56%). 
Australia had the highest number of reported studies 
using water balance (42%) and flow routing 
approaches (50%) to estimate channel transmission 
losses.In tropical drylands of Africa, although 5% of 
the studies were conducted and only one study 
employed a model implemented in a GIS. Almost 3% 
of studies were conducted in Europe but none of the 
reported cases utilised regression equations and differ-
ential equations to estimate transmission losses.

Figure 3 shows the number of reported studies 
which applied the six approaches in determining 
river channel transmission losses. From the reported 
245 studies, most studies (65%) applied experimental 
approaches to estimate transmission losses. 
Differential equations and flow routing approaches 
were each reported in 5% of the studies. Compared 
with other approaches, very few (4%) transmission 
loss studies had utilised models analysed in GIS during 
the review period.

3.3. Temporal patterns of applied approaches

Figure 4 shows trends of the reviewed six approaches as 
applied to estimate river channel transmission losses. 
Transmission losses were estimated from controlled 

Table 2. Characteristics of approaches used for estimating transmission losses.

Criterion
Regression 
equations

Differential 
equations Flow routing Water balance Experimental GIS based models

Form Statistical Physical Physical Physical Physical Physical
Structure Empirical Empirical Process based/ 

empirical
Process based/ 

empirical
Empirical Process based

Data 
requirements

Low Low Moderate High data driven High data driven Very high data 
driven

Level of 
complexity

Low Low Moderate Moderate High High

Spatial scale Reach Reach Reach/ basin Reach/basin Point/ reach Pixel/ basin
Time 

dependence
Static Dynamic Dynamic Dynamic Dynamic Dynamic

Applicability Results not 
transferable 
Less accurate 
and reliable 
results

Results not 
transferable, 
Less accurate 
and reliable 
results

Parameters vary 
spatially and 
temporally 
within the 
basin

Site specific, 
provides 
estimates over 
a range of 
spatial scales

Difficult to conduct in 
inaccessible areas or sites. 
Results not transferable 
outside study sites

Parameters vary in 
space and over 
time. Reliable 
results, expensive

8 N. MUJERE ET AL.



flow experiments conducted in experimental water-
sheds of the United States since 1918. From the late 
1960s, regression equations and differential equations 
became popular approaches to estimate transmission 
losses. Between 1978 and 1989, water balance and flow 

routing techniques were introduced in estimating trans-
mission losses. From the 1990s, the development of 
various GIS software allowed for spatial data obtained 
from other approaches to be handled, processed, ana-
lysed and displayed in a GIS. This allowed GIS based 

Figure 2. Location of sites where transmission loss studies using the six approaches were reported.

Table 3. Number of transmission loss studies conducted using the six approaches.
Place Experimental Regression equations Water balance Differential equations Flow routing GIS based models Total

USA 150 13 4 9 2 2 180
Australia 5 5 10 2 6 2 30
Asia 1 5 5 1 1 2 15
Africa 2 3 3 2 2 1 13
Europe 1 0 2 0 2 2 7
Total 245

0

20

40

60

80

Experimental Regression
equations

Water balance Differential
equations

Flow routing GIS based
models

%

Approaches

Figure 3. Number of studies utilising the six approaches to estimate transmission losses.
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modelling approaches to be applied in river channel 
transmission loss modelling. Water balance, flow rout-
ing and GIS based modelling approaches are increas-
ingly used to estimate channel transmission losses.

3.4. Determinants of river channel transmission 
losses

Figure 5 shows the relationships between river channel 
transmission losses and (a) reach length, (b) reach 
inflow, (c) flow contributing area and (d) runoff coef-
ficient. A strong and significant (n = 15, R2 = 0.795, 
F1,13 = 50.61, p = 0.000) positive linear relationship 
was found between flow contributing area and trans-
mission loss volume (Figure 5a). Variation in flow 
contributing area could explain almost 80% of the 
variation in transmission loss. Other factors not 
accounted for in the model could explain about 20% 
of the variation in transmission loss.

Figure 5(b) show a strong and significant (n = 50, 
R2 = 0.726, F1,48 = 127.31, p = 0.000) positive linear 
relationship between reach inflow volume and trans-
mission loss volume. Variation in river reach inflows 
could explain almost 73% of the variation in transmis-
sion loss volumes.

A moderately strong and significant (n = 50, 
R2 = 0.559, F1,49 = 60.93, p = 0.000) positive linear 
relationship was observed between reach length and 
transmission loss volume (Figure 5c). Variation in 
reach length could explain almost 56% of the variation 
in river channel transmission loss.

Figure 5(d) shows a weak and significant (n = 15, 
R2 = 0.266, F1,13 = 4.710, p = 0.049) linear relationship 
between runoff coefficient and transmission loss 
volume. The high degree of scatter in the data points 
suggest that there are other significant factors besides 
runoff coefficient strongly explaining variations of 
transmission loss.
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Figure 4. Temporal variation on applying transmission loss approaches.
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The statistically significantly (p < 0.05) relation-
ships shown in Figure 5 imply that the regression 
models are a good fit of the data. Thus, flow contribut-
ing area, runoff coefficient, reach inflow and reach 
length could significantly predict transmission losses. 
Based on significant relationship between transmis-
sion loss (T) and flow contributing area (A) and runoff 
coefficient (Q) in Figure 5a and Figure 5d, the follow-
ing statistically insignificant multiple linear regression 
equation was derived (n = 15, R = 0.554, R2 = 0.307, 
p = 0.111, F2,14 = 2.654) as. 

T ¼ 4:382þ 0:116Aþ 0:578 (2) 

With regards to the relationship between transmission 
loss (T) and, reach inflow (I) and reach length (L) 
shown in Figure 5b and Figure 5c, a statistically sig-
nificant multiple linear regression equation was also 
derived (n = 50, R = 0.9, R2 = 0.81, p = 0.000, F2,47 

= 100.102) as: 

log Tð Þ ¼ 0:298þ 0:768log Ið Þ þ 0:52log Lð Þ (3) 

The multiple correlation coefficient (R) indicates that 
there is a strong and significant correlation between 
transmission loss and the two explaining variables. In 
addition, high value of the coefficient of determination 
(R2) indicates that 81% of the variance of transmission 
loss is satisfactorily explained by the regression 
equation.

4. Discussion

4.1. Approaches used in estimating river channel 
transmission loss

The review has shown that approaches widely applied 
to estimate transmission losses vary from simple 
regression equations and differential equations to 
more complex physically distributed experimental, 
water balance, flow routing and models analysed in 
a GIS (Table 1). Studies have shown that combining 
regression and differential equations develop predic-
tion equations which are more reliable than using 
them separately (Lane, Ferreira, and Shirley 1980; 
Lane 1985). Experimental approaches have long been 
used in estimating transmission losses since 1918 in 
the United States. The approaches, though expensive, 
are reliable. Recent approaches such as flow routing 
and GIS based modelling approaches show spatial 
variations of transmission losses. However, they are 
relatively sophisticated, require large volumes of data 
and high computer memory. Although these 
approaches are requiring lots of data, their output 
data are useful to calibrate or validate other modelling 
approaches.

4.2. Relationships between river channel 
transmission losses and the six explanatory 
variables

The meta-analysis showed a strong significant 
(p = 0.000) positive linear relationship between transmis-
sion loss volume and, flow contributing area and river 
reach inflow volume (Figure 5a). Variation in transmis-
sion loss could be explained by almost 80% of the varia-
tion in flow contributing area. This behaviour is similar 
to the one observed by Lange (2005) who showed that as 
the basin area increases, runoff generated also increases. 
Increase in flows resulted in enhanced water losses in 
flooded overbank areas. Also clogging layers in the 
streambeds are disrupted by high flows, thus enhancing 
infiltration. Nevertheless, runoff does not always increase 
with catchment area as shown by studies conducted in 
Africa and Australia. (McMahon et al. 1992).

A stronger significant (p = 0.000) positive linear 
relationship existed between reach inflow and river 
channel transmission loss (Figure 5b). In addition, 
73% of the variation in transmission loss could be 
explained by the variation in reach inflow. Findings 
from this analysis are consistent with those by Lane, 
Ferreira, and Shirley 1980; Lane 1985; Lane, Ferreira, 
and Shirley 1980), Walters (1990), Sorman and 
Abdulrazzak (1993), Riddell et al. (2017) and Lange 
(2005) who also found significant linear relationships 
between transmission losses and reach inflow volumes. 
However, studies in south-east Saudi Arabia and Brazil 
have shown that channel transmission losses are related 
to reach inflow volume by power functions (Walters 
1990; Costa, Bronstert, and De Araujo 2011).

The linear and power relationships between 
transmission losses and reach inflows indicate that 
transmission losses are high during peak flows and 
become low during small to medium flows due to 
enhanced water losses in flooded overbank areas. 
After a prolonged dry period, a clogging layer 
within or on the alluvial surface can act as a seal 
that is disrupted at high discharge to enhance see-
page losses. In addition, enhanced bank storage 
processes by pools, diversions into subsidiary chan-
nels and floodplain areas act as sinks of flows at 
high discharges (Lange 2005; Riddell et al. 2017). 
High river levels increase hydraulic connection 
with wetlands and the area for seepage and eva-
poration. These processes increase losses (Murray- 
Darling Basin Authority 2019).

In contrast to increase in transmission losses with 
reach inflows, a study along the 180 km reach of 
Diamantina River in Australia show a negative linear 
relationship between transmission loss and flood dis-
charge (Jarihani et al. 2015). Low peak flows resulted in 
large losses up to 68% while high peak flows were result-
ing in low losses down to 24%. It was observed that 
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smaller flood events had a higher proportion of terminal 
water storage relative to total inflow as compared to 
larger flood events.

A moderate and significant (p = 0.000) linear relation-
ship was observed between river channel transmission 
loss volume and reach length (Figure 5c). Variation in 
reach length failed to explain 46% of the variation in 
transmission loss. Similarly, studies have also observed 
increases in transmission losses from upstream reaches 
to downstream reaches due to increase in number of 
distributary channels, water residence time in the chan-
nel and/or floodplain, channel width and floodplain 
width (Dunkerley and Brown 1999; Jarihani et al. 
2015). These factors increase actual evaporation, term-
inal storage and infiltration with distance downstream.

A weak and significant (p = 0.049) linear relationship 
existed between river channel transmission loss volume 
and, runoff coefficient (Figure 5d). Variation in runoff 
coefficient significantly explained 27% of the variation 
in channel transmission loss. Contrary to this observa-
tion, a non-linear and significant relationship between 
transmission loss and runoff coefficient was observed 
along a 420 km channel reach of the Cooper Creek 
River in Australia (Knighton and Nanson 1994). As 
runoff coefficient increases, transmission losses decrease 
and then increase after a certain threshold level of run-
off coefficient is attained Small floods did not traverse 
the full distance between stream gauges, whereas larger 
flows transmitted to the outlet gauge about 20%–50% of 
their discharge. At a certain threshold level of input 
flow, transmission losses increased again due to 
enhanced overbank flows, and flows transmitted to the 
outlet were about 10%-20% of their discharge.

The moderate and significant relationships between 
transmission losses and, reach length can be attributed 
to complex nature of systems from which data were 
pooled. This is also true for the weak and significant 
relationship between transmission loss and runoff 
coefficient. Other explanatory variables could signifi-
cantly explain variation of transmission better than 
runoff coefficient and reach length.

4.3. Research gaps

From the review, several knowledge gaps were identi-
fied. These include; the dynamics which influence the 
rate of loss, in addition to the areal extent which 
controls the total loss, the costs of getting transmission 
losses wrong in water resources management, uncer-
tainties in current transmission loss approaches and 
the geomorphic importance of transmission losses. 
Compared to precipitation and streamflow, the mag-
nitude of actual evaporation over the long term is 
difficult to estimate (McMahon et al. 2013). Current 
methods of estimating evaporation, which is 

a transmission loss component, are inadequate to 
couple full atmospheric mass balance. Semi-empirical 
and physical approaches such as Penman-Monteith 
and Priestly-Taylor models have inherent assumption 
of fixed water-air interface boundaries for open water 
bodies. There is little consideration for turbulence 
moving boundary, the effects of convection and advec-
tion of heat, which is an important driver of the water 
boundary condition and the moist air layer directly 
above. The key question then centres on approaches 
used to estimate fixed evaporation loss, which is an 
unaddressed issue in terms of measurement and the-
ory for floodwaters. This is because almost all flood-
water evaporation rates are derived from methods 
assuming standing (i.e. largely stationary) water 
bodies such as lakes, wetlands, and reservoirs, which 
derive estimates based on water body size or inunda-
tion area.

The issue of overbank flow is also a knowledge gap 
in dryland transmission losses given that the flow can 
reconnect with channels downstream, hence increases 
losses in the process. In some cases, (especially during 
floods) water that leaves the river channel flows to 
terminal storages or lakes and never returns to the 
main channel. This also complicates modelling of 
channel transmission losses. Lateral tributary inflow 
is a critical parameter in river reach water balance and 
transmission loss calculations, though often ignored 
or assumed negligible. These issues have not been 
tackled in previous transmission loss studies.

5. Conclusion

In arid and semi-arid regions, river channel flows 
usually decrease significantly in magnitude down-
stream because water is lost during seepage, evapora-
tion, transpiration and ponding. These transmission 
losses are critical components of the hydrologic bud-
get in arid and semi-arid regions, and should there-
fore, be included in hydrologic models that simulate 
rainfall-runoff processes. They are important not only 
in peak flow reduction, but also as sources of ground-
water recharge to underlying alluvial aquifers.

River reach transmission loss is more commonly 
determined at the reach scale than watershed scale 
because the relevance of transmission losses is critical 
at small scales. The review has shown that losses can 
be estimated using regression equations, differential 
equations, flow routing, experiments, water balance 
and GIS-based model approaches. The strengths and 
weaknesses of the approaches differ depending on data 
requirements, resource needs and level of complexity.

The meta-analysis has shown significant relation-
ships between transmission losses volume and, reach 
length, reach inflow, flow contributing area and runoff 
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coefficient. Overall, this paper adds to existing data-
base on river channel transmission losses.
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