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Contribution of urbanisation to non-stationary river flow in the UK 
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A B S T R A C T   

Urbanisation is a recognized driver of changes in catchment river flow. However, quantifying the urban influence 
remains a major challenge, due to the brevity of land cover records and the challenge of isolating this signal from 
other drivers. This study assesses the contribution of urbanisation to changes in river discharge across different 
seasons and quantiles (low, median, high, mean, and peak flows). Twelve catchments (21–1660 km2) are selected 
after screening all gauged UK catchments for minimal human influences other than significant changes in urban 
land cover. Generalized Additive Models for Location, Scale and Shape (GAMLSS) are developed using long 
(40–63 years) historical records of precipitation, temperature, urban land cover, and daily river discharge (m3/s). 
Model coefficients reveal that increased urban area is associated with a rise in discharge across all flow quantiles 
and seasons, on average, and the contribution of urbanisation to non-stationarity is stronger for low flows and 
average flows than it is for high flows. For every 1 % increase in urban land cover there is an associated increase 
in the median of 1.9 % ±2.8 % (1 s.d.) for low flow, 0.9 % ±2.3 % (1 s.d.) for median flow, 0.9 % ±1.9 % (1 s.d.) 
for mean flow, 1.1 % ±2.0 % (1 s.d.) for high flow, and 0.5 % ±2.2 % (1 s.d.) for seasonal maximum flow across 
seasons. The urbanisation-flow signal tends to be greatest in catchments with less initial urban extent and low 
bedrock permeability.   

1. Introduction 

Historical trends in both mean and peak river flow in the UK broadly 
reveal increases in the northwest and a mix of increases and decreases in 
the southeast (Hannaford et al., 2021; Hannaford and Buys, 2012; 
Hannaford and Marsh, 2006; Hannaford and Marsh, 2008; Harrigan 
et al., 2018; Prosdocimi et al., 2014). These regional variations differ 
from river flow projections of mean and peak flow for coming decades 
based on the latest UK climate projections (UKCP). Outlooks suggest 
increases for western Britain with some decreases in central and eastern 
England and eastern Scotland (Kay, 2021; Lane et al., 2021). Yet, his-
torical and projected climate show similar trends. Since 1960, the UK 
has warmed by about 0.2 ◦C per decade and with ~6 % increase in 
annual average precipitation (McSweeney et al, 2009; Kendon et al., 
2020). By the 2060s, the country is expected to witness 1.2–1.8 ◦C 
further warming and 1.8–7.2 % increase in annual precipitation 
depending on the emission scenario (Lowe et al., 2018; McSweeney et al, 
2009). Thus, the spatial discrepancy in observed and projected river 
flow trends as well as the heterogeneity of local trends raises the 

question of whether future climate-driven river flow projection should 
be taken at face value or whether we may be ‘missing’ some key drivers 
of non-stationary river flow (Slater et al., 2021; Wilby et al., 2008)? 
Local catchment-specific drivers may also play an important role, such 
as urbanisation (Dawson et al., 2006; Faulkner et al., 2020; Hannaford 
et al., 2021). 

Quantifying the effect of urbanisation on river flow is not straight-
forward. Some authors have found that urbanisation increases flows, as 
impervious land cover leads to reduced infiltration, increased runoff 
volume, as well as shortened runoff response time (Blum et al., 2020; 
Cuo, 2016; De Niel and Willems, 2019; Prosdocimi et al., 2015; Teuling 
et al., 2019; Anderson et al., 2022). Various modelling approaches have 
been applied. For example, Prosdocimi et al. (2015) employed point 
process models in a paired catchment study, that included one urbanised 
catchment and a nearby rural catchment with similar hydrological 
characteristics, and detected an increase in high flows due to urbani-
sation, especially in summer. Blum et al. (2020) employed panel 
regression models with a large sample of US catchments, and estimated 
that a 1 % increase in urban cover leads to on average 3.3 % increase in 
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annual maximum floods. De Niel and Willems (2019) fitted statistical 
regression models to 29 catchments in Belgium, and found the land 
cover effect on peak flows varies signicantly across catchments 
depending on soil textures and slopes. They estimated that a 1 % in-
crease in urban area could cause up to a 5 % increase in peak flows in 
steep catchments with a high percentage of loamic soils. By applying 
conceptual rainfall-runoff models to 95 catchments in the Rhine basin, 
Hundecha and Bárdossy (2004) found that urbanisation increased 
summer peak flows and also caused a modest rise in winter peak flows. 
Using distributional regression models in 290 catchments in the US 
Midwest, Slater and Villarini (2017) found that a 10 % increase in 
population density (a proxy for urbanisation) was associated with more 
than a 20 % increase in median streamflow in summer. 

Some studies report contrary responses in catchments with specific 
characteristics. Using linear mixed effects modelling of 19 watersheds in 
central Arizona, USA, McPhillips et al. (2019) found that, in arid 
catchments, urbanisation decreases flood flashiness, flow variability, 
and hydrograph rise and fall rates. The decreasing effects were 
explained in terms of increased retention (by engineered basins) of 
water during storm events, instead of flowing directly to the river. 

Others suggest that urbanisation effects on river flow or hydrologic 
response are inconsistent or difficult to detect. This could reflect dif-
ferences in the methods applied (e.g. Anderson et al., 2022), or the 
difficulty in quantifying urbanisation (typically quantified as the 
catchment ‘urban area fraction’ or the ‘mean areal imperviousness’). 
Such urbanisation metrics may not sufficiently explain the location, 
distribution, and character of impervious cover within a given catch-
ment (Salavati et al., 2016). Like Tolstoy’s unhappy families, every 
urban catchment is urbanised in its own way. For example, impervious 
areas that drain runoff to pervious surfaces may have less effect on river 
flow than impervious areas that are directly connected to the drainage 
system (Jacobson, 2011). Vesuviano and Miller (2019) found that in an 
urban catchment in Swindon, UK, the effect of draining to pervious 
surfaces could even reduce the peak flows to below what would be ex-
pected for a rural catchment. Other reasons may be that it is difficult to 
isolate the signal of urbanisation from other drivers (e.g., climate change 
and other headwater land cover changes) or from background hydro-
logic noise (e.g., the imports and exports of sewage water across 
catchment boundaries, upstream river regulation, and ground and sur-
face water abstraction). Beyond uncertainties in the underlying river 
flow observations (Wilby et al., 2017), the river flow response can differ 
significantly between catchments due to poorly observed confounding 
factors such as variable soil composition, subsurface geology, infra-
structure systems, and water resources management strategies 
(Steinschneider et al., 2013). Furthermore, absence of an urban signal 
may be due to the offsetting influence of other factors. For instance, the 
positive effects of urbanisation on runoff may become insignificant due 
to flood reduction measures such as sustainable urban drainage systems 
and flood attenuation features. 

Although various studies have shown that urbanisation may alter 
river flow distributions, the role of catchment properties combined with 
rates of urbanisation are poorly understood. This paper is the first to 
quantify and compare the contribution of urbanisation to trends in river 
discharge using carefully selected catchments across the UK, with long 
(median 58 years) observed records, under different flow quantiles and 
seasons. We ask to what extent do urbanisation signatures manifest 
differentially by 1) river flow quantiles (low to high flows); 2) season; 3) 
underlying geology and flow regime? In summary, we explore the 
sensitivity of the urban signature to flow quantile, season, and catch-
ment properties. 

2. Study catchments and data 

2.1. Selection of study catchments 

The study catchments were selected from the National River Flow 

Archive (NRFA, https://nrfa.ceh.ac.uk/) – the primary source of hy-
drometric information in the UK. The total number of NRFA stations 
available is 1598. After applying strict filtering criteria (see Fig. 1), a 
sub-set of 12 eligible sites were retained for detailed investigation. 
Filtering was applied to identify only sites where an urban influence 
might be objectively detectable by excluding sites with:  

1) Less than 90 % of daily discharge values in each year during the 
period 1985–2015 (coinciding with the initial period with satellite 
observations of urbanisation);  

2) Upstream storage or impounding reservoirs as denoted by NRFA 
Factors Affecting Runoff (FAR) codes (which indicate artificial in-
fluences within the catchment that might alter the natural runoff);  

3) Stationary flood series, on the basis that it only makes sense to 
detect a non-stationary driver if there is non-stationarity in the un-
derlying time series (based on the change point and expert assess-
ment compiled by Faulkner et al. (2021). Sites identified as suitable 
by Faulkner et al. (2021) are those with non-stationary annual 
maximum flow (AMAX) and where the data quality is sufficient to 
detect non-stationarity. Sufficient data quality means the length of 
flow data, the percentage of missing data, and the consistency of the 
data are good enough to be used in statistical tests. It is worth noting 
that although the flood series are non-stationary, other flow quan-
tiles may not be);  

4) Less than 5 % urban cover change during the study period (40–63 
years depending on the length of the observed river discharge re-
cord), the rationale being that a minimum amount of change in the 
predictor variable is necessary for robust statistical detection; 

5) Suspect values for urban data, which had a 30 % discrepancy be-
tween extracted satellite-based urban percent from Liu et al (2020) 
compared with the urban extent from NRFA (for the year 1990) and 
CAMELS-GB (for the year 2015), as well as one site with an unreal-
istic decrease in the reconstructed urban extent time series using 
household-based estimates. 

We retained only the sites with non-stationary streamflow to objec-
tively quantify the contribution of urbanisation to observed 
streamflow trends across all the flow quantiles (from low to high). If 
instead, the aim was to assess whether urbanization has a detectable 
effect on streamflow, we might have included sites with stationary flood 
series. However, there are only 4 additional stationary sites that meet 
the criteria (good flow record, absence of major human influence such as 
reservoirs, presence of significant urban land change, and reliable urban 
data): sites 17003, 19001, 27030 and 28026. Sites that have experienced 
significant urbanisation but show stationary flow are very likely have 
other drivers or other artificial influences that affect river flow. For 
instance, the 4 additional stationary sites all reported either public water 
supply abstraction, industrial and/or agricultural abstraction, or 
groundwater abstraction (NRFA, 2022). Stationary sites were therefore 
excluded, to focus on the contribution of urbanisation to flow non- 
stationarity. 

This catchment selection workflow is also theoretically applicable to 
other global catchments through adapting each criterion based on 
available datasets, for example, by employing alternative data sources. 
As a comparison, an equal number of non-urbanising catchments (12) 
which have less than 2.5 % urban change over the study period were also 
selected, using the same site selection procedure as described above, but 
changing only the urban change criterion from more than 5 % to less 
than 2.5 %. After applying all the filtering steps, the locations of the 
short-listed 12 urbanising catchments and 12 non-urbanising catch-
ments are presented in Fig. 2, and the summary of urbanising catch-
ments is in Table 1. Most of the urban sites are near large cities that have 
experienced rapid urbanisation over recent decades, including London 
and Birmingham. Drainage areas range between 21 km2 and 1660 km2, 
mean annual precipitation from 604 mm to 868 mm, and mean daily 
discharge varies between 0.17 m3/s to 11.53 m3/s. Land cover 
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(according to the NRFA) includes woodland (3.9 % to 41.7 % of catch-
ment area), arable/horticultural (3.7 % to 69 %), grassland (13.7 % to 
29.7 %), heath/bog (0 % to 2.8 %), and urban extent (8.2 % to 72.5 %). 
The catchments are underlain by various geological and superficial de-
posits. The strata span high (e.g., fissured aquifer for bedrock, sand and 
gravel for superficial deposits), low (e.g., impermeable rock for bedrock, 
clay and peat for superficial deposits), and mixed permeability (e.g., 
confined aquifer for bedrock, brickearth and alluvium for superficial 
deposits) (NRFA, 2022). 

2.2. Data collection and processing 

Daily flow data were retrieved for the selected catchments using the 
‘rnrfa’ R package (Vitolo et al., 2016). Catchment shapefiles were 
automatically extracted from CAMELS-GB (Coxon et al., 2020) or 
downloaded from the NRFA if the catchment was not included in 
CAMELS-GB. Catchment averaged daily precipitation (1950 to 2020) 
and monthly mean temperature (1884 to 2020) were extracted from the 

Met Office Hadley Centre for Climate Science and Services HadUK-Grid 
with 5 km resolution (Hollis et al., 2019). 

Annual urban land cover percent during 1985 to 2015 was based on 
satellite-derived 30 m resolution global urban maps (Liu et al., 2020). 
Urban extent for the year 1990 from the NRFA (weighted sum of urban 
and suburban land cover map classes) and urban extent for the year 
2015 from CAMELS-GB (Coxon et al., 2020) (percentage of urban and 
suburban extent based on the land cover map 2015) were also obtained 
as references to assess the extracted urban time series. To reconstruct 
urban extent prior to 1985, time series of “total households” from census 
data (available from 1951 to 2011) were downloaded and employed as a 
proxy for urban percent (Great Britain Historical GIS Project, 2017). 
Since census data are collected based on administrative units, the total 
households from the local authority covering the main course of the 
river were used for each catchment. A linear scaling method (Shrestha 
et al., 2017) was used to relate household data to the satellite urban area 
series. We computed the conversion factor (as shown in Table 1) be-
tween the extracted 30 m resolution urban percent time series (red line 

Fig. 1. Catchment selection workflow.  

Fig. 2. (a): Location of the 12 selected urbanising catchments (in blue) and the 12 non-urbanising catchments (in grey). The blue gradient for the urban catchments 
shows the percentage of urban land cover in the year 2015. (b): Urban area percent time series for all the 12 urban catchments; blue circles indicate converted 
households data, and red circles are extracted satellite urban percent. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Table 1 
Summary of study catchments. ‘Urban percent change’ is the total change of urban cover (%) over the study period for each site, derived from the extended urban percent time series (urban percent in the end year from 
satellite maps minus the urban percent in the start year from converted households data). The study period varies by catchment depending on the available daily discharge record. ‘Conversion factor’ is the ratio between 
the satellite-derived urban percent and households data over 1985–2011. All the other variables are obtained from the NRFA data catalogue; land cover data including urban extent are for the year 1990 (NRFA, 2022).  

Site 
number 

River Location Period of 
record 
(flow) 

Total 
years 
of 
record 
used in 
the 
model 

Urban 
percent 
change 
(%) 

Urban 
percent 
at start 
year (%) 

Urban 
percent 
at end 
year (%) 

Drainage 
area 
(km2) 

BFI Woodland 
(%) 

Arable/ 
horticultural 
(%) 

Grassland 
(%) 

Mountain/ 
heath/bog 
(%) 

Urban 
extent 
(%) 

Conversion 
factor for 
households 
(*10–4) 

Catchment 
description 

33,039 Bedford 
Ouse 

Roxton 1973–2018 43  6.19  2.26  8.45 1660  0.57  10.10  51.33  29.66  0.02  8.23  0.96 Mixed geology, 
including 
significant clay 
and greensand 
fractions. 
Predominantly 
agricultural with 
substantial urban 
development  

37,009 Brain Guithavon 
Valley 

1963–2018 53  8.33  5.97  14.30 61  0.67  3.92  68.77  14.06  0.00  12.61  2.46 London clay with 
superficial 
deposits, mainly 
boulder clay and 
some sands and 
gravels. 
Predominantly 
rural, but some 
built-up areas  

38,007 Canons 
Brook 

Elizabeth 
Way 

1954–2018 62  41.74  9.24  50.98 21  0.40  10.38  22.23  22.24  0.00  41.83  15.15 Impervious 
catchment 
dominated by 
London clay. 
Rural headwaters 
but heavily 
urbanised 
downstream  

38,018 Upper Lee Water Hall 1960–2018 56  16.07  18.08  34.15 150  0.82  12.32  31.86  20.97  0.00  34.38  4.90 Mainly pervious 
(chalk) but with 
glacial drift in the 
headwaters. 
Principally 
agricultural with 
some expanding 
urban centres  

38,022 Pymmes 
Brook 

Edmonton 
Silver Street 

1955–2018 61  18.33  58.66  76.99 43  0.48  9.67  3.68  13.66  0.39  72.51  6.19 Impervious 
(London clay) and 
highly urban 
catchment  

39,007 Blackwater Swallowfield 1953–2018 63  14.91  4.60  19.51 355  0.67  22.54  18.09  25.38  2.82  29.70  5.78 Permeable chalk 
in the headwaters; 
clay, sands and 

(continued on next page) 
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Table 1 (continued ) 

Site 
number 

River Location Period of 
record 
(flow) 

Total 
years 
of 
record 
used in 
the 
model 

Urban 
percent 
change 
(%) 

Urban 
percent 
at start 
year (%) 

Urban 
percent 
at end 
year (%) 

Drainage 
area 
(km2) 

BFI Woodland 
(%) 

Arable/ 
horticultural 
(%) 

Grassland 
(%) 

Mountain/ 
heath/bog 
(%) 

Urban 
extent 
(%) 

Conversion 
factor for 
households 
(*10–4) 

Catchment 
description 

alluvium in the 
valley. Substantial 
urban 
development in 
the eastern 
Blackwater Valley, 
but some large 
rural tracts of 
arable and pasture 
remain  

39,010 Colne Denham 1953–2018 63  7.42  12.72  20.14 743  0.87  14.46  36.15  25.59  0.01  23.08  5.95 Largely chalk 
catchment with 
drift cover. Clays 
in the valleys 
supplemented by 
extensive gravel 
tracts. Chilterns 
scarp is largely 
rural in the 
headwaters but 
considerable 
suburban 
development in 
the middle and 
lower reaches  

39,014 Ver Hansteads 1957–2018 59  8.17  8.86  17.03 132  0.88  9.49  51.29  19.93  0.00  18.74  3.10 Permeable chalk 
catchment, with 
significant drift 
cover. Mostly 
rural headwaters 
but with 
significant urban 
development in 
the lower valley  

39,022 Loddon Sheepbridge 1966–2018 50  8.34  5.51  13.85 165  0.76  14.71  38.77  28.59  0.00  16.54  2.13 Headwaters are in 
the chalk of the 
North Downs but 
the catchment is 
largely 
impervious. 
Predominantly 
rural catchment, 
containing some 
growing urban 
centres  

(continued on next page) 
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Table 1 (continued ) 

Site 
number 

River Location Period of 
record 
(flow) 

Total 
years 
of 
record 
used in 
the 
model 

Urban 
percent 
change 
(%) 

Urban 
percent 
at start 
year (%) 

Urban 
percent 
at end 
year (%) 

Drainage 
area 
(km2) 

BFI Woodland 
(%) 

Arable/ 
horticultural 
(%) 

Grassland 
(%) 

Mountain/ 
heath/bog 
(%) 

Urban 
extent 
(%) 

Conversion 
factor for 
households 
(*10–4) 

Catchment 
description 

39,052 The Cut Binfield 1958–2018 58  26.57  8.40  34.97 50  0.46  23.28  5.96  29.09  0.90  40.30  7.86 Impermeable 
catchment 
(London clay). 
Rural headwaters, 
including 
considerable 
woodland, but 
major new town 
development built 
upstream. 
Downstream the 
land use is almost 
a third urban 
overall  

39,086 Gatwick 
Stream 

Gatwick Link 1976–2018 40  12.40  15.26  27.66 34  0.61  41.71  9.40  16.26  0.32  31.55  6.62 Mixed geology but 
mainly impervious 
(weald clay). 
Mixed land use 
with significant 
urban and forested 
areas  

54,004 Sowe Stoneleigh 1953–2018 63  10.33  17.54  27.87 262  0.61  10.24  34.06  26.63  0.00  27.54  2.16 Substantially 
urbanised 
catchment. 
Western half on 
outcrop Coal 
Measures; Eastern 
half Mercia 
Mudstone Group 
overlain by 
Boulder clay and 
glacial sand and 
gravel  
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in Fig. 3) and the household data, over the period 1985–2011. We 
applied the same conversion factor to the raw household data, then 
employed the converted household data (blue line in Fig. 3) to recon-
struct the urban percent time series back to 1951, under the assumption 
that pre-1985 and post-1985 periods have the same developed area 
associated with each household. The final extended urban percent time 
series is a blend of the household-based estimates for 1951–1984 with 
the satellite-based urban percent for 1985–2015 (Figs. 2-3). 

To investigate whether other factors may modulate the contribution 
of urbanization to observed non-stationarity on river discharge, catch-
ment attributes such as drainage area, base flow index (BFI), factors 
affecting runoff (FAR), urban extent, land cover and geology data were 
obtained from the NRFA catalogue (NRFA, 2022). Detailed water 
import/export information at the catchment level, including the fully 
licenced quantity of surface water abstraction, groundwater abstraction, 
and discharge, were obtained from Environment Agency (Environment 
Agency, 2021). 

3. Methodology 

3.1. Model development and performance evaluation 

Generalized Additive Models for Location, Scale and Shape 
(GAMLSS) were used to quantify the contribution of urbanisation to 
trends in river discharge. GAMLSS were introduced by Rigby and Sta-
sinopoulos (2005) and are flexible semiparametric regression models. 
They allow any parametric distribution for the response variable and 
allow a variety of additive terms for the distribution parameters, which 
can be modelled as linear, non-linear, or non-parametric smooth func-
tions of the explanatory variables (Stasinopoulos and Rigby, 2007). 

We implemented GAMLSS using the ‘gamlss’ R package (Stasino-
poulos et al., 2017). Two GAMLSS models were developed at each site to 
estimate relationships between the river flow and the predictors pre-
cipitation (xp), temperature (xt), antecedent precipitation (xap), and 
urbanisation area (xu) for different seasons and flow quantiles. Variable 
xp is the seasonal precipitation total (mm) computed as catchment av-
erages from daily precipitation observations; xap is the accumulated 
catchment average precipitation (mm) for the previous season, 
employed as an indicator of soil moisture initial conditions. For 
example, if the predictand is summer low flow, then xp is the sum of 

precipitation from June to August every year, and xap is the sum of 
precipitation for the previous season (March to May). Variable xt is 
seasonal catchment average temperature (◦C), and xu is urban land cover 
(%) for the catchments on an annual basis. 

The gamma distribution, which has been frequently employed for 
streamflow modelling in previous studies (Prekopa and Szantai, 1978; 
Yue, 2001; Yue et al., 2001), was used for the response variable river 
flow with two parameters (i.e., the location parameter μ which defines 
the location of the distribution and the scale parameter σ which defines 
its statistical dispersion). For simplicity, μ is linearly dependent on the 
predictors through a logarithmic function whereas σ is held constant 
following Slater and Villarini (2018) since varying this parameter over 
time does not systematically improve the fits of the GAMLSS models for 
river discharge (Villarini and Strong, 2014). 

The model formulations are shown in Table 2. Model 1 (M1) is 
without urbanisation, whereas model 2 (M2) includes urbanisation. 
Notations a, b, c, d, and e are regression coefficients. For brevity, M1 is 
referred as Q ~ P + T + AP, and M2 is referred as Q ~ P + T + AP + U, 
where Q stands for river discharge, and P, T, AP, and U correspond to the 
predictors xp, xt , xap and xu, respectively. The seasons are spring (March, 
April, May), summer (June, July, August), autumn (September, October, 
November), and winter (December, January, February). The analysed 
river discharge quantiles are low flow (10th percentile; denoted by 
Q_0.1), median flow (50th percentile; denoted by Q_0.5), high flow 
(90th percentile; denoted by Q_0.9), mean flow (denoted by Q_mean), 
and seasonal maximum flow (denoted by Q_max), calculated from daily 
discharge records for every season and year. 

The Akaike information criterion (AIC) and worm plots were used to 
assess the goodness-of-fit of the GAMLSS models. The formula of AIC is 
defined as Eq. (1), where K is the number of model parameters and L is 

Fig. 3. An example reconstruction of the annual urban area percent using the Blackwater at Swallowfield (39007). The red line is data extracted from satellite- 
derived maps; the blue line is from household data. The complete urbanisation time series is a blend of the blue line (1951–1984) and red line (1985–2015), as 
indicated by the black circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Formulations of the GAMLSS models.  

Model 
abbreviation 

Model 
acronym 

Model formulation 

M1 Q ~ P + T 
+ AP 

{
ln(μ1) = a1 + b1 • xp + c1 • xt + d1 • xap

ln(σ1) = κ1 

M2 Q ~ P + T 
+ AP + U 

{
ln(μ2) = a2 + b2 • xp + c2 • xt + d2 • xap + e2 • xu

ln(σ2) = κ2  
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the maximum value of the log-likelihood estimate (Akaike, 1974). 
Lower AIC indicates a better model fit. Worm plots are detrended QQ- 
plots of the model residuals (see Fig. S1 and Fig. S2 in Supplementary 
material). For a well-fitted model, the dots should be close to the central 
horizontal line, and 95 % of them distributed between the upper and 
lower curve (Stasinopoulos et al., 2017). 

AIC = 2K − 2ln(L) (1)  

3.2. Analysis of urbanisation coefficients 

The coefficients for urbanisation (e2 from M2 in Table 2), which 
describe the change in discharge for every unit change in urban area, 
were extracted for further analysis. Using the regression model we assess 
the effect of a unit increase in the predictor (in this case, urban land 
cover) on the predictand (streamflow). This approach allows a 
straightforward comparison of the effect of a unit (1 %) increase in ur-
banisation on streamflow across different locations. Given that our 
model is a logarithm model (as shown in Table 2), the urbanisation 
coefficients were then transformed to be expressed as percentage values 
using [exp(e2) − 1] × 100%, to give the percentage change in discharge 
for every-one percent change in urbanisation. The p-values associated 
with the urbanisation coefficients were also analysed to assess their 
statistical significance. If the p-value is less than the significance level (p 
< 0.05), then it implies that the urban covariate has a statistically sig-
nificant relationship with river discharge in the model, and the urban-
isation coefficient is significantly different from zero. 

Effects of catchment properties (e.g., urban extent, drainage area, 
and bedrock permeability) were analysed by fitting a linear regression 
between the extracted urbanisation coefficients and each catchment 
property across different flow quantiles and seasons. The regression p- 
value and coefficient of determination (R2) show the significance of 
these relationships. 

3.3. Effects of other model predictors 

Additionally, we assessed the effect of adding other predictors – such 
as 1-day maximum rainfall and antecedent day maximum – on the model 
fit and coefficients. We do so because such predictors may better 
describe high flows (Q_max) than seasonal precipitation total (xp) or 
accumulated catchment average precipitation for the previous season 
(xap). Changes in AIC and urban coefficients were analysed after 
including 1-day maximum rainfall and antecedent day maximum as 
additional predictors in the urban models (M2). 

Previous work has highlighted that beyond proving evidence of the 
consistency of specific drivers (e.g., discharge change consistent with 
urbanisation change), robust hydrological attribution also requires 
testing of inconsistency (i.e., when flow change is inconsistent with 
changes in other drivers) (Merz et al., 2012). Such evidence is particu-
larly important in the case of statistical modelling, where a mono-
tonically increasing variable, such as urbanisation or time, may 
inadvertently track other monotonically increasing catchment drivers of 
river flows, such as greenhouse gas concentrations or storm intensity. 
Therefore, to assess the consistency/inconsistency of an urban effect on 
river flow, we also tested the effects of adding time as an additional 
covariate (representative of any monotonically-increasing driver) at 
non-urbanising sites. Two models (Q ~ P + T + AP; Q ~ P + T + AP +
time) were fitted for both 12 urbanising and 12 non-urbanising catch-
ments (for each season), where the ‘time’ covariate is simply the year of 
record. The AIC values for models with and without time covariate were 
compared to assess the effect of including a monotonically-increasing 
covariate on model performance. 

4. Results and discussions 

4.1. Performance of the urban models 

Model fits for an exemplar catchment (Blackwater at Swallowfield) 
are shown in Fig. 4 (low flow across all the seasons) and Fig. 5 (autumn 
season across different flow quantiles). For the Blackwater, AIC values 
for urban models (M2) are much lower than for models without ur-
banisation (M1) for low flow across all seasons (e.g., spring low flow: 
AIC M2 = 5.87 < AIC M1 = 55.36). The model fits are also much better 
in autumn across low flow, median flow, and mean flow (Fig. 5). This 
indicates that urban models perform significantly better in simulating 
historical flow for these quantiles. The fits are satisfactory since the 
observations closely follow the fitted distribution and are mostly well 
within the 5th-95th percentiles. The goodness-of-fit is also indicated by 
worm plots (see Figs. S1 and S2). Comparison between M1 and M2 for 
this catchment indicates that urbanisation is associated with river 
discharge increase (Figs. 4 and 5). Extracted coefficients indicate that a 
1 % increase in urban extent increases the low, median, high, mean, and 
seasonal maximum discharge by 3.5 %, 2.6 %, 1.6 %, 2.0 %, and 1.0 %, 
respectively in autumn (Fig. 5). The strongest effect is seen for the low 
flows, whereby a 1 % increase in urban extent increases discharge by 
3.5 %, 3.4 %, 4.3 %, and 2.5 % in autumn, spring, summer, and winter 
seasons, respectively (Fig. 4). The increasing effect tends to be more 
significant for low flow and for the summer season. One possible 
explanation for the greater contribution of urbanisation to low flow 
(versus high flow) may be that the absolute effect (i.e. the magnitude of 
change in streamflow caused by urbanization) is proportionately larger 
relative to the total streamflow when flows are low. Low flow tends to 
occur during the summer months when there is less rain and more 
evapotranspiration due to the higher temperature (Burn et al., 2008). 
However, we cannot discount that there may be another explanation: 
sewer systems and hard drainage networks are usually developed as part 
of the urbanisation process, thus discharge from sewage works may also 
play a role in increasing low flows (Smakhtin, 2001). In other words, it is 
not impossible that urbanisation may be acting as a proxy for more 
sewage discharge and/or water imports across catchment boundaries, 
which would have a proportionately larger effect on low flow volumes. 

Comparisons of AIC values between the two models (M1: model 
without urbanisation and M2: model with urbanisation) across different 
seasons and flow quantiles for all the sites are shown in Fig. 6. The 
majority of M2 AIC values are lower than M1. In some cases, M1 shows a 
better AIC, but the AIC differences between M1 and M2 are very low 
(less than 2). Differences of less than 2 imply that neither model is 
significantly better than the other (Burnham and Anderson, 1998). 
Overall, the AIC comparisons indicate that the urban model M2 per-
forms better; the model fits are improved when urban percent is 
included as a covariate, and the colour gradient shows the improvement 
is more significant for low flow, median flow, and mean flow across 
different seasons. The worm plots indicate the M2 fits for the 12 sites are 
adequate as the dots are all near the red horizontal line and lie between 
the upper and lower dotted curves which denote 95 % confidence in-
tervals. We show example worm plots for the Blackwater at Swallow-
field (39007) in Fig. S1 and Fig. S2, but not all sites (4 seasons × 5 flow 
quantiles × 13 sites). 

4.2. Assessment of the contribution of urbanisation to non-stationarity 

Distributions of the transformed urban coefficients (expressed as 
percentages) for different seasons and flow quantiles are presented in 
Fig. 7. We find that the magnitude of the contribution of urbanisation to 
river discharge non-stationarity varies considerably by catchment, 
depending on season, flow quantile, and geology. As indicated in Fig. 7, 
the urbanisation contribution is typically positive (increasing river 
discharge), since all the urban coefficient medians (as shown above each 
boxplot for all the seasons and flow quantiles) are greater than zero. 
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Among all the 20 boxplots (4 seasons × 5 flow quantiles), there are 16 in 
which about 75 % or more of the cases show positive effects. But for 
seasonal maximum flow, approximately 50 % of the cases show a pos-
itive effect and about 50 % show a negative effect in winter, spring, and 
summer. This suggests that the contribution of urbanisation is signifi-
cantly stronger for changes in low flows and average flows than it is for 
seasonal maximum flows. The positive urbanisation effect is likely 
driven by the creation of impervious surfaces (e.g. streets and 

pavements) and constructed drainage systems, which result in losses of 
infiltration and faster runoff response to rainfall, thus increasing runoff 
rate and volume (e.g. Fletcher et al. 2013). Decreasing effects were also 
detected in a much smaller number of catchments, namely the Pymmes 
Brook at Edmonton Silver Street (site 38022) and the Ver at Hansteads 
(site 39014). These decreases may be due to the offsetting effect of 
groundwater use in these two catchments as documented by British 
Geological Survey (2022), who note that sometimes river water may 

Fig. 4. Seasonal low flows in the Blackwater at Swallowfield (39007) estimated by models without (M1, blue) and with urbanisation (M2, red). The shaded colour 
ribbons represent the 5th to 95th percentiles of the probabilistic model fit, and the dark blue/red lines indicate the median. Black circles indicate observed seasonal 
river flow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. As in Fig. 4 but for autumn river flow quantiles.  
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seep down to recharge groundwater. It is however impossible to docu-
ment all the water uses in every catchment, so here we provide sug-
gestions rather than definitive explanations. 

The median and standard deviation of the urban coefficients across 
the 12 sites for each flow quantile and season are presented in Table 3. 
Our results show that a 1 % increase in urban land cover is associated 
with 1.7–2.2 % increase in low flow, 0.8–2.5 % increase in median flow, 
0.8–1.9 % increase in mean flow, 0.5–2.0 % increase in high flow, and 
0–0.9 % increase in seasonal maximum flow depending on season. The 
increasing effect of urbanisation on streamflow non-stationarity is 
stronger in the summer rather than in the winter, and is stronger for low 
flow rather than high flow. As mentioned earlier, this may be due to the 
relatively lower flow volume in summer or at low flow conditions, which 
leads to a proportionately larger effect. Additionally, one potential 
explanation for the greater contribution of urbanisation to streamflow in 
the summer may be the greater likelihood of intense convective storms 
over urban land during the summer months, which may amplify urban 
runoff (Li et al., 2020). Areas with fast urban expansion rates may 
exhibit stronger increases in heavy precipitation (Yu et al. 2022), and in 
the UK, intense convective rainfall tends to occur in the summer months. 
The greater contribution of urbanisation to low flow may also be due to 
the development of sewer systems and hard drainages associated with 
urbanisation, which potentially cause more sewage discharge and/or 
water imports and thus increase low flows. Our detected percentage 
change in flow quantiles is consistent with unit changes reported by 
Anderson et al. (2022), who found a 0.6–0.7 % increase in mean and 

high flows for 1 % increase in urban area using panel regression for 729 
US catchments. Some studies have reported a higher value, for example, 
Blum et al. (2020) found a 3.3 % increase in annual maximum flood for a 
1 % increase in impervious basin cover using 280 US catchments; Yang 
et al. (2021) found a 3.9 % increase in annual maximum discharge for a 
1 % increase in urban area using 757 catchments in China. The varia-
tions in the magnitude may be due to the different statistical approaches 
(Anderson et al., 2022; Salavati et al., 2016), as well as the sampling 
sizes and methods (Blum et al. 2020). 

For low to high flows, the urban signal (signs of changes in river 
discharge that are linked to urbanisation) is greatest in summer, with a 
median increase of 2.2 % ±4.0 % (1 s.d.) for low flow, 2.5 % ±3.3 % (1 
s.d.) for median flow, 1.9 % ±2.6 % (1 s.d.) for mean flow, and 2.0 % 
±2.2 % (1 s.d.) for high flow, respectively. For seasonal maximum flow, 
the urban signal is greatest in autumn, with a median increase of 0.9 % 
±2.7 % (1 s.d.) for 1 % urban increase. When pooling all seasons, a 1 % 
increase in urban extent yields an increase of 1.9 % ±2.8 % (1 s.d.) for 
low flow, 0.9 % ±2.3 % (1 s.d.) for median flow, 0.9 % ±1.9 % (1 s.d.) 
for mean flow, 1.1 % ±2.0 % (1 s.d.) for high flow, and 0.5 % ±2.2 % (1 
s.d.) for seasonal maximum flow. Our results indicate that changes in 
low flows due to urbanisation tend to be proportionately larger than 
those for higher flows. Although distributions of urban coefficients vary 
somewhat between seasons and flow quantiles, these differences are not 
statistically significant according to the Kruskal-Wallis and pairwise 
Wilcoxon rank sum test (Table S1 and Table S2 in the Supplementary 
material). 

Fig. 6. Differences in AIC values at each site between models with (M2) and without (M1) urbanisation (AICM2 – AICM1). Negative values show when M2 fits better 
than M1, with the darker red shades indicates a better model fit at the same site. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Given that urban percent change varies across catchments for the 
study time period, besides the effect of a 1 % increase in urbanisation as 
reflected by the extracted urban coefficient, we also checked the total 
urbanisation effect on river flow changes during the entire interval in all 
12 catchments. The 30 year period from 1985 to 2015 (based on 
satellite-based urban percent) was considered, and the percentage 
change in discharge which is associated with urbanisation over the 
period was calculated using [exp(e2*Δxu) − 1] × 100%, where Δxu is the 
urban percent increase over these fixed 30 years. Distributions of the 
urbanisation effect over the 30 year period for all study catchments are 
expressed as percentage changes in discharge in Fig. 8. This includes all 
the seasons and all flow quantiles. The same findings emerge: urbani-
sation in recent decades is highly likely associated with an increase in 
discharge, as indicated by the positive medians for all the distributions. 
The increase in urban land cover over 1985 to 2015 is associated with a 
median increase of 5.3–10.0 % in low flow, 4.1–10.0 % in median flow, 

3.9–11.4 % in mean flow, 2.3–9.3 % in high flow, and 0.2–7.6 % in 
seasonal maximum flow across the four seasons. 

4.3. Evaluation of the consistency and inconsistency of other drivers 

The changes in AIC and urban coefficients in each catchment, when 
including 1-day maximum rainfall and antecedent day maximum in the 
urban models (M2), are shown in Fig. S3 and Table S3. Including 1-day 
maximum rainfall and antecedent day maximum improves the AIC for 
seasonal maximum flow, but the urban coefficients do not change 
significantly (only a few changes are larger than 0.01). 

The comparisons of AIC for models with (Q ~ P + T +AP + time) and 
without (Q ~ P + T + AP) a time covariate are presented in Fig. S4 and 
Fig. S5. Adding a time covariate for non-urbanising catchments does not 
significantly improve model performance (Fig. S4; only one or two 
catchments show a consistent effect of including a monotonically- 

Fig. 7. Distribution of model coefficients in percentages for urban area, by season, and flow quantile, across the 12 catchments. The vertical axis is set to − 10:10 on 
all figures for comparability. The horizontal red dashed line represents zero urban effect. The median of the distribution is shown above each boxplot in black font. 
Box colours denote different flow quantiles – here and throughout the paper. Outliers are not shown. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Table 3 
Median and standard deviation of the urban coefficients expressed as percentages across the 12 sites for each flow quantile and season.  

Season Q_0.1 Q_0.5 Q_0.9 Q_mean Q_max 

Median S.D. Median S.D. Median S.D. Median S.D. Median S.D. 

Autumn  1.9 %  2.8 %  0.8 %  2.4 %  1.1 %  2.3 %  1.0 %  2.1 %  0.9 %  2.7 % 
Spring  1.8 %  2.3 %  1.2 %  2.0 %  1.0 %  1.9 %  1.1 %  1.6 %  0.1 %  1.5 % 
Summer  2.2 %  4.0 %  2.5 %  3.3 %  2.0 %  2.2 %  1.9 %  2.6 %  0.0 %  2.5 % 
Winter  1.7 %  1.6 %  0.9 %  1.1 %  0.5 %  1.3 %  0.8 %  1.0 %  0.1 %  1.9 % 

S.D. indicates the standard deviation. 
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increasing variable), but for urbanising catchments, the proportion of 
catchments showing improvement is greatly increased (Fig. S5; eight 
catchments show a consistent effect). This evaluation confirms that in 
our urbanising catchments there is a monotonic time-varying variable 
affecting flow (i.e., urbanisation) whereas in our non-urbanising 
catchment there is not (i.e., increasing urbanisation, rainfall intensity, 
or some other unspecified drivers). 

4.4. Assessment of catchment variation 

We also investigated various factors that could be modulating the 
contribution of urbanisation to river discharge non-stationarity, 
including baseflow (BFI), drainage area (km2), total urban change 
(%), urban extent (%), bedrock permeability (%), and water abstraction 
(m3). Linear regressions between the urban coefficients and each factor 
as well as the corresponding R2 and p-value were used to assess the 
significance of contributions. We first consider all 12 sites pooled 
together, irrespective of the statistical significance of the individual 
urbanisation coefficients within each GAMLSS model. We find no clear 
association between urban coefficients versus BFI, urban change, or 
water abstraction, and the associations with these three factors remain 
statistically insignificant if we only consider the sites with significant 
coefficients. 

In contrast, results indicate a typically negative association between 
the urban regression coefficients and the urban extent in each catch-
ment, in all seasons (Fig. 9). The regressions are significant only for some 

seasons and flow quantiles based on the p-values. This finding suggests 
that catchments that are less urbanised to begin with might be propor-
tionately more sensitive to urbanisation effects on river discharge 
changes. The high sensitivity in less urbanised catchments suggests that 
the contribution of urbanisation to streamflow non-stationarity may be 
non-linear, i.e. as the degree of urbanisation increases, its impacts on 
runoff generation processes may potentially slow down. The reason for 
nonlinearity are not known, but it could be that other effects (e.g. 
greater urban heat island effect, or greater evaporation) are more 
prominent beyond certain levels of urbanisation. For example, the 
Bedford Ouse at Roxton (site 33039) is a less urbanised catchment (8.2 
% in 1990), and yields increases to low flow of 6.7 %, median flow of 4.3 
%, high flow of 1.8 %, mean flow of 3.1 %, and seasonal maximum flow 
by 0.7 % per 1 % increase in urban area (all seasons combined). In 
contrast, Pymmes Brook at Edmonton Silver Street (site 38022) is a 
heavily urbanised catchment (72.5 % in 1990), where urbanisation is 
estimated to decrease low flow by 2.4 %, median flow by 2.3 %, high 
flow by 0.8 %, mean flow by 1.7 %, and seasonal maximum flow by 1 % 
for a 1 % increase in urban area. Hence, the magnitude of the urban 
contribution tends to be large in the less urbanised catchment (33039) 
compared with highly urbanised catchment (38022). Another possible 
reason for the differences in urban contributions may be the location and 
distribution of the urbanised areas. In the less urbanised Bedford Ouse 
catchment where the contribution is large, for instance, urban area are 
mainly located in upstream and middle stream areas of the catchment, 
which may be hydrologically more sensitive to land use change impacts 

Fig. 8. Total contribution of urbanisation to river discharge non-stationarity (expressed as percentage changes in discharge) over the 30 year period (1985–2015), 
disaggregated by season and flow quantile, across the 12 catchments. The total urbanisation differs in each catchment. The vertical axis is the same on all figures for 
comparability. The horizontal red dashed line represents zero urban effect. The median change (%) of the distribution is shown above each boxplot in black font. Box 
colours denote different flow quantiles and the colour is consistent throughout the paper. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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as receiving and routing water flows. In contrast, in the highly urbanised 
Pymmes Brook catchment, where the urban contribution is less, urban 
land extends almost everywhere in the catchment, including both the 
upstream and downstream areas. If we consider only catchments with 
significant urban coefficients at p < 0.05 (significantly different from 
zero; Fig. S6), the relationship between urban extent and urban co-
efficients becomes even stronger (as indicated by the improved R2 and p- 
values), although the sample size is evidently much smaller. 

We also find a negative association between the urban coefficients 
and the percentage of high permeability bedrock (Fig. 10). The link is 
highly significant for low and median flows (p < 0.05) across all seasons 
but becomes less significant for high flows. This finding suggests that 
urbanisation tends to increase flow most in catchments with low 
bedrock permeability, likely because such strata slow the infiltration 
process and thus increase runoff. For instance, we compare the Bedford 
Ouse at Roxton (site 33039, high permeability bedrock = 6.7 %) – see 
above paragraph – with the Upper Lee at Water Hall (site 38018, high 
permeability bedrock = 88.4 %). For the Upper Lee, a 1 % increase in 
urban extent is estimated to increase low flow by 0.2 %, median flow by 
0.5 %, high flow by 0.7 %, mean flow by 0.5 %, and seasonal maximum 
flow by 0.9 % on average. Hence, the increases in discharge in the highly 
permeable Upper Lee are much smaller than in the Bedford Ouse, across 
all quantiles. Overall, the effect of bedrock permeability is stronger in 
summer rather than in winter. 

Similarly, we find positive associations between the urban co-
efficients and drainage area (Fig. S7), but these are significant only for 
some flow quantiles in autumn and summer. The significance of the 
association remains similar if we include only the sites with statistically 
significant (p < 0.05) urban coefficients (Fig. S8). This suggests that 

greater urban contributions to changes in river discharge are found in 
larger catchments, albeit influenced by a few outliers. It is possible that 
the contribution of urbanisation becomes more noticeable once an ab-
solute threshold of surface area or urbanised land is reached. We take 
the Bedford Ouse at Roxton (site 33039) again as an example since it is 
the largest among our study catchments (drainage area = 1660 km2), 
and compare it with a small catchment, Canons Brook at Elizabeth Way 
(site 38007; drainage area = 21 km2). In the Canons Brook, a 1 % in-
crease in urban area on average leads to 0.3 % decrease in low flow, 0.1 
% decrease in median flow, 0.7 % increase in high flow, 0.2 % increase 
in mean flow, and 0.5 % increase in seasonal maximum flow across 
different seasons. In other words, the magnitude of change is smaller 
than in the larger Bedford Ouse catchment. 

5. Study limitations 

Here, we employ daily discharge records to assess the contribution of 
urbanisation to non-stationary river flows. For high flows, the impacts 
may differ if we use instantaneous maximum flow rather than mean 
daily flow, but we employ daily flow for consistency across quantiles. 
We also employ a statistical approach, in which monotonically 
increasing predictors (such as urbanisation) may inadvertently reflect 
the impact of other drivers within a catchment (such as changes in 
rainfall intensity, or gradual monotonic increases in flow abstraction/ 
augmentation over time). For instance, it is possible that increases in low 
flows in a catchment may be driven by imported effluent flows. It is 
important to recognise that although statistical methods are powerful 
tools for detecting signals in observational data, one can never be 
entirely sure of the drivers, as with a physics-based model. To counter 

Fig. 9. Urban coefficient in percentage (effect of each percent increase in urbanisation on river flow) versus urban extent in 2015 (taken from Liu et al., 2020) for the 
12 catchments (one dot per site). Linear regressions are fit for each season and flow quantile, with corresponding R2 and p-value shown. Vertical axes are set to 
− 10:10 for comparability. 
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such weaknesses, we developed a procedure for assessing the consis-
tency/inconsistency of predictors. Further, recent and future urbanisa-
tion might have different effects on discharge than historic urbanisation 
(for instance due to greater uptake of sustainable drainage systems or 
higher-density urban development). Also, other factors such as river 
management (e.g., channelization, river bed paving), geomorphological 
differences among the catchments (e.g. basin shape, channel network 
density), and temporal changes in transport and deposition of sediment 
leading to changes in channel width, depth, and slope (e.g. Slater et al., 
2019), may have certain impacts on river discharge as well as our ability 
to reliably measure discharge. 

6. Conclusions 

In this study, we investigated the contribution of changes in urban 
area to river discharge trends for a representative sample of UK catch-
ments, covering different flow quantiles and seasons. Using a stringent 
set of criteria, 12 catchments were selected based on the completeness of 
their observed data records, absence of major human influences, sig-
nificant changes in flow, and changes in urban land cover. Two statis-
tical models were developed at each site to estimate relationships 
between river flow, precipitation, temperature, and antecedent rainfall, 
for specified flow quantiles and seasons – one model without and one 
with urbanisation, as a predictor variable. Model coefficients for ur-
banisation were then extracted from urban models to quantify river flow 
quantile sensitivity to urban area. 

Results show that the model performance is generally improved in 
urban catchments when urbanisation is included as a covariate, sug-
gesting that non-stationary river discharge is partly driven by growing 
urban areas. The improvement is more significant for low, median, and 

mean flow relative to high flow, and there are no significant differences 
between seasons. We find urbanisation is more likely to be associated 
with increases than decreases of river discharge across flow quantiles 
and seasons. However, the magnitude of the association varies consid-
erably across catchments depending on season, flow quantiles, and ge-
ology. A unit (1 %) increase in urban land cover is associated with 1.9 % 
±2.8 % (1 s.d.) increase in low flow, 0.9 % ±2.3 % (1 s.d.) increase in 
median flow, 0.9 % ±1.9 % (1 s.d.) increase in mean flow, 1.1 % ±2.0 % 
(1 s.d.) increase in high flow, and 0.5 % ±2.2 % (1 s.d.) increase in 
seasonal maximum flow across different seasons, on average. The 
contribution of urbanisation tends to be proportionately larger for low 
flows than the highest flows, which implies that urbanisation has most 
significant impacts on changes in non-flood flows. Results also indicate a 
greater sensitivity of river flow to urbanisation in those catchments with 
low initial urban extent and in catchments with less area underlain by 
high permeability bedrock. 

Overall, our results suggest that for urbanising catchments, historical 
river flow models and future river flow projections are unlikely to be 
robust if they are only driven by meteorological inputs. Our findings also 
highlight that one must be particularly cautious when estimating or 
projecting future river flow in catchments that are less urbanised and 
likely to witness rapid urbanisation, and in catchments with low bedrock 
permeability. Future research will investigate the relative impact on 
river discharge of projected changes in climate and urbanisation. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Fig. 10. As in Fig. 9 but for urban coefficient (%) versus percentage of high permeability bedrock. There are 7 catchments after removing those without high 
permeability bedrock. 

S. Han et al.                                                                                                                                                                                                                                     



Journal of Hydrology 613 (2022) 128417

15

Data availability 

Data will be made available on request. 

Acknowledgements 

This paper was funded by a John Fell Fund grant at the University of 
Oxford (SH, LJS) and by UK Research and Innovation (MR/V022008/1 
to LJS). The authors acknowledge the National River Flow Archive, the 
UK Met Office, and the Environment Agency for providing the data. We 
thank the two anonymous reviewers for their comments that helped to 
improve the manuscript. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jhydrol.2022.128417. 

References 

Akaike, H., 1974. A New Look at the Statistical Model Identification. IEEE Trans. 
Automat. Contr. 19, 716–723. https://doi.org/10.1109/TAC.1974.1100705. 

Anderson, B., Slater, L., Dadson, S., Blum, A., Prosdocimi, I., 2022. Statistical attribution 
of the influence of urban and tree cover change on streamflow: a comparison of large 
sample statistical approaches. Water Resour. Res. 58, 1–20. https://doi.org/ 
10.1029/2021wr030742. 

Blum, A.G., Ferraro, P.J., Archfield, S.A., Ryberg, K.R., 2020. Causal Effect of Impervious 
Cover on Annual Flood Magnitude for the United States. Geophys. Res. Lett. 47 
https://doi.org/10.1029/2019GL086480. 

Burn, D.H., Buttle, J.M., Caissie, D., MacCulloch, G., Spence, C., Stahl, K., 2008. The 
Processes, Patterns and Impacts of Low Flows Across Canada. Can. Water Resour. J. 
33, 107–124. https://doi.org/10.4296/cwrj3302107. 

Burnham, K.P., Anderson, D.R., 1998. Model Selection and Multimodel Inference: A 
Practical Information-Theoretic Approach. Bayesian Data Analysis in Ecology Using 
Linear Models with R, BUGS, and STAN. https://doi.org/10.1016/b978-0-12- 
801370-0.00011-3. 

Coxon, G., Addor, N., Bloomfield, J.P., Freer, J., Fry, M., Hannaford, J., Howden, N.J.K., 
Lane, R., Lewis, M., Robinson, E.L., Wagener, T., Woods, R., 2020. CAMELS-GB: 
hydrometeorological time series and landscape attributes for 671 catchments in 
Great Britain. Earth Syst. Sci. Data 12, 2459–2483. https://doi.org/10.5194/essd- 
12-2459-2020. 

Cuo, L. 2016. Land Use/Cover Change Impacts on Hydrology in Large River Basins: A 
Review, Terrestrial Water Cycle and Climate Change: Natural and Human-Induced 
Impacts. 10.1002/9781118971772.ch6. 

Dawson, C.W., Abrahart, R.J., Shamseldin, A.Y., Wilby, R.L., 2006. Flood estimation at 
ungauged sites using artificial neural networks. J. Hydrol. 319, 391–409. https:// 
doi.org/10.1016/j.jhydrol.2005.07.032. 

De Niel, J., Willems, P., 2019. Climate or land cover variations: What is driving observed 
changes in river peak flows A data-based attribution study. Hydrol. Earth Syst. Sci. 
23, 871–882. https://doi.org/10.5194/hess-23-871-2019. 

Faulkner, D., Warren, S., Spencer, P., Sharkey, P., 2020. Can we still predict the future 
from the past? Implementing non-stationary flood frequency analysis in the UK. 
J. Flood Risk Manag. 13, e12582. 

Faulkner, D., Griffin, A., Hannaford, J., Sharkey, P., Warren, S., Shelton, K., 
Vesuviano, G., Mastrantonas, N., Stewart, L., 2021. Development of interim national 
guidance on non-stationary fluvial flood frequency estimation – science report. 
Environment Agency. 

Fletcher, T.D., Andrieu, H., Hamel, P., 2013. Understanding, management and modelling 
of urban hydrology and its consequences for receiving waters: A state of the art. Adv. 
Water Resour. 51, 261–279. https://doi.org/10.1016/j.advwatres.2012.09.001. 

Hannaford, J., Buys, G., 2012. Trends in seasonal river flow regimes in the UK. J. Hydrol. 
475, 158–174. https://doi.org/10.1016/j.jhydrol.2012.09.044. 

Hannaford, J., Marsh, T., 2006. An assessment of trends in UK runoff and low flows using 
a network of undisturbed catchments. Int. J. Climatol. 26, 1237–1253. https://doi. 
org/10.1002/joc.1303. 

Hannaford, J., Marsh, T.J., 2008. High-flow and flood trends in a network of undisturbed 
catchments in the UK. Int. J. Climatol. 28, 1325–1338. https://doi.org/10.1002/joc. 

Hannaford, J., Mastrantonas, N., Vesuviano, G., Turner, S., 2021. An updated national- 
scale assessment of trends in UK peak river flow data: How robust are observed 
increases in flooding? Hydrol. Res. 52, 699–718. https://doi.org/10.2166/ 
nh.2021.156. 

Harrigan, S., Hannaford, J., Muchan, K., Marsh, T.J., 2018. Designation and trend 
analysis of the updated UK Benchmark Network of river flow stations: The UKBN2 
dataset. Hydrol. Res. 49, 552–567. https://doi.org/10.2166/nh.2017.058. 

Hollis, D., McCarthy, M., Kendon, M., Legg, T., Simpson, I., 2019. HadUK-Grid—A new 
UK dataset of gridded climate observations. Geosci. Data J. 6, 151–159. https://doi. 
org/10.1002/gdj3.78. 
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