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Abstract. Extremely rapid rates of rise in river level and
discharge are a subset of flash floods (“abrupt wave front
floods”, AWFs) and are separate hazards from peak river
level. They pose a danger to life to river users and occur
mainly in the summer. Using level and discharge records
from 260 Scottish gauged catchments, we present the spatial
distribution of annual maximum 15 min rises in river level
and discharge, along with derived metrics to assess the sever-
ity of AWF events. These include normalised and propor-
tional measures of flow change, as well as ratios that charac-
terise the intensity of AWF events. We estimate wave celer-
ity by analysing the time difference in wave onset recorded
by successive gauging stations along a river channel. This
approach is applied to several AWF events on the river Find-
horn in northeast Scotland, allowing for detailed examination
of their dynamics. Our findings suggest that flood forecast-
ing models with outputs of peak discharge and river level
may not adequately represent the risk posed by rapidly ris-
ing flows, especially at national scales where hydroclimatic
and geomorphological variability trigger different AWF met-
rics. We show that AWFs may intensify downstream, with
wave fronts steepening as they travel through lowland river
reaches, as observed in multiple events on the river Findhorn,
showing a necessity of more accurate and frequent river mea-
surements. We conclude that AWFs need better monitoring
forecasting and warning, particularly as extreme downpours
are becoming more frequent with global warming.

1 Introduction

Extremely rapid rates of rise in river level and velocity, of-
ten described as “walls of water”, are a subset of flash floods
(also called “abrupt wave front floods”, AWFs) (Archer and
Fowler, 2018). They are separate hazards from peak levels
whose principal impact is on the flooding of property and
economic loss. The rapidity of onset of AWFs, often as a
visible wave, provides a critical danger to the lives of river
users such as anglers and swimmers, even when the peak
river level is not severe. On a worldwide basis there is a grow-
ing recognition of the hazard of floods with a very rapid rate
of rise. Collischonn and Kobiyama (2019) noted seven events
in southern Brazil in the period 2008 to 2019 in which a to-
tal of 16 people were washed away and drowned. Viggiani
(2020) compiled a list of 19 “surge waves” from around the
world which caused significant loss of life. Here we examine
gauged records of such events in Scotland.

Scotland is subject to river flooding from several driving
forces. As a mountainous country on the Atlantic fringe,
it suffers flooding from persistent, orographically enhanced
frontal and cyclonic rainfall and from melting snow (Scottish
Environment Protection Agency, 2022). Convective activity,
the source of flash floods, is much weaker in Scotland than in
southern England and the adjacent continent (Hayward et al.,
2022). Nevertheless, intense summer convective rainfall has
historically caused serious flash floods in Scotland both from
surface water in urban areas and from river flooding. In com-
piling a historical chronology of flash floods in Britain from
1700, Archer and Fowler (2021) listed 612 events in Scotland
of a national total of 7921 (https://www.jbatrust.org/about-
the-jba-trust/how-we-help, last access: 10 October 2025).
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Of these, 43 were identified as abrupt wave front floods
(AWFs) in rivers from observers’ descriptions as “walls of
water” or implied by impact including loss of life by drown-
ing and bridge destruction. The identification of historical
AWFs prompted investigation of rapid rates of rise in gauged
records of level and flow. Archer et al. (2024) examined the
occurrence of such AWFs in northern England, noting their
occurrence on every major catchment draining the Pennines.
We use lessons learned from this analysis in the extension
here to neighbouring Scotland.

AWFs are usually generated in steep upstream tributaries
but may be transmitted downstream over tens of kilometres.
A gauged example from the Pennines (Archer and Fowler,
2018) shows that the flood wave may steepen as it pro-
gresses downstream (Fig. 1). At the upstream station at Al-
ston (118 km?2) there is a gradual rise of 62 m3s~!in 1 h be-
fore a sharp 15 min rise of 117m3s~! followed by a 15 min
rise of 80 m3 s~!. At the next downstream gauge of Feather-
stone (322 km?), the initial gradual increase in flow at Alston
has been absorbed, and discharge rises abruptly from 2 to
168 m3 s~! within 15 min (Fig. 1a). The hazard to river users
is much lower at Alston where the progressive initial rise pro-
vides a greater opportunity to escape than at Featherstone.
The steep wave front continued downstream and absorbed an
early tributary inflow from the river Allen between gauging
stations at Haydon Bridge (751 km?) on the South Tyne and
Bywell (2176 km?) on the main Tyne (Fig. 1b). Note that the
peak discharge changes little over the 72 km reach between
Alston and Bywell. Both gauged and historical observations
at a single location may not therefore represent the most se-
vere hazard experienced in an AWF event.

The hazard of abrupt wave fronts is a combination of the
simultaneous increase in level and velocity. Gauged obser-
vations on the river Tyne show that velocity can increase
from an initial value of less than 0.5ms~! to more than
3.0ms~! within the same time interval (Archer et al., 2024).
Collischonn and Oliveira (2023) noted the celerity of a flood
wave on the river Luthern in Switzerland in May 2023 and
recorded the arrival time of an AWF at three different points.
From this information the flood wave celerity was calculated
as around 3.7ms~!. Since velocity is rarely measured in
flood events and discharge is estimated from observed level
via a rating curve, the assessment of mean or maximum ve-
locity during AWFs at the gauging section is difficult. We
therefore use a variety of measures of 15 min change in dis-
charge using Scottish gauged data as a means of assessing
the severity and rarity of AWFs both for a single catchment
and as a means of comparison between catchments.

This study presents novel large-sample evidence of abrupt
wave front floods (AWFs) in Scottish rivers, offering new
perspectives on their spatial distribution, downstream evo-
lution and hazard potential. Here, we place these results in
the context of hydrodynamic theory and risk analysis. After
identifying key data and methodological limitations, we pro-
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pose future directions for improving the detection and under-
standing of AWFs.

2 Data

The 15 min flow and level dataset used was sourced from the
Scottish Environment Protection Agency (SEPA) time series
data service (API). The website has 390 level and 315 flow
stations available, with more than 20 000 years of data in to-
tal (Fileni et al., 2023). The data provided by SEPA are based
on 15 min measurements of river level, and these are, with
few exceptions, converted to flow by rating equations de-
rived from individual discharge measurements at given levels
combined with weir equations. The SEPA hydrometry team
reviews level measurements monthly and rating curves an-
nually. These reviews result in the correction of data arte-
facts before publishing the time series including necessary
changes to the rating curves and flow conversions.

For this study 260 stations were selected, corresponding to
those that provide both flow/level data and a National River
Flow Archive (NRFA) identifier (https://nrfa.ceh.ac.uk/data/
search, last access: 10 October 2025). These records have
a median length of 33 years, with the earliest records dat-
ing back to the 1950s (Fig. 2). The rates of rise in level and
discharge were computed by calculating the first derivative
for every time step of the time series, from which the an-
nual maximum values of rise in level (HW15) and discharge
(QW15) were extracted.

From the annual maxima, the five highest rises for the
months from April to September were selected, as this is
the period when convective storms produce sufficiently in-
tense rainfall in Scotland to generate AWFs. These hydro-
graphs were then visually inspected to validate each event as
an AWF, following a comprehensive QC procedure (Fileni et
al., 2023). Some events were eliminated as spurious spikes or
otherwise inconsistent hydrological behaviour in the record;
others were excluded as they were part of a “normal” flood
resulting from persistent heavy rainfall and usually near to
the upper end of a rising limb rather than rising rapidly from
low flow. Coincidence between level and flow station max-
imum rates of rise, where the maximum HW 15, (Eq. 1)
exceeded 0.6 m, occurred for 48 % of stations. This variation
between level and flow maxima can be attributed to the log-
arithmic relationship between level and discharge so that a
given level change results in a higher flow change at a higher
starting point.

3 Methods
3.1 Change in 15 min river level

Increases in river level and velocity combine to create the
hazard to river users during AWFs. Previous analyses, es-
pecially when applied to multiple stations, has focused on
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Figure 1. (a) The progress of an AWF on the South Tyne catchments on 30 July 2002 illustrating the downstream absorption of an initial
gradual rise and (b) the absorption of a tributary inflow from the river Allen, between Haydon Bridge and Bywell.

changing level as the most obvious and visible feature of an
AWEF. We continue to use HW 15,5 (Eq. 1) for this study of
Scottish AWFs. “Peak” here refers to the upper limit of the
15 min rise.

HW15,0s = HWax peak — HWax peak—1 (D

For an individual event, Archer (1994) and Archer et
al. (2017) used an annual maximum series of 15 min rise in
level (HW15) to estimate the return period of an extreme rise
on the river Wansbeck in northeast England. Assuming a gen-
eralised logistic distribution for gauged data only, the return
period of the 1994 15 min rate of rise of 1.26 m was calcu-
lated as 140 years but reduced to 60 years when historical
precedents beyond the digital record were considered. With
the availability of annual maximum rate of rise statistics for
Scotland, it is possible to apply flood frequency analysis to
all stations. For analysis of events in the Pennines, a simpler
metric of the ratio of the absolute maximum to the observed
median for each station was used (Archer et al., 2024) to as-
sess the severity for an individual catchment. For example, on
the South Tyne the median maximum 15 min rise, HWpeq,
at Haydon Bridge is 0.70 m, and the HW15,,5 is 1.49m (a
ratio of 2.1) compared with the river Wansbeck, where the
median maximum 15 min rise is 0.28 m, and the HW 15,5 is
1.26 m (a ratio of 4.5). This shows that for rivers with the
greatest propensity for AWFs to occur (e.g. South Tyne), the
ratio may be smaller than for those where such events are
rare (e.g. Wansbeck). The hazard for river users may thus be
greater for rivers where such events are least expected. In this
study of Scottish rivers, we focus on the ratio of the absolute
maximum 15 min rise in flow to the median, rather than the
increase in level.

https://doi.org/10.5194/hess-29-5777-2025

3.2 Change in velocity

Mean or maximum velocity in a cross-section during an
AWF is a key component of the hazard but is difficult to
measure or assess. Use of in-river measurement is imprac-
tical owing to bedload and heavy floating debris. Measure-
ment of surface velocity may be achieved by methods using
fixed cameras, but drone photography may be precluded by
the time taken to reach a site.

Initial velocity before the arrival of the AWF is low (a con-
dition of the transmission of a kinematic wave), and the ve-
locity at a station for the duration of the AWF is likely to
be dominated by wave celerity. Celerity can be determined
using the arrival time of a wave front at multiple sites with
known distances between them. This method was applied to
a single catchment in Scotland, the river Findhorn.

3.3 Maximum change in 15 min discharge

In the absence of velocity estimates, several aspects of dis-
charge measurement are used to compare the severity of
rapid rates of rise within and between catchments.

1. The maximum absolute increase in discharge between
the beginning and end of the 15 min period based on
the standard rating curve, QW 15,45 (Eq. 2). A given in-
crease will have greater impact on a small catchment
with a narrow and confined cross-section, but, for prac-
tical purposes, we have excluded most events and catch-
ments where the increase is less than 10m3 s~!, except
where the rise in level is greater than 0.4 m.

2. The rate of rise normalised by the median annual
maxima peak flow (QMED), described by QW15 gmeq
(Eq. 3). Normalising the data by QMED facilitates inter-
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Figure 2. The 260 gauging stations in Scotland used in this study.
Record length at each station is represented by the circle colour and
catchment size represented by circle size.

catchment comparisons of severity of flow increase,
independent of catchment characteristics especially of
size. The alternative of normalising by catchment area
has been used by Amengual (2025) as a means of char-
acterising extreme flash floods in Mediterranean Spain.
Although AWFs are usually generated on only a small
area of a catchment, there is the potential for larger
catchments to generate larger flows where the flow from
incoming tributaries is combined.

3. The ratio of maximum to median 15 min annual maxi-
mum rise, QW 15Rrai0 (Eq. 4), provides a measure of the
comparative severity of the most extreme AWF within
a catchment. In a similar fashion to QMED (the median
annual maximum peak flow), the median annual max-
ima rate of rise was calculated (QW15,¢q). This metric
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then estimates the frequency of occurrence of AWFs by
dividing the AWF absolute value by QW 15,4 (Eq. 3).

4. The proportional increase in flow from the initial flow
to the peak of the 15 min rise, QW 15py0p (Eq. 5). This is
a measure of the magnitude of the change in a 15 min
period and is an important contributor to the hazard.
However, the measure may be biased when the river is
initially dry (when the measure is infinite) or when the
flow is very low. To avoid infinity values and to compute
only relevant relative increases, the relative rate of rise
was computed solely when the final time step exceeded
the 10th percentile flow.

QW15aps = QW15max peak — QW 15max peak—1 2
QW15

W15 =—— 3

Q QMED OMED 3)
QW 154ps

W1SRy0 = ——r—abs 4

Q Ratio QW15med “4)

W15
QWlsprop _ Q abs peak (5)

QW 15abs peak—1

Significant AWF events were found on 93 catchments (out of
260).

4 Results

Results are presented as a series of maps of Scotland for each
of the measures of level or discharge as follows:

1. absolute maximum change in 15min river level
(HW154ps),

2. absolute maximum change in
(QW154b5),

3. 15 min rate of rise (QW 1545) normalised by the median
annual maxima peak flow (QMED),

15min discharge

4. the ratio of absolute maximum change in 15 min dis-
charge (QW15,ps) to median maximum 15min rise
(QW15med),

5. the proportional increase in flow from the initial flow to
the peak of the 15 min rise (QW15p;op).

4.1 Change in 15 min river level - HW15,,¢

For the purposes of identifying AWFs, our analysis has been
restricted to the summer months of April to September, when
events are generated by intense, often localised, convective
rainfall. Rapid increases in level also occur during the win-
ter months at many stations, resulting from persistent and
widespread heavy rainfall. The maximum 15 min rise in level
or discharge in winter events usually occurs as part of the ris-
ing limb of a normal hydrograph and provides much less risk
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to river users. However, it is possible that we have missed
some AWFs outside of the summer period.

The geographical distribution of events, the magnitude of
the largest event and the number of stations in each range of
maximum 15 min level change at each station are shown in
Fig. 3a. AWFs have been observed over most of Scotland but
with perhaps the greatest concentrations in the rivers of the
northeast, including the very high HW 15,5 on the river Find-
horn at Forres (1.87 m). Fewer events have been observed
on rivers in the western Highlands; in the central lowlands
and on the southern fringe of the mountains the magnitude of
AWF events is smaller than elsewhere. AWFs are rare on the
main stem of rivers with upstream lakes and reservoirs, such
as the river Tay, although they may occur on upstream trib-
utaries. AWFs usually originate on steep upland tributaries,
but there are few gauging stations near to the point of gen-
eration. The median catchment area where events were ob-
served is 201 km?, but they range in area up to 2861 km? for
the river Spey at Boat o Brig. Only 10 stations (10.8 %) with
AWFs are under 50 km?, where such events are typically gen-
erated, which may reflect the fact that many small catchments
are ungauged. The average elevation of gauging stations is
less than 50 ma.s.l., and 16 of 93 stations (17 %) are below
10 ma.s.l., including the Findhorn at Forres with a catchment
area of 782 km?”. At many stations only a single event with
a rise greater than 0.40m in 15 m was observed. However,
five such events occurred on Ruchill Water at Cultybraggan,
where Cranston and Black (2006) previously noted the short
lead times of floods but not the rapid rate of rise; the largest
event had a 15 min rise of 1.88 m on a catchment area of just
99.5 km?.

We note that level is not a completely reliable measure
for comparison between stations, since increase in level de-
pends on the stage—discharge relationship and the configu-
ration of the control section, whether natural or constructed,
at each station. With respect to natural channels, Wharton
(1995) notes that for British rivers there is a strong relation-
ship between channel width or cross-sectional area and river
flood discharge, especially for flows confined within a chan-
nel. However, we suggest that other measures of flood sever-
ity are necessary for increased understanding of AWFs.

4.2 Change in 15 min discharge — QW15

The geographical distribution and magnitude of the largest
QWI15,,s at each station and the distribution of values are
shown in Fig. 3b. The comparative magnitude of level and
discharge may vary, especially on catchments of differ-
ing size. Thus, the Avon at Delnashaugh (catchment area
543km?) and the large Spey catchment at Boat o Brig
(2861 km?) have events of similar QW 15,5 magnitude of
144 and 152m3s~! respectively but a differing HW 15,5 of
1.47 and 0.70 m. These differences reflect the greater chan-
nel capacity of the larger river. Conversely, stations with a
similar HW15,,5 may have a different QW15,,s. Thus, Et-
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trick Water at Brockhope (37.5 km?2) and the Esk at Canon-
bie (495 km?) in southern Scotland have events of a similar
HW15,ps of 1.30 and 1.36 m but very different QW 15,5 of
42 and 130m> s~! respectively.

The hydrograph for the Ruchill Water at Cultybraggan
(Fig. 4a) is typical of AWFs in Scotland, with a very rapid
initial rise from a very low flow, followed by the peak dis-
charge less than 1h later and a rapid recession, returning to
a low flow within 12 h; the HW 15,45 of 1.88 m for this event
was the highest observed in Scotland. The transition from
rising limb to peak is even more pronounced for the events
shown on the river Avon at Delnashaugh (Fig. 4b) and the
river Dee at Polhollick (Fig. 4c).

4.3 Rate of rise normalised by the median annual
maximum peak flow (QMED) - QW15¢mED

Comparison of the severity of an AWF between catchments
is constrained by the influence of other catchment charac-
teristics which influence the magnitude of floods, notably
the influence of catchment area, as noted above. However,
area is not the only factor, and another measure of catch-
ment susceptibility, QMED (the median annual peak flood),
has been used to normalise the hazard of flood discharge be-
tween catchments. Normalised values are mapped for Scot-
tish catchments in Fig. 5a, and the distribution of values of
the ratio is shown.

Although QW15 is a high proportion of the peak flow
in AWF events, as demonstrated in Figs. 2b and 4a and b,
it is a modest proportion of QMED. The median value is
0.36 on stations that are prone to AWFs, and only two sta-
tions have values > 0.8. For example, in the river Strontian
at Ariondle (25.2 km?) the largest QW 15,5 exceeded QMED
(QW15,50 / QMED = 1.48), but at the same time its ratio of
maximum to median (Sect. 4.4) (QW15,ps / QW 151eq) is the
lowest in the dataset at 1.48, suggesting that AWFs at this
station are both frequent and severe. In contrast, for the river
Nethan at Kirkmuirhill where QW 15,55 / QMED = 0.98, the
maximum to median (QW 15,55 / QW15¢q) of 6.4 suggests
that the event of 4 July 2001 for this station was very un-
usual. For large catchments such as the Spey at Boat o Brig
(2861 km?) and the Dee at Woodend (1370 km?), where ac-
tual QW15 values were high, QW 154, / QMED values
were not exceptional (< 0.3). However, some stations dis-
playing the largest HW15,5s and QW 15,y also had very
high QW15,,s/QMED, for example the Avon at Dalnashaugh
(0.68) and the Ruchill Water at Cultybraggan (0.67). This in-
dicates that AWFs here had an extreme severity, both with
respect to their own catchment and when compared across
catchments.
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on 7 June 1980 and (c) the river Dee at Polhollick on 22 September 1991. In each case the 15 min change in flow is shown.

4.4 Ratio of maximum to median 15 min rise in
discharge — QW15Ratio

The ratio of the maximum to the median 15 min rise in dis-
charge is a simple measure of the severity of the most ex-
treme event on a catchment and is thus a measure of the ad-

Hydrol. Earth Syst. Sci., 29, 5777-5789, 2025

ditional hazard provided by an AWF. This ratio is mapped for
Scottish catchments, and the distribution of values is shown
in Fig. 5b.

For Scottish gauges the median ratio, on stations that are
prone to AWFs, was found to be 2.9, but the most extreme
ratios (> 5.0) were experienced on catchments where the ac-
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tual maximum level or discharge rise was not extreme. For
example, the river Livet at Minmore, with a catchment area
of 104km? and a maximum 15min rise of level and dis-
charge of 0.73m and 22.3m>s~!, had a ratio of 8.0. The
river Nethan at Kirkmuirhill (66 km?), with a 15 min rise
in level and discharge of 1.05m and 34.7 m3s~!, had a ra-
tio of 6.4. No catchment with a maximum rise > 1.0 m and
> 100 m?> s~! had a ratio greater than 3.8.

4.5 Proportional increase in flow — QW15p,p

A key feature of risk for river users is the proportional in-
crease in flow from the initial discharge to the magnitude of
the AWE, as assessed at the end of the 15 min observation
interval. Some of these values can be very high and theoreti-
cally infinite if the initial channel is dry (but then even more
reason to be a hazard). Values are mapped for Scottish catch-
ments, and the distribution of values is shown in Fig. 6.

The median value, on stations that are prone to AWFs, was
found to be 10 times the initial flow, but of the 11 stations
with an increase of 30 times, the Ettrick Water at Brock-
hope (37.5 km?) had an increase of more than 100 times.
The smallest gauged catchments were generally those with
the largest increases, but an exception is the river Findhorn
at Shenachie (416 km?) with a proportional rise of 43. Large
catchments such as the Spey, Dee and Don had proportional
rises of less than 10.

4.6 Estimation of flood celerity — river Findhorn

Wave celerity is the primary component of the perceived ve-
locity at a station during an AWF; examples show that the
initial velocity before the arrival of an AWF is low (a con-
dition of the transmission of a kinematic wave). Collischonn
and Oliveira (2023) give an example of the timing of a vis-
ible wave front between two points on the Luthern River in
Switzerland where they calculate a wave celerity of 3.7 ms™!
along a 5 km reach. For the event of July 2002 on the river
Tyne, the wave celerity between the upper stations of Al-
ston and Featherstone was 3.6ms~! over a 16.3km reach
and 3.1ms~! for the lower 33.4km reach between Haydon
Bridge and Bywell. In either case, an increase from an initial
velocity of less than 0.5m s ™! in 15 min or less would pose a
serious risk to life to anglers, canoeists and swimmers.

The river Findhorn in northeast Scotland has a long nar-
row steep-sided catchment, rising in the Monadhliath Moun-
tains with its highest point at 945 m a.s.1. Bedrock is predom-
inantly metamorphic, with an extensive blanket peat moor-
land and minimal tree cover except in the lowest reaches.
It is gauged at two points: on the main stem at Shenachie
(catchment area 416 km? and station elevation 252 ma.s.l.)
and at Forres (catchment area 782 km? and station elevation
11 ma.s.l.). The river distance from Shenachie to Forres is
49 km. There is one significant gauged tributary, the river Di-
vie, gauged at Dunphail (catchment area 165 km? and station

https://doi.org/10.5194/hess-29-5777-2025

5783

elevation 117 ma.s.l.), which joins the main stem at approx-
imately 18 km upstream from Forres.

The gauging stations at Shenachie and Forres have long
digital records with a start date for digital records at
Shenachie in 1961, at Forres in 1959 and at Dunphail in 1982.
Several events in the record show evidence of major AWFs
at one or both main stem stations. Timing of wave front and
peak with the distance can be used to assess celerity over the
reach and provide estimates of the celerity at Forres.

Figure 7 shows an already established AWF at Shenachie
with a 15min rise of 124m3s™!, progressing to an even
steeper rise of 156 m> s~! at Forres. There is clearly a prob-
lem with discharge estimation at one or both stations, with
a decreasing flow volume downstream, but timings are ex-
pected to be correct. With a rise time of the wave front be-
tween the stations of 4.5 h, the average celerity over the reach
is 3.02ms~!. However, the downstream hydrograph seems
compressed so that the travel time of 4 h for the peak is less
than that of the wave front, giving a celerity of 3.40ms™".
Similar events occurred on 1 September 2005 and 17 Au-
gust 2014, with average wave front celerities of 2.86 and
3.02ms ™! respectively. Peak travel times and celerities were
3.40ms~! and 2.72ms~! for the more complex hydrograph
of 17 August 2014.

The flood of 7 June 1990 shows a more remarkable trans-
formation within the reach. At Shenachie there is a normal
hydrograph, with a steady rise to peak and the highest 15 min
rise of 0.39m in the middle of the rising limb. However, at
Forres, the water level rose suddenly from the low level of
0.3 to 2.17m, and discharge rose from 7 to 216m>s~! in
15 min and then continued to rise at a slower rate for a fur-
ther 3h to peak at 529 m3s~!. This event is the largest ob-
served QW 15,y in Scotland. In each of these events, the flow
in the river Divie remained below 10m?s~!. Given the ab-
sence of a defined upstream wave front, it was not possible
to assess the celerity in the reach. This flood provided the
annual maximum peak flow and was ranked 8 in a 64-year
record, yet it was still far short of the maximum gauged peak
flow of 1021 m3s~! on 17 August 1970 and an estimated
1484 m3s~! for the “Muckle spate” of 1829 at a point up-
stream on the Findhorn (McEwan and Werritty, 2007).

With the increasing wave front magnitude as it progresses
downstream, it is probable that the wave accelerated to a
celerity greater than the average for the reach as it ap-
proached the Forres gauging station. We suggest that it there-
fore would have posed a very serious threat to river users.

5 Discussion

5.1 Integration of AWF metrics in flood risk to life
analysis

Real-time forecasting in Scotland, as elsewhere, focuses on
predicting the progress towards peak discharge and reach
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Figure 5. (a) Maximum 15 min rise in flow normalised by QMED and the number of stations at which the range of values of the ratio of
QW15,ps to QMED occurred and (b) ratio of the absolute maximum 15 min rise in flow (QW15,) to the median rise (QW15,,q) and the

number of stations for which the range of values of the ratio occurred.

peak levels (using linked hydrological and hydraulic mod-
els), most often from persistent heavy rainfall causing over-
bank flow to risk to land and property. The AWF events de-
scribed here are rarely overbank in Scotland, and their peaks
are rarely significant except near their source. Nevertheless,
they pose a serious risk to the lives of river users exposed
within or on the banks of a river from the very rapid increase
in level and velocity.

There is substantial historical evidence in Scotland that the
rapid rise in water levels significantly contributes to fatali-
ties among individuals (Archer and Fowler, 2021; Archer et
al., 2025). For example, in June 1835 the Caledonian Mer-
cury reported that a man and his wife were carried away in
the upper Gala Water (a tributary of the Tweed); the man
was drowned, but the woman was saved by being dragged by
the hair to the bank. In the neighbouring river Leader, three
children were washed away and drowned in the same thun-
derstorm. British Rainfall (1882) reports that Rev MacIntyre
was fishing in the Glenhinsdale River on Skye when he was
carried off and drowned. He was standing along with a lad
up to his knees in the water a few feet from the bank and was

Hydrol. Earth Syst. Sci., 29, 5777-5789, 2025

taken unawares by the flood; the lad had a narrow escape be-
ing carried some distance down the stream.

Water depth and velocity are generally considered the
main factors in the stability of people in floodwaters (Rams-
bottom et al., 2006). However, velocity per se is rarely in-
cluded in flood forecasting and warning models, with dis-
charge used as a proxy for its impact. Standard models for
flood hazard assessment in the UK do not explicitly account
for the additional hazard posed by rapidly rising flows, which
are the key to risk from AWFs. However, recent hydrody-
namic modelling approaches in the literature have moved
beyond static assessments and incorporate the mechanics of
toppling and sliding instabilities to reflect the dynamic in-
teraction between humans and floodwaters, particularly in
rapidly varying flow conditions (Xia et al., 2014; Kvocka et
al., 2018).

In Scotland, our findings suggest that the use of depth and
discharge alone is insufficient for fully characterising risk to
life at a national scale. The inclusion of metrics that capture
the rate at which water level and flow increase offers critical
additional insights. In this study, we have developed and ap-
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Figure 7. Hydrographs of flow and 15min rate of change at
Shenachie and Forres for the 17 July 1980 event.

plied additional metrics to characterise the hazard associated
with rapidly rates of rise.

Our analysis is based on the first derivative of level and
discharge, using the full station records of 15 min flow at
260 gauging stations. The simplest of these metrics is the
maximum increase in level and flow in 15 min (Fig. 3a and
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Shenachie and Forres for the 7 June 1990 event.

b). Events are widespread but with a predominance in drier
northeast Scotland and southern Scotland, with notably fewer
observations on rivers draining the western Highlands. AWFs
are suppressed by upstream lakes and reservoirs. Few are ob-
served on upland tributaries, mainly because of the paucity
of gauging stations in such small catchments, but events gen-
erated in the headwaters may be transmitted downstream to
catchments such as the Spey and Dee with catchment areas
greater than 1000 km?. Normalising the absolute maximum
15 min rise in flow by QMED (the mean annual maximum
peak flow (Fig. 5a) provides a means of comparing the sever-
ity of AWFs between catchments of different characteristics
including size. The severity of the largest AWF on a catch-
ment compared to the median (Fig. 5b) provides a measure of
the additional hazard on a catchment where extreme events
do not normally occur and may be least expected. Figure 6
shows the proportional increase in flow between the start and
end of the maximum 15 min rise, with 23 stations showing
an increase of more than 20 times, which would clearly pose
a challenge to even the fittest river user. Our results show that
these metrics are not spatially coincident; each metric high-
lights different catchment types.

Floods are a major concern for the Scottish Government
and the Scottish Environment Protection Agency (SEPA),
which has developed rigorous, country-wide flood fore-
casting methodologies and comprehensive warning service
frameworks aimed at reducing risk to life (Cranston et
al., 2012; Scottish Environment Protection Agency, 2022;
Speight et al., 2018, 2019). We show here that an impor-
tant step in the prevention of the risk to life from flooding
is to account for metrics beyond traditional peak level and
discharge hazard indicators, particularly when considering a
national-scale approach, where different hydroclimatic and
geomorphologic characteristics will present different types
of AWFs.

We recommend that the hazard of rapid rise in river level,
velocity and discharge be given separate consideration from
peak flows in monitoring, modelling and forecasting in Scot-
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land, especially given the rising number of intense, localised
extreme rainfall events from warming temperatures and the
projected increases in extreme downpours with global warm-
ing (Fowler et al., 2021).

5.2 Intensification of AWFs downstream and
implications during flood hazards

Although AWFs are generally assumed to originate in steep,
upland tributaries, our analysis of two events on the Find-
horn reveals that the most pronounced rates of rise occurred
downstream, in lowland areas with relatively gentle slopes.
This suggests that AWFs can propagate and intensify in main
river channels, affecting stretches of river where flood haz-
ard assessments are not commonly applied. This is supported
by other case studies in the river South Tyne (Archer et al.,
2024; Archer and Fowler, 2018) (Fig. 1). The Findhorn flood
of June 1990 (Fig. 8) demonstrates that shock waves can be
achieved by the transformation of a normal flood wave in
the main stem of a river. Several other events on the Find-
horn show a steepening and increase in the magnitude of the
wave front between the upstream station at Shenachie and the
downstream one at Forres and the absorption of several initial
upstream waves into a single wave front at the downstream
station.

This behaviour observed in Scotland and from previous
examples is consistent with kinematic wave theory (Lighthill
and Whitham, 1955). Our analysis supports this interpreta-
tion, providing real-world examples of such wave steepening
and highlighting the need to account for these dynamics in
flood hazard assessments. Lighthill and Whitham (1955 note
that kinematic shock waves can develop due to the overtak-
ing of slower waves by faster ones and that they can increase
in strength (magnitude of wave front level or discharge) and
unite with other shock waves to form a single shock wave.
However, the existence of shock waves in real rivers (as op-
posed to hydraulic models) has been subject to uncertainty
and dispute in the past owing to the absence and rarity of real
examples (Henderson, 1966; Cunge, 1969; Kibler and Wool-
hiser, 1970; Miller, 1984; Ponce, 1991; Beven, 2012). The
Findhorn events are a practical example of how flood waves
can evolve and increase with a steepening of the flood wave
in downstream reaches, evolving into life-threatening events.

5.3 Limitations and future directions for AWF analysis

A key limitation of this study is the rarity of gauged obser-
vations in small upland catchments where AWFs are most
likely to originate. Only 6 % of gauged AWFs were recorded
on catchments with an area less than 50 km?. However, be-
cause of the near-random occurrence of AWF-generating
storms, a gauge placed on a given upstream tributary may
not record an AWF for decades. Many stations in this study
recorded only a single event in a 30- to 40-year record. Gen-
eral expansion of the network of headwater gauging stations
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is therefore unlikely to be cost effective, but it may be feasi-
ble to target headwaters of catchments where multiple AWFs
have been observed downstream, such as the rivers Findhorn,
Spey, Cassley and Ruchill Water. As well as providing warn-
ing for vulnerable downstream river users, these sites would
be used to better understand the initial creation and transfor-
mation of the wave front as it moves downstream.

Rapid increase in level and velocity/discharge contribute
to increasing hazard in AWF events. Errors are likely to be
limited in level measurement, which provides the initial evi-
dence for the occurrence and severity of AWFs. The assess-
ment of discharge in AWFs using rating curves can be more
problematic. Rating curves are a known source of impreci-
sion in hydrology (Coxon et al., 2015; Di Baldassarre and
Montanari, 2009). They are typically developed in steady
flow conditions and do not account for the hysteresis ef-
fects in rapidly varying flow where the level in the rising
limb of the AWF can produce a much greater flow than at
the same level in steady flow conditions. Discharge mea-
surement during these events is often impractical using tra-
ditional in-river techniques, but emerging technologies using
noncontact measurements to estimate river discharge (Dol-
cetti et al., 2022; Perks et al., 2020; Vandaele et al., 2023)
offer promising solutions for observing AWF dynamics in
otherwise hard-to-monitor environments.

A further limitation concerns the temporal resolution of
available data. Since the 1960s, river level in the UK has
typically been recorded at 15 min intervals. However, this
resolution may not fully capture the dynamics of AWFs. In
many cases, it is unclear whether the recorded rise occurred
steadily across the interval or within a matter of seconds.
Archer et al. (2023) show that wave fronts can pass a gaug-
ing station almost instantaneously. In some cases, the most
rapid rise may be split across two consecutive 15 min peri-
ods, or the true peak may pass between measurements, re-
sulting in underestimation of both the rate and the magnitude
of change. To improve future observations, we recommend
that selected key stations in the catchments noted above are
tested with sub-15 min logging intervals, particularly during
the summer period.

A final limitation relates to the role of debris during AWF
events, which is not captured in our analysis. Historical ac-
counts in the UK describe AWFs in steep upland catchments
as transporting large bedload material, including boulders
over a metre in diameter, which significantly increases the
hazard to river users (Carling, 1986; Watkiss and Archer,
2023). Floating debris, such as logs or vegetation, can travel
much farther downstream and disrupt both flow conditions
and gauging station measurements (Archer et al., 2024).
While video evidence from European events, such as those in
Murgang (https://www.youtube.com/watch?v=2Rfuoylv34k,
last access: 11 October 2025) and Laui Giswil (https://www.
youtube.com/watch?v=ZM6Pkf5argY, last access: 11 Octo-
ber 2025), Switzerland, illustrates the destructive potential
of entrained debris, comparable visual records are currently
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lacking for the UK, despite similar events being described
historically (Archer and Fowler, 2021).

6 Conclusions

1. This study presents novel large-sample evidence of
abrupt wave front floods (AWFs) in Scottish rivers,
offering new perspectives on their spatial distribution,
downstream evolution and hazard potential. The rapid-
ity of onset of AWFs, often as a visible wave, provides a
critical danger to the lives of river users, even when the
peak river level is not severe.

2. Mapped metrics of extreme rise in river level and dis-
charge show that events are widespread, including on
catchments greater than 1000 km? in area. Their ob-
servation at downstream locations indicates that wave
fronts persist from a usual source in a headwater tribu-
tary through a long river reach.

3. The severity and the threat to life of AWFs are illus-
trated by 15 min increases in level of more than 1.4 m
and/or discharge of over 100m3s~! at 12 stations in
Scotland.

4. Further metrics of discharge illustrate different aspects
of risk. The ratio of the absolute maximum QW ps to
the median maximum QWpeg 15 min change in dis-
charge shows how severe the most extreme event was
on a given catchment. Normalising the absolute maxi-
mum 15 min rise in flow by QMED (the mean annual
maximum peak flow) provides a means of comparing
the severity of AWFs between catchments of different
characteristics including size.

5. The magnitude of the wave front, expressed as a multi-
ple of the initial flow, provides another measure of the
AWF hazard. We found that 11 stations had discharges
rising by more than 30 times over the 15 min interval.

6. Examples of flood wave transformation, including
steepening on the river Findhorn, provide further ev-
idence of real-world kinematic shock generation and
transmission.

7. We recommend that the hazard of AWFs needs to be
given separate consideration from peak flows in mon-
itoring, modelling and forecasting in Scotland, espe-
cially given the rising number of intense, localised ex-
treme rainfall events from warming temperatures and
the projected increases in extreme downpours with
global warming (Fowler et al., 2021).

Code and data availability. The 15 min flow and level data used
in this study are available at the SEPA Time Series Data
Service (API) (https://timeseriesdoc.sepa.org.uk/, last access: 11
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October 2025). The code and rates of rise data extracted
from the time series may be accessed by other researchers at
https://doi.org/10.5281/zenodo.14771542 (Fileni, 2025) or via the
GitHub repository (https://github.com/felipef93/ror_scotland, last
access: 15 October 2025) for the latest version.

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/hess-29-5777-2025-supplement.

Author contributions. DRA: conceptualisation, methodology, for-
mal analysis, writing (draft and review); FF: data curation, soft-
ware, formal analysis, methodology, writing (review and editing);
SAW: investigation, visualisation; HJF: project administration, su-
pervision, writing (review and editing).

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibil-
ity lies with the authors. Views expressed in the text are those of the
authors and do not necessarily reflect the views of the publisher.

Acknowledgements. Felipe Fileni was part funded by the Scottish
Environment Protection Agency (SEPA).

Financial support. This research has been supported by the NERC-
funded One Planet Doctoral Training Partnership (grant no.
NE/S007512/1) to Felipe Fileni. Hayley J. Fowler was supported
by the Co-Centre for Climate + Biodiversity + Water, funded by
UKRI (grant no. NE/Y006496/1).

Review statement. This paper was edited by Efrat Morin and re-
viewed by Charlie Pilling and one anonymous referee.

References

Amengual, A.: Characterization of extreme flash floods
in Mediterranean  Spain, J. Hydrol.,, 659, 133229,
https://doi.org/10.1016/j.jhydrol.2025.133229, 2025.

Archer, D. R.: Walls of Water, Circulation, British Hydrological
Society, 44, 1-3, http://www.hydrology.org.uk/publications.php
(last access: 11 October 2025), 1994.

Archer, D. R. and Fowler, H. J.: Characterising flash flood response
to intense rainfall and impacts using historical information and
gauged data in Britain, J. Flood Risk Manag., 11, S121-S133,
https://doi.org/10.1111/jfr3.12187, 2018.

Hydrol. Earth Syst. Sci., 29, 5777-5789, 2025


https://time seriesdoc.sepa.org.uk/
https://doi.org/10.5281/zenodo.14771542
https://github.com/felipef93/ror_scotland
https://doi.org/10.5194/hess-29-5777-2025-supplement
https://doi.org/10.1016/j.jhydrol.2025.133229
http://www.hydrology.org.uk/publications.php
https://doi.org/10.1111/jfr3.12187

5788

Archer, D. R. and Fowler, H. J.: A historical flash flood
chronology for Britain, J. Flood Risk Manag., 14, el2721,
https://doi.org/10.1111/jfr3.12721, 2021.

Archer, D. R., Parkin, G., and Fowler, H. J.: Assessing long term
flash flooding frequency using historical information, Hydrol.
Res., 48, 1-16, https://doi.org/10.2166/nh.2016.031, 2017.

Archer, D. R., Watkiss, S., and Bettess, R.: How abrupt are ‘walls
of water’? Circulation 157, British Hydrological Society, http:
/Iwww.hydrology.org.uk/publications.php (last access: 1 June
2024), 2023.

Archer, D. R., Watkiss, S., Warren, S., Lamb, R., and Fowler, H. J.:
Gauged and historical abrupt wave front floods (‘walls of water’)
in Pennine rivers, northern England. J. Flood Risk Manag., 17,
€12989, https://doi.org/10.1111/jfr3.12989, 2024.

Archer, D. R., Fileni, F. Fowler, H. J., and Watkiss, S.: Lessons from
historical and gauged abrupt wave front floods (‘walls of water’)
in Scotland, in preparation, 2025.

Beven, K.: Rainfall-Runoff Modelling: The Primer, Wiley,
ISBN 9780470714591, Online ISBN 9781119951001,
https://doi.org/10.1002/9781119951001, 2012.

British Rainfall: Annually as Symons British Rainfall (1860-1900),
Then HMSO, 1860-1991.

Carling, P.: The Noon Hill Flash Floods; July 17th1983: Hydrolog-
ical and geomorphological aspects of a major formative event in
an upland landscape, Trans. Inst. Br. Geogr. N.S., 11, 105-118,
1986.

Collischonn, W. and Kobiyama, M.: A hidrologia da cabeca d’agua;
ocorréncias e observagdes no Brasil (The hydrology of sudden
flash floods; occurrences and observations in Brazil), XXIII Sim-
posio Brasileiro de Recursos Hidricos, Foz do Iguagu, 2019.

Collischonn, W. and Oliveira, A. M.: Descricdo de um evento de
cabeca d’dgua bem monitorado [Description of a well-monitored
AWF event], XXV Simp6ésio Brasileiro de Recursos Hidricos,
Sergipe, 2023.

Coxon, G., Freer, J., Westerberg, 1. K., Wagener, T., Woods, R.,
and Smith, P. J.: A novel framework for discharge uncertainty
quantification applied to 500 UK gauging stations, Water Resour.
Res., 51, 5531-5546, https://doi.org/10.1002/2014WR016532,
2015.

Cranston, M. D. and Black, A. R.: Flood warning and the
use of weather radar in Scotland: a study of flood events
in the Ruchill Water catchment, Meteorol. Appl. 13, 43-52,
https://doi.org/10.1017/S1350482705001969, 2006.

Cranston, M., Maxey, R., Tavendale, A., Buchanan, P., Motion, A.,
Cole, S., Robson, A., Moore, R. J., and Minett, A.: Countrywide
flood forecasting in Scotland: challenges for hydrometeorolog-
ical model uncertainty and prediction Proceedings of an IAHS
symposium on Weather Radar and Hydrology in Exeter, UK,
April 2011, vol. 351), IAHS Publ. 351, 538-543, 2012.

Cunge, J. A.: On the subject of a flood propagation computation
method (Muskingum method), J. Hydraulic. Res., 7, 205-230,
https://doi.org/10.1080/00221686909500264, 1969.

Di Baldassarre, G. and Montanari, A.: Uncertainty in river discharge
observations: a quantitative analysis, Hydrol. Earth Syst. Sci., 13,
913-921, https://doi.org/10.5194/hess-13-913-2009, 2009.

Dolcetti, G., Hortobagyi, B., Perks, M., Tait, S. J., and Dervilis,
N.: Using Noncontact Measurement of Water Surface Dy-
namics to Estimate River Discharge, Water Resour. Res.,

Hydrol. Earth Syst. Sci., 29, 5777-5789, 2025

D. R. Archer et al.: Characteristics of gauged AWFs in flash floods in Scotland

58, €2022WR032829, https://doi.org/10.1029/2022WR032829,
2022.

Fileni, F.: Characteristics of Gauged Abrupt Wave Fronts (Walls
of Water) in Flash Floods in Scotland, Zenodo [data set],
https://doi.org/10.5281/zenodo.14771542, 2025.

Fileni, F., Fowler, H. J., Lewis, E., McLay, F., and Longzhi Yang,L.:
A quality-control framework for sub-daily flow and level data for
hydrological modelling in Great Britain, Hydrol. Res., 54, 1357—
1367, https://doi.org/10.2166/nh.2023.045, 2023.

Fowler, H. J., Ali, H., Allan, R. P, Ban, N., Barbero, R., Berg, P.,
Blenkinsop, S., Cabi, N. S., Chan, S., Dale, M., Dunn, R. J. H.,
Ekstrom, M., Evans, J. P., Fosser, G., Golding, B., Guerreiro,
S. B., Hegerl, G. C., Kahraman, A., Kendon, E. J., Lenderink,
G., Lewis, E., Li, X.-F., O’Gorman, P. A., Orr, H. G., Peat,
K. L., Prein, A .F., Pritchard, D., Schir, C., Sharma, A., Stott,
P. A., Villalobos-Herrera, R., Villarini, G., Wasko, C., Wehner,
M. E, Westra, S., and Whitford, A.: Towards advancing sci-
entific knowledge of climate change impacts on short-duration
rainfall extremes, Philos. T. Roy. Soc. A., 379, 20190542,
https://doi.org/10.1098/rsta.2019.0542, 2021.

Hayward, L., Whitworth, M., Pepin, N., and Dorling, S.: A regional
lightning climatology of the UK and Ireland and sensitivity to
alternative detection networks, Int. J. Climatol., 42, 78397862,
https://doi.org/10.1002/joc.7680, 2022.

Henderson, F. M.: Open-channel flow: New York, McMillan, 522
pp-, ISBN 780023535109, 0023535105, 1966.

Kibler, D. F. and Woolhiser, D. A.: The kinematic cascade as a hy-
drologic model, Hydrology Paper No. 39, Colorado State Uni-
versity, Fort Collins, Colo., 1970.

Kvocka, D., Ahmadian, R., and Falconer, R.: Predicting
Flood Hazard Indices in Torrential or Flashy River Basins
and Catchments, Water Resour. Manage., 32, 2335-2352,
https://doi.org/10.1007/s11269-018-1932-6, 2018.

Lighthill, M. J. and Whitham, G. B.: On kinematic waves. I.
Flood movement in long rivers, P. Roy. Soc. A, 229, 281-316,
https://doi.org/10.1098/rspa.1955.0088, 1955.

McEwan, L. J. and Werritty, A.: “The Muckle Spate of 1829’:
The physical and societal impact of a catastrophic flood on the
River Findhorn, Scottish Highlands, T. I. Brit. Geogr., 32, 66—
89, https://doi.org/10.1111/j.1475-5661.2007.00232.x, 2007.

Miller, J. E.: Basic Concepts of Kinematic-Wave Models, U. S.
Geological Survey Professional Paper 1302, Basic Concepts of
Kinematic-Wave Models, United States Government Printing
Office, Washington, https://doi.org/10.3133/pp1302, 1984.

Perks, M. T., Dal Sasso, S. F., Hauet, A., Jamieson, E., Le Coz,
J., Pearce, S., Pena-Haro, S., Pizarro, A., Strelnikova, D., Tauro,
F., Bomhof, J., Grimaldi, S., Goulet, A., Hortobégyi, B., Jodeau,
M., Kifer, S., Ljubic¢i¢, R., Maddock, 1., Mayr, P.,, Paulus,
G., Pénard, L., Sinclair, L., and Manfreda, S.: Towards har-
monisation of image velocimetry techniques for river surface
velocity observations, Earth Syst. Sci. Data, 12, 1545-1559,
https://doi.org/10.5194/essd-12-1545-2020, 2020.

Ponce, V. M.: The kinematic wave controversy, ASCE J. Hydraulic.
Eng., 117, 511-525, https://doi.org/10.1061/(ASCE)0733-
9429(1991)117:4(511), 1991.

Ramsbottom, D., Wade, S., Bain, V., Hassan, M., Penning-Rowsell,
E., Wilson, T., Fernandez, A., House, M., and Floyd, P.: Flood
risks to people: Phase 2. R&D Technical Report FD2321/IR2,

https://doi.org/10.5194/hess-29-5777-2025


https://doi.org/10.1111/jfr3.12721
https://doi.org/10.2166/nh.2016.031
http://www.hydrology.org.uk/publications.php
http://www.hydrology.org.uk/publications.php
https://doi.org/10.1111/jfr3.12989
https://doi.org/10.1002/9781119951001
https://doi.org/10.1002/2014WR016532
https://doi.org/10.1017/S1350482705001969
https://doi.org/10.1080/00221686909500264
https://doi.org/10.5194/hess-13-913-2009
https://doi.org/10.1029/2022WR032829
https://doi.org/10.5281/zenodo.14771542
https://doi.org/10.2166/nh.2023.045
https://doi.org/10.1098/rsta.2019.0542
https://doi.org/10.1002/joc.7680
https://doi.org/10.1007/s11269-018-1932-6
https://doi.org/10.1098/rspa.1955.0088
https://doi.org/10.1111/j.1475-5661.2007.00232.x
https://doi.org/10.3133/pp1302
https://doi.org/10.5194/essd-12-1545-2020
https://doi.org/10.1061/(ASCE)0733-9429(1991)117:4(511)
https://doi.org/10.1061/(ASCE)0733-9429(1991)117:4(511)

D. R. Archer et al.: Characteristics of gauged AWFs in flash floods in Scotland 5789

Department for the Environment, Food and Rural Affairs (Defra),
UK and Environment Agency, 2006.

Scottish Environment Protection Agency (SEPA): Flood Warning
Development Framework 2022-28, 2022.

Speight, L., Cole, S. J., Moore, R. J., Pierce, C., Wright, B.,
Golding, B., Cranston, M., Tavendale, A., Dhondia, J., and
Ghimire, S.: Developing surface water flood forecasting capa-
bilities in Scotland: an operational pilot for the 2014 Common-
wealth Games in Glasgow, Journal of Flood Risk Management,
11, S884-S901, https://doi.org/10.1111/jfr3.12281, 2018.

Speight, L., Cranston, M., Kelly, L., and White, C. J.: Towards
improved surface water flood forecasts for Scotland: A review
of UK and international operational and emerging capabili-
ties for the Scottish Environment Protection Agency, University
of Strathclyde, Glasgow, 1-63, https://doi.org/10.17868/69416,
2019.

Vandaele, R., Dance, S. L., and Ojha, V.: Calibrated river-
level estimation from river cameras using convolutional
neural networks, Environmental Data Science, 2, ell,
https://doi.org/10.1017/eds.2023.6, 2023.

https://doi.org/10.5194/hess-29-5777-2025

Viggiani, G.: The elusive topic of rainfall-induced surge
waves in rivers: lessons from canyon accidents, Interna-
tional Journal of River Basin Management, 20, 17-31,
https://doi.org/10.1080/15715124.2020.1760291, 2020.

Watkiss, S. A. and Archer, D. R.: The characteristics of ‘abrupt
wave front’ floods on Pennine catchments, northern England,
and their transmission downstream, Hydrol. Res., 54, 372-381,
https://doi.org/10.2166/nh.2023.126, 2023.

Wharton, G.: The channel-geometry method: Guidelines
and applications, Earth Surf. Proc. Land., 20, 649-660,
https://doi.org/10.1002/esp.3290200707, 1995.

Xia, J., Falconer, R. A., Wang, Y., and Xiao, X.: New criterion for
the stability of a human body in floodwaters, J. Hydraulic Res.,
52, 93-104, https://doi.org/10.1080/00221686.2013.875073,
2014.

Hydrol. Earth Syst. Sci., 29, 5777-5789, 2025


https://doi.org/10.1111/jfr3.12281
https://doi.org/10.17868/69416
https://doi.org/10.1017/eds.2023.6
https://doi.org/10.1080/15715124.2020.1760291
https://doi.org/10.2166/nh.2023.126
https://doi.org/10.1002/esp.3290200707
https://doi.org/10.1080/00221686.2013.875073

	Abstract
	Introduction
	Data
	Methods
	Change in 15min river level
	Change in velocity
	Maximum change in 15min discharge

	Results
	Change in 15min river level – HW15abs
	Change in 15min discharge – QW15abs
	Rate of rise normalised by the median annual maximum peak flow (QMED) – QW15QMED
	Ratio of maximum to median 15min rise in discharge – QW15Ratio
	Proportional increase in flow – QW15Prop
	Estimation of flood celerity – river Findhorn

	Discussion
	Integration of AWF metrics in flood risk to life analysis
	Intensification of AWFs downstream and implications during flood hazards
	Limitations and future directions for AWF analysis

	Conclusions
	Code and data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

