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Estuaries are potentially exposed to compound ﬂooding where weather-driven extreme
sea levels can occur synchronously with extreme ﬂuvial discharge to amplify the hazard.
The likelihood of compound ﬂooding is difﬁcult to determine due to multiple interacting
physical processes operating at sub-daily scales, and poor observation records within
estuaries with which to determine potential future probabilistic scenarios. We hypothesize
that ﬂuvial extremes can occur within the peak of the surge in small/steep catchments
because of rapid runoff times, whilst the length-scale in larger/ﬂatter catchments will result
in ﬂuvial and marine extremes being out-of-phase. Data (15 min river ﬂow and hourly sea
level) spanning 40 years were analyzed to assesses the behaviour and timings of ﬂuvial
and sea level extremes in two contrasting estuaries: Humber and Dyﬁ (United Kingdom).
Compound events were common in the Dyﬁ, a small/steep catchment on Britain’s west
coast with fast ﬂuvial response times. Almost half of the 937 skew-surge events (95thpercentile) occurred within a few hours of an extreme ﬂuvial peak, suggesting that ﬂood risk
is sensitive to the storm timing relative to high tide—especially since ﬂows persisted above
the 95th-percentile typically for less than 12 h. Compound events were more frequent
during autumn/winter than spring/summer. For the Humber, a larger/ﬂatter catchment on
the east coast with slower ﬂuvial response times, extreme ﬂuvial and skew-surge peaks
were less frequent (half as many as the Dyﬁ) and compound events were less common
(15% of events co-occurred). Although ﬂows in the Humber persisted above the 95thpercentile for typically between one and 4 days, hence overlapping several high tides and
possibly other surges. Analysis of 56 ﬂooding events across both estuaries revealed: 1)
ﬂooding is more common in the Dyﬁ than Humber; 2) Dyﬁ ﬂooding is driven by 99thpercentile ﬂows lasting hours and co-occurring with a 95th percentile skew-surge; 3)
Humber ﬂooding was driven by 95th-percentile ﬂows lasting days, or surge-driven—but
rarely co-occurring. Our results suggest that compound ﬂooding studies require at least
hourly data (previous analyses have often used daily-means), especially for smaller
systems and considering the potential intensiﬁcation of rainfall patterns into the future.
Keywords: coast, combination hazard, ﬂood risk, humber, dyﬁ, estuary
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INTRODUCTION

(Horsburgh and Wilson 2007). Although Svensson and Jones’
analyses used daily mean river ﬂow data that, for the many
small and steep catchments on Britain’s west coast, poorly (or
fail to) resolve extreme ﬂow magnitudes (Robins et al., 2018).
Adding to this, as compound ﬂuvial-surge events tend to
cause ﬂooding only during high tides (Zheng et al., 2013;
Petroliagkis et al., 2016; Zellou and Rahali 2019), for ﬂood
risk, an analysis of sea level and river ﬂows at < hourly scales is
therefore needed. The importance of ﬂuvial extremes in small/
ﬂashy catchments in Britain was captured by Robins et al.
(2018).
To our knowledge, analyses of compound ﬂooding events
have not explored their timings and behaviour at sub-daily
scales across different estuary and catchment types. In the
light of this, this study aims to investigate for two contrasting
estuaries, the Dyﬁ and Humber (United Kingdom), the
likelihood, timings, behaviour and interactions of
compound ﬂooding events at sub-daily scales and to
establish whether seasonal patterns or long-term trends are
evident in the historical data. We hypothesize that: 1) river
ﬂow and sea-level extremes can co-occur at sub-daily scales in
United Kingdom estuaries, but it is expected that their
dependence is higher for the Dyﬁ than the Humber due to
the Dyﬁ’s exposure to prevailing south-westerly storm tracks
and ﬂashy hydrology; and 2) high water levels caused by
combination events is therefore more common in the Dyﬁ
than the Humber. Using up to 40 years of historical data that
includes reported ﬂooding events, we aim to establish the
relative drivers and thresholds for estuary ﬂooding in these
catchments, when ﬂooding has occurred, and why. Our main
objective is to highlight where sub-daily scale co-occurrence
analysis of ﬂood risk is needed—to direct future research that
could future proof our coastal communities and ecosystems
from the risk of changing extreme river and sea-level climates;
both spatially and temporally (e.g., more intense summer
down pours predicted for the United Kingdom—see
Seneviratne et al., 2012; Kendon et al., 2014).
We focus on the Dyﬁ and Humber due to their locations on
opposite coasts of Britain and contrasting catchment characteristics
driving ﬂuvial response behaviour to precipitation (see Figure 1). The
Dyﬁ Estuary is located on the west coast of Britain. It is a macro-tidal
estuary with a mean spring tidal range of nearly 5 m. It is relatively
small, being 8 km long with a mean surface area around 17 km2 (Shi
1993) and shallow, largely drying out at low tide (Robins and Davies
2010). The River Dyﬁ is the primary ﬂuvial input to the estuary,
draining a catchment area of 470 km2 and having a length of 48 km
with an annual mean ﬂow of 23 m3/s and extreme 95th ﬂow of
78 m3/s.1 These scales imply that ﬂuvial ﬂood waters will reach the
Dyﬁ Estuary in a matter of hours. In contrast, the Humber Estuary is
located on the east coast of Britain and drains the second largest
coastal plain estuary in the United Kingdom, covering an area of over
26,000 km2.1 The Humber has four sub-catchments that drain into
the River Derwent, Aire, Ouse and Trent, with a combined mean ﬂow

Estuarine ﬂooding is driven by two types of weather events:
strong storms that generate large surges and waves at the coast,
and/or intense precipitation leading to high pluvial and ﬂuvial
ﬂows (Ward et al., 2018). Several of the world’s major cities and
industrial centres are located at the coast of steep catchments
where there is a risk of compound ﬂooding from these weather
events, e.g., Tokyo/Yokohama (Koyama and Yamada. 2020),
Taipei City (Su 2016) and Concepcion (Rojas et al., 2018). In
the United Kingdom, coastal ﬂooding has an annual cost of ∼£2.2
billion for ﬂood management and emergency response (PenningRowsell 2015). Flooding threatens the integrity of estuarine
ecosystems, which rank alongside tropical rainforests and coral
reefs as the world’s most productive and biodiverse environments
(Cai 2011). Estuarine ﬂooding disrupts land-sea ﬂuxes of
nutrients including carbon (Paerl et al., 2020) and exposes
harmful pathogenic viruses (Robins et al., 2018) and pollutants
(e.g.,
microplastics;
Hitchcock
2020)
to
coastal
environments—potentially impacting upon food security and
human health (Barbier et al., 2011). Flood risk zones
surrounding estuaries are increasingly being recognised as
valuable open spaces that contribute to our social wellbeing,
and the long-term physical and mental impacts of ﬂooding,
especially for socially deprived communities, are only starting
to be realized (Martin et al., 2020). Improved estimates of extreme
river ﬂow and sea level behaviour and timings into the future,
therefore, are essential for estuary ﬂood emergency response,
ﬂood risk policymaking, disaster risk reduction, environmental
impact assessments and engineering practices.
Aside from tsunamis, some of the most catastrophic global
ﬂooding events are caused by the combination of extreme sea
levels and extreme ﬂuvial ﬂows occurring concurrently or in
close succession–that together can act to amplify the hazard
(Pugh 1987; Paprotny et al., 2018; Bevacqua et al., 2019).
Presently, compound ﬂooding hazards are often omitted in
coastal ﬂooding risk analyses, implying that extreme sea levels
and river ﬂows are considered as independent phenomena
(Wahl et al., 2015). However, extreme sea levels derive from
wind ﬁelds and variations in atmospheric pressure (inverse
barometer effect) associated with storm tracks that vary in
size, speed and trajectory and interact with tides and surface
waves (Von Storch and Woth 2008)—and importantly can
bring intense precipitation. In the United Kingdom, for
example, low pressure systems typically travel northeastwards during autumn and winter, causing concurrent
extreme precipitation and storm surges–that potentially
result in a compound ﬂood risk on south/west-facing
catchments and estuaries (Wilby and Wigley 1997; Haigh
et al., 2016). Indeed, for estuaries in Southern and Western
Britain, Svensson and Jones (2004) generally found strong
dependence between extreme river ﬂows and storm surges.
Conversely, for estuaries in Eastern Britain, Svensson and
Jones (2002) found a weak dependence, since the East coast
surge and precipitation events are driven by different storm
patterns. Another consideration here is the relatively slow
north-to-south propagation of surge peaks in the North Sea
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FIGURE 1 | Map of Britain showing the location of the Dyﬁ and Humber estuaries and their drainage basins. Fluvial and sea level gauge stations from which data
was acquired are labeled.

FIGURE 2 | Dyﬁ: (A) Flow at Dyﬁ Bridge on the Dyﬁ (ID: 64001) and (B) storm surge at Barmouth tide gauge. Humber: (C) Flow at Stanford Bridge on the Derwent
(ID: 27015), North Muskham on the Trent (ID: 28022), Skelton on the Ouse (ID: 27009) and Beal on the Aire (ID: 27003); and (B) storm surge at Immingham tide gauge.

of around 200 m3/s and 95th percentile ﬂow of 570 m3/s. Like the
Dyﬁ, the Humber is a macro-tidal estuary with a mean spring tidal
range of 5.7 m (Edwards and Winn 2006) and depths between 4 and
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14 m at low water (Marshall and Elliott 1998). With river lengths up
to 300 km, it is likely that ﬂuvial waters will take days to reach the
Humber Estuary.
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FIGURE 3 | Schematic showing deﬁnition of the parameters used in the analysis.

METHODS

The time series spanned the period 1980 to 2020 and was
largely complete (Figure 2). For the subsequent analyses, both
the storm surge and the skew surge were extracted from the data.
Storm surge was deﬁned as the instantaneous difference between
the total water level and the astronomical tide. Storm surge data
were interpolated from hourly to 15 min to match the river ﬂow
data. Skew surge was used for our extreme value analysis, since
this represents the maximum sea level, deﬁned by de Vries et al.
(1995) as the difference between the maximum observed sea level
and the nearest astronomical high tide (the relative timings of
peaks in sea level and astronomical tide can differ slightly)—i.e.
producing one skew surge value per high tide (Figure 3).

Fluvial and Sea Level Data
River ﬂow data at 15 min instantaneous output frequency was
obtained from Natural Resources Wales (Dyﬁ) and the
Environmental Agency (Humber). The data has been quality
controlled. The Dyﬁ gauging station used was at Dyﬁ Bridge (ID:
64001) (Figure 1). The time series spans 1980 to 2020 and was
largely complete (Figure 2). The Humber gauging stations used
were at Stanford Bridge on the Derwent (ID: 27015), North
Muskham on the Trent (ID: 28022), Skelton on the Ouse (ID:
27009) and Beal on the Aire (ID: 27003) (Figure 1). The four
gauges had complete time series data spanning 1980 to 2015
(Figure 2). For the subsequent analyses, these ﬂows were
aggregated together to form one ﬂow time series that enters
the Humber Estuary. We have assumed that the time of peak ﬂow
was equivalent to the time of peak river height, since the gauges
are at stable rating sections and they are not affected by the tide.
Total water level data, i.e., the astronomical tide plus the storm
surge component, were obtained from the nearest tide gauges at
hourly frequency, from the national tidal and sea level facility
(ntslf.org). The Barmouth tide gauge was used for the Dyﬁ, that is
20 km from the estuary mouth and 40 km from the river gauge
location (ocean distances) (Figure 1). Comparison of observed
total water level at Barmouth tide gauge and modeled total water
level at Dyﬁ estuary (from CoDEC, Muis et al., 2020) conﬁrms
good phase agreement and up to 0.16 m RMSE on tidal
amplitude, indicating Barmouth is representative of sea level at
Dyﬁ. The data spans 1991 to 2020, but with a period of no data
during 2003–2004 (Figure 2). For the Humber, the tide gauge at
Immingham was used, located within the estuary and
approximately 50–60 km from the river gauges (Figure 1).

Frontiers in Built Environment | www.frontiersin.org

Analysis Techniques
We investigated for each estuary whether extreme river ﬂow and
skew surge events were correlated and dependent upon one
another, using linear regression and correlation. For our
regression analysis, we extracted the magnitude and timing of
the maximum river ﬂow each day (denoted Qmax in Figure 3).
Days with no “peak” ﬂuvial event were omitted from the analysis.
Next, we extracted the time of the maximum water level 12.5 h
before or after each Qmax and assigned to this the magnitude of
the skew surge (denoted Smax in Figure 3), to ensure that one full
tidal cycle is captured within the data. Note that a skew surge
doesn’t strictly have an associated time as it represents the whole
tidal cycle, but we have used the time of maximum water level as
this is when the value is calculated. Linear regression (Weisberg
2005) was conducted to establish the direct dependence in
magnitude between daily peak ﬂuvial events (Qmax) and the
corresponding skew surge (Smax). Correlation coefﬁcients
(Abdi 2007) were established to quantify to what extent
statistically Qmax and Smax were correlated. Kendall rank

4
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FIGURE 4 | Histograms showing ﬂuvial event durations (TQ, in hours) that the ﬂow exceeds the 95th percentile ﬂow, for (A) the Dyﬁ (Q95  80 m3/s) and (B) the
Humber (Q95  570 m3/s).

and surge drivers of the ﬂooding, and hence to set these conditions
relative to the broader spectrum of extreme conditions experienced
in each estuary. Data quantifying ﬂood inundation characteristics
are rare or often qualitative. Nevertheless, the dates that ﬂooding
were reported in the Dyﬁ were isolated between 2000 and 2020 in
the upper estuary resulting in the road closure of Dyﬁ Bridge. The
ﬂooding dates were provided by Natural Resources Wales. For the
Humber, we focussed on ﬂooding reported in the upper estuary at
the conﬂuence of the rivers, in the Goole to Alkborough region. We
obtained freely available data on ﬂooding event dates from the
DEFRA Data Services Platform (https://environment.data.gov.uk/
dataset/8c75e700-d465-11e4-8b5b-f0def148f590). For each date of
reported ﬂooding in each estuary, we extracted from our time series
data a 3 day period preceding the day of ﬂooding to establish the
probable drivers: river ﬂow magnitude (Qmax) and duration (TQ),
associated total water level and skew surge (Smax), and the cooccurrence or lag between peak ﬂow and skew surge (TQ-S). This
analysis is important for validating the correlation results. Fortyeight ﬂooding events were isolated for the Dyﬁ and eight events for
the Humber.

correlation coefﬁcient was used as it is less sensitive to data
outliers compared with Spearman’s coefﬁcient (Croux and
Dehon 2009). Correlation coefﬁcients were calculated based on
annual and seasonal (winter: Dec–Feb, summer: May–Jul) time
frames, each year, to show interannual changes in correlation.
Correlation coefﬁcients were also calculated based on monthly
time frames and then these monthly values were averaged over all
the years in each record to characterize seasonal variability in the
correlations. Cross-correlation analyses were performed, using all
15 min ﬂow and storm surge (interpolated from hourly to
15 min) data, to estimate if surge and river ﬂows were
correlated as a function of a time-lag. Our subsequent analysis
(see Figure 4 and Supplementary Material ﬁgures) shows that
15 min ﬂow data is required to resolve extreme hydrology that
drives ﬂooding; hence, the surge data was interpolated to 15 min
(rather than averaging the ﬂow data to hourly).
The time lags of compound ﬂuvial-skew events were calculated,
based on the relative timings of Qmax and Smax, e.g., denoted TQ-S in
Figure 3. Only events that exceeded the 95th percentile of the
respective time series were considered, thereby omitting smaller
events that would not contribute to ﬂooding. This criterion isolated
1,359 ﬂuvial and 937 skew events for the Dyﬁ, and 696 ﬂuvial and
1,181 skew events for the Humber. The durations of these extreme
river ﬂow events were calculated, deﬁned as the period where the
ﬂow was above the 95th percentile of the time series, e.g., denoted
TQ in Figure 3.
The ﬁnal step in our analysis involved examining speciﬁc
events when ﬂooding was reported, to disintangle the ﬂuvial, tidal

Frontiers in Built Environment | www.frontiersin.org

RESULTS
Fluvial and Sea Level Time Series Analysis
The dependence between daily peak river ﬂow (Qmax) and
corresponding maximum skew surge (Smax) was assessed using
linear regression. For the Dyﬁ, the linear regression line shows a

5

August 2021 | Volume 7 | Article 727294

Robins et al.

Estuary Compound Flooding

FIGURE 5 | Relationship between daily maximum skew surge and daily peak river discharge, for (A) Dyﬁ and (C) Humber. The linear regression lines are plotted in
red with the R2 value (as a percentage). Three-way relationship between daily maximum skew surge, daily maximum astronomical tide and daily peak river discharge, for
(B) Dyﬁ and (D) Humber. The mean high water spring (MHWS) and mean high water neap (MHWN) levels are marked.

systems that drive ﬂooding. Correlation coefﬁcients were also
calculated based on monthly time series segments and then
averaged for corresponding months throughout each data
record (Figures 6G,H) to further resolve the sub-annual
variability to compound ﬂood risk in estuaries. For both the
Dyﬁ and Humber, the inter-annual analysis showed a positive
correlation between Qmax and Smax, with R2 ranged between zero
and 50%, with time-averaged R2 values of 27% (Dyﬁ) and 23%
(Humber) Figures 6A,B). The annual analysis did not indicate a
clear long-term trend in the Dyﬁ correlations, although a small
positive trend was apparent in the winter rather than the summer
signal–although with much interannual variability and low
conﬁdence (R2  5%) (Figures 6A,C,E). Similarly, no clear
long-term trends were evident for the Humber either, although
a negative trend was apparent in the summer, but again with much
interannual variability and low conﬁdence (R2  30%) (Figures
6B,D,F). Looking at the seasonal patterns, there were generally
higher correlations during autumn/winter than in spring/summer
months for the Dyﬁ–albeit with much inter-annual variability
(Figure 6G), but lower correlations and no seasonal pattern for

positive relationship between the data, but with an R2 value of
24% indicating low conﬁdence or large variability within the
regression (Figure 5A). For the Humber, there was also a positive
relationship between the data, although with lower conﬁdence
still as the R2 value of the regression line was 9% (Figure 5C). The
three-way relationship between Qmax, Smax and astronomical high
water is shown in Figure 5B (Dyﬁ) and Figure 5D (Humber).
Qualitatively, the positive relationship between Qmax and Smax
was clear for the Dyﬁ (i.e., data colour changing from yellow to
red with increasing skew), albeit with much variability; but the
relationship was less clear for the Humber. Figures 5B,D show
that the compound river-skew events were spread across springto-neap tides, i.e. the data points were well distributed along the
y-axis, indicating that compound events are equally likely to occur
during spring tides as neap tides, as one might intuitively expect.
For both estuaries, Kendalls rank correlation coefﬁcients (R2
values) between Qmax and Smax, were calculated. We split the
analysis into annual time series (Figures 6A,B), winter months
only (Dec–Feb.; Figures 6C,D), and summer months only
(May–Jul.; Figures 6E,F) to resolve seasonal effects to weather

Frontiers in Built Environment | www.frontiersin.org

6

August 2021 | Volume 7 | Article 727294

Robins et al.

Estuary Compound Flooding

FIGURE 6 | Kendall Rank correlation coefﬁcients comparing daily peak ﬂuvial ﬂow with daily maximum skew surge, grouped (A–B) inter-annually, (C–D) interwinters (Dec–Feb), (E–F) inter-summers (May–Jul), and (G–H) monthly. The left panels represent the Dyﬁ and right panels the Humber.

the Humber (Figure 6H). The cross-correlation analyses
comparing river ﬂows with storm surges, using all 15 min data
to give the strongest correlation score and time-lag, again showed a
stronger normalized correlation for the Dyﬁ than Humber, with
the Dyﬁ displaying a clear peak correlation with a lag of ∼6 h and a
muck weaker correlation for the Humber (Figure 7).
We investigated the relative timings of extreme Qmax events
(i.e., those exceeding the 95th percentile) and extreme Smax events
(again, those exceeding the 95th percentile), denoted TQ-S. We
also calculated the duration that the extreme river ﬂow events
exceeded the 95th percentile ﬂow (TQ). For the Dyﬁ, most of the
937 extreme Smax events co-occurred with an extreme Qmax event,
i.e., 45% of these events occurred within 12.5 h of one another
(Figure 7A). In contrast, for the Humber only 15% of the 1,181
extreme Smax events occurred within 12.5 h of an extreme Qmax
event, and the majority of these events (74%) were separated by
more than 2 days and therefore are not considered compound
events (Figure 8B). Of the 1359 TQ events in the Dyﬁ, most were
of short duration, in fact 39% of these events exceeded the 95th
percentile ﬂow for less than 12.5 h (Figure 4A). This result
implies that extreme high ﬂow events in the Dyﬁ will not

Frontiers in Built Environment | www.frontiersin.org

necessarily coincide with high tide. The Humber is a much
slower responding system, as shown in Figure 4B, where most
(69%) of the 696 TQ events had a duration that exceeded the 95th
percentile ﬂow continuously for at least 2 days. Therefore, the
coincidence of high ﬂow and high sea-level becomes more likely,
irrespective of the weak correlation found between the timings of
peak river ﬂow and skew surge.

Analysis of Speciﬁc Flooding Events
Flooding events in the Dyﬁ and Humber were isolated for the
following analysis, based on ﬂooding dates in the upper estuaries
reported by Natural Resources Wales (NRW) and the
Environment Agency (EA), for the Dyﬁ and Humber,
respectively. From our time series data, we extracted a 3 day
period preceding the day that the ﬂooding occurred to establish
the probable drivers of the ﬂooding: river ﬂow magnitude (Qmax)
and duration (TQ), total water level and skew surge (Smax), or a
combination of these factors. These data are presented in
Figure 9, and in Supplementary Table S1; Supplementary
Figures S1.1–S1.48 (Dyﬁ) and Supplementary Figures
S2.1–S2.8 (Humber) in the Supplementary Material.
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Dyﬁ’s spring tidal prism, or 7,345 Tons of water entering the
estuary. Maximum water levels (astronomic tide plus skew surge)
were mostly at a level equivalent to mean high water springs—but
not always, as several events occurred with water levels closer to
mean high water neaps. Over half the events (56%) experienced a
skew surge exceeding the 95th percentile, and 20% of events
experienced a skew surge exceeding the 99th percentile. However,
approximately 10% of the events occurred with a negligible surge.
Roughly half the ﬂooding events experienced extreme ﬂuvial and
skew surge events that co-occurred within 3 h and 75% co-occurred
within 6 h (Supplementary Table S1). The sub-daily co-occurrence
of extreme ﬂuvial and skew surge events is indicated by the colour
scale on Figure 9, where all events are coloured blue and occur
within 12 h. The exception to the above results was ﬂooding event
D1, a summer event when neither the peak discharge (90 m3/s) nor
maximum sea level (4.4 m) were particularly extreme and, so, one
would not expect D1 to lead to ﬂooding.
Humber: Less ﬂooding events were reported in the upper
estuary of the Humber (6 events between 2000–2020 and eight
events between 1980–2020) than the Dyﬁ (48 events between
2000–2020). The majority of the Humber ﬂooding events were
ﬂuvially-driven, with peak ﬂows above the 95th percentile of
570 m3/s, but only one event exceeding the 99th percentile
(Figure 9B). However, ﬂow durations were long, as indicated
by the colour scale on Figure 9: 75% of events had ﬂows above
the 95th percentile for more than 2 days, and 35% of events had
ﬂows above the 95th percentile for more than 3 days–equating to
1.5 × 105 Tons of water or ∼10% of spring tidal prism. Skew surges
were generally small (half the events had a skew surge less than the
95th percentile), although one event had an extremely high skew
surge of 1.52 m (well above the 99th percentile), with relatively low

FIGURE 7 | Cross-correlation results for river ﬂow versus storm surge,
using all 15-min data, for the Dyﬁ and Humber.

Dyﬁ: The 48 reported ﬂooding events, between 2000 and 2020, all
experienced peak ﬂows over 195 m3/s, i.e., above the 99th percentile
ﬂow of 170 m3/s (Figure 9A). The majority of these events (>70%)
experienced ﬂows above the 99th percentile for more than 12 h
(Supplementary Table S1), this threshold being equivalent to the

FIGURE 8 | Histograms showing the relative time lag in hours between peak river ﬂow (95th percentile ﬂow) and the nearest 95th percentile skew surge (TQ-S), for (A)
Dyﬁ and (B) Humber.

Frontiers in Built Environment | www.frontiersin.org
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FIGURE 9 | Graphs showing the relationship between peak river ﬂow (Qmax) and maximum water level (astronomical tide plus skew surge, Smax), for (A) the Dyﬁ
based on 48 reported ﬂooding events and (B) the Humber base on eight reported ﬂooding events. The colour scale denotes the lag between maximum water level and
peak river ﬂow.

ﬂow and longer TQ-S with extreme ﬂow so clearly being a surgedriven ﬂood. These ﬂooding events were generally not compound
events, as skew surges and peak river ﬂows were generally several
days apart—so either being ﬂuvially-driven or surge-driven.

clear that we must understand how the drivers of compound
ﬂooding may change now, so that we are in a position to assess the
impacts of future change. To do so, we examined the past
climatology of ﬂuvial ﬂow and sea level behaviour in two
contrasting estuaries, the Dyﬁ and Humber (United Kingdom),
over a 40 year period–to explore the potential for their cooccurrence and temporal variability, as well as any longer-term
trends. Our study identiﬁed robust methods to investigate
compound ﬂooding and an obvious extension of this work
would be a national or wider study.
We hypothesized that compound events of extreme ﬂuvial ﬂows
and sea levels can occur in estuaries, since low-pressure storms
increase a component on the sea level (storm surge) and drive the
ﬂuvial extreme (precipitation). Whilst this was investigated at
national scale by Svensson and Jones (2002) and Svensson and
Jones (2004) and more recently Hendry et al. (2019), these studies
were based on daily-averaged data that may not resolve the river
ﬂow and surge behaviour, especially for ﬂashy catchments where
extreme river ﬂows last for hours rather than days (Robins et al.,
2018)—meaning that daily-averaged data would smooth out these
events. Our analyses used historical 15 min ﬂuvial and hourly sea
level observations (interpolated to 15 min)—illustrating for the
Dyﬁ that 39% of ﬂuvial events that exceeded the 95th percentile
ﬂow persisted above that threshold for less than 12.5 h. In such
ﬂashy catchments, river ﬂow and storm surge data need to be
resolved at sub-tidal time scales, since ﬂood risk will also be
contingent on the tidal phase. In contrast, the Humber is a
much slower responding system, where 95th percentile ﬂows
persisted for several days.
Our analysis revealed, for the ﬁrst time to our knowledge, that
ﬂuvial and surge drivers of estuary ﬂooding can and do co-occur
at a sub-tidal timescale but is contingent on estuary and
catchment size. There was a positive correlation between peak

DISCUSSION
Drivers of Flooding
Flooding in estuaries arises from exceptionally high river levels
following heavy rain or snow melt, or from exceptionally high sea
levels caused by surge-tides, but the combination of these
events—compound ﬂooding—presents the worst-case ﬂood risk.
Compound ﬂooding events are presently not well understood
across differing locations and catchment and estuary types,
meaning that it is difﬁcult to assess the impacts of ﬂooding
presently and from future climate and land use changes.
Climate predictions for the United Kingdom are in agreement
that we are to experience hotter, drier summers and wetter winters
(Robins and Lewis 2019). However, high-resolution modelling has
shown that this average climate signal may not reﬂect extreme
weather patterns—for example, we are likely to experience more
intense downpours, meaning that extreme ﬂuvial ﬂows will likely
increase above natural variability (Kendon et al., 2014). These
changes in extreme ﬂuvial ﬂows could potentially affect ﬂood risk,
especially in smaller catchments but less likely in larger catchments.
Climate predictions are less clear on the future behaviour of storm
tracks (see Langenbrunner et al., 2015; Shaw et al., 2016), meaning
that storm surges may not necessarily increase. Additionally, landuse changes are known to affect hydrology and, in turn the
behaviour of extreme ﬂows entering estuaries—not only their
magnitude but event durations and timings that will affect
compound ﬂood risk (e.g., Kouhi et al., 2020). Therefore, it is
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river ﬂow and skew surge for the Dyﬁ, although the correlation
was weak and variable year-on-year. This result is broadly
consistent with the ﬁndings by Svensson and Jones (2004) and
Hendry et al. (2019), who found dependence between dailyaveraged storm surge and ﬂuvial ﬂow across western Britain.
We found slightly higher correlation during winter and autumn
months than spring/summer. This could be explained by soil
moisture characteristics; as soil would absorb more precipitation
in the summer months, it can affect the magnitude and timings of
the ﬂuvial ﬂow (e.g., Aubert et al., 2003). However, the
relationship is clearly complex and although Svensson and
Jones (2004) showed slightly higher dependence during
summer months—attributed to southerly summer storm tracks
(the storm tracks are westerly in the winter)—the result was not
clear. Elsewhere, Svensson and Jones (2006) found dependence
between daily-mean ﬂuvial ﬂow on the River Taff and daily-mean
surge heights at Cardiff, whereas Samuels and Burt (2002)
concluded no dependence using peak ﬂuvial ﬂow times and
peak sea level (highest water level nearest in time to the ﬂow
peak). The median lag between extreme river ﬂow and sea level
(TQ-S) in the Dyﬁ was 2–3 h (Figure 8). Although the sea level
data analyzed were outside the estuary and the tide will take
approximately 2–3 h to propagate through the estuary, so the
peaks in sea level and river ﬂow will likely co-occur. Of the
reported ﬂooding events analyzed since 2000, roughly 75%
experienced a lag ≤6 h, meaning that maximum sea levels and
ﬂows were broadly coincident when the tidal propagation is
considered1. Simulated ﬂooding in the Dyﬁ estuary to be
sensitive to such lag timings—the greatest ﬂooding occurring
with a 45 min lag. Investigations into the precise timings of
compound ﬂooding within estuaries require sea-level data that
resolves the up-estuary tidal progression.
The Humber showed a weak correlation between peak river
ﬂow and skew surge, based on the correlation and cross-correlation
analyses. Due to the length of the Humber estuary,1 showed
through hydrodynamic modelling that the highest water levels
(and most ﬂood inundation) occurred when peak surge at the
estuary mouth and peak river ﬂows at the estuary head were
3 hours apart. Our analysis (Figure 8) shows that a lag of 3 hours or
so has indeed occurred in the data records, although the majority
(74%) of extreme events do not co-occur. Nevertheless, the
duration of extreme ﬂuvial events last for several days and span
several high tides, presenting a combination hazard risk between
extreme river ﬂows and spring tides.
Following on from our initial hypothesis, we expected ﬂooding
to be more common in estuaries with higher occurrence of
compound events. Indeed, the mean number of ﬂuvial events
>95th percentile per year was 34 for the Dyﬁ compared with 19
for the Humber. Further, more ﬂooding events were reported in the
Dyﬁ (48 events between 2000–2020) than the Humber (6 events
between 2000–2020 and eight events between 1980–2020). Is this
because the ﬂooding events were selected based on data at a location
in the upper estuary? Note that we focused on the upper estuaries
where combination ﬂooding is more likely to occur. Our results
would undoubtably change in the lower estuary (i.e., where ﬂooding
is primarily driven by extreme water levels and waves). Further, the
Dyﬁ has limited ﬂood defence measures. Whereas the Humber is
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largely covered to a 1 in 50 years water level (Humber Flood Risk
Management Strategy 2014). From our analysis, the ﬂooding events
in the upper Dyﬁ estuary were driven by river ﬂows in the extreme
99th percentile, with high sea level contributing as a secondary
driver (i.e., not all ﬂooding events occurred with water levels above
MHWS). The dominance of ﬂuvial-driven ﬂooding in the Dyﬁ is
likely due to its relatively small size and narrow (∼1 km) mouth
obstructing storm surge propagation into the estuary, together with
an increase in estuary width (to ∼3 km) and shallowing leading to
increased frictional resistance and surge-tide damping (e.g., Lyddon
et al., 2018)—although this has not yet been shown in the Dyﬁ. The
effect of the peak river ﬂow-skew surge co-occurrence, or not, is
difﬁcult to disentangle because of the short duration of high river
ﬂows (lasting several hours). Due to tide-surge interaction and the
persistence of storm surge events, elevating marine water-levels
above MSL for most of the period between two high tides, there is a
reduced capacity for the river water to drain trough the estuary,
i.e., the pressure gradient force in the upper estuary is reduced and
rivers waters build up—the back water effect. Model simulations by1
agree with this as it is the friction and the dynamic head (driving
ﬂow) that ultimately controls the volume of ﬂood water exiting an
estuary. Therefore, in the Dyﬁ, and similar sized estuaries,
compound ﬂooding is not only driven by the magnitudes and
timings of peak ﬂow and sea-level, but is also contingent on their
durations above critical thresholds for ﬂooding that need to be
resolved, and their nonlinear interactions.
For the upper Humber estuary, ﬂooding has typically occurred
due to large ﬂuvial events (>95th percentile), because such events
tend to persist for several high tides. Therefore, in the Humber—and
systems with a similar size/geometry—this widens the opportunity
for a combination event within a single ﬂuvial event. Though the
larger system is likely to experience fewer large ﬂuvial events than a
smaller one. Interestingly, from the events we analyzed, the
combination of peak surge above the 99th percentile occurring
synchronously with peak ﬂow above the 99th percentile had not
yet occurred, indicating the potential for a signiﬁcant combination
event hereto unrecorded.

Future Change
Our results do not reveal a strong long-term trend in the ﬂuvialskew surge correlation, with much uncertainty, for either the Dyﬁ
or Humber. However, there was a weak positive trend in the Dyﬁ
in the correlation in winter months, and a weak negative trend in
the Humber in the correlation in summer. With the
United Kingdom set to experience fewer but more intense
precipitation and ﬂuvial ﬂows (Change 2014; Kendon et al.,
2014; Watts et al., 2015), there may be a heightened ﬂood risk
for the Dyﬁ and presumably for similar west coast systems.
Although climate predictions are less clear on future storm
surge behaviour (UKCP09; Lewis et al., 2011; Lowe et al.,
2019), several authors have identiﬁed a signal of spatial and
temporal clustering of future extreme sea level events due to
surges (e.g., interannual surge clustering in Europe: Wadey et al.,
2014; spatial clustering on complex coastlines globally: Enríquez
et al., 2020). Therefore, it is essential that future ﬂood risk studies
resolve future changes to the histogram of river ﬂows, i.e. using in
high spatial/temporal resolution rainfall-catchment-river models,
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The persistence of peak ﬂuvial ﬂows in the Dyﬁ for less
than 12 h indicates that the drivers of estuary ﬂooding can and
do co-occur at sub-daily time scales, and higher frequency analysis
is needed to resolve the potential co-occurrence of peak ﬂows with
skew surges and tidal high water. The shorter lag times between
peak ﬂuvial ﬂows and skew surges, and the higher number of
compound ﬂooding events which have occurred in the Dyﬁ
indicate that higher frequency time-series analysis may be
dependent on estuary and catchment characteristics. Sub-daily
analysis is more critical in ﬂashy catchments like the Dyﬁ to
resolve extreme ﬂuvial ﬂows which persist for less than 12 h,
but less critical in the slower responding Humber. Two
contrasting estuaries are analyzed here, and additional estuaries
could be subject to similar analysis to identify a threshold as to
when sub-daily-scale analysis becomes more important, and
whether this can be attributed to estuary length, width, or
catchment size. An analysis of the coincidence of peak ﬂuvial
ﬂows away from the time of high water, which would eliminate the
backwater effect, could also contribute understanding on how
timing and duration of compound events occurs in smaller
estuaries despite not presenting a ﬂood risk.
The results have identiﬁed the need for sub-daily time-scale
analysis of ﬂuvial-surge data, particularly in smaller systems, which
should be incorporated into ﬂood impact studies and risk assessments
to help maintain the resilience of estuarine communities and integrity
of ecosystems under current and future climate conditions.

e.g., hourly data that includes good land use parameterisation and
changes. Further, joint probability methods for river and sealevels are needed based on coupled river-ocean model data and
observational records. Moreover, estuarine ﬂood hazard may be
elevated by increasing ﬂashiness of rivers so that a higher volume
of ﬂuvial ﬂood water escapes the estuary at a period of low tide,
however this is clearly a hypothesis for future work.
Indeed,1 show using hydrodynamic modelling of worst
case combination events for Humber and Dyﬁ, that the
largest impact on future ﬂooding in both basins is the role
of sea level rise. They showed that increases in the magnitude
of ﬂuvial ﬂows shifted the spatial patterns of ﬂooding to the
inner estuary in both systems, and that increases in surge
magnitude affected the outer estuary more. However,
increases in sea level rise affected both—by introducing
stronger backwater effects for ﬂuvial events increasing
inner ﬂooding and elevated sea levels especially in the
outer estuary affecting water elevations and ﬂooding there.
However, it is clear from the literature that more detailed
investigations of the physical interactions of the drivers of
extreme sea levels within different estuary types is needed.

CONCLUSION
Compound ﬂooding events in estuaries, where the concurrence or
close succession of extreme ﬂuvial ﬂows and sea levels amplify a
hazard, represent a worst-case ﬂood risk. There is a need to
understand the relative drivers of compound ﬂooding events
across differing estuaries and catchments to identify when higher
temporal resolution assessment, at a sub-daily scale, is needed to
resolve higher frequency ﬂuvial-surge events. 40 years of historical
sea level and river ﬂow data from two contrasting United Kingdom
estuaries were analyzed at 15 min resolution, alongside reported
ﬂooding events, to assess the occurrence, timings and behaviour of
compound events. The Dyﬁ, on the west coast of Britain is a small,
mountainous, fast-responding system and the Humber is a larger,
ﬂatter catchment with a slow ﬂuvial response time.
For the Dyﬁ, compound ﬂood risk is sensitive to the timing of
peak ﬂuvial ﬂows relative to storm generating skew surges, as 45% of
skew surge events, above the 95th percentile, occurred within 12 h of
peak ﬂuvial ﬂows. The events were also more common in autumn/
winter. Only 15% of peak ﬂuvial ﬂows and skew surges co-occurred
in the Humber; most were separated by more than 2 days with no
clear seasonal trend. The duration of peak ﬂuvial ﬂows has a strong
control on compound ﬂood risk in both estuaries. Peak ﬂows
persisted for less than 12 h for 39% of events in the Dyﬁ, further
highlighting the sensitivity of the timing of peak ﬂuvial ﬂows to
storms generating skew surges. For the Humber, peak ﬂows
persisted for longer than 2 days for 69% of events, spanning
several tidal cycles so coincidence with high water is more likely.
Most ﬂooding events in the Dyﬁ are primarily ﬂuvial driven, and
high sea level is a secondary driver, as the estuary shape blocks surge
propagation. Flooding events analyzed in the Humber are either
ﬂuvial- or surge-driven, as peak river ﬂow and sea level occurred
several days apart, but that is not to say they could not co-occur in
the future.
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