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Changelog

v

1.3 2025-07-22

First publicly released version

1.4 2025-10-29

Appendix: Worked Examples updated to use NRFA Peak
Flow dataset v14.0.1

Figures in Summary and Executive Summary updated to
use NRFA Peak Flow dataset v14.0.1

Heading numbers added to second-level headings in
Appendix: manual edits to station/AMAX data.

Alt text added for all figures.

Some figures updated to correct UAF in ungauged
dataset.

Text added to highlight lower QC in ungauged dataset.
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Executive Summary

This report presents updates to the FEH statistical method resulting from
improvements to four catchment descriptors used prominently in the method:
SAAR, FARL, BFIHOST and URBEXT, and 19 years of additional data collection
and period-of-record review at UK river gauging stations.

The structure and application procedure of the FEH statistical method are
unchanged; this update concerns the choice of catchment descriptors to use in the
method and their corresponding numerical coefficients. Due to the high
performance of the modified 2008 QMED equation in WINFAP 5, the 2025 equation
offers only a marginally improved fit to the data. However, estimates of the current
flood frequency in ungauged catchments should be improved, due to better digital
representation of those catchments through improved catchment descriptors.
Pooled estimates of rarer floods are improved more substantially due to the
increased typical record length; uncertainty in L-moments continues to reduce as
record length increases far beyond the point at which uncertainty in QMED
becomes small. This method update reiterates that donor stations should be
selected by centroid-centroid distance only, since model error, which the donor
transfer is intended to correct, is the part of QMED that cannot be estimated by the
equation and its associated catchment descriptors i.e. AREA, SAAR9120),
BFIHOST19(scaLep) and FARL2015).

Underlying data

The underlying data for the 2025 QMED estimation and Pooling methods includes

more stations suitable for QMED estimation and Pooling, with longer records
(typically 19 years extra). For ungauged
characteristics of a catchment are most representative, the use of up-to-date

catchment descriptors will improve accuracy in most places, although the

underlying FEH Local principle of confirming with local expert knowledge is always
advised. For gauged catchments, using period-of-record estimates of, for example,
SAAR, can also improve estimates of flood frequency over the period of record.

QMED

The 2025 QMED equation uses the same format and equivalent catchment
descriptors as the previous version in WINFAP 5, giving a small improvement to R?
(0.945 to 0.948) and fse (1.4313 to 1.4307). There are only 31 stations where the
2025 estimate of QMED is more than 125% of the 2008 QMED estimate, and 4
stations where the 2025 estimate of QMED is less than 75% of the 2008 QMED
estimate, with no obvious spatial pattern. In the gauged and ungauged datasets, all
of the largest changes were due to differences in FARL or BIFHOST descriptors,
suggesting the change is motivated by changes in the underlying maps of water
bodies i updated to use data from LCM2015 (Rowland et al. 2015).

This method update formalizes the recommendation that urbanization adjustments

UK Centre for
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should be applied to all catchments, not just those in which urbanization exceeds a
threshold, in order to avoid discontinuities in results on either side of the threshold.

In many applications, QMED estimation via catchment descriptors is performed at
ungauged catchments. Given there iIs no fipe
cases, the most appropriate values of catchment descriptors and urbanization are

the most up-to-date values available. Where flow records exist, the best way to

model these casesistotakear epr esent ati ve average of th
using average urbanization and catchment descriptor values (e.g. SAAR). For

gauged catchments with long known records, estimates of historical flood frequency

should be performed using the full period of record if available, unless there is any

reason not to use the full record, such as reservoir construction.

Pooling

The 2025 pooling approach follows the same principles as those developed in

2008. The similarity distance metric (SDM) has been updated to a 5-descriptor

form, and the equations for pooled L-moments have been updated. There is a

single pooling approach for all catchment
c at ¢ h me n tsmall catchmentshupdate to the 2008 method. This means there

are potentially some considerable changes to flood frequency curves for the

smallest catchments, which is reflected in the ungauged dataset (more than 88% of

which are small catchments). Urban adjustments for pooled L-moments have also

been updated, and should be used for all catchments,r at her t han just i
catchments, to avoid discontinuitesat t he t hreshol d bet ween i
catchments.

For the 2025 pooling update, we see a better fitting model illustrated by the lower
Pooled Uncertainty Metric (PUM) at all selected return periods (30-1000 years).

UK Centre for
Ecology & Hydrology ceh.ac.uk 6
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(a) 2008 (b) 2025
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Figure 1 Comparison of 2008 and 2025 QMED estimates for 902 QMED-
suitable NRFA Peak Flow 14.0.1 catchments.
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Figure 2 Comparison of 2008 and 2025 pooled 100-year flow estimates for
552 pooling-suitable NRFA Peak Flow 14.0.1 catchments (subset
of Figure 35).
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Summary of 2025 method for ungauged catchments

Method aspect 2008 2025 Comments

QMED R2=0.945 R2=0.948 Based on
602 stations (6 0 8

fse = 1.431 fse = 1.431 626 stations (6 2 5
Donor transfer 6 donors 8 donors Based on 626
R? = 0.960 R? = 0.960 stations
fse =1.374 fse = 1.373
QMED, urbanized, | R? = 0.946 R?=0.946 Based on 884
after donor (626 rural + 258
fse =1.426 fse =1.428

transfer urban) stations

Pooling SDM & 500 station-years | 800 station years | Based on 378
rec length PUM (100 years) | PUM (100 years) | stations
= 0.2602 =0.2479

Pooling, urbanized | PUM (100 years) | PUM (100 years) | Based on 152
L-moments =0.2820 =0.2705 stations

Ungauged QMED equation

1000 )
QMEER 6. BRER®D°°1 B8BRF AR o5 °0°00 82 f@8¢aLED

Donor transfer with 8 donors, closest centroid-centroid distance (pI’EViOUS|y
6):
rQi,' 0. é%loa'sl-ﬁ ] 0. 486]0446i110

Ungauged QMED urbanization, applied at all levels of urbanization:

QMED; h zRQMEP, L + URBE Xch; 5° °%

35200
1 +URBE X, PR ue 1
$7.0663. SBRPMIOHQSIALED

UK Centre for
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Pooling-group formation, 800-year length (previously 500):

, 1000 1000 °? ,
7uAREA IAR5A+1.6%AAﬁzm SAAR 0., OIE%%QM,FAﬁbm,
1.3207 0.3566 0.0976
SDM5 . ) )
N O_E%EXTFPEXi Ol%leQ§&LWJBFIHQ§&LWJ
0.04309 0.6610
g

(within pooling-group weighting slightly modified)

Urban adjustments to pooled L-moments, applied at all levels of urbanization:

L-CVirbanFPedd 59655%6'11_5_(:%00' ed

LSKEW pbaniTde3 KEWoi ed

UK Centre for
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1. Introduction

The previous FEH statistical method (Kjeldsen et al., 2008) was released 17 years
ago, as of 2025. Since then, major advances in the underlying data have been
made. However, only small tweaks have been made to the FEH statistical method,
including an extension to urban catchments (Kjeldsen, 2010), the ability to use
multiple donors for QMED adjustment (Kjeldsen et al., 2014) and a small-catchment
modification to the pooling similarity distance measure (Vesuviano et al., 2024).

In 2018, the FEH team began the process to develop updates or replacements for
the key catchment descriptors used in FEH methods: BFIHOST, SAAR, FARL and
URBEXT. The first of these, BFIHOST19, was released in 2019 (Griffin et al., 2019),
while SAAR9120, FARL2015, URBEXT2015 and BFHOST19scaLep Will be released with
version 14 of the NRFA Peak Flow dataset in autumn 2025, simultaneously with
WINFAP53. WI NFAP, Wallingford HydroSolutions
the FEH statistical method, has already used BFIHOST19 directly in place of
BFIHOST in the QMED equation for ungauged sites since version 5.0, though both
the QMED model and the description of sampling error within the optimization
function that was used to calibrate the QMED model were developed using
BFIHOST.

Mapping and representation of water bodies has been greatly improved since the
development of FARL in the late 1990s, with several UKCEH datasets (Land Cover
Map 2015: Rowland et al., 2017; Land Cover Map 2019: Morton et al., 2020; and
Lakes50k: Hughes et al., 2004) providing options to update this descriptor in UK
catchments, and CORINE providing a similar opportunity to augment transboundary
catchments with improved representation of water bodies in the Republic of Ireland.

Similarly, the repeated regeneration of Land Cover Map at several time points
during the 215t century provides opportunities to estimate urban and suburban
coverage within catchments at these same time points, through new URBEXT
descriptors linked to different instances of Land Cover Map.

The National River Flow Archive undertakes an ongoing annual update and data
review programme, which adds new quality-controlled peak and daily mean flow
data to station flow records across the UK every year (annual update), and quality-
controls the entire flow holdings every few years (data review).

Outside of UKCEH, more recent versions of standard-period average annual rainfall
(SAAR) have been produced by the Met Office and Met Eireann for the period
1991-2020, corresponding more closely with the AMAX flow recording periods for
most stations suitable for this analysis than the 1961-1990 SAAR used in the 2008
model. Both estimates (Met Office and Met Eireann) are released under licences
that allow commercial use (OGL and CC-BY respectively.

In order to take advantage of these multiple major updates to the data underpinning
the FEH methods, a programme of work was developed to update the index flood,

UK Centre for
Ecology & Hydrology
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donor transfer and growth curve parts of the FEH statistical method, for rural and
urban catchments. These updates will be incorporated into WINFAP 5.3, which will
be released concurrently with the new SAARg120, FARL2015, URBEXT2015 and
BFHOST19scaLeD Catchment descriptors.

1.1 Important note on terminology

Throughoutthisr eport, references to the 200806 m
method as implemented in WINFAP 5.2. This is substantially based on the method

presented by Kjeldsen et al. (2008) but includes updates to urbanization

procedures (Kjeldsen, 2010), donor transfer (Kjeldsen et al., 2014), pooling in small
catchments (Vesuviano et al., 2024) and use of the BFIHOST19 catchment

descriptor (Griffin et al., 2019) in place of BFIHOST.

UK Centre for
Ecology & Hydrology ceh.ac.uk 12
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2. Improved Data

For a full description of the new catchment descriptors, see the dedicated
catchment descriptors report (Vesuviano et al., 2025).

2.1 AMAX flow data

Station flow records are updated yearly across the UK, typically with a one-year lag.

The latest peak flow data are published by the National River Flow Archive (NRFA)
approximately every September, containing annual maximum and peak-over-

threshold flows up to the previous September for around 900-1000 stations (minor

updates and corrections may also be published between September releases). The

stations are also assigned a suitability level, which relates to the accuracy of

monitored flows up to QMED ( A whleifor QMEDO) andQMHDg Vies ui t abl e
poolinfgo3tationdbs suitability can change ¢
Stations may also enter or leave the data set at any update.

This recalibration used version 12.1 of the NRFA Peak Flow data set, released in
November 2023, while the previous calibration used HiFlows-UK 1.1, released in
August 2005.

Kjeldsen et al. (2008) manually removed some catchments that were unsuitable for

the study but otherwise met the criteria for inclusion. In addition, they manually

removed AMAX from some records that spanned a portion before and a portion

after reservoir construction, and manually edited FARL to pre-reservoir values if

only the pre-reservoir AMAX were kept. All changes made to NRFA Peak Flow 12.1

for this study are detailed in this report

In total, 884 catchments were available for this study, although not all were suitable
for every stage.

It is noted that the NRFA Peak Flow data set version 13 was released in September
2024. However, this has 909 catchments in common with version 12.1, so any
changes to the reported results that might appear from the use of version 13 for
calibration will be very minor compared to the changes shown between the current
and updated methods in this report.

2.2 BFIHOST

BFIHOST was first created in 1995 to estimate soil permeability indirectly, by
relating gauged baseflow index at a station to soil type in the upstream catchment
through bounded linear regressions (Boorman et al., 1995). Griffin et al. (2019)
revised the BFIHOST estimation procedure, generating a new catchment
descriptor, BFIHOST19. This was developed to improve upon BFIHOST in clay-
dominated, peat-dominated and ephemeral catchments, and in catchments with
rare solil types (by combining the soil classes with the poorest representation across
the UK with the most similar common class) and soil types whose coefficients

UK Centre for
Ecology & Hydrology
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needed to be constrained in the original model (by using beta regression to
eliminate the need for bounding values to the range 0-1). BFIHOST19 is available
through the FEH Web Service for the entire UK river network, plus small parts of
the Republic of Ireland.

Figure 3 compares BFIHOST and BFIHOST19, showing that 68.4% of BFIHOST19
values (mean 0.480, median 0.436) are lower than corresponding BFIHOST values
(mean 0.498, median 0.464). Figure 3 also shows that BFIHOST19 values approach
1 more slowly than do BFIHOST values. This is an expected consequence of beta
regression, vs linear regression that requires bounding.

BFIHOST19scaLep is a further update to BFIHOST19 that is intended to remove the

effects of water bodies from BFIHOST19, with the intention of producing an

In(QMED) model that does not double-count them, improvingt he A physi cal
consi st ency aTogénerathBFIHOST thsealep for each catchment, area
corresponding to HOST class 30 was removed, and the percentage of the

remaining area covered by each of HOST classes 1-29 was calculated.

BFIHOST19scaLep Was then calculated in exactly the same way as BFIHOSTg,

following Griffin et al. (2019).

Figure 4 plots BFIHOST19scaLep against BFIHOST19 for all 884 study catchments,
clearly showing that the differences between them tend to increase as FARL2015
reduces. The relationship is not perfect, as FARL2o015 is not only a measure of water
body coverage, but also water body location and connection to the river network.
Furthermore, FARL2015 is based on LCM, not HOST, data. Nevertheless, it clearly
demonstrates the removal of water body effects from BFIHOST 10.

BFIHOST19scaLep should always be lower than BFIHOST19, but the starred
catchment in Figure 4, Wandle at South Wimbledon (NRFA 39003) has a higher
value of BFIHOST19scaLep than BFIHOST19. This is because the positioning of the
gauging station on the digital river network was improved after the generation of the
BFIHOST19 descriptor, so the current river network snapping method excludes one
tributary that was included in 2018 when BFIHOST19 was first calculated for the UK
river network.

UK Centre for
Ecology & Hydrology ceh.ac.uk 14
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Figure 3 BFIHOST vs. BFIHOST19 for all 884 study catchments. Absolute
differences greater than 0.1 circled.

UK Centre for
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Figure 4 BFIHOST19scaLep VS BFIHOST19 for 626 essentially rural
catchments. Catchment FARL indicated by colour.

UK Centre for
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SAAR

The SAAR descriptor used in the FEH methods maps the mean annual rainfall over
the period 1961-1990 (Spackman, 1993) and is an update of the Flood Studies
Report (FSR) descriptor/map AAR, which maps the same for the period 1941-1970
(this descriptor is now called SAARu4170 e.g. on the FEH Web Service).
Independently of UKCEH and/or NERC/UKRI, the Met Office produced a map of
1991-2020 mean annual rainfall for the whole UK, including Northern Ireland with
its coordinates transformed to the British National Grid (Met Office, 2023). This map
is gridded at 1-km resolution but is offset from the SAAR grid by 500 metres in both
horizontal and vertical axes. It is, however, aligned with both the BFIHOST and
BFIHOST19 grids.

A spatially extended version of these data, provided directly by the Met Office, were
used by UKCEH to produce a new catchment descriptor, SAARo120, including at 50-
metre resolution along the UK river network. Some modifications to the data were
required: first, the data in Northern Ireland were transformed from the British
National Grid (EPSG:27700) to the Irish National Grid (EPSG:29903), then 1991-
2020 mean annual rainfall from CEH-GEAR (Keller et al., 2015) were used to infill
very small parts of the headwaters of the Rivers Erne and Finn.

SAARg120 values are compared to SAAR values for all 884 catchments in Figure 5.
Per-catchment, SAARo120 takes values from 93.4% to 128.7% of SAAR, the mean
and median being +8.0% and +7.6% respectively. This is partly but not completely
due to methodological differences between the NRFA and Met Office datasets. For
all but 14 catchments, SAAR9120 is higher than SAAR. The greatest proportional
increases from SAAR to SAAR9120 are in the Scottish Lowlands, central and south
Wales, Devon and Dorset, and the far north of England. The 10 catchments where
SAARoi20 is greatest as a proportion of SAAR all have relatively high mean altitudes
(189-431 m), eight are in or near the Scottish Borders, one is in Bannau
Brycheiniog and one is in North Yorkshire.

Figure 6 plots SAARg120 as a proportion of the 1961-90 mean annual rainfall
derived from the same HadUK-Grid dataset. This is used in place of SAAR, as the
SAAR grid is offset from SAARg120 by 500 metres, while the 1961-90 mean annual
rainfall used to generate Figure 6 is aligned exactly. The 1961-90 mean annual
rainfall is extremely similar to SAAR, although spatial variations in the SAAR
descriptor are smoother. (See Appendices for more details)

This study also uses another SAAR descriptor for calibration only: SAARpor. This is
the average annual rainfall for each catchment over the time period that has valid
annual maximum flows. The intention behind this decision is that:

1. models are developed using the average annual rainfall that is most
representative of the period over which AMAX were collected,

2. hydrological studies use average annual rainfall values that are more
representative of current conditions.

UK Centre for
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Differences between SAARe190 and SAARg120 are explained in the catchment
descriptor report but are due to: raingauge density and location changes, changes
in Met Office programs/coding languages used, changes in Met Office interpolation
methods, and most importantly changes due to climate and anthropogenic
changes.

2000 2500 3000

1500

SAARgi20

1000

500
I

500 1000 1500 2000 2500 3000
SAARg9 (NRFA database)

Figure 5 SAARg9120 VS SAAR for all 884 catchments. Ten largest
percentage increases circled.

UK Centre for
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HadUK-Grid SAARg20 over SAARGg1g0
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Figure 6 Map of SAAR9120 as a proportion of 1961-90 mean annual rainfall,
both derived from HadUK-Grid.
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24 FARL

The FARL descriptor quantifies flood attenuation in a catchment due to the effects
of reservoirs and lakes. It does not quantify the effects of floodplains i FPEXT
does, as it quantifies only the proportion of a catchment inundated by a 100-year
flood.

The original FARL descriptor identifies lakes and reservoirs from the IHDTM,

meaning that lakes are always represented as collections of 50-metre squares. This

results in inaccurate representations of lakes, although the inaccuracy is less for

the larger lakes that have the greatest effect on FARL. More importantly, the 50-

metre resolution of the IHDTM risks incorrectly joining lakes that are separated by
lessthan 50 metres,andassi gni ng Hdlaked ad ey are ne
connected to, a river.

Vector representations of lakes solve all three problems associated with the
existing raster dataset. A comparison of alternative vector datasets suggested that
UKCEH Land Cover Map 2015 (LCM2015: Rowland et al., 2017) vector data be
used to represent lakes. The current FARL calculation method was use with this to
generate FARL2015.

Figure 7 compares FARL2015 to the existing FARL descriptor. There is a close, but
not exact, match for most catchments. This is expected as most lake areas should
differ between the raster FARL and vector FARL2015 datasets, and could differ in
either direction. Most catchments in which FARL and FARL2015 most differ are those
in which sand/gravel extraction areas are identified as lakes in LCM2015 but not
the IHDTM.

It is noted that Moriston at Invermoriston (NRFA station 6003) uses the NRFA Peak
Flow version 13 values for FARL and FARL2o01s5, despite all other catchments using
NRFA Peak Flows version 12.1 values. This is because the error in the version
12.1 value was discovered during this study.

For NRFA catchmentsthatu s e ar éepe ev oi rFARLV because of pré-
reservoir peak flow data 7 there is an equivalent estimate of FARL2015 that models
the catchment with the reservoir removed. Both this study and the NRFA Peak Flow
dataset use pre-reservoir values for catchments where the AMAX are recorded pre-
reservoir. However, post-reservoir values are available from the FEH Web Service,
which includes all on-line water bodies.

UK Centre for
Ecology & Hydrology ceh.ac.uk 20
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@ Lake missing in existing (4) @ Differing lake connectivity (1)
@ Sand extraction or similar (15) @ Differing lake catchment (1)
Ponds misrep. in existing (1) Ponds misrep. in LCM2015 (2)
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Figure 7 FARL2015 vs FARL for all 884 catchments. Reasons for large
differences highlighted.
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2.5 URBEXT

URBEXT1990 was introduced in the Flood Estimation Handbook to quantify the
fraction of a catchment that is urbanized, based on mapping performed in Great
Britain in 1988-90 (Fuller et al., 1994) and Northern Ireland in 1989-90 (Brand &
Mitchell, 1993). The 2008 FEH statistical method uses URBEXT2000 (Bayliss et al.,
2006), which is based on UKCEH Land Cover Map 2000 (Fuller et al., 2002).
URBEXT2000 is a weighted mean of the urban, suburban and inland bare ground
fractions within a catchment, whereas URBEXT1990 considers urban and suburban
fractions only. Land Cover Map (LCM) was updated in 2007, 2015, and every year
from 2017 onwards. This allows URBEXT values to be generated for several
snapshots in time, using LCM as the source for urban and suburban coverage.
However, the Land Cover Maps do not share consistent methodologies and hence
are not fully comparable.

The FEH statistical method assumes stationarity in flow records, so it is typically
reasonable to assume that the level of urbanization at the temporal mid-point of the
flow record is the most representative single value for the whole flow record. The
urban expansion factor (UEF) was developed by Bayliss et al. (2006) to estimate
URBEXT for any year from 1945 to 1999, given only URBEXT2000, and is
represented by the equatonUEEO . 78581 2 1 2HhYeal96726. 32
This study extends the applicability of UEF to 2015 by calculating Great Britain-
wide values for URBEXT1990 and URBEXT2015 from LCM1990 and LCM2015. The
updated UEF (Figure 8) is given by:

Yeat978. 82

0. 7492 392"n 18 T 34c

In this study, UEF is combined with URBEXT estimated from LCM2015

(URBEXT2015) to generate URBEXTwm: a temporary/study-only descriptor that

guantifies URBEXTat t he tempor al mi dpoint of each
Catchments in this study are considered rural or urban according to thresholds in
URBEXTw values. Similarly to SAARpor, URBEXTw is an approximation of the
Atypical 06 conditions during the period ovVe
collected. Hence, URBEXTw is considered more suitable for model calibration and
URBEXT2015, representing urbanization in the year 2015, is considered more

suitable for hydrological studies that are intended to model more recent catchment
conditions. LCM2015 is used in preference to more recent LCMs, as 2015 is the

most recent LCM with both automated and manual quality control T more recent

LCMs have automated quality control only.

UK Centre for
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Figure 8 Urban Expansion Factor (UEF). UEF2o015is derived for use in this
study, UEF2000is from Bayliss et al. (2006), rescaled to match
rescaled CPRE (1993) data.
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3. OQMED model

The i 2 0 @BIBD model was introduced by Kjeldsen et al. (2008), replacing the
original FEH model introduced nine years earlier (Robson & Reed, 1999). The
model implemented in WINFAP 5 modifies the original slightly, replacing BFIHOST
in the original equation with BFIHOST19; for simplicity, this update is referred to as
the 2008 method throughout this report. The 2008 QMED model is presented
below:

1000
OMEDR 8. B8RER°D1°1534F ARL “H510 8% (1287

This model is intended to estimate the median annual maximum flow in essentially
rural catchments only. Hence, for this stage of the study, only catchments marked
as suitable for QMED estimation and with an URBEXTwm value of 0.03 or less were
used in this recalibration. Table 1 compares the dataset of essentially rural
catchments used in this recalibration against that used in the original calibration,
showing the much greater quantity of AMAX data available now.

Table 1 Summaryofiessential ly r AMAXdatasetsc hment 0
available to Kjeldsen et al. (2008) and this study.

HiFlows-UK 1.1 NRFA Peak Flow 12.1 | Increase (%)
Number of suitable gauges 602 626 +4.0%
Shortest record length 4 6 +50.0%
Longest record length 117 136 +16.2%
Mean record length 32.7 45.3 +38.5%
Number of AMAX events 19679 28339 +44.0%
Final (water) year 2002-03 2021-22 +19 years
Gauge-pairs with shared

11062 87068 +687%
record | ength (

3.1 QMED model method

The development of the QMED model requires several intermediate steps:

1. Estimate target QMED values from gauged AMAX data,
2. Estimate sampling uncertainty in target QMED values, comprising:
a. Estimate correlation between In(QMED) and inter-catchment centroid
distance for pairs of gauges,
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b. Estimate scale parameter of at-site generalized logistic (GLO) distributions
as a function of catchment descriptors,
3. Estimate final model and model error simultaneously.

These stages are detailed in Kjeldsen et al. (2008), so this report only highlights
differences from that method i.e. anything that is not mentioned should be assumed
unchanged.

Estimate target QMED

For consistency with all of the other stages of method development, AMAX series in
this study were log-transformed before estimating target QMED, which is still the
median of the ordered series.

Estimate correlation between In(QMED) and inter-catchment centroid
distance

The QMED model accounts for inter-site correlations in QMED. To maximize the
number of station pairings, gauges in Northern Ireland were projected from the Irish
(EPSG:29903) to the British (EPSG:27700) National Grid. Given the extra 19 years
of flow data available to this study, far more gauges than before have 40+ years of
common record: the total number of gauge-pairs is now 87068, compared to 11062
previously. To better characterize the correlation between pairs of In(QMED)
values, the number of bootstrap samples for each gauge-pair was increased from
1000 to 10000.

There are some general relations between In(QMED) and centroid-centroid
distance, but any potential trend is very scattered, and the relationship is best
visualized as existing between two porous boundaries, rather than around one line
(Figure 9). This is no different than what was observed and published by Kjeldsen
et al. (2008).

The fitted double-exponential relationship between correlation in paired In(QMED)
values and catchment centroid-centroid distance, shown as a red line on Figure 9,
is:

rgig 0. 80984 1 0. 3 0el808H9!?
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Figure 9 Correlation in paired In(QMED) values by catchment centroid-
centroid distance.

The fitted values for «1, «2 and «3 are different from those in Kjeldsen et al. (2008),
but the overall relationship is broadly similar, visually. A very slightly lower

correlation between In(QMED) pairs is implied in this study compared to the 2008
model, except for catchment centroid-centroid distances between 59 and 140 km.

Esti mate scale parameter (b) of generali ze

Uncertainty in QMED is related to record length and b (the scale parameter of a
generalized logistic distribution fitted to the AMAX series). This study performed a
stepwise linear regression to identify which descriptors should be used to model b.
Based on this regression, a four-parameter model for b as a function of
In(DPLBAR), 1000/SAARPoR, IN(FARL2015) and FPEXT?® was chosen (Table 2).
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Table 2 Summary statistics for four-par amet er model of b,
sampling error of variance in In(QMED).
Variable Coefficient Standard error t-value p-value
Intercept 0.166873 0.011484 14532 | 2.14x10™4
In(DPLBAR) 710.019588 0.003417 15.733 1.54 x 108
1000/SAARpoRr 0.180575 0.008771 20.587 | 3.47x 10772
In(FARLz2015) 10.199675 0.039335 15.076 5.09 x 1077
FPEXTO> 710.328186 0.038983 718419 | 2.63x 10716

Variance of errors = 0.003629 on 621 degrees of freedom, R? = 0.4422

This model explainsover44% of the variance in b, a sig
the 28% explained by the model in Kjeldsen et al. (2008). A better representation of

b shoul d betesreptesentation ofssampling error, hence a better

calibration of the In(QMED) model.

Estimate final model and model error simultaneously

This study used the same negative log-likelihood function as Kjeldsen et al. (2008):

1
| by == oediG +

5 y XdTGijG "y Xd

NI -

The optimized model fit was found when T In(Lx) was minimized.

3.2 Choice of descriptors for In(QMED) model

The 2008 QMED model recalibration uses four descriptors, three of which have
since been updated: IN(AREA), 1000/SAAR, In(FARL) and BFIHOST?. Given the
very high R? values achieved in the original model, it is unlikely that any other four
descriptors could explain much more variance in In(QMED) than these, or their
updated versions. A stepwise linear regression was performed to verify that there
were no better descriptors.

The best four-descriptor model for In(QMED) was found to include In(AREA),
1000/SAARpoR, FARL2015 and BFIHOST1escaLen?: updated versions of the same

four descriptors currently in use, using the same transformations in three cases.

After further study, it was decided to use a natural logarithm transformation for

FARL2015. This choice reduced model R? by 0.0001, but massively improved the p-
valueofthemodel 6s intercept coef fx1071t@l®t, and r om
maintained the model structure developed by Kjeldsen et al. (2008).
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3.3 Results

Table 3 presents summary statistics for the recalibrated In(QMED) model. The
mo d efbetasd R? are 1.4307 and 0.948 respectively. Kjeldsen et al. (2008)
reported an fse and R? of 1.4313 and 0.945 for their In(QMED) model. This
indicates that the recalibrated model explains slightly more variance in In(QMED),
with a slightly smaller model structural error.

Table 3 Summary statistics for recalibrated In(QMED) model.
Variable Coefficient Standard error t-value p-value
Intercept 1.920553 0.100058 | 19.194 | 8.07 x 10765
IN(AREA) 0.849896 0.011080 | 76.708 | 5.84 x 107319
1000/SAARpoRr 11.725942 0.089253 | 119.338 | 1.43 x 10765
In(FARL2015) 3.044989 0.243965 | 12.481 | 4.66 x 10732
BFIHOST19scaLED? 13.438080 0.118887 | 128.919 | 3.96 x 10'117
ﬂﬁ =0.1283 df = 621 R2=0.9483 T 21ILn (=937 3
1000

A b 2
QMEDR 6. BRE®R ®0°°1 B8BR:F ARy o5 0500 872 {1288%aLép
rqiF 0. dB8PEF 1 0. 4810446850

To emphasize that both the 2025 and 2008 QMED equations should never be used
without donor transfer, no comparisons between the 2025 and 2008 QMED
methods are presented until Section 4, on donor transfer.

3.4  Sensitivity study

I n order to identify possible fAoutlierd ca
recalibration, a sensitivity study was performed with 100 alternative calibration
datasets, each excluding 125 catchments (20% of the total), selected at random.

Figure 10 presents the optimized coefficients and R? for the 100 models calibrated
to 20%-reduced subsets of the full calibration dataset. For all coefficients, the mean
of optimized values is more than 20 times the standard deviation. The stability and
small range of the fitted values suggests that no catchment influences the model
parameter fitting much more than any other.
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Figure 10  Optimized coefficients and R? for In(QMED) model when 125
catchments are randomly excluded, 100 times. Vertical red lines
show values when no catchments are excluded.
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Donor transfer

Donor transfer is a part of the FEH statistical methodology that is intended to
improve the modelled estimate of QMED by transferring information about the
model error from suitable donors. Because it is only the information on the residuals
that is used, not information on hydrological processes, there is no requirement for
a donor catchment to be hydrologically similar in any way to the catchment of
interest. Vesuviano et al. (2024) show no relationship between model error and
catchment descriptors, while Kjeldsen & Jones (2007) and Kjeldsen et al. (2008)
demonstrated, on two separate datasets, with two separate In(QMED) models, that
selecting donors based on similarity in catchment descriptors (IN(AREA), In(SAAR)
and BFIHOST) actually worsens QMED estimates.

Some important notes on donor transfer are presented below:

1 The In(QMED) model before donor transfer explains 94.8% of the variance in
In(QMED), so the most variance that any donor transfer procedure can explain
IS 5.2%.

1 The structure of the donor transfer equation means that it is necessary to

identify a catchment with a similar
QMEDO + fAmodel erroro 1 fAsi mil| @WEDmlosd e
small er model erroro.

1 Model error is not related to any of the catchment descriptors in the In(QMED)
model (Figure 11). If it were, we would not expect the regression lines in Figure
11 to be horizontal.

1 Consequently, it is impossible to estimate the sign or magnitude of model error
for any particular catchment from the properties of that catchment.

1 However, model error is correlated with catchment centroid-centroid distance
(shown as spatial clustering on Figure 12, and on pages 7-10 of Environment
Agency, 2017), so donor transfer based on centroid-centroid distance will on
average reduce model error, with the caveat from the first bullet point that the
model already explains 94.8% of the variance in In(QMED), so it is impossible
for any donor transfer procedure to explain more than an additional 5.2% of the
variance in In(QMED).

1 Appropriate use of donor transfer requires that the model errors at donor
stations are fias expectedo, so if th
describe the catchment, the model error will not be as expected. This is distinct
from rejecting donor catchments because of differences between the donor and
target catchments, but does mean that it may be acceptable to reject a donor
catchment if its catchment descriptors do not describe the catchment accurately.

The relationship between model error correlation and centroid-centroid distance is
shown in Figure 13. It is very similar to Kjeldsen et al. (2008) for distances of a few
kilometres, then slightly weaker for greater distances.
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Figure 12  Spatial variation of recalibrated 2025 In(QMED) model error
across UK, before (a) and after (b) donor transfer, on 626
calibration catchments.

Figure 12 (a) clearly shows spatial clusters of same-sign model errors that do not
follow any obvious catchment descriptor (e.g. both north Wales and Cumbria are
wet, but one has a cluster of positive model errors and the other a cluster of
negative model errors). Using distance to select donors typically results in the
selection of donors with the same sign of error as the catchment of interest, leading
to a reduction in absolute model error and spatial clustering after donor transfer
(Figure 12(b)).
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Figure 13  Model error correlation vs. catchment centroid-centroid distance,
found by Kjeldsen et al. (2008) and in this study.

In practice, use of multiple donors is strongly recommended, since it is possible for
the closest single donor to have the opposite sign of error to the catchment of
interest, but this is much less likely to be the case for the majority of a group of
nearby donor catchments.

In order to investigate the optimal number of stations to use in donor transfer,
multiple donor transfer is conducted according to the procedure in Kjeldsen et al.
(2014), summarized below for one catchment with n donors:

1 Calculate centroid-centroid distance between the catchment of interest and all
gauged catchments (excluding the catchment of interest if it is gauged),

9 Sort the gauged catchments by centroid-centroid distance and keep the closest
n catchments,

1 Calculate the model error variance vector b between the gauged catchment and

n donors,
7 Calculate the model error covariance matrix q between each pair of donors,
| Calculate the optimal weight for each donor: U  ="lbg
UK Centre for
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T Calculate the weighted adjustment: BL ;U | @ ME Bauged @MER ¢,

1 Add the weighted adjustment to the catchment-descriptor value of In(QMED) for
the catchment of interest to obtain the donor-transfer value of In(QMED).

Model error correlation between catchments i and |, rq,j, is calculated using the
equation below, derived from calibration of the In(QMED) model:

(i 0.d8 LA 1 0. 481044850

where dj is the distance between two catchment centroids i either the gauged
catchment and a donor, or a donor and another donor. In the case that there is only
one donor, q takes the value of 1. Catchments in Northern Ireland were allowed to
take donors from Great Britain, and vice versa, as centroid co-ordinates of gauges
in Northern Ireland were transformed from the Irish National Grid (EPSG:29903) to
the British National Grid (EPSG:27700).

Figure 14 plots the variation of fse and R? for the In(QMED) model as n, the number
of donors, was increased from zero to twenty. This shows a clear improvement in
model performance as the number of donors was increased to eight, followed by a
plateau, then slight decrease as the number of donors was increased further. The
maximum R? achieved is 0.9598, hence only 4% of variation in In(QMED) is still
unexplained after donor transfer, down from 5.2% before donor transfer.
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Figure 14  Variation in sample fse and R? of In(QMED) model as number of
donors is increased from zero to twenty.
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Figure 15 QMED after donor transfer, estimated by the 2008 method and
the method developed in this study (2025), for 626 essentially
rural catchments.

Figure 15 plots QMED after donor transfer, as estimated by the 2008 method (with
Kjeldsenetal6 s 2014 moaddtHe metteod developed here. For the vast

majority of catchments, the change in QMED is much less than the uncertainty in

either method. Figure 16 plots 2008 QMED, recalibrated (2025) QMED, and the

percentage change from 2008 QMED to 2025 QMED spatially. While there seems

to be a spatial pattern in (the usually small) changes to modelled QMED, the fact

that the recalibrated model s er rQVEB) are
(see Figure 12) suggests that the 2008 equation is systematically in error with

respect to the considerably newer gauged estimates of In(QMED) that were used to

calibrate the 2025 model.
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Figure 16
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2008 QMED (a), recalibrated 2025 QMED (b), and change from
2008 to 2025 QMED, after donor transfer (626 essentially rural
catchments).
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Catchment descriptors for catchments where 2025 QMED after

donor transfer is more than 125% (blue triangles) or less than
75% (red triangles) of 2008 QMED estimate after donor transfer),

for 626 essentially rural catchments.

There are 10 stations where the 2025 estimate of QMED is more than 125% of the
2008 QMED estimate, and 4 stations where the 2025 estimate of QMED is less
than 75% of the 2008 QMED estimate. Figure 17 compares relevant catchment
descriptors for these 14 catchments, showing that decreases in QMED can be due
to decreases in FARL whereas increases in QMED can often be attributed to
decreases in BFIHOST. There are two catchments with little change in SAAR,
FARL or BFIHOST, but a 25% reduction in QMED. In both cases, the reduction
derives from donor transfer and the 2025 estimate is closer to the gauged estimate.
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When using donor adjustment, centroid-centroid proximity should be the primary
metric used, but local knowledge of record quality and length (and mitigating factors
such as influential reservoirs) may strongly suggest using other stations. This is
valuable secondary information to be made use of when reviewing donor groups.

Ungauged catchments

The study dataset of 1563 ungauged catchments contains 1267 catchments with
both URBEXT2000 and URBEXT2015 less than 0.03. Of these, there are 116 stations
where the 2025 estimate of QMED is more than 125% of the 2008 QMED estimate,
and 15 stations where the 2025 estimate of QMED is less than 75% of the 2008
QMED estimate.

Figure 18 and Figure 19 are equivalent to Figure 16 and Figure 17 for these 1267
catchments. As these catchments are ungauged, it is not possible to show the
effect of model error clustering before and after donor transfer. Figure 19 shows
that increased ungauged QMED estimates can result from an increase in rainfall
(SAAR9120 greater than SAAR), decrease in flow attenuation (FARL2015 greater
than FARL) or decrease in baseflow index (BFIHOST19scaLep less

than BFIHOST19), but that reduced ungauged QMED estimates only consistently
result from increased flow attenuation (FARLz015 less than FARL). Urbanization has
little effect in this dataset, as all catchments are essentially rural.
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Catchment descriptors for catchments where QMED after donor

transfer is more than 125% (blue triangles) or less than 75% (red
triangles) of 2008 QMED estimate after donor transfer), for 626
essentially rural catchments.

Figure 19 shows differences due to changes in catchment descriptors in ungauged
catchments. As for the gauged locations, the biggest differences are due to
differences in FARL vs FARL2015, and BFIHOST19 vs BFIHOST19scaLep, both of

which may result from the inclusion of new reservoirs or better descriptions of

existing ones. These catchments with large changes are also very small

catchments (< 25 km?).
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5. Urbanization (QMED)

The 2008 QMED equation is only intended to estimate the median annual
maximum flow in essentially rural catchments (URBEXT2000 < 0.03). An urban
adjustment factor (UAF) is used to adjust these estimates upwards in urbanized
catchments, in proportion to URBEXT2000 and BFIHOST19 value. The UAF was
calibrated on 200 catchments, separately from the In(QMED) model, a couple of
years later (Kjeldsen, 2010). Table 1 compares the subset of rural catchments used
by Kjeldsen (2010) to calibrate the 2008 method against what is available for this
study.

Table 4 SummaryofAiur bani zed ANMAXdateneets available to
Kjeldsen et al. (2008) and this study*.

HiFlows-UK 1.1 NRFA Peak Flow 12.1 | Increase (%)
Number of suitable gauges 206 258 +25.2%
Shortest record length 3 6 +100%
Longest record length 120 139 +15.8%
Mean record length 35.9 49.0 +36.3%
Number of AMAX events 7401 12636 +70.7%
Final (water) year 2002-03 2021-22 +19 years

*Including six (HiFlows-UK 1.1) and four (NRFA Peak Flow 12.1) catchments that were excluded
from most later stages of each study.

This study used LCM2015 (Rowland et al., 2017) to derive URBEXT2o01s, to describe
catchment wurbanization. This also all owed
Asubur bano | an dFigure 20scompargs ACMAURBy (LEM2015

Aurbano | and use fr garntodf henAMAXrecart wsidg UEB, t he
the urban expansion factor) and LCMSUBu( t he same f or ndAsfarbur ba
the 884 catchments (626 essentially rural plus 258 urbanized catchments) in the full

study dataset. As expected, LCMURBW is less than LCMSUBW in the vast majority

of catchments; two of the four exceptions are on the River Tame and encompass

greater Birmingham, while the other two are essentially rural (urban and suburban

each less than 1%).
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Figure 20 Comparison of LCMURBwm and LCMSUBw for 884 catchments.

Recalibration of urbanization adjustment factor (UAF)

The UAF (Robson & Reed, 1999; Kjeldsen, 2010) extends the applicability of the
In(QMED) model to urbanized catchments. Its general form is of a multiplying factor
applied to the (rural) QMED estimate, itself composed of two terms. This is
presented below in its WINFAP 5.2 form (Wallingford HydroSolutions, 2022):

PR mp 1
366. 666 HQST

QMED, , #QMEPD, 4 #WERBAN 21 I+HRBAN,

In the above equation, IF.URBAN is typically equivalent to 0.4701URBEXT2000 and
PRivp is typically 70. A recalibration of all numeric (not variable) constants in this
equation was performed as part of this study.

The first part of the recalibration was to determine the relationship between

SPRHOST and BFIHOST19scaLep Via linear regression, as this forms the part of the
equation in the fractionu n d €Rwp@. Thi s r e g D6éecatchinents (884s e d
catchments suitable for QMED estimation plus a further 22 in the NRFA Peak Flow
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dataset version 12.1 marked as unsuitable for QMED estimation, but with no
reason to question the SPRHOST and BFIHOST19scacep values.

The second part of the recalibration was to fit the two exponents in the equation,

through linear regression of IN(QMEDuran) T IN(QMEDura)) against the two

bracketed terms. For this part of the study, the 258 catchments marked as suitable

for QMED estimation and with URBEXTvO 0. 03 were used, exclu
in Figure 21, where QMEDra Was at least three times bigger than QMEDurban. The

quantity of 254 suitable catchments compares favourably to the 115 used by

Robson & Reed (1999) and 200 used by Kjeldsen (2010). QMEDuman Was taken as

the gauged value of QMED at each gauge, while QMED:yra Was estimated from the
recalibrated In(QMED) model.

Figure 21  Urban adjustment factor (UAF) vs. URBEXTwm for 254 urbanized
catchments. Red circled catchments excluded from UAF model
recalibration.

The final fitted linear regression between QMEDurban / QMEDrura and the two

urbanization terms is given in Table 5. AFirst termd and fAsecon
of the top-level bracketed terms and their position in the equation. This regression

has an R? of 0.3601, effectively equal to the 0.36 explained by Kjeldsen et al.6 s

(2008) equation. Wallingford HydroSolutions has not published an R? for the

equation used in WINFAP 5.2, but it would not be comparable as that equation was
calibrated only to catchments with URBEXT2000 00.15.
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