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ABSTRACT
Seasonal river flow forecasting methods are currently being developed for country-wide applica-
tion in the United Kingdom, using several different techniques. In this paper, methods based on
persistence and historical flow analogues are presented. New 1- and 3-month forecasts are made
each month using monthly river flows at 93 stations with records at least 30 years long. The
method that performs best is selected for each separate month, catchment and forecast duration.
The forecasts based on persistence of the previous month’s flow generally outperform the
analogues approach, particularly for slowly responding catchments (mainly in the southeast)
with large underground water storage in aquifers. Historical analogues make a useful contribu-
tion to the forecasts in the northwest of the country. Correlations between hindcasts and
observations that exceed 0.23 and are significant at the 5% level for a one-sided test are found
for 81% (70%) of the station–month combinations for the 1-month (3-month) forecast.
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1 Introduction

Predictions of water availability on a seasonal time
scale are useful for managers and planners involved
in a range of activities, such as agriculture, water sup-
ply and reservoir management. In the United Kingdom
(UK), the development of seasonal river flow forecast-
ing methods has previously been limited to either a few
catchments, and/or covered mainly the summer season
(e.g. Wilby 2001, Wedgbrow et al. 2002, 2005, Wilby
et al. 2004, Svensson and Prudhomme 2005). These
methods are all based on empirical relationships
between hydrological indicators and climate indices in
the preceding months, and are therefore not easily
transferrable to other locations and seasons.

The recent long-lasting drought (2010–2012) and its
spectacular termination leading to major flooding (e.g.
Marsh et al. 2013) have prompted a renewed interest in
seasonal hydrological forecasting in the UK. A range of
methods for application year-round and nationwide is
currently being developed jointly by the Centre for
Ecology & Hydrology (CEH), the British Geological
Survey, the UK Met Office and the UK environment
agencies (Hydrological Outlook UK, http://www.hydou
tuk.net/). These methods include river flow and
groundwater modelling approaches using either seaso-
nal rainfall forecasts or historical rainfall series as
input. Akin to the previously developed empirical

methods, regression-based models for river flow fore-
casting using large-scale forcings, such as sea surface
temperatures and airflow indices, as predictors are also
under development. However, this is a longer-term
effort because new teleconnection patterns need to be
identified for the different regions of the UK, and for
all seasons.

As alternatives that are more straightforward to
implement in the short-term, the present paper outlines
approaches to flow forecasting based on flow persistence
and historical flow analogues. The underlying assump-
tion for the latter is that sequences of river flow in the
historical record that are similar to the recent past will
provide valuable information on what flows will occur
in the near future. River flow can be seen as an aggrega-
tion of the rain falling onto the catchment and the
evaporative losses from it, plus the change in storage.
Over a succession of months, the rainfall and potential
evaporation will depend on the state and evolution of
large-scale atmospheric circulation patterns. The river
flow response will depend also on the state and char-
acteristics of the catchment (e.g. Sivapalan et al. 2005),
and if no rain falls the rate of flow recession may be
reasonably well-known. The underlying assumption for
using analogues as a forecast method is that there are
particular “trajectories” that the hydro-climatic system
may follow, which may repeat themselves.
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van den Dool (2007) provides a comprehensive dis-
cussion of the use of historical analogues for climate
prediction. He concludes that although using a single
“natural” analogue may have limited applicability,
“constructed” analogues have been shown to be useful
for forecasting. Here, a constructed analogue means an
analogue derived based on the combination of a range
of historical sequences rather than on a single
sequence. In hydrology, Yao and Georgakakos (2001)
selected several sequences from a historical record of
inflows to a reservoir on the American River,
California, and used the flows following the analogues
as possible future realisations on which to base prob-
abilistic multi-lead forecasts. Koutsoyiannis et al.
(2008) formed the mean of the flow sequences follow-
ing the selected historical analogues, and used this as a
prediction of Nile River flows 1 month ahead. For the
United States, van den Dool et al. (2003) made linear
combinations of spatial fields of soil moisture at the
same time of year in years past, to reproduce the initial
condition at the end of the current month to within a
small tolerance. The coefficients assigned to the years
past were then made to persist, and the subsequent
development in the historical years was linearly com-
bined to form a forecast.

In the present study, two types of analogue forecast
are used to predict mean river flows 1 and 3 months
ahead. The forecasts are made each month of the year,
at 93 individual river flow stations across the UK.
First, for each (transformed) monthly flow series, the
most similar analogues in the historical record com-
pared with the flows observed in the most recent 6 or
9 months are found based on the root mean square
error (RMSE). There is one potential analogue per
year, as the season of each analogue is kept the same
as the season of the recent past. A weighted mean
forecast is then made by using the RMSEs to construct
weights, which are applied to the flow sequences fol-
lowing the historical analogues. Second, a shifted
weighted mean forecast is derived by increasing or
decreasing the weighted mean forecast, so that the
weighted mean flows in the last month of the historical
analogues equals the flow in the last month of the
recent past.

The slowly changing river flows in catchments with
large groundwater stores means that simple persistence
forecasts based on the last month’s observed river flow
anomaly can be very successful. The use of anomalies
allows the forecast to follow the seasonal cycle, rather
than persisting a fixed flow value. Persistence forecasts
are made together with the two historical analogues
approaches, and the forecast method that performs
best for each catchment and month is used.

2 Data and catchment selection

Daily mean river flow data from the National River
Flow Archive were used. The selection of river flow
stations was restricted by the requirement that they
should be included in the National Hydrological
Monitoring Programme (NHMP, http://www.ceh.ac.
uk/data/nrfa/nhmp/nhmp.html), which means that
CEH receives monthly updates for them (e.g. Dixon
et al. 2013). This is necessary for obtaining the most
recent months’ data up to the point of the start of the
forecast, which is the time period used for comparison
with the historical data and finding the analogues. Data
are currently delivered by the 5th working day of the
month (this is expected to soon become even earlier),
and a brief quality check is carried out and any queries
sent back to the provider. The stations in the NHMP
programme have a generally good data quality. In total
93 stations in the UK were selected, all of which have at
least 30 years of observations to 30 June 2013. The two
earliest records commence in 1883. The bulk of the
records start in the early 1960s, which is reflected in the
median record length of 50.7 years and the mean of
51.8 years. The mean record length is reduced to
51.5 years when missing data are removed.

The flows in the selected catchments are not unduly
influenced by reservoirs and lakes, having a value of
Flood Attenuation of Reservoirs and Lakes
(FARL) ≥ 0.9 (see Marsh and Hannaford (2008)).
However, four stations were included in the study
despite them not fulfilling this criterion: the Tay at
Ballathie because it is the largest river in the country
in terms of flow magnitude, and three stations in
northwest Scotland (The Carron at New Kelso, the
Ewe at Poolewe and the Naver at Apigill) to improve
the spatial coverage. Considerable proportions of these
latter three catchments drain through lakes, but the
flow regimes are otherwise nearly natural (i.e. largely
unaffected by abstractions, hydro-power schemes, etc.).
Two stations fulfilling the above criterion were
omitted: the Dee at Manley Hall because it has a
maintained low flow, and the Usk at Trostrey Weir
because it gauges low flows only. Naturalised flows
are available and used for two of the stations: the
Thames at Kingston and the Lee at Feildes Weir. The
naturalised flow is the gauged river flow adjusted to
take account of net abstractions and discharges
upstream of the gauging station. Although these two
catchments are the most affected, many of the other
catchments are also subject to varying degrees of
human influence. However, 31 of the catchments are
part of the so called benchmark network (Bradford and
Marsh 2003) and are relatively undisturbed.
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3 Methods

Calculation of mean monthly flow anomalies

Monthly mean river flows were calculated for each sta-
tion. The monthly means were calculated from daily
mean flows, and data was set to missing for a month if
there were fewer than 25 valid daily observations avail-
able. A log-transform was then carried out on the
monthly mean flows. This makes the distribution of the
flows more similar to a normal distribution, and when
assessing the similarity of the analogues to the recent
past, the very highest river flows become less outstanding.

Because river flow has a clear seasonal cycle both in
the monthly mean and in the standard deviation, stan-
dardised river flow anomalies were used for the analy-
sis and were calculated as follows. For each of the 12
calendar months, mon, the climatological mean flow,
mi, mon, and standard deviation, si, mon, were calculated
for each station, i, from the log-transformed monthly
mean flows, qi, t. A series of standardised monthly
anomalies, ai, t, were then calculated as

ai; t ¼ qi; t �mi;mon

si;mon
(1)

Here, t denotes the serial number of the month, start-
ing from January 1883, and mon refers to the calendar
month that t pertains to.

Forecast methods

Forecasts can be made once all the data observations for
the latest month, the “end-month”, have been received.
Every month, three types of seasonal river flow forecasts
are made: persistence of the previous month’s flow, and
two types of historical analogue forecasts. Forecasts are
made for the mean flow in the coming 1 and 3 months.
For each catchment, “end-month” and forecast dura-
tion, the method that has performed best in the past is
chosen. The methods are described in detail below, and
a summary flowchart is provided in Fig. 1.

Persistence forecast

The persistence forecast uses the standardised anomaly
from the most recent month with observations, and
uses this anomaly as the forecast for the next 1 or
3 months. Hence, the seasonal cycle in the flows is
preserved in the forecast.

Weighted mean analogue forecast

For the weighted mean analogue forecast, the monthly
anomalies of the most recently past months are

compared with all possible historical sequences of
anomalies covering the same months of the year.
That is, if the recent past covers, say, the months
February to July, then potential analogues are sought
only in the February to July sequences of the historical
record. This means that there is one potential analogue
available per year. From this annual series of potential
analogues, the Nana historical analogues most similar to
the recent past are selected, based on the root mean
square error (RMSE). The inverse of these RMSEs are
then used to weight the flow anomalies in the months
following the analogues, to form a weighted mean
analogue forecast.

The RMSE is calculated for each potential analogue
in the observed record, as

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Dana

XDana

k¼1

apðkÞ � arðkÞ
� �2

vuut (2)

where ap(k) is the flow anomaly for each month k in
the potential analogue of duration Dana, and ar(k) is the
corresponding flow anomaly in the recent past. When
there is missing data in an analogue, or in the period
following it that would be required for a forecast, that
analogue is not included in the analysis.

The RMSEs for the selected Nana analogues are used
to calculate the weight, w, for each analogue, as

wðbÞ ¼ 1
RMSEðbÞ =

XNana

b¼1

1
RMSEðbÞ (3)

where b = 1, . . ., Nana is the rank of the ordered RMSEs
(the potential analogue ap(b) with the smallest RMSE
has rank b = 1). The weighted mean forecast anomalies,
af(m), for each month m = 1, . . ., Df in the forecast
duration, Df, form the last part of the constructed
analogue, ac , and are calculated as

af ðmÞ ¼ acðDana þmÞ

¼
XNana

b�1

wðbÞ ap;bðDana þmÞ (4)

where ap,b is the vector of flow anomalies for the
potential analogue with rank b.

When the forecast period, Df, is longer than a
month, the forecast anomalies are averaged over all
the months in the forecast duration.

Because of the averaging over the number of
analogues, and over the months in the 3-month fore-
cast, the variance of the forecast flow anomaly will no
longer be 1, it will be smaller. This means that a
forecast will tend to be neither particularly high, nor
particularly low, but rather middling (and therefore
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seemingly uninformative). This does not matter when
assessing forecast performance using contingency
tables or the correlation between hindcasts and obser-
vations, since in these cases the co-variation of the two
series is the only consideration. However, it does mat-
ter for a forecast in absolute terms, when converting
the forecast anomaly back to river flows (m3/s). If the
anomalies have mean = 0 and standard deviation = 1,
then the river flows can be obtained by reversing the
standardisation of equation (1). Therefore, the variance
of the forecast anomaly is re-inflated by re-standardis-
ing the anomalies to obtain mean = 0 and standard
deviation = 1. This is done by subtracting the mean
and dividing by the standard deviation of the record of
hindcasts for the appropriate station and time of year.
See the section on Jack-knife validation for further
details on the hindcasts. The subtraction of the mean
counteracts any bias that may result from the forecast
method.

Shifted weighted mean analogue forecast

When, say, the river flow in the most recent month has
been unusually or even unprecedentedly high, the

selected analogues may fail to reflect the extremeness
of the prevailing flow situation. In slowly responding
catchments flows will take time to recede and the
weighted mean analogue forecast is likely to be too
low. In an attempt to take this discrepancy into
account, a shifted weighted mean analogue forecast is
carried out. That is, the weighted mean analogue fore-
cast, before its re-standardisation, is shifted up or
down. The magnitude and direction of the shift, Δa,
depends on the flow anomaly in the last month of the
constructed analogue, ac(Dana), which is moved so that
it equals the observed flow anomaly in the most recent
month, ar(Dana):

Δa ¼ arðDanaÞ � acðDanaÞ (5)

Although this shift means that the variance does not
shrink as much as for the non-shifted forecast, it still
needs re-standardising using the hindcasts to obtain a
mean = 0 and standard deviation = 1. This is necessary
for a correct conversion from anomalies back to flows
(in m3/s).

Figure 2 shows an example of flow anomalies for
all three types of forecasts, for July to September
2013 at the Spey at Boat o Brig in northeast

Use the flow anomaly in the most
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Figure 1. Flowchart summary of the forecasting methodology.
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Scotland. The blue dashed line shows the weighted
mean forecast based on the five analogues. The fore-
cast anomaly is different for each month, as this plot
shows intermediate results before the forecast is
averaged across the months in the forecast period.
The red dashed line shows the same forecast after the
re-standardisation based on the hindcasts. The blue
dotted line shows the shifted weighted mean forecast,
and is shifted downwards from the blue dashed line,
reflecting the difference between the observed flow
and the weighted mean of the analogues in June. The
red dotted line shows the shifted weighted mean
forecast after it has been re-standardised based on
the hindcasts. The dash-dotted red line shows the
persistence forecast.

Jack-knife validation

For each calendar month, the forecast method that
has shown the best performance for that “end-
month” in the past is selected for making the
monthly forecast. Performance is based on “jack-
knife” hindcasts for the period of observations avail-
able at each station (30–130 years). This involves
dropping 1 year at a time from the record, and
forecasting the flow anomalies in this missing year
using the remaining years in the record. In this way,
a hindcast will be made for each year which can be
compared with the flow anomaly that was actually
observed in that year. For each method, the correla-
tion between its hindcast record and the observed
record is calculated for each calendar month, and is
used as a measure of its performance. Contingency
tables of the same anomaly series are also used for
assessing the methods.

Re-standardisation of the forecasts using the
hindcast series

The mean and standard deviation from the hindcast series
are used to rescale the analogue forecast anomaly to have
mean = 0 and standard deviation = 1 before it is converted
back to flow (in m3/s). This brings about the question of
whether or not to also re-standardise the persistence fore-
cast. This should be done for consistency, to ensure that
the forecast anomaly comes from a distribution with
mean = 0 and standard deviation = 1, before converting
it back to flows. Appendix 1 shows a worked example that
illustrates the effects of the re-standardisation.

Individual stations versus regional analysis

Initially, the analysis was carried out for a range of clusters
(up to five) of stations, rather than for individual stations.
This was done because of a wish to obtain longer series by
averaging the flows regionally, and to reduce noise in the
forecasts. The clustering was based on the monthly flow
anomalies. K-means and complete linkage methods both
first divide the country into a hilly, windward region
comprising catchments in the north and west, and a
more sheltered lowland region in the south and east.
When three clusters were used, the very slowly respond-
ing catchments, predominantly on the Chalk outcrop,
were separated out from the southeast region. However,
regardless of the number of clusters used, persistence was
the predominant forecast method for most regions and
months of the year. It therefore seemed sensible to make
use of the local flow observations for the persistence
forecasts by using individual stations rather than regional
flows based on clusters of stations. (Similar to the results
for using individual stations, forecasts for the northern
and western regions were often not successful).

Figure 2. River flow forecasts (anomalies) for July to September 2013 for the Spey at Boat o Brig (hydrometric station number
8006), before averaging across the 3 months in the forecast period. The final forecasts are shown in red: weighted mean analogue
(dashed line), shifted weighted mean analogue (dotted line) and persistence (dash-dotted line). Un-standardised forecasts for the
analogues approaches are shown in blue. The five analogues (solid black lines) are shown with different line thickness depending
on similarity to the recently observed flow (solid red line).
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4 Results

Optimum number of analogues and analogue
duration

The analogue forecasts can be made using different
numbers of analogues of different durations. The per-
formance of the various options (2, 3, 5, 7 and 9
analogues, and durations of 3, 6, 9 and 12 months)
was assessed based on the correlations between the
hindcast anomalies and the observed anomalies for all
the stations and “end-months”.

The number of station-month combinations with
(Pearson) correlations ≥0.23, that was significant at the
5% level for a one-sided test, was counted. The threshold
0.23 is the correlation for which a 51-year long series (a
typical record length) is significant at the 5% level.
Because the significance level has to be met, shorter
records need to have a higher correlation in order to be
counted. A one-sided test is applied because we are only
interested in positive correlations. For these, the one-
sided test with a 5% significance level rejects the null
hypothesis of the correlation being smaller than 0 for
the same station-months as a two-sided test would reject
the null hypothesis of the correlation being equal to 0 at a
10% significance level.

To assess the performance of the different numbers
of analogues and analogue durations, the number of
significant forecasts was counted for each combination
of number and duration. The counts vary from 896 to
911 for the 1-month forecasts and from 762 to 780 for
the 3-month forecasts, when applying the counts to the
forecast system as a whole (i.e. choosing the best method

for each of the 12 “end-months” and 93 stations). This
allows the analogues to be optimised for the catchments
where they are actually used, rather than optimising
them also for catchments where the persistence method
performs better. Overall, the counts show that the ana-
logue durations that result in the largest number of
usable forecasts are the 6-month analogue for the 1-
month forecast, and the 9-month analogue for the 3-
month forecast. However, the number of analogues to
use is less clear, and a pragmatic choice of using five
analogues for both forecast durations was selected. Five
analogues comprise 10% of all possible analogues for a
typical 51-year long series.

Numbers and types of usable forecasts

As discussed above, a forecast is considered to be usable if
the correlation between the series of hindcast anomalies
and observed anomalies exceeds 0.23 and is significant at
the 5% level. When considering persistence forecasts
only, usable forecasts can be made for 78% and 66% of
station-month combinations for the 1- and 3-month
forecast durations, respectively. The corresponding fig-
ures when using the best of the two historical analogue
approaches are 70% and 59%. The ratios of usable fore-
casts for each method separately, for each forecast dura-
tion and time of year are shown in Figs 3 and 4. It can be
seen that all methods generally perform better in the
summer than in the winter.

When selecting the best option from all three
approaches, usable forecasts can be made for 81% and
70% of station–month combinations for the 1-month
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Figure 3. Ratio of usable forecasts for each forecast method and time of year, for the 1-month forecast duration. The time of year
denotes the last month of observations, i.e. the bars for January show the ratios for the February forecasts.
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and 3-month forecasts, respectively. The bulk of these
are persistence forecasts. The historical analogues make
up roughly the same number for the 1- and 3-month
durations (about 13%), whereas the success rate of the
persistence forecasts drops for the longer duration. Out
of the number of usable forecasts only, historical ana-
logue forecasts therefore make up 16% and 19% for the
1-month and 3-month duration, respectively.

Forecasts that are too uncertain to be made use of are
mainly for locations in northwest Britain and inNorthern
Ireland (Figs 5 and 6). The 3-month forecasts are poor for
manymonths of the year in these areas. The best forecasts
are for the slowly responding permeable catchments
draining the aquifer outcrop areas in the south and east
of Britain, largely with correlations exceeding 0.5. The
very best correlations are for the Chalk outcrops, where
correlations reach 0.9 and above for several catchments.
The highest correlations are 0.98 and 0.96 for the 1-and 3-
month forecasts, respectively. The bulk of the forecasts
for the groundwater-fed southeastern catchments are
persistence forecasts. The historical analogues make use-
ful contributions to the few usable forecasts in the north
and west, particularly in autumn and winter.

Negative persistence

There seems to exist a weak to moderately strong
negative relationship (correlation ≤ −0.23) between
flow in February and flow in the following 3 months,
for a dozen catchments in the mountainous north and

west (marked with green dots in Fig. 7). Two such
negative correlations also occur between flow in
March and in the following 3 months, and for two
catchments in west Scotland for flow in June and
flows in the next 3 months. The spring-time correla-
tions may be related to snow-melt, and the summer-
time ones to problems with low flow measurements.
In winter, precipitation may fall as snow which
remains on the ground for some considerable time
rather than produce an immediate runoff response.
Come spring the accumulated snow will melt, result-
ing in a negative correlation between the suppressed
winter flows and the subsequent high spring flows.
Negative correlations do not occur for the 1-month
forecast duration, except for one of the west Scotland
catchments, between flow in June and July. These
negative relationships have not been used for forecast-
ing, because the reasons behind them have not been
fully explored. However, the bottom left panel of
Fig. 8 shows an example of spring-time high river
flows in the Dee at Woodend (the northernmost
green dot on the left panel of Fig. 7), which drains
the Cairngorm Mountains in northeast Scotland. This
is a catchment known to be strongly influenced by
patterns of snow accumulation and melt (e.g. Baggaley
et al. 2009). The high flow in Fig. 8 was associated
with observed April precipitation exceeding the clima-
tological average at Braemar in the upper reaches of
the Dee catchment (64.0 and 54.3 mm/month, respec-
tively). However, it followed a colder than average
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Figure 4. Ratio of usable forecasts for each forecast method and time of year, for the 3-month forecast duration. The time of year
denotes the last month of observations, i.e. the bars for January show the ratios for the February–April forecasts.
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winter and early spring with average daily maximum
temperatures only a few degrees above zero (http://
www.metoffice.gov.uk/public/weather/climate-historic/
#?tab=climateHistoric), which indicate that snow is
also likely to have played a part.

Illustrative examples

Figure 8 shows river flow forecasts as monthly time series
plots for a selection of catchments. The panels on the left

show forecasts based on analogue methods, and in both
cases the forecasts are near the lower envelope of the
analogues. For the Spey (Fig. 8, top left) in northeast
Scotland (yellow dot in Fig. 6 July–September forecast),
the downward adjustment is due to the re-standardisa-
tion using the hindcasts, as the original weighted forecast
lies just above the middle analogue (see Fig. 2). The
bottom left panel of Fig. 8 shows the shifted weighted
mean forecasts for the Dee, also located in northeast
Scotland (the northernmost green dot in the left panel

Figure 5. One-month mean river flow forecasts for all months of the year. Different forecast methods are used for each individual
location and are shown using different marker colours: orange denotes the weighted mean analogue forecast, red denotes the
shifted weighted mean analogue forecast, and blue denotes the persistence forecast. The correlation between hindcasts and
observations are shown by the size of the marker. Principal aquifer outcrops are shown using grey shading.
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of Fig. 7). Here, the downward adjustment is due mainly
to the shift aligning the forecast to the most recent flow
observation, with the re-standardisationmaking a smaller
contribution. The panels on the right in Fig. 8 show
persistence forecasts, although the individual historical
analogues are shown as well. There is not necessarily
much difference in performance between the persistence
forecast and the historical analogues for these examples of
large (the Trent in central England, top right panel) or
permeable (the Itchen in southern England, bottom right
panel) catchments, but as discussed above persistence
tends to do better overall.

Precision of the forecasts

The historical analogues approach has the advantage
that a range of outcomes is provided, which gives an
indication of the uncertainty in the estimates. As can
be inferred from the diagrams in Fig. 8 the uncertainty
can be large, particularly in more quickly responding
catchments. An alternative way of presenting the fore-
cast precision, which can be applied to any type of
forecast, is as a contingency table (Fig. 9). These tables
cross-reference the hindcast flow anomalies with the
actual observed flow anomalies. Here, flows are lumped
into one of three intervals: high, medium and low. The

Figure 6. As for Fig. 5, but for the 3-month forecast.
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intervals comprise the highest 28% of flows, the middle
44% of flows, and the lowest 28% of flows (in the
empirical distributions). For the hindcasts, the 28th
and 72nd percentiles come from the jack-knife valida-
tion, whereas for the observed flows the interval limits
are based on the observed flow series. It can be noted
that the use of the shifted forecast and the persistence

forecast means that forecasts can be made that exceed
the historical envelope of observations.

The middle interval of the contingency table spans the
same percentiles as the middle interval (the “normal
range”) in the monthly UK Hydrological Summary
(http://nrfa.ceh.ac.uk/monthly-hydrological-summary-
uk), whereas the various intervals for increasingly higher/

Figure 7. Similar to Fig. 6, but also showing negative persistence forecasts (green).

Figure 8. The July to September 2013 river flow forecast for the Spey at Boat o Brig (top left), the Dee at Woodend (bottom left),
the Trent at Colwick (top right) and the Itchen at Highbridge & Allbrook Total (bottom right) shown as time series. The numbers in
parentheses in the figure titles are the hydrometric station numbers. Which forecast method has been used in each case is stated on
each diagram, and the forecasts are shown as red dashed lines. The actual flows that occurred are shown as dashed black lines. The
recent past (thick solid black line) and the five closest historical analogues (thin solid black lines) are also shown. The area shaded
grey shows the normal range of monthly river flows, i.e. the middle 44% of the empirical distribution of observed flows for the
recent past, and the middle 44% of the empirical distribution of the hindcast flows for the forecast period.
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lower flows in the Summary have been collapsed into
single intervals for high and low flows, respectively. The
Summary shows what river flows occurred across the UK
in the previous month, and provides a source for contin-
uous verification of the forecast provided in the
Hydrological Outlook.

If all hindcasts were perfect, then all counts would
be in the boxes along the diagonals, i.e. the number of
hindcast low (medium/high) flows would be the same
as the number of observed low (medium/high) flows.
For correlations just above 0.23, there is still a large
proportion of the hindcast flows which does not occur
in the correct interval (Fig. 9). Instead, they occur in
the neighbouring interval, and to a lesser extent in the
opposite interval (for example, a high flow is predicted
when, in fact, a low flow is observed). Although a
correlation of 0.23 explains only about 5% of the varia-
bility, the contingency table shows that there is already
some skill in avoiding the prediction of the opposite
extreme. For correlations exceeding 0.7, more than
50% of the variability is explained and the risk of
predicting the opposite extreme becomes smaller. The
examples in Fig. 9 suggest that the risk of unpredicted
extremes occurring is greatest when normal flow has
been predicted. This is confirmed by Fig. 10, which
shows the contingency tables for the 3-month forecast

duration for the network as a whole for each method
separately. Here, all stations and times of year for
which there are usable forecasts have been lumped
together. It can be seen that there is not much differ-
ence in precision between the methods once the non-
usable forecasts have been removed. Overall, the bins
for predicting the correct extreme have about twice as
many occurrences as would be expected by chance,
whereas the bins for predicting the wrong extreme
only have about a third as many occurrences as
expected by chance. The corresponding tables for the
1-month forecast are only very marginally better (not
shown).

Influence of record length on skill

Longer records should make it more likely that better
analogues are found. The longest flow record, the
Thames at Kingston, starts in 1883 and was used to
assess how performance improves with the number of
years. Figure 11 shows the correlations between the
hindcasts and observations vs record length for the two
historical analogue methods, for the 3-month forecast
duration. Non-overlapping subsets of 30-, 40- and 60-
year periods were chosen, in addition to the full 130-
year long record, and correlations were averaged for

Figure 9. Examples of contingency tables. The corresponding correlations between hindcasts and observations are (a) 0.24, (b) 0.50
and (c) 0.83.

Figure 10. Contingency tables for the 3-month forecast duration for the network as a whole for (a) the weighted mean, (b) the
shifted weighted mean and (c) the persistence methods. The tables are shown as percentages, with the expected percentages from
a random distribution shown in grey.
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each record length. Figure 11 reveals that most of the
increases in correlation have occurred by the time the
record lengths reach 60 years. Because the median
record length in the present study is about 51 years,
the analogue methods may not yet have reached their
full potential. The improvement with time is clearer for
the weighted mean method, whereas the persistence
element of the shifted weighted mean method means
that this approach is comparatively good already for
short records. The correlations for the 1-month forecast
duration (not shown) are slightly higher than for the 3-
month duration, but display similar features.

The operational forecast map

At the beginning of each month, forecasts for the aver-
age flow in the coming 1 and 3 months are made. The

main way of presenting the forecasts for the operational
Hydrological Outlook is on a map showing whether
flows are in the low, medium (“normal”) or high interval
(Fig. 12). The forecast at each river gauging station is
shown as a dot of a particular colour and size. The
colour represents the hindcast flow (anomaly) magni-
tude interval, using the same percentiles for the interval
limits as was used for the contingency tables. The size
represents the confidence in the forecast, and is based
on the correlations between the hindcast anomalies and
the observed anomalies. Results are only presented on
the forecast map provided that the correlation between
the hindcast and the observed flow anomalies exceed
0.23, and that the correlation is significant at the 5%
level (one-sided test).

The actual river flows that occurred in July 2013
are shown on the UK Hydrological Summary web
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Figure 11. Correlation between hindcasts and observations vs record length for the Thames at Kingston, for the 3-month forecast
duration for the weighted mean analogue method (top) and the shifted weighted mean analogue method (bottom).
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page: http://nrfa.ceh.ac.uk/monthly-hydrological-sum
mary-uk. The general patterns of high, medium and
low flows across the UK in the July Summary agree
with the forecast, although several individual stations
have river flows in the neighbouring intervals. Again,
note that the interval for medium (“normal”) flows is
the same for the Outlook and the Summary, but that
the increasingly higher/lower intervals in the
Summary have been collapsed into single intervals
for high and low flows, respectively, for the Outlook.

5 Discussion

Year-round seasonal flow forecasting methods have
only recently become available for the UK (or parts

thereof). The present study covers all of the UK, is
spatially resolved to individual catchments, and is vali-
dated using the correlation between the hindcasts and
the observations and using contingency tables. In addi-
tion, two more methods for seasonal flow forecasting
have been developed within the same cooperation pro-
ject, as mentioned in the Introduction. Both these
methods use hydrological rainfall–runoff models with
ensemble inputs, and provide results in a probabilistic
framework.

One- and three-month river flow forecasts are pro-
vided by running a grid-based rainfall–runoff model
(Bell et al. 2013) with the UK Met Office 1- and 3-
month ensemble rainfall forecasts as input. Spatially,
these rainfall forecasts are currently only available as a

River flow outlook for Jul 2013
Forecast flow          Percentile

magn. (colour)         range

Low <0.28

Medium 0.28–0.72

High >0.72

Confidence in          Hindcast

forecast (size)          correlation

High 0.8

Moderate          0.5

Low 0.23

No forecast       <0.23

Type of forecast

Persistence

Analogue

Aquifer

Figure 12. Monthly mean river flow forecast for the United Kingdom for July 2013, using data up to the end of June 2013.
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single value for the entire country, and the river flow
forecasts are presented as regional averages for 17
geographical regions of Great Britain (i.e. not including
Northern Ireland).

Forecasts of average river flows 3–12 months ahead
(part of the Forward look—river flows in the
Environment Agency’s Water Situation Report, http://
www.environment-agency.gov.uk/research/library/pub
lications/33995.aspx) are provided by running rainfall–
runoff models for about 30 key individual catchments
in England only, using ensembles of historical
sequences (climatology) of rainfall as input.

At present, the performance of these methods is
being investigated. However, in the past seasonal pre-
cipitation forecasts have been perceived to be poor in
extratropical regions (e.g. Lavers et al. 2009), and much
of the skill in seasonal river flow forecasts has been
attributed to correctly estimating the initial hydro-
logical state of the catchment (Bierkens and van
Beek 2009).

The forecast methods in the present study either
approximate or replicate the observed initial state of
the river flow at the beginning of the forecast period.
The geographical areas and times of year for which
these methods do not perform well therefore indicate
where there is a particular need for better forecasts
based on methods other than persistence. It is recog-
nised that there may be physical limits to predictability,
regardless of the sophistication of the forecasting
technique.

So far, seasonal river flow forecasts for the UK have
focussed on the summer season, because of the
increased demand combined with the limited availabi-
lity of water resources at this time of year. Many of the
studies use a longer lead time than the present study,
and the results are therefore not directly comparable.
However, they flag up areas and seasons for which
forecasts have been successful or less successful. For
example, Wedgbrow et al. (2002) investigated correla-
tions between winter atmospheric and oceanic indices
on the one hand, and summer and autumn monthly
river flows for catchments in England and Wales, on
the other. They found higher correlations for the sum-
mer months (particularly August, |r| < 0.51) than the
autumn months. Kingston et al. (2010, 2013) found
little evidence of a persistent pattern of sea surface
temperature anomalies prior to hydrological drought
occurrence in northwest Britain in summer, compared
with more pronounced patterns associated with
droughts in the south and east. This suggests that
predictability for the northwest may be more difficult
than for the southeast, even when not relying on
hydrological persistence. Using winter (December–

February) sea- and land-surface temperatures and air
flow indices as predictors in linear regression models,
Svensson and Prudhomme (2005) also found lower
predictability of regional summer (June–August) river
flows (the whole flow regime) in the northwest than in
the southeast of Britain. However, overall, the cross-
validation correlation of the predicted summer river
flows in the northwest region (0.54) is much larger in
the Svensson and Prudhomme (2005) study than it is
for the individual catchments in the corresponding part
of the country in the present study, most of which do
not exceed the 0.23 threshold.

With a longer lead time, the predictive power of
persistence forecasts diminishes considerably. For
example, the present study shows that persistence of
May river flows explains 61% of the variance in the
following June–August river flows at the Thames at
Kingston. In contrast, Wedgbrow et al. (2005) report
that the explained variance for a persistence forecast
for the same months based on the flow in the preced-
ing January–February is 5%. However, using an expert
system to forecast the summer flows in the Thames from
winter oceanic and atmospheric predictors, they found
the explained variance increased to 27%. Wilby (2001)
andWilby et al. (2004) also used winter atmospheric and
oceanic predictors, but for linear regression forecasts of
river flows in different months and in different individual
catchments in Britain. These models have explained var-
iances up to 46%. Wilby (2001) also investigated the
correlation between winter rainfall and river flow on the
one hand, and monthly river flows from January to
December on the other, and found correlations up
to 0.89.

For the present study, the overall statistical signifi-
cance across the network is likely to be lower than that
presented for the individual gauges because of spatial
dependence. However, when averaging the flows across
two to five regions based on cluster analysis, the results
for the regional flow series largely reflect those for the
individual gauges in each region. The threshold for
usable forecasts in the present study was set to a cor-
relation between hindcasts and observations of 0.23
(for a 51-year series), which corresponds to just over
5% explained variance. Whereas this is low, there is
already some skill in not predicting the opposite
extreme and these low-confidence forecasts must be
seen in this context. Water managers and planners
are currently making decisions based on very little or
no information, and in some circumstances these sta-
tistically significant but low-confidence forecasts may
be an improvement on what was available before.
However, some users may require a higher precision,
and in these cases forecasts with correlations exceeding,
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say, 0.7 (explaining at least 50% of the variance) may be
more appropriate. An advantage of the simple presen-
tation in the forecast map (Fig. 12) is that the level of
skill is clearly shown.

The persistence and historical analogues approaches
presented in this study are straightforward forecasting
methods that use only past river flow data as input. It
adds to the collection of other data-based methods
which have been applied internationally, for example
time series methods such as autoregressive models (e.g.
Mondal and Wasimi 2006, Prass et al. 2012), flow
recession analysis (e.g. Kienzle 2006), as well other
historical analogues methods as outlined in the
Introduction.

6 Summary and conclusions

This paper presents methods for seasonal river flow
forecasts based on hydrological persistence and on
historical flow analogues. Forecasts are made for 93
individual catchments across the United Kingdom, on
amonthly basis all year round. The forecasts are validated
and presented using the correlations between hindcasts
and observations. The methods have the advantage of
being simple to implement, using only past river flow
data as input, and are currently the only year-round
seasonal flow forecasts that are UK-wide and validated.
Similar methods have been used successfully where the
climate/hydrology has a strong seasonal cycle, such as for
example the River Nile (Koutsoyiannis et al. 2008).
However, the present study shows that they can be
applied also in climates governed by smaller-scale and
more frequently changing meteorological influences
(competing air masses over the region).

Forecasts with significant (at the 5% level, one-sided
test) correlations between hindcasts and observations
exceeding 0.23 can be made for 81% and 70% of sta-
tion–month combinations for the 1-month and 3-
month forecasts, respectively. The bulk of these are
persistence forecasts. The historical analogues make
up roughly the same number, about 13%, for the 1-
and 3-month durations, whereas the success rate of the
persistence forecasts drops for the longer duration. The
highest correlations are 0.98 and 0.96 for the 1-and 3-
month forecasts, respectively.

Maps of these hindcast correlations are presented
for every month of the year, and show in what areas of
the country, and in what seasons, there is good pre-
dictability solely from past river flow observations. This
can be used as a benchmark for further development of
other forecast methods, and suggests that the research
effort should be aimed at improving forecasts in the
north and west.

Predictability is best in catchments with a high
groundwater contribution to flows, particularly
catchments on the Chalk outcrops in southeast
Britain. Other studies using atmospheric and oceanic
predictors in a statistical modelling framework also
often find lower predictability in the northwest than
the southeast. However, these forecasts are consider-
ably better than the persistence and historical analo-
gues forecasts, and further statistical model
development based on these large-scale forcings
seems promising for achieving better forecasts in
the near-term. Another possible way forward could
be to combine or condition the historical analogue
methods on large-scale forcings.
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Appendix

Effects of re-standardising the persistence forecast

This appendix outlines an example of what happens when
the persistence forecast is re-standardised, and what the
effect would be of not re-standardising it. After re-stan-
dardisation the forecast anomaly comes from a distribu-
tion with mean = 0 and standard deviation = 1.

The distribution that the persistence forecast
anomaly comes from is the series of persistence
hindcasts. Generally, the distribution of the hindcasts
will be the same as, or very similar to, the distribu-
tion of the original monthly series of flow anomalies,
that is, approximately having a Normal distribution
with mean = 0 and standard deviation = 1. However,
the hindcast period will not include the flow obser-
vation in the most recent month, so the distributions
will be slightly different. This affects the limits of the
intervals for low, medium and high flows that are
used for validation of the hindcasts (contingency
tables) and for presentation of the forecast. To
make these interval limits as similar as possible to
the corresponding limits from the observed series,
the hindcast series needs to be re-standardised. If
instead the limits from the observed flows were to
be used directly, then the link between the presented
forecast and the associated hindcast performance
measures would be lost. Also, by keeping the re-
standardisation, the presentation and validation
methods for the persistence forecasts are kept the
same as for the analogue forecasts (for which the
re-standardisation is absolutely necessary).

Say that the month of June 2014 has just past, and
that we want to make a persistence forecast for July
2014. Let us simulate 30 values from a log-normal
distribution that would be typical for June, and let
these represent the monthly mean June river flows
(m3/s) in the period 1984–2013 (for readability they
are ordered): 1.574 1.884 1.992 2.100 2.447 2.603
2.846 2.953 3.202 3.249 3.296 3.626 3.793 3.794 4.706
5.701 5.732 5.746 5.778 5.840 5.847 6.522 7.060 7.746
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8.071 8.348 9.030 10.485 11.595 13.087. After log-
transformation, the mean and standard deviation of
the sample are 1.5239 and 0.5738, respectively. Let us
then say that the observed flow in June 2014 amounts
to the same amount as the largest value in the
previously observed 30-year period of record,
13.087 m3/s. When including this latest observation,
the mean and standard deviation of the sample
increase to 1.5577 and 0.5947.

The entire 1984–2014 series of June flows are stan-
dardised using equation (1), resulting in a series of flow
anomalies with mean = 0 and standard deviation = 1.
However, the June 2014 anomaly will not be included
in the July hindcast series 1984–2013, as there is as yet
no observed flow for July 2014 to validate a hindcast
against. Therefore the mean and standard deviation of
the June anomalies that make up the July hindcasts will
be smaller than 0 and 1: −0.0568 and 0.9648,
respectively.

This affects the interval limits for the low, medium
and high flows. The intervals are separated by the 28th
and 72nd percentiles (see section Precision of the fore-
casts). For a perfect N(0,1) distribution, these percen-
tiles correspond to standardised anomalies of −0.583
and 0.583. However, for our example based on the
empirical distribution of the hindcasts, the interval
limits are shifted downwards to −0.659 and 0.512. If
we use these limits to display the interval for medium
flows (see e.g. Figs 8 and 12), it will be different from
the medium flows as understood from the observed
series. By re-standardising the hindcast series, the dis-
tribution is made more similar to that of the observed

river flows. In our example, the interval limits become
−0.625 and 0.589 after re-standardisation. The re-stan-
dardisation have brought the anomalies back to the
same distribution as for June before the June 2014
anomaly was included.

The re-standardisation also affects the magnitude
of the river flow forecast. If we for simplicity assume
that June and July have the same distribution of river
flows up until 2013, and apply equation (1) and the
log-transform in reverse, the July forecast will be
the same as the observed June 2014 value, i.e.
13.087 m3/s. However, if we assume that the distri-
bution for July is more similar to the 1-year longer
June series that includes the large June 2014 value,
the resulting July forecast becomes 7% larger.
Although the complete 31-year long June series
includes all the data available and would be the
best approximation to the true flow distribution for
June, it is not certain that it best represents the July
flows up until 2013. Because of serial correlation, the
mean and standard deviation for the 1 year shorter
July record may be more similar to the mean and
standard deviation for the June record without the
2014 extreme, than they are to the mean and stan-
dard deviation for the complete June record.

Note that 30 years is the shortest series used in
the study, and that the median record length is
51 years. The mean and standard deviation will
change less for a longer series than for a shorter
one, when a new value is introduced into the record.
Most new values will also lie well within the pre-
viously observed range, rather than be extremes.
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