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1 Introduction

Weather-related flooding in Iceland causes significant material destruction and societal
disruption. Such floods pose a threat to inhabitants and tourists, resulting occasionally in
traffic disruption due to the closure of roads and bridges. With the rapid development of
tourism in the country, floods at various times of year can be expected to cause further
problems. Flood forecasting and the communication of flood risk is therefore a top priority.

In recent years, the Icelandic Meteorological Office (IMO) has focussed increasingly on
flood-related research for practical purposes. Tools have been developed to support the work
of forecasters in predicting floods, including the setup of flood forecasts for three catchments
based on the physical hydrological model WaSiM (Schulla, 2017), supplemented by forecasts
from the numerical weather prediction model HARMONIE (Bengtsson ef al., 2017; Nawri,
2014; Nawri et al., 2017). This system produces a daily two- to three-day forecast for these
three catchments and it has proven to be useful. However, the system is computationally
heavy, requiring a large amount of data preparation and intensive processing. In response, a
nowcasting system was developed, combining the latest measurements at selected
hydrological stations throughout the country with runoff forecasts from HARMONIE. The
system also offers historical, physical and statistical information about the catchments. The
system is setup on a webpage with a simple color-coded map, and it provides a first-order
assessment of catchment status.

In 2018, a new forecast system was developed, based on findings from previous research at
IMO (Crochet, 2013). This system is based on the Mahalanobis distance to discriminate past
events, which has been used previously for climate forecasts (Yates, 2003) and hydrological
analysis (Akbari et al., 2011; Karlsson & Yakowitz, 1987). It produces a daily five-day
hydrological prediction, computed from the analogue sorting of historical discharge series
and weather data. This system was setup for 13 catchments around the country (Priet-Mahéo
et al., 2019) via a website. The project was funded by The Icelandic Road and Coastal
Administration (IRCA) and IMO.

The research presented here is a continuation of the 2018 project with the goals of improving
the operational forecast and adding 20 additional catchment forecasts to the website,
including one that is an ungauged catchment. The project continues along the same funding
path, with support from IRCA and IMO. The original plan was to test the methodology on
an ungauged catchment and make on-site discharge measurements to validate the results.
Because the grant was smaller than applied for originally, it was decided to exclude the
discharge measurements and test the method on a station that is presently ungauged but was
monitored in the past.

This report is written as a sequel to the report published in 2019, Daglegar rennslisspar med
notkun hliostedrar greiningar HARMONIE vedurgagna (Priet-Mahéo et al., 2019); for
further background details, see the previous report. In Section 2 of this report, a classification
schema is presented for the entire group of catchments, allowing defining catchment
characteristics to be delineated. The strengths and weaknesses of the existing forecast system
are assessed in Section 3, both in terms of timeliness and accuracy since becoming
operational at IMO. Based on these findings, a methodology for the correction of forecast
results has been developed and it is described in Section 4, along with the forecast
methodology for the ungauged catchment. Section 5 presents an enhanced forecast for the 13
catchments from the previous project and a hydrological forecast for 19 new gauged
catchments, plus one ungauged site; it also summarises the updated webpage. The findings
of the project are presented in Section 6.



2 Clustering of catchments

In addition to the 13 catchments that are currently within the hydrological forecasting system,
20 new catchments have been selected and added, in order to cover more of Iceland’s main
roads. Figure 1 presents a map of the country where the initial catchments are shown in light
green and the newly added catchments in red.
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Figure 1. Map of Iceland showing the location of river catchments from the 2018 study
in green and the 20 additional catchments as part of the 2019 project. Gauging stations
are marked by a point and the labelling is according to IMO'’s station list. For river
names, see Table 1.

Table 1 summarises the size and nature of the river catchments used in the 2018 project, as
well as the present study. Catchment characteristics include area, aspect ratio, longest flow-
path, mean elevation and other geological parameters.



Table 1. Physical characteristics of the selected catchments, both from the previous
and present studies. For station locations, see Figure 1.

) Area Aspect Longest Asferage Glacial | Old Young Total
vhm [River . flow-path | height | Cover | Bedrock | Bedrock | Bedrock
km? | Tatio | masl | % % % %
10 [Svarta 396.1 | 2.96 | 55,167 527 0 99.2 0.5 99.7
12 |Haukadalsa 1647 | 1.74 | 31,960 408 0 96.8 0 96.8
19  |Dynjandisé 384 |17 15,040 510 0 100 0 100
26  [Sanda, bistilfirdi | 266.3 | 336 | 64,555 387 0 61.3 387 100
38 Ili‘eirelrgidalsstréndéj 428 239 |20971 428 0 100 0 100
43 [Broard 6407 | 1.73 | 50,958 307 0 3.1 96.9 99.9
45 |Vatnsdalsa 4583 | 237 | 58,072 547 0 67.1 329 100
48 [Sela 7014 | 1.74 | 74,306 543 0 489 51,1 100
51 [Hjaltadalsa 299.6 | 1.87 | 34,990 723 296 | 97 0 97
60 |[Eystri-Ranga | 4199 | 1.92 | 60,336 572 202 |0 974 974
64 [Olfusa 56619 | 241 | 169,493 | 304 11.84 | 22 62.9 84.9
66 gc\),igrﬁréi 15744 [ 224 123,017 | 650 203 | 227 53.7 76.4
68 [Tungufljot 201.1 | 133 | 35345 245 0 6.2 93 99.2
92 [Bzgisa 374 | 193 | 13,904 900 0 77.8 0 778
102 [iokulsa & Fjollum| 5097.1 | 2.6 189,195 | 538 2864 |0 71.3 71.3
116 ;‘;?g:rdal 5071 | 187 | 62858 645 0 1.2 98.8 100
128 [Nordura 513|201 | 58289 338 0 93.7 1.7 954
145 |Vestari-Jokulsa | 8438 | 1.86 | 70,333 752 109 | 441 40.6 84.6
148 |Fossa 115.1 | 247 | 28,963 577 0 99.8 0 99.8
149 |Geithellnaa 189.4 | 327 | 37,033 609 483 |91 0 91
150 |Djupa 2259 |3.03 | 45,563 767 4023 |47 12.8 59.8
162 [okulsé 4 Fjollum| 2023.1 | 2.01 | 110,507 | 1195 | 56.92 | 0 431 431
183 [Skaftd 16272 | 236 | 133,710 | 249 2631 | 10.9 62.1 73
185 E;’;Eiilk 2168 | 142 | 31,189 710 0 0 100 100
198 g&;ﬁrai 1929 | 131 | 31,543 399 0 100 0 100
200 [Fnjoska 11022 | 351 | 131,238 | 723 0 97.1 0.4 97.6
204 |Vatnsdalsa 1023 | 247 | 28,106 466 0 100 0 100
218 Markarfljot 5169 | 1.14 | 53,731 737 1222 [0 71.7 71.7
233 [Kreppa 818.1 |342 | 81,106 1130 | 37.65 |0 62.3 62.3
238 [Skjalfandafljét | 2163 | 1.54 | 118,032 | 822 451 | 265 68.7 95.2
328 [Eldvatn 1496 | 299 | 146,594 | 155 2862 | 5.8 64.7 70.6
408 [Sanda 5813 | 1.1I3 | 58,363 756 4927 |0 50.7 50.7
411 [Stéra-Laxa 387.1 | 3.71 | 73,405 559 0 97.7 23 100




2.1 Classification of the catchments

In order to collect rivers that share the most similarities and find the predictor sets that give
the best results, a hierarchical cluster analysis has been performed using discharge data
(seasonality, duration curves, and mass curves) as well as the watershed characteristics
previously listed in Table 1. This clustering helps us identify the physical similarities of
catchments, which can in turn simplify the identification of predictors important to the
analogue sorting. It is expected that catchments within the same cluster behave in a similar
way so that the same sets of predictors can be applied within each cluster. More details
regarding the cluster analysis can be found in the previous report (Priet-Mahéo et al., 2019).
Figure 2 shows the results from the cluster analysis of all the catchments in the form of a
dendrogram. A cophenetic correlation coefficient is defined as a measure of how well the
analysis preserves the distances between the data. In this case, results show a value of 0.81
which indicates a good clustering (the closer to 1, the better the clustering).

Cophenetic Distance = 0.81

Distance

Figure 2. Results from the cluster analysis on a dendrogram. All the catchments group
in five clusters with the cophenetic correlation distance equal to 0.81.
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The five following clusters appear on the dendrogram in Figure 2:
- Cluster A: vhm 66, vhm 68, vhm 43, vhm 185
- Cluster B: vhm 102, vhm 162, vhm 408, vhm 233, vhm 150, vhm 183, vhm 328
- Cluster C: vhm 60, vhm 48, vhm 238, vhm 145, vhm 218, vhm 64, vhm 116
- Cluster D: vhm 200, vhm 92, vhm 198, vhm 38, vhm 51, vhm 149, vhm 148,
vhm 19, vhm 204
- Cluster E: vhm 26, vhm 10, vhm 45, vhm 411, vhm 12, vhm 128

These results show that the gauging stations have been grouped according to river types and
weather conditions. For further analysis, the clusters have been plotted on a soil map of
Iceland (Figure 3).

Cluster A unites spring-fed rivers, some of them originating from glaciers. Those stations are
all located in the southwestern part of the country and the rivers have a baseflow counting
for a large part of the total discharge. Note that some rivers are regulated due to hydropower
generation, although all gauges are located where discharge is unregulated.

In Cluster B, most rivers are typical glacial rivers (some are affected by jokulhlaup) and all
watersheds are partially covered by glaciers.

Cluster C includes rivers that are mostly a mix of spring water and glacial origin and they
mostly have a direct runoff component. Many of the rivers are located at the border of
volcanic soil, as seen in Figure 3.

In Cluster D comprises direct runoff rivers influenced by snowmelt. There catchments have
a long aspect ratio and they are in mountainous areas where the rivers reach high elevations
and melting occurs later in the year.

Cluster E reflects catchments with mostly direct runoff rivers underlain by Histosol soils that
encourage the formation of groundwater, wetlands, and lakes (Figure 3). Excluding stations
vhm 26 and vhm 411, all sites in this cluster are in the northwest part of the country.
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Figure 3. Soil map of Iceland with gauging stations shown according to their hydrological
grouping from the cluster analysis. For station names, see Table 1.

3 Assessment of the operational forecasts

An operational forecast based on analogue sorting has been running at IMO since mid-2018.
The main setbacks in forecast has been time-lags in estimated peak discharge. Other problems
have been observed, such as the disruption of water-level measurements due to river ice. In
this project, a focus was set on analysing and fixing the time-lag in peak estimation.

3.1 Lag in peak estimation

When analysing the results of the hydrological forecast, there is sometimes a time-lag
between forecast and measured discharge. Lags between measurements and forecasts can be
computed in a variety of ways, including: (i) cross-correlation; (ii) statistical coefficients such
as the Nash-Sutcliffe Efficiency coefficient (NSE); (iii) the modified Nash-Sutcliffe
Efficiency coefficient (mNSE); (iv) the Root Mean Square Error (RMSE); and (v) the Mean
Error (ME). The mNSE uses mean absolute error instead of mean square error in order to
minimise the effect of extreme values, while the RMSE and the ME are computed to address
the performance of the model regarding the accuracy of discharge prediction. Table 2
summarises the main information concerning the 13 stations that have been run operationally

12




since mid-2018. A lag of zero days means that the event was predicted accurately, a lag of
minus one day means a day late and a positive lag of one day means a day too early. While
the NSE is reasonable (above 0.7 in 62% of the cases for D1 and 23% for D2), a one-day lag
in the 24-hour prediction was observed for most catchments. Stations vhm 150, 128 and 411
obtained the best forecasts in terms of timeliness. Stations vhm 68, 198 and 19, on the other
hand, had the worst forecasts both in terms of timeliness and accuracy. However, it is
important to consider that the lag value shown in Table 2, is the most significant one, it is
however not representative of all days. While a main lag of minus one suggests a delay by
one day of the 24-hour forecast — and therefore a miss — it does not necessarily mean that all
events were missed. Figure 4 illustrates this phenomenon for the winter season 2018-2019,
where the predominant lag is minus one for the entire operational season, suggesting that the
predictions by the best set were mostly missed by a day; however, many of the winter peaks
are predicted reasonably and they fell in the prediction range.

Table 2. Performances of the 24-hour (D1) and 48-hour (D2) streamflow forecasts for
the 13 stations running operationally. The results are presented for the best sets
(highest NSE for lag closest to zero). For details about the statistical parameters, see
Section 3.1.

D1: 24 hours D2: 48 hours

Class VHM set lag NSE mNSE RMSE ME set lag NSE mNSE RMSE ME

A vhm068 |[setl5SR1 -1 0.5 0.58 3.8 0.007 |[setléS2 0 -0.62 0.3 5 0.71
B vhm150 |setl6SR1 0 0.86 0.76 8.3 -1 set20SR2 0 0.71 0.67 12 -0.91
D vhm019 [set7SR1 -1 0.45 049 1.9 0.0024 |setl9SR2 -2 -0.17 0.17 2.7 -0.32
D vhm149 [setl5SR1 0 0.81 0.71 94 0.28 setl5SR2 -1 0.42 048 15 0.11
D vhm198 [setl5SR1 -1 0.36 0.6 23 2.1 setl5SR2 -2 -0.18 036 27 2.4

D vhm200 [setl9SR1 -1 0.94 0.78 4.4 -0.2 setl9SR2 -2 0.85 0.66 6.8 -0.14
D vhm204 [setl9SR1 -1 0.7 0.72 3 0.066 [setl9SR2 -2 0.25 045 4.2 -0.02
E vhm010 |set19SR1 -1 0.51 0.58 2.6 0.046 |[setl9SR2 -2 0.0035 0.36 3.6 0.076
E vhmO012 |set20SR1 -1 0.88 0.79 2.3 -0.031 [setl5SR2 0 0.46 0.58 5.1 -0.26
E vhm026 |set20SR1 -1 0.88 0.68 2.7 -0.15 |[set20SR2 -1 0.76 0.56 3.7 -0.18
E vhmO045 |[setl9SR1 -1 0.88 0.77 4.6 0.38 set3SR2 -2 0.57 0.6 8 0.43
E vhm128 [setl5SR1 0 0.74 0.69 12 1.3 setl5SR2 0 0.39 051 17 1.5

E vhm411 [setl5S1 0 0.59 045 6.5 0.54 setl552 0 0.24 037 9 0.51
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Figure 4. Twenty-four hour forecast for station vhm 12 during the winter season 2018—
2019. The black line represents the daily averaged measurements, whereas the red
band the prediction range (min-max) for the station. The green arrow shows peaks that
were predicted at the correct time; the orange arrow a peak that was missed.

3.2 Technical problems and ice perturbations

Technical problems in relation to data collection and processing have affected the operational
forecast. Disruptions have occurred when input data were not delivered, such as discharge
measurements or meteorological forecast data from HARMONIE, resulting in large temporal
gaps, ranging from days to weeks (Figure 5).
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Figure 5. Twenty-four hour forecast for station vhm 150 during the operational period
from September 2018 to March 2020. The black line represents the daily averaged
measurements, the red band the minimum and maximum prediction range for the
station.

A paucity of input data was not the only impact on the forecasting system. As the discharge
results are derived from near-real-time measurements of water stage at a fixed cross-section,
they can be influenced by ice perturbations during the wintertime. This has the effect of
causing spikes in peak discharge, which need to be identified and corrected manually. The
issues described in section 3.2 have not been attended to in this project, so they should be
kept in mind for future improvements of the forecasting system.
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4 Methodology

Test runs for analogue sorting were performed over a two-year period (01 September 2015
to 31 August 2017) for all stations, except the ungauged site. Based on this period, delays in
the timeliness of the forecast was the main problem with the model, as described in Section
3. This suggests that the model does not always manage to discriminate and select the
analogue-based events adequately. Consequently, a correction of the existing methodology
is necessary. The following sub-sections outline the methodology for correcting the lag and
the techniques used for discharge forecasts from the ungauged catchment.

4.1 Lag in peak estimation

The past events are sorted using the Mahalanobis distance, as described in the previous report
(Priet-Mahéo et al., 2019). This is the distance between two points in multivariate space.
However, a major weakness of this distance is the lack of hierarchization between the
variables in the dataset, as all variables have the same weight in the computation. A solution
to this problem is to pre-sort the dataset and reduce the number of events that would qualify
in the final sorting, thereby increasing the weight of a variable used to select past events.
Therefore, the weight of some variables in the sorting process is increased. A series of tests
were performed by pre-sorting the dataset once or twice consecutively based on one or
several variables in the dataset.

4.2 Ungauged station

Station vhm 218 on Markarfljét, southern Iceland, was monitored from June 1982 to June
2001, and it was used as the test-site for an ungauged catchment in this project. Lacking
modern-day discharge measurements, it was decided that tests with additional variables was
needed. Variables such as minimum and maximum air temperature were compared between
the ungauged catchment and other similar catchments within the same class. The goal was to
find the station that had the most similar set of predictors. Stations vhm 64 and vhm 238 were
selected as reference stations, and comparisons between vhm 238 and vhm 218 can be seen
in Figure 6. It was not possible extrapolate discharge values from the existing measurements
at vhm 218, so it was decided to attempt rescaling using other variables of the predictor set.
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Figure 6. Comparison of predictors for stations vhm 218 and vhm 238.

5 Results

In this section, results for the correction of the lag of forecasted discharge peaks are
discussed, as well as the discharge forecast for the ungauged catchment. A short summary of
the expanded forecasting system of 33 catchments is also presented, together with a simple
description of the operational website for daily discharge forecasts.

5.1 Rectification of the time-lag

The hierarchization (pre-sorting) of variables improved significantly the results in terms of
timeliness (reduction of lag for peak events) and accuracy. Figure 7 shows the analogue
sorting results for station vhm 48 with hierarchization and without hierarchization. While the
improvement in the 24-hour forecast is minimal as the performance of the station was
adequate already, hierarchization still improves the timeliness (e.g. peak discharge in 2016).
For the 48-hour forecast, the hierarchization increases significantly the accuracy of the
results, going from an NSE value of 0.65 to 0.92.
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Figure 7. Comparison and cross-correlation of discharge measurements (red) and
predictions (blue) (24-hour, up and 48-hour, down) for the analogue sorting with (left)
and without (right) hierarchization of the predictors for station vhm 48. The lag is
expressed in days, a negative lag suggests a delay in the predictions.

5.2 Forecast performance at the ungauged station

The analysis for the ungauged catchment shows that the added variables in the dataset do not
necessarily improve the predictions; however, the tests underline the importance of the snow-
water-equivalent (SWE) variable. The predictor sets comprised air temperature (T),
precipitation (P) and SWE. Figure 8 presents the best results for the test period, based on
SWE and temperature for the first three days of the forecast; note that the graphs cover three
intervals: 24, 48 and 72 hours. Despite a relatively low coefficient (NSE = 0.57), the first
three days of predictions are mostly timely (lag = 0). The results can be assumed acceptable
for an initial estimate of discharge over longer periods, but further research is needed before
the approach can be used for short-term flood forecasting. Simple rescaling of the results was
attempted using P, SWE and the discharge of the neighbouring catchment, but the findings
were unsatisfactory.
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Figure 8. Best test results for ungauged station vhm 218 for the three first days of the
forecast period; the measured discharge is shown in red and the forecast in blue.
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5.3 Expanded forecasting system

The new sorting method was applied to all selected catchments to evaluate its validity and
effectiveness. The hierarchization of variables has a positive effect on most of the stations,
resulting in a reduced time-lag for most sites and a slight improvement in NSE values (Table
3). As in the previous report (Priet-Mahéo et al., 2019), a trend was observed in the variables
identified for successful predictions. This trend is also observed in the results for the new
classification and appears in the variables used for the hierarchization as well as in the final
set.

Table 3 summarises the best results for all the stations for 24-hour (D1) and 48-hour (D2)
discharge forecasts. The name of the set combined the number of the final set used for the
sorting followed by the acronym of the two variables used for the hierarchization. The table
shows that sets 15, 19, 20 and 21 give the best results, and they can be divided into three
categories:

1. Set 15 is the simplest and includes the 24-hour forecast for temperature and
precipitation.

2. Set 19 focuses on temperature and SWE (present, past and future).

3. Sets 20 and 21 include the discharge for the previous days, as well as the forecasts
for temperature, precipitation and SWE.

Set 20 yields the best results for most of the catchments (20 and 17 out of 33 catchments for
the 24-hour and 48-hour forecasts, respectively).
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Table 3. Summary of the best runs over the calibration period for the 33 gauging

stations.
D1: 24 hours D2: 48 hours

Class VHM Set lag NSE  mNSE RMSE ME set lag NSE  mNSE RMSE ME
A vhm043 |set21_T_P_SR1 0 0.97 087 23 0.023 |[set21 SWE_P_SR20 095 0.82 3.2 0.15
A vhmO066 |setl5 P_T_SR1 0 0.75 0.63 8 -0.73 set20_ P_T_SR2 0O 0.72 0.6 85 -0.88
A vhmO068 |set20_P_T_SR1 0 0.78 0.72 2.8 -0.067 |[set20_Q_T SR2 O 0.72 0.67 3 0.047
A vhm185 [set20 SWE_P_SR1 0 0.97 0.89 0.57 0.045 [set2l SWE_P_SR20 0.92 0.84 0.84 0.053
B vhm102 |set21_T_Q_SR1 -1 0.97 0.90 16 -1 set21 SWE_T_SR2-1 094 0.85 22 -1.8
B vhm150 |set20_SWE_Q_SR1 0 0.88 0.78 10 -0.23 set20_ P_T_SR2 0 0.88 0.75 10 -1

B vhm162 |set21 Q_ T SR1 -1 098 090 63 -0.64 [setl5 P T S2 -1 091 076 11 -2
B vhm183 |set20_T_P_SR1 0 0.89 0.76 10 -0.055 |[set21_T_SWE_SR20 0.81 0.67 14 -0.72
B vhm233 [set21 SWE_T.S1 0 093 0.82 11 -0.021 |setl9 T Q_SR2 O 096 087 85 -1.1
B vhm328 |set21_T_P_SR1 -1 0.48 0.7 57 -0.64  [set21_SWE_Q_S2 -1 -25 04 66 9.5

B vhm408 |set19_T_Q_SR1 0 098 091 0.81 -0.081 [setl5. T P SR2 0 093 0.83 1.7 -0.36
C vhmO048 |set21 T_SWE_SR1 0 0.97 083 34 -0.35 set21 P_SWE_SR20 092 0.74 51 -0.64
c vhmo060 [set20 T P SR1 0 0.83 0.7 21 -0.094 [set20 Q_ T SR2 0 0.73 062 26 0.05
C vhm064 |set20_SWE_P_SR1 0 0.96 0.84 20 0.17 set20_P_SWE_SR20 091 0.75 29 1.8

C vhm116 |set21 T_SWE_SR1 -1 0.94 0.83 043 0.023 |[set21 T_SWE_SR2-2 0.90 0.76 0.55 0.057
C vhm145 |set20_T_Q_SR1 -1 095 0.85 3 -0.018 [setl9_P_T_SR2 -1 0.89 0.77 4.7 -0.27
c vhm218 |set 5 SWE T.S1 0 0.56 049 16 4.6 Fet_5_SWE_T_SZ 0 059 051 15 4.6
c vhm238 [set20_ P_SWE_SR1 0 0.95 0.80 8 026 [setl9 TPS2 0 0.81 058 13 1.4
D vhmO019 |set19_Q_SWE_SR1 -1 0.77 0.72 1.1 -0.017 [setl9 T_Q_SR2 -2 0.53 0.56 1.4 0.025
D vhmO038 |set20_SWE_Q_SR1 -1 0.94 0.84 0.68 -0.04 set20_Q_SWE_SR2-2 0.88 0.77 0.95 -0.07
D vhmO051 |set20_Q_P_SR1 0 094 081 21 -0.11 set20_Q_P_SR2 0 0.89 0.74 2.7 -0.15
D  vhm092[set20 T SWE_ S1 0 0.88 0.73 0.6 0.049 |set20 T _SWE_S2 0 0.81 0.69 0.74 0.045
D vhm148 |set15_T_Q_SR1 0 0.81 0.71 64 0.33 set20_T_Q_SR2 0 0.77 0.65 8 -0.26
D vhm149 |set20_P_T_SR1 0 0.73 0.7 12 0.1 set20_ P_T_SR2 0 0.70 0.63 14 -0.35
D vhm198 |set20_P_SWE_SR1 0 094 0.84 43 -0.04 set20_T_P_SR2 0 0.89 0.77 6.2 -0.35
D  vhm200[set19 Q_SWE S1 0 094 0.82 85 19 set19 SWE_Q_S2 0 090 078 11 2.1
D  vhm204 [set20 SWE_P_SR1 0 095 084 1.7 -0.11 [set20_Q_SWE_SR20 0.85 074 2.8 -0.091
E vhmO010 |set20_Q_SWE_SR1 0 091 0.76 1.7 -0.0099 [set20_Q_SWE_SR20 0.84 0.68 2.3 -0.067
E vhmO012 |set20_Q_P_SR1 0 093 0.82 1.8 0.012 |[set20_SWE_Q_SR20 0.80 0.68 2.8 0.21
E vhmO026 |set20_Q_P_SR1 0 098 0.83 1.7 -0.039 |[set20_SWE_T_SR20 095 0.76 2.5 -0.19
E vhm045 [set20 SWE_T_SR1 0 0.89 0.74 23 -021 [setl5 Q_SWE_SR20 0.84 061 2.7 -0.36
E vhm128 |set20_P_Q_SR1 0 0.84 0.73 88 0.68 set20_Q_T_SR2 0 0.77 0.63 12 0.62
E vhm411 |set20_Q_SWE_SR1 0 094 083 3.4 -0.063 |[set20_Q_SWE_SR20 0.89 0.76 4.5 -0.067
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All catchment clusters benefit from the inclusion of discharge in the set. Forecasts for
catchments of class A and B rely on temperature. These two classes contain catchments with
glacial inputs and class A, being spring-fed rivers, can also depend on ice cover affecting the
infiltration of runoff. Classes C and D have storages in the form of snow and or ice, and they
perform better with the inclusion of SWE. In addition, classes D and E (direct run-off rivers)
benefit from the inclusion of meteorological data; this applies to Class A (spring-fed rivers),
as well.

Figure 9 summarises the results for all the gauging stations for the first day of forecast (D1),
with a circle size representing the NSE obtained and the circle colour representing the main
time-lag. The figure shows that most forecasts were temporally accurate, except for seven
stations (marked in blue), which are all located in the northern half of the country, except
one. The seven sites are vhm 19, vhm 38, vhm 102, vhm 116, vhm 145, vhm 162 and vhm
328. Several reasons could account for the misfits; for instance, stations vhm 38 and vhm 19
are affected by ice during the winter, and even though measurements used for these tests were
screened and corrected, this introduces unreliability in the model. Furthermore, the rating
curve for station vhm 19 is missing measurements during high discharge, which increases
the uncertainty in stage-discharge comparisons. For sites influenced by glacial runoff, some
discharge peaks could relate to the release of stored meltwater or changes in subglacial
geothermal activity. Such influences cannot be included in the model, which relies on
meteorological predictors. The stations represented with smaller circles in Figure 9 have
lower NSE values. Some of these low values can be explained, for example, by the stations
with the lowest score (vhm 328 and vhm 218), as they have shorter timeseries. Station vhm
328 is affected by jokulhlaups and vhm 218 is tested as ungauged, hence without a discharge
reference. Further research is needed to understand some of the lower NSE results. A possible
explanation could be the quality of the timeseries, as is the case for stations vhm 19, 148 and
149, where ice perturbations occur.
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Figure 9. Geographical distribution of the quality of the 24-hour analogue sorting
results. The circle size represents the Nash-Sutcliffe Efficiency coefficient while the
colour indicates the lag, red for timely predictions and blue for missed predictions (one

day late).

Most of the catchments benefit from a rescaling of the results for the first days of forecast
(Priet-Mahéo et al., 2019). The NSE coefficient for the first day of the forecast is generally
higher than for the following days (Figure 10), but the coefficients remain high for most
stations. Only four stations have a coefficient under 0.75 for the first day of the forecast; this
number increases by three stations for the second day.
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Figure 10. Nash Sutcliffe Efficiency coefficient (NSE) of the performance of the
hierarchized analogue sorting method over the entire testing period for the 33 stations.
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Figure 11 summarises the results visually for the five-day forecast. Each class returns correct
predictions for the first three days, although a deterioration in accuracy (NSE) and timeliness
(lag) occurs for most stations from day four onwards. For five stations (vhm 68, 148, 149,
183 and 328), the predictions for day five are poor and unreliable as the negative NSE
indicates. Class E, representing direct run-off rivers, presents the best results over the five-
day forecasts, both in terms of accuracy and timeliness, and all stations within that class,
except for station vhm 10, have timely forecasts up to four days ahead with NSE above 0.5.
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5.4 Improved operational website

All figures presenting the results from the analogue forecast with the added catchments are
hosted on the following website:

http://customer.vedur.is/vegag/analogue forecast/analogue_sorting.html

As for the previous version of the webpage, the link opens a map of Iceland that shows the
location of the catchments used in this project. The colour of each catchment is determined
by the latest discharge measurements that have been recorded at the corresponding gauging
station. If the latest discharge measurement is below the value of the 2-year return-period of
the river, the watershed is coloured green. If the latest discharge measurement reaches 90%
of the value of the 2-year return-period, the catchment is depicted in yellow. Similarly, if the
observations reach 90% of the 5-year, 10-year and 25-year return-periods, the colours orange,
red and brown are displayed, respectively. If a station has not sent data for more than a day,
a symbol appears on the corresponding catchment as a visual warning.

By hovering your computer mouse over a catchment, results from the analogue forecast
appear to the right of the flood-warning map. The lower subplot shows the measured daily-
averaged discharge over the last 30 days, while results from the analogue sorting for the next
five days are represented by a red line, which shows for each day the results from the most
efficient predictor-set based on NSE values. A green shading area illustrates the minimum
and maximum forecast interval for each day of the forecast. Additionally, results from past
forecasts are shaded in light grey for the past day of the forecast interval. To help with the
interpretation of discharge values, the horizontal dashed lines denote the 2-year return-period
for daily averaged and instantaneous discharge values. If the daily threshold is reached, either
by the observed discharge or by the forecast, the next threshold will be displayed and so on
until the last threshold (25-year return-period) is reached. The upper subplot shows the
simulated daily averaged temperature and daily summed rainfall for the last 30 days and for
the next three days, as predicted by HARMONIE.

It is also possible to click on a catchment and open a new webpage where results are shown
for the last three months and the past ten days. Three boxplots also feature on the page; they
show temperature, precipitation and discharge values for the day in question relative to the
same day of the year over the analysis period, thus placing today’s values in statistical
context. For further details about the configuration of the webpage and the plots, see the
previous report (Priet-Mahéo et al., 2019).
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6 Conclusions

The analogue sorting method is a fast and powerful method to obtain discharge forecasts.
The method has been in use for under two years at IMO in the form of a streamflow forecast
for thirteen gauging stations. Overall, the results have been satisfactory; however, the
presence of time-lag (a delay of one day) shows that the method was not always able to
discriminate the relevant past events. In addition, interruptions in the computation of the
forecast resulted from the data-flow disruptions. In this project, the operational streamflow
forecast has been expanded from 13 to 33 gauged catchments. Additionally, a streamflow
forecast has been setup for an ungauged catchment and improvements made on the
forecasting system by correcting time-lags in peak flows.

The Mahalanobis distance does not introduce weight between its predictors, leading to some
errors in the selection of analogue past events. In order to introduce some differential weight
for these predictors, predictors set have been pre-selected ahead of final sorting, reducing the
number of events to choose from. This simple approach introduces an hierarchization of the
predictors. For most stations, the introduction of hierarchization of the predictors improves
the forecasts significantly, both in terms of timeliness and accuracy. The hierarchization
facilitates the discrimination of past events and each class of catchments shows some trend
in preferential predictors that are consistent with their physical characteristics. A similar
approach was used successfully for the ungauged station.

The usefulness of the streamflow forecast seems to be affected by factors such as the quality
of the predictors (vhm 19 and vhm 38), and the existence of additional sources of discharge
(e.g. vhm 116 and vhm 328). These disturbances would require additional attention before
they could be included in the model. Ice perturbations could be accounted for through
correction of the input data. Including water temperature measurements (when available) or
air temperature could help to define temperature thresholds for possible ice growth. Volcanic
and geothermal influences on discharge could also be investigated through the analysis of
conductivity measurements, for example.

This research extended the analogue sorting forecast successfully to 33 catchments of diverse
nature in various locations, underlining the usefulness of the method. Although the best
results were associated with direct runoff catchments, all catchment types gave satisfactory
forecasts up to three days ahead.

Further improvements of the forecast system could include: (i) the setup of back-up routines
in case of data-flow interruptions; (ii) the deployment of the code on a development platform
such as GitHub; (iii) the investigation of ice perturbations; (iv) correction or warnings and
the introduction of predictors to account for volcanic and geothermal activity in some of the
catchments; and (v) the extension of the system to all catchments monitored by IMO,
including key ungauged catchments prone to flooding.
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