10

15

20

25

Supplement to: Understanding Changes in Iceland’s Streamflow Dynamics in Response to Climate Change
Hordur B. Helgason®?, Andri Gunnarsson?, Oli G. B. Sveinsson?, Bart Nijssen®

!Department of Civil and Environmental Engineering, University of Washington, Seattle, USA
2Hydropower Division, Landsvirkjun, Reykjavik, Iceland

Correspondence to: Hordur B. Helgason (helgason@uw.edu)

S1 Homogeneity analysis of streamflow series

To assess the homogeneity of streamflow records from the LamaH-Ice dataset, we performed the standard Pettitt’s test (Pettitt,
1979). Our approach to considering or omitting inhomogeneous series aligns with that of the Norwegian Water Resources and
Energy Directorate’s method for selecting reference streamflow series for climate change studies (Fleig et al., 2013). The
homogeneity analysis revealed that one timeseries needed to be omitted (Sydri-Bagisa river). The analysis, including the
justification for each streamflow series, is described here.

Pettitt’s test (Pettitt, 1979) is a non-parametric change-point detection test derived from the Mann-Whitney two-sample test.
We computed Pettitt’s test for each streamflow gauge using the PyHomogeneity Python package (Hussain et al., 2023), setting
the significance level at 0.05 and the number of Monte Carlo simulations used to approximate the significance of the test at
20,000. We applied the test to series for annual average streamflow, temperature and precipitation series. In cases where the
test indicated a change-point in annual average streamflow, we manually inspected the streamflow series for breaks in
homogeneity that were either 1) linked to a documented change in measurement practices or to incidents that compromised
data quality, or 2) distinctly observable in the data, and these breaks could not be accounted for by breaks in temperature or
precipitation.

S2 Validity of trends in ERA5-Land

Temperature:
To assess the suitability of ERA5-Land for long-term temperature trend analysis in Iceland, we compared reanalysis-derived
temperature series with in-situ observations from the Reykjavik weather station. The selected catchment, Korpa River (ID 58),

is located in Reykjavik, with the streamflow gauge situated approximately 7 km from the weather station.
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50-Year Period (Water Years 1974-2023): Monthly Temperature Comparison

Monthly correlation: 0.994
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Figure S1: Comparison of observed temperature series in Reykjavik and catchment-averaged ERA5-Land series for
the Korpa catchment (ID 58), located near Reykjavik, over the 1974-2023 period. The top panel shows monthly mean
temperatures, and the bottom panel displays annual mean temperatures with Theil-Sen trend lines and associated p-
values based on the modified Mann-Kendall test.

The comparison reveals excellent agreement between ERA5-Land and observed monthly temperature series, with a Pearson
correlation coefficient of 0.994. Annual mean temperatures also show strong agreement (r = 0.975). Both datasets exhibit
statistically significant warming over the 50-year study period. The Theil-Sen slope estimates indicate a warming trend of
0.42°C per decade for ERA5-Land and 0.35°C per decade for observations, both with p-values < 0.001. The temperature series
from ERA5-Land is slightly cooler than the observed series, reflecting the higher average elevation of the catchment (171 m
a.s.l.) compared to the weather station elevation (60 m a.s.l.). These findings confirm that ERA5-Land effectively captures

interannual variability and long-term temperature trends at this site, supporting its use in hydrological and climate analyses
across Iceland.



To assess potential temperature biases in ERA5-Land, we compared its mean annual temperature over the period 1973-2018

40 with that of the regional atmospheric reanalysis RAV-Il. The comparison was performed for 111 catchments in the LamaH-

45

Ice dataset, and results are presented in Figure S2
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Statistics:
Mean Bias: 0.16°C
RMSE: 0.48°C
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Figure S2: Comparison of mean annual temperatures between ERA5-Land and RAV-II reanalysis datasets for 111
catchments in LamaH-Ice during the period Oct 1 1973 — Sept 30 2018. The gray dashed line represents
the 1:1 relationship, while the red dashed line shows the linear regression (y = 1.07x - 0.11). Each point represents one
catchment, with temperatures ranging from approximately -4°C to +3°C.

ERAS5-Land exhibits a slight warm bias compared to RAV-II, with a mean difference of +0.16°C, a root mean squared error

(RMSE) of 0.48°C, and a pearson correlation coefficient of 0.97. The bias is temperature-dependent: ERA5-Land tends to be

slightly colder than RAV-II at low temperatures (below —1.5°C), and slightly warmer at higher temperatures. Despite this
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minor systematic difference, the strong agreement between the two datasets supports the suitability of ERA5-Land for
analyzing long-term temperature trends in Iceland.

Precipitation:

Direct comparisons between reanalysis-based precipitation estimates and gauge observations in cold regions are challenging
due to significant measurement uncertainties, particularly undercatch during snowfall and windy conditions. Because
systematic corrections are not uniformly applied to Icelandic precipitation records, station-based trends may not provide a
reliable reference for evaluating reanalysis products.

To assess the validity of ERA5-Land precipitation trends, we compared them with trends derived from the Copernicus Arctic
Regional Reanalysis (CARRA), a high-resolution (2.5x2.5 km) regional reanalysis. Figure S3 presents precipitation trends (%
per decade) from both ERA5-Land (left) and CARRA (center) over the 1993-2023 period, alongside a scatter plot comparing

trends between the two datasets (right). Trends were computed using the Theil-Sen estimator.
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Figure S3: Comparison of precipitation trends (% per decade) over Iceland for the 1993-2023 period from ERA5-Land
(left) and CARRA (center). Each point represents a catchment in the LamaH-Ice dataset. Trends were estimated using
the Theil-Sen slope. The right panel shows a scatter plot comparing ERA5-Land and CARRA trends, with the dashed
1:1 line indicating perfect agreement.

Both datasets show broadly consistent spatial patterns in precipitation trends across Iceland. In particular, both reanalyses
indicate increasing precipitation trends in the east and northeast, transitioning to decreasing or near-zero trends toward the
southwest. This spatial coherence strengthens confidence in the qualitative pattern of change. However, ERA5-Land generally
exhibits larger trend magnitudes than CARRA. This is reflected in the scatter plot, where most points fall below the 1:1 line,
indicating that ERA5-Land trends are consistently higher than those from CARRA. The correlation between the two datasets

is strong (r = 0.84, p < 0.001), suggesting a high level of agreement in relative trend patterns, even if the magnitudes differ.
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These results suggest that ERA5-Land captures the broad spatiotemporal distribution of precipitation trends in Iceland and is
suitable for use in large-scale hydrological trend assessments, such as those in LamaH-Ice.

75 S3 Changes in evapotranspiration compared to changes in precipitation

Figure S4 shows a comparison between trends in precipitation and ET in Iceland.
a) Trend in precipitation vs. ET: annual (1973-2023) b) Trend in precipitation vs. ET: summer (1973-2023)
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Figure S4: The trend in precipitation (x-axis) plotted against the trend for evapotranspiration (ET: y-axis) for period
1 (aand b) and period 2 (c and d). Annual trends are shown in panels a and ¢, summer trends (JJA) are shown in
80 panels b and d. Colors indicate streamflow trends.
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S4 Sub-seasonal trends in temperature, precipitation and streamflow

Streamflow Gaug:
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Figure S5: Sub-seasonal trends (21DRM) in catchment-average 2m air temperature (a and b) and precipitation (c and
d) from 1973-2023 and 1993-2023. An overlying dashed black line indicates that the trend is significant (p < 0.05). Left
Y-axis labels show the streamflow gauge ID number. Right Y-labels show the glaciated fraction of the catchment. The
data is from the ERA5-Land reanalysis.

Figure S5 shows the sub-seasonal trends in 2m air temperature and precipitation for periods 1 and 2. For air temperature,

results for period 1 (Figure S5a) show a predominant significant positive trend in temperature for most of the year. A period

in February and March exhibits the smallest (and not statistically significant) trends, along with two shorter periods in

October/November and December. Trends in July and August are also small in many catchments. In contrast, results for period

2 show greater variability, including periods with negative trends (Figure S5b). Even though fewer days exhibit statistically

significant trends than in period 1, the magnitude of the positive trends is notably larger. Significant increases in temperature

are observed in February/March, late April and from late May to late June, while minor decreases are noted in August,

December and January.
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The precipitation trends present mixed results. For period 1 (Figure S5c), a significant increase in precipitation is evident in
May and September and October across almost all catchments. Other parts of the year show limited significance, with slight
increases in December and July, and decreases in March, June, August, and November. In period 2 (Figure S5d), statistically
significant positive precipitation trends are observed in May and September in most catchments, with slight increases also

noted in late December, March, April, late May and July. Decreases are noted in August and early December.
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Figure S6: Sub-seasonal trend in streamflow for the periods 1973-2023 (a) and 1993-2023 (b). Colors show the trend in
21-day centered rolling mean streamflow for each day of the year. For periods of the year with insufficient data
available, a dark gray color is shown. An overlying dashed black line indicates that the trend is significant. Left Y-axis
labels show the streamflow gauge 1D number. Right Y-labels show the glaciated fraction of the catchment.

Figure S6 shows sub-seasonal trends in streamflow for periods 1 and 2. The figure shows that for period 1, significant trends
(highlighted by dashed black lines) are observed for most gauges for some part of the year, with notable increases observed in

winter, spring and fall for most catchments. Negative trends are predominant during the summer season in most catchments,

7
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although positive summer trends are observed in catchments with higher glaciated fractions. Figure S6b, representing the
period 1993-2023, exhibits a more pronounced pattern of frequent switches between positive and negative trends, with
significant trends being fewer and more scattered throughout the year. Strong increases are particularly evident in April,
followed by a decrease in May, indicating a shift in the timing of snowmelt. A strong increase is also evident in September to
November. Decreases are observed from June through September for most non-glaciated catchments, and from July through
September for many glaciated catchments.



S5 Trends in streamflow

Figure S7 shows trends in annual and summer melt season streamflow in glacial rivers for periods 1 and 2.

a) Trend in annual average streamflow in glaciated basins b) Trend in JAS streamflow in glaciated basins
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Figure S7: Trends in streamflow for gauges with more than 5% catchment glaciation. Annual trends (a, ¢) and summer
melt season (July, August and September: b, d) in streamflow from 1973-2023 (a, b) and 1993-2023 (b, d). Black circles
around gauge markers indicate statistically significant trends (p < 0.05). Watershed outlines are shown for each gauge.
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Period 1: 1973-2023
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Figure S8: Annual (a, c) and seasonal (b, d) trends in streamflow coefficient of variation (CV) from 1973-2023 (a, b)
and 1993-2023 (b, d). Black circles around gauge markers indicate statistically significant trends (p < 0.05). Watershed

outlines are shown for each gauge.
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Figure S9: Annual (a, ¢) and seasonal (b, d) trends in streamflow flashiness index from 1973-2023 (a, b) and 1993-2023
(b, d). Black circles around gauge markers indicate statistically significant trends (p < 0.05). Watershed outlines are
shown for each gauge.
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Period 1: 1973-2023
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160 Figure S10: Annual (a, ¢) and seasonal (b, d) trends in baseflow index from 1973-2023 (a, b) and 1993-2023 (b, d). Black
circles around gauge markers indicate statistically significant trends (p < 0.05). Watershed outlines are shown for each
gauge.
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Seasonal trends in low and high flows
Period 1: 1973-2023
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165 Figure S11: Seasonal trends in low and high flows for periods 1 and 2. Seasonal low (a, ¢) and high (b, d) flows in

streamflow from 1973-2023 (a, b) and 1993-2023 (b, d). Low and high flows are defined as the 10™" and 90"

percentiles of seasonal flow. Black circles around gauge markers indicate statistically significant trends (p < 0.05).

Watershed outlines are shown for each gauge.

For period 1, trends in low flows are positive for most gauges in all seasons, particularly in winter, spring and fall. Trends in
170 high flows are positive and significant in most catchments in winter and fall, while summer and spring show mixed results.

For Period 2, seasonal trends in low flows (Figure S11c) remain predominantly positive across most seasons and catchments,
particularly in spring and fall, where many gauges show significant increases. Winter trends are more mixed, with both positive
and negative changes observed. Summer trends are mixed, with fewer significant results. Trends in seasonal high flows (Figure
S11d) are more spatially variable for period 2. Unlike Period 1, winter high flows no longer show widespread increases; trends
175 are now almost evenly split between increases and decreases across gauges. Spring displays a similar pattern, with no dominant
trend direction. However, fall continues to show predominantly positive trends. Summer trends remain relatively weak and

mostly non-significant, similar to the patterns observed in period 1.

13



180

1973-2023: Significant correlations (p<0.05)
between annual streamflow trends and catchment characteristics
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Figure S12: A heatmap showing correlations of annual streamflow metrics with trends in meteorological variables and
catchment attributes for the period 1973-2023.
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1973-2023: Significant correlations (p<0.05)
between DJF streamflow trends and catchment characteristics
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185 Figure S13: A heatmap showing correlations of winter (DJF) streamflow metrics with trends in meteorological
variables and catchment attributes for the period 1973-2023.

1973-2023: Significant correlations (p<0.05)
between MAM streamflow trends and catchment characteristics
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Figure S14: A heatmap showing correlations of spring (MAM) streamflow metrics with trends in meteorological
variables and catchment attributes for the period 1973-2023.
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1973-2023: Significant correlations (p<0.05)
between JJA streamflow trends and catchment characteristics
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Figure S15: A heatmap showing correlations of summer (JJA) streamflow metrics with trends in meteorological
variables and catchment attributes for the period 1973-2023.

1973-2023: Significant correlations (p<0.05)
between SON streamflow trends and catchment characteristics
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195 Figure S16: A heatmap showing correlations of fall (SON) streamflow metrics with trends in meteorological variables
and catchment attributes for the period 1973-2023.
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1993-2023: Significant correlations (p<0.05)
between annual streamflow trends and catchment characteristics
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Figure S17: A heatmap showing correlations of annual streamflow metrics with trends in meteorological variables and
catchment attributes for the period 1993-2023.
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1993-2023: Significant correlations (p<0.05)
between DJF streamflow trends and catchment characteristics
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Figure S18: A heatmap showing correlations of winter (DJF) streamflow metrics with trends in meteorological
205 variables and catchment attributes for the period 1993-2023.
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Figure S19: A heatmap showing correlations of spring (MAM) streamflow metrics with trends in meteorological
variables and catchment attributes for the period 1993-2023.
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1993-2023: Significant correlations (p<0.05)
between JJA streamflow trends and catchment characteristics
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210 Figure S20: A heatmap showing correlations of summer (JJA) streamflow metrics with trends in meteorological
variables and catchment attributes for the period 1993-2023.
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Figure S21: A heatmap showing correlations of fall (SON) streamflow metrics with trends in meteorological variables
215 and catchment attributes for the period 1993-2023.
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S6 Overview of gauges used in the study

220 Figure S22: A map showing the location of streamflow gauges from the LamaH-Ice dataset used in the study. Gauges
identified by their LamaH-Ice ID numbers.

Table S1: Overview of gauges used in this study, including river names, gauge locations, catchment areas, degree of

anthropogenic impact (u: no influence, I: low influence, m: moderate influenc, s: strong influence), catchment glacier

percentage and observation periods.

River name Station name | Catchmen Degree of Catchmen | First year of | Last year of
(location) tarea anthropogenic | t glacier observation | observation
(km?) impact percentag s s
Gauge ID e
3 Austari-
Jokulsa ofan Skatastada 11349 | u 8.8 1971 2024
7 Blanda Langamyri 1673.3 | s 10.4 1974 2024

20




8 Bruara Dynjandi 642.1 | | 0 1948 2023
11 nedan

Djupa Djupérdals 226.8 | u 33.1 1968 2023
12 Dynjandisa Sjéarfoss 426 | | 0 1956 2023
14 Eystri-Rangd | Tungufoss 401.3 | | 1.2 1962 2023
15 Fellsa Sturluflst II 125.5 | u 0 1977 2024
18 Fnjoska ofan Arbugsar 1129.6 | u 0 1976 2023
21 Fossa Eyjolfsstadir 1135 | u 0.2 1968 2023
26 Grimsa Reydarvatnsos 108.3 | | 0 1964 2023
31 bru,

Hjaltadalsa Vidvikursveit 299.4 | u 7 1956 2023
34 Hvald Op 192.8 | u 0 1976 2023
36 Hvita Fremstaver 1665.1 | | 19.4 1985 2021
37 Hvita Kljafoss 1720 | u 18.6 1951 2023
38 Holmsa Hélmsarfoss 237 | u 21.2 1984 2024
39 HSlmsa Gunnarshélmi 215.5 | u 0 1972 2023
a5 Jokulsd &

Fj6llum Grimsstadir 5150.8 | u 28.9 1965 2023
46 Jokulsd &

Fjollum Upptyppingar I 2006.7 | u 56.9 1972 2023
48 Jokulsa i

Fljétsdal Eyjabakkafoss 302.4 | u 41.5 1985 2024
58 Korpa Keldnaholt 39.6 | | 0 1970 2023
59 Kreppa Lénshnjakur 941.8 | u 35.9 1985 2023
64 Laxa Helluvad 1509.7 | | 0 1961 2024
66 Markarfljot Emstrur 516.2 | u 10 1982 2023
67 Nordura Stekkur 507.4 | u 0 1971 2023
70 Sanda Flogubra 11 265 | u 1965 2023
73 Seydisa Kjolur 301.7 | u 1.7 1990 2024
77 Skjalfandafljé

t Aldeyjarfoss 1947.9 | u 6.1 1987 2023
79 Sog Asgardur 997.2 | m 1 1972 2024
82 Sudura Hofledursholl 38 |u 1972 2023
83 ofan

Svarta Ullarfossbruar 738.8 | | 0 1965 2023
84 Svarta Svarté 390.6 | u 1932 2023
86 Tungnad Mariufoss 11411 | u 10.2 1959 2024
91 Vatnsdalsé Forsaeludalur 449.7 | u 1948 2023
92 Vatnsdalsa Eidi 101.9 | | 0 1977 2023
93 Vestari-

Jokulsa Goddalabru 842.3 | u 10.5 1971 2023
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98 Olfusa Selfoss 5724.2 | | 10.8 1950 2023
102 bjorsa bjérsartun 7437.2 | s 12.5 1947 2024
105 bverd Nauteyri 44.7 | u 0 1967 2021

225

Table S2: Streamflow (Q, m3/s), temperature (T, °C) and precipitation (P, mm/year) averages for periods 1 and 2.
Streamflow is measured and temperature and precipiation are derived from the ERA5-Land reanalysis. Note that
230 precipitation is underestimated in ERA5-Land.

Gauge ID Q1 Q2 T1 T2 P1 P2
3 39.8 40.2 -2.3 -1.8 1045.5 1054.9
7 44.6 44.7 -1.5 -1 1077.2 1084.1
8 66.2 67.5 1.8 2.3 1847.5 1850.8
11 27.4 29.2 -1.4 -1.1 2175.2 2200.9
12 3.1 3.1 -0.2 0.3 1430.3 1433.3
14 20.8 20.6 0.7 1.2 1895.5 1923.1
15 7.7 -1.3 -0.9 1510.2 1542.7
18 38.3 -1.7 -1.3 1098.7 1120.8
21 8.4 8.7 -0.1 0.3 1666.9 1711.6
26 5.6 -0.2 0.3 1605.6 1614.3
31 11.2 11.4 -1.7 -1.2 1169.7 1186.5
34 14.8 15 0 0.4 1357.8 1381.6
36 86.6 -1.5 -1.1 1453.2 1457.4
37 82.6 85.4 -1.2 -0.8 1317.6 1326.2
38 36.9 0.2 0.6 2422.9 2480.7
39 2.1 1.9 2.1 2.6 1526.9 1544.3
45 188.6 -2.4 -2 1238.5 1252.1
46 96.3 101.6 -3.8 -3.5 1421.5 1435.7
48 26.9 -2.5 2.1 1662 1691.3
58 1.5 1.4 2.4 2.8 1453.9 1467.6
59 45.3 -3 -2.6 1457.5 1473.5
64 38 38.7 -0.6 -0.1 1015.8 1030.1
66 43 43.7 -0.3 0.1 2173.6 2211.8
67 21.8 21.6 0.7 1.2 1163 1176.4
70 13.7 13.9 0.4 0.8 1083.7 1098
73 -1.6 -1.1 1160 1166
77 49.4 2.2 -1.8 1133.8 1145.5
79 108.5 108.5 1 1.5 1675.5 1684.8
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235

240

245

82 0.4 0.4 2.7 3.1 1461.4 1476
83 21.6 22.5 -1.5 -1 1127.9 1144.3
84 10.2 10.2 -0.5 0 974.6 982.6
86 87.8 -0.8 -0.3 1695.2 1719.2
91 9.1 -0.5 0 987.1 1000.9
92 7.1 0.1 0.6 1455.5 1457.5
93 22.7 23.6 -1.9 -1.4 1024.1 1030.4
98 377.4 378.1 0.3 0.7 1642.5 1648.2
102 350.2 353.4 -1 -0.5 1446.2 1457.7
105 2.4 0.1 0.3 1315.5 1334.5
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