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A B S T R A C T   

High-latitude lakes are sensitive to climate change and store information about large-scale circulation changes 
and catchment-integrated processes. Lakes are mainly recharged by meteoric water, meaning that some lake 
sediment proxies may indirectly archive the stable isotopic composition of hydrogen (δ2H) and oxygen (δ18O) of 
past precipitation. Yet, despite similar precipitation input, lakes within a region may exhibit a wide range of 
isotopic values due to the varying influence of inflow seasonality and evaporation. Moreover, the relative 
sensitivity of each lake to these controls may vary through time, something that is difficult to account for. Here, 
we evaluate the impact of variable inflow δ2H and evaporation on the lake water isotopic composition across 
northern Fennoscandia (Norway, Finland, and Sweden). We measured lake water δ2H and δ18O of 135 lakes 
spanning from the north Norwegian coast along a 460 km transect to the Bothnian Bay, sampled from 2018 to 
2020. Our data show that both coastal and inland lakes are sensitive to distillation during moisture transport, and 
that lakes farther from the Atlantic Ocean are additionally impacted by evaporation. We estimated the isotopic 
composition of lake water inflow values for evapo-concentrated transect lakes (δ2HI) using a Bayesian method. 
Resampled transect lakes had more depleted δ2HI in 2020 than in 2019, indicating either that precipitation was 
2H-depleted or that more winter precipitation contributed inflow to the lakes in 2020 compared to in 2019. We 
suggest that the more 2H-depleted values in 2020 were a response to a snow-rich winter, associated with 
extremely positive Arctic Oscillation (AO+) conditions and increased moisture supply from the North Atlantic. 
We find evidence that lake water isotopic variability in this region reflects a combination of seasonal precipi
tation changes associated with atmospheric circulation changes, and catchment-integrated evaporation. Careful 
consideration of the variable sensitivity to these processes is essential when making inferences about past climate 
based on lake water isotope proxies.   

1. Introduction 

Amplified warming in the northern high latitudes is predicted to 
cause an intensification of the hydrological cycle (Rawlins et al., 2010; 
Collins et al., 2013; Bintanja & Selten, 2014; Bintanja et al., 2020). These 
changes affect both terrestrial and ocean freshwater budgets and have 
great cryospheric and ecological impact (Bring et al., 2016; Vihma et al., 
2016; Wrona et al., 2016). Arctic precipitation change is caused by two 
main mechanisms with different seasonal imprints. Increased local 
evaporation mainly occurs in fall and winter, due to accelerated sea-ice 
loss (Bintanja & Selten, 2014; Bailey et al., 2021). In contrast, poleward 
moisture transport is greatest in summer, when the meridional tem
perature and moisture gradients increase the most and continental 

moisture sources play a significant role (Vázquez et al., 2016; Singh 
et al., 2017). Furthermore, greater interannual variability in the summer 
moisture influx from extrapolar regions is projected to contribute to 
increasing interannual variability in Arctic precipitation (Bintanja et al., 
2020). The projected trends remain uncertain, relying on sparse obser
vational data to describe complex spatiotemporal patterns. To improve 
the constraints on long-term variability in precipitation and atmospheric 
circulation, we can use lake-water-derived proxy records (Sundqvist 
et al., 2014; Linderholm et al., 2018). 

Stable isotope ratios of oxygen (δ18O) and hydrogen (δ2H) in pre
cipitation are frequently used to infer processes in the hydrological cycle 
due to their sensitivity to changes in atmospheric temperature, moisture, 
and circulation (Dansgaard, 1964; Rozanski et al., 1993; Gat, 1996). 
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Much of the variation in precipitation isotopic composition results from 
equilibrium fractionation during phase changes (e.g., evaporation, 
condensation, and freezing) during transport from the moisture source 
to the precipitation site (Gat, 1996). Equilibrium fractionation is highly 
temperature dependent, and therefore varies both spatially and 
temporally. The global average relationship between δ2H and δ18O in 
meteoric waters is described by the global meteoric water line (GMWL), 
defined as δ2H = 8×δ18O + 10 (Craig, 1961). Local meteoric water lines 
(LMWLs) account for site-specific variation in the isotopic composition 
due to factors including moisture sources, transport conditions and 
seasonality. For example, in seasonally snowy regions, slopes of the 
LMWLs tend to be similar to the GMWL, but the intercepts lower than in 
other regions due to snow formation processes (Putman et al., 2019). 

The isotopic signal of precipitation can be preserved in climate 
proxies, allowing us to extend our records back beyond the instrumental 
period. In northern Fennoscandia, the oldest temperature and precipi
tation amount observations date back to the 1860′s (Alexandersson, 
2002), whereas precipitation isotope records are limited to a handful of 
sites, most of them only measuring δ18O, covering timespans of less than 
ten years each, and only after 1975 (IAEA/WMO, 2019). 

Lakes are excellent archives of past climate change, as their isotopic 
composition often at least partially reflects precipitation isotopes, and 
they contain a wide range of proxies that preserve the lake water iso
topic composition. In northern Fennoscandia, reconstructions of Holo
cene precipitation, humidity and atmospheric circulation have mainly 
been based on δ18O from lacustrine carbonates (Hammarlund et al., 
2002; Rosqvist et al., 2007), diatom biogenic silica (Shemesh et al., 
2001; Rosqvist et al., 2004, 2013; Jonsson et al., 2010), and lake sedi
ment cellulose (St. Amour et al., 2010). Other studies use δ2H of lipid 
biomarkers to reconstruct different aspects of the water cycle (Nichols 
et al., 2009; Thienemann et al., 2019; Balascio et al., 2020). 

Recent dual biomarker approaches have focused on comparing leaf 
waxes produced by aquatic and terrestrial plants to reconstruct Holo
cene and Last Interglacial atmospheric circulation changes, precipita
tion seasonality and summer moisture balance (Rach et al., 2017; 
Thomas et al., 2018, 2020; Curtin et al., 2019; Kjellman et al., 2020; 
Katrantsiotis et al., 2021). These approaches rely on the assumption that 
the aquatic plant biomarkers are minimally impacted by evaporative 
enrichment. This might be true for lakes in regions with positive mois
ture balance (precipitation > evaporation), but not for lakes in more arid 
areas (Cluett & Thomas, 2020). 

When lakes undergo evapo-concentration, they will deviate from 
their starting isotopic compositions along the MWL due to kinetic frac
tionation, and evolve along a local evaporation line (LEL; Gat, 1996). 
The slope of the LEL is controlled by atmospheric conditions (e.g., 
temperature, relative humidity, and the isotopic composition of atmo
spheric moisture) and is usually between 5 and 6 at the mid-latitudes 
and sometimes steeper at high-latitudes (Gibson et al., 2008). If the 
slope of the LEL is known, it can be used, along with the lake water δ2H 
and δ18O values, to calculate the intersection between the LEL and the 
MWL, which represents lake water inflow values. One common 
approach to estimate regional LEL slopes is to adopt a linear regression 
fit to a group of lakes within the region (Clark & Fritz, 1997). This 
approach assumes that all the isotopic variation is a result of evapora
tion, and that all lakes in a region start with the same source isotopic 
composition (i.e., the lake inflow value; Bowen et al., 2018). This is 
seldom true, especially for systems with a strong seasonality. At high 
latitudes, the relative proportion of isotopically depleted snowfall and 
isotopically enriched rainfall can change between years, resulting in 
different inflow values from year to year (Tondu et al., 2013). Another 
approach is to apply theoretical modeling, based on the Craig-Gordon 
model, which requires knowledge of the isotopic composition of both 
precipitation and atmospheric moisture (Craig & Gordon, 1965), to infer 
inflow values for each lake individually. Regardless the technique used 
to calculate inflow values from evapo-concentrated lakes, most lake 
water δ2H and δ18O values contain information about both the degree of 

evaporative enrichment and the inflow isotopic composition. Thus, lake 
water δ2H and δ18O values can be used to infer past change in precipi
tation δ2H and δ18O values and evaporation, but the influence of both 
inflow and evaporation also confounds isotopic interpretation. Exam
ining spatial and temporal variations in lake water δ2H and δ18O values 
along modern climate gradients can guide interpretations of lake water 
isotope proxy records. 

In northern Fennoscandia, Holocene changes in lake-water-derived 
δ18O and δ2H are often assumed to reflect changes in North Atlantic 
atmospheric and oceanic circulation (e.g., Hammarlund et al., 2002; 
Rosqvist et al., 2007; Thienemann et al., 2019). The North Atlantic is the 
predominant moisture source, but during periods with a more southerly 
position of the polar front, precipitation can originate from Arctic air 
masses (Rosqvist et al., 2007). This is further complicated by the fact 
that Arctic and sub-Arctic lakes can display a wide range of water iso
topic compositions, despite similar precipitation input (Gibson & 
Edwards, 2002; Jonsson et al., 2009; Cluett & Thomas, 2020). This is 
because meteoric water inputs are modulated by catchment character
istics and additionally modified by lake water evaporation (Leng & 
Marshall, 2004; Cluett & Thomas, 2020). Lake and catchment 
morphometry and precipitation amount control the throughflow regime 
of the lake, since these factors govern the lake water residence time 
(Jonsson et al., 2009). Furthermore, the travel time of water through 
surface and groundwater systems and into lakes varies in time and space 
depending on factors such as catchment size, slope, soil type and sea
sonality (Botter et al., 2010; Heidbüchel et al., 2012; Jutebring Sterte 
et al., 2021). Lakes with wetland-dominated catchments generally have 
shorter residence times and lower evaporation-to-inflow (E/I) ratios 
(Gibson et al., 2002). To make inferences about past climate based on 
changes in lake-water-derived δ18O and δ2H, we therefore need to un
derstand both the regional climate and local hydrology (Jonsson et al., 
2009; Jones et al., 2016; Cluett & Thomas, 2020). 

Jonsson et al. (2009) measured the water isotopic composition of 11 
lakes close to Abisko in northwestern Sweden and found that lakes in 
this region are mainly recharged by precipitation and shallow ground
water, with little influence of evaporation. They also demonstrated that 
the lake water isotopic composition varies on a seasonal basis, and that 
lakes with short residence time (<6 months) are more sensitive to sea
sonal changes, whereas lakes with longer residence times (>6 months) 
have lake water isotopic compositions closer to mean annual precipi
tation. Balascio et al. (2018) measured modern lake water isotopic 
composition of 15 lakes along a transect from near Tromsø in Norway to 
the Finnish-Swedish border. The lakes displayed decreasing isotopic 
values moving inland from the coast, and most of them showed little 
influence of evaporation. On western Greenland, a recent study of 140 
lakes along an aridity gradient between the Labrador Sea and the 
Greenland Ice Sheet margin demonstrated that lake water δ18O and δ2H 
are impacted by inflow isotopic composition and catchment-integrated 
evaporation in all lakes, but that the relative importance of those two 
variables in a given lake depends on climate and lake and catchment 
morphometry (Cluett & Thomas, 2020). 

Here, we investigate the water isotopic composition of lakes across 
Arctic and sub-Arctic Fennoscandia (Norway, Finland, and Sweden) to 
better constrain the influence of inflow isotopic composition and sea
sonality on the lake water isotopic composition throughout this region. 
We target lakes across a 460-km-long climatic gradient to explore the 
relative importance of inflow values and evaporative enrichment, and 
consider the interannual variability by comparing the isotopic compo
sition from lakes sampled in several years. By identifying modern con
trols on the lake water isotopic composition, we aim to evaluate the 
sensitivity of lake water to changes in these hydrological and climate 
processes. This information is crucial to identify lakes that have the 
potential to accurately record the aspect of the water cycle we are 
interested in, and to make solid proxy interpretations. 
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2. Regional setting 

The study area spans from the North Atlantic Ocean in the northwest 
to the Bothnian Bay in the southeast, between 65.74◦N to 71.11◦N and 
18.39◦E to 30.06◦E (Fig. 1). The Late Weichselian Scandinavian Ice 
Sheet retreated from the outer coast c. 18–16 cal. kyr BP, whereas the 
interior parts were not ice-free until 11–10 cal. kyr BP (Hughes et al., 
2016; Stroeven et al., 2016). The coast is characterized by alpine 
topography, with steep mountains intersected by subglacially eroded 
fjords and U-shaped valleys. The highest mountains are the Lyngen Alps, 
reaching up to c. 1800 m a.s.l. (Fig. 1b-c). The bedrock is often exposed, 
especially at high elevation, whereas areas closer to sea level are partly 
covered by Quaternary deposits (mainly till; NGU, 2021). To the 
southeast, the Scandinavian Mountains gradually become lower, tran
sitioning into more gently undulating hilly terrain, reaching sea level by 
the Bothnian Bay (Fig. 1c). East of the Scandinavian Mountains, the till 
cover becomes thicker (Hirvas et al., 1988) and glaciofluvial deposits (e. 
g., eskers) are common (GTK, 2021). 

Many of the lakes in the region owe their existence to the advances 
and retreats of the ice sheet and glaciers during the last glacial/inter
glacial cycle (Brosius et al., 2021). Lakes formed in depressions carved 
by the ice itself, some were dammed by glacial deposits, and still others 
are kettles formed due to melting of dead-ice. These processes combined 
resulted in a landscape with numerous lakes with diverse morphomet
rics. Many lakes and ponds are also associated with the minerotrophic 
aapa mires, characteristic for the area (Ruuhijärvi, 1983). These types of 
mire complexes form in flat areas with high precipitation and low 
evaporation (Seppä, 2002). 

The water in the lakes can reflect different precipitation seasonality 
depending on duration of lake-ice cover, governing the amount of 
snowmelt bypass (i.e., how much of the snow that melts off the land
scape before the lake becomes ice free; MacDonald et al., 2017). Along 
the Sweden-Finland border, the average duration of ice cover on the 
lakes (1961–2000) varies between 200 and 225 days (Laasanen, 1982; 
Eklund, 1999; Korhonen, 2006). Average lake freeze-up is around 
October 15 in northwestern Finland and November 5 in the southern
most part of the study area, whereas ice break-up occurs earlier in the 

south (May 18) than in the north (June 15) (Laasanen, 1982; Korhonen, 
2006). In Norway, north of the Arctic Circle, the duration of ice cover on 
18 lakes was monitored for periods of 7–61 years (with an average 
observation period of 27 years) between 1912 and 1987. Ice-cover 
duration varies between 175 and 220 days with a mean of 198 days. 
The average freeze-up date for these lakes is November 10, and the 
average ice break-up date is May 29 (L’Abée-Lund et al., 2021). Air 
temperature is the most important factor for the timing of freeze-up and 
break-up (Palecki & Barry, 1986; Weyhenmeyer et al., 2004), modulated 
by regional atmospheric circulation (Blenckner et al., 2004). Small and 
shallow lakes generally freeze over earlier than large and deep lakes, but 
lake size has less influence on the break-up dates (Korhonen, 2006). 

Most of the study area lies in the middle and northern boreal zones, 
with areas above the tree line classified as alpine (Moen, 1998). The 
middle boreal zone is characterized by coniferous forest and mires, 
dominating the southern part of the study area and found in the low
lands along parts of the Norwegian coast. Deciduous trees are also 
common. The central part of the study area belongs to the northern 
boreal zone, characterized by birch forests, low-growing coniferous 
forest, and mires. In mountainous areas, the northern boreal zone 
transitions into tundra. The low-alpine areas are characterized by 
continuous cover of dwarf-shrubs and mires, whereas grasses, sedges, 
mosses, lichens, and forbs dominate the mid-alpine zone. At higher el
evations (the high-alpine zone), the vegetation cover is sparse. Plant 
cover can affect runoff into lakes, and therefore the seasonal lake water 
inflow values (Gibson & Edwards, 2002). 

The topography contributes to a strong hydroclimate gradient, with 
the Scandinavian Mountains acting as a barrier for air masses from the 
North Atlantic. The study region is located in the polar front zone, where 
dynamic low-pressure systems bringing warm moist air masses from the 
Atlantic meet dry cool air from the Arctic. The prevailing westerly winds 
bring the humid Atlantic air onshore, and precipitation amounts are 
highest along the southwestern coast due to orographic lift where the 
westerlies first meet the mountains (Hanssen-Bauer and Førland, 2000). 
Most of the moisture falls on the windward side of the mountains, 
sheltering the leeward side of the mountains from precipitation (Uvo, 
2003). The west coast experiences mild winters and cool summers, 

Fig. 1. (a) Overview map of the North Atlantic region, with major ocean surface currents (warm currents in red, cold in blue; NAC = North Atlantic Current; NCaC =
North Cape Current; WSC = West Spitsbergen Current; IC = Irminger Current, ESC = East Spitsbergen Current; EGC = East Greenland Current), and median winter 
(white dashed line) and summer (white dotted line) sea-ice extent 1981–2010 (National Snow and Ice Data Center, 2019). (b) Map of the study area, showing 
locations of meteorological stations (white circles), sampled lakes and place names mentioned in the text (black circles) and extent of elevation profile in C (red line). 
Background map from IBCAO (Jakobsson et al., 2012). (c) Elevation profile from the North Atlantic Ocean in the northwest to the Bothnian Bay in the southeast. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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whereas the climate in the interior is more continental, with colder 
winters and warmer summers (Fig. 2a). 

Seasonal variation in moisture source and moisture availability can 
be affected by changes in sea-ice cover. During winter (January-March), 
the Arctic sea ice reaches its maximum southward extent, covering the 
northern and eastern parts of the Barents Sea (National Snow and Ice 
Data Center, 2019; Fig. 1a). In winters with low sea-ice extent in the 
Barents Sea, more Arctic moisture can reach northern Fennoscandia 
(Bailey et al., 2021). Sea ice has not formed along the Norwegian coast 
during the Holocene (Belt et al., 2015) except in inner fjords, where it 
still forms today (O’Sadnick et al., 2020). Seasonal ice cover in the 
Bothnian Bay lasts 130–200 days, with sea ice forming in the shallow 

coastal areas in October–November and reaching a maximum ice extent 
in March (Haapala et al., 2015). 

Winter precipitation is also strongly influenced by the North Atlantic 
Oscillation (NAO), controlling the strength of the westerlies (Hurrell, 
1995; Uvo, 2003; Irannezhad et al., 2014). During times of positive NAO 
index (large atmospheric pressure difference between the Iceland Low 
and the Azores High), the North Atlantic storm track shifts northwards, 
increasing the moisture flux to Scandinavia (Hurrell, 1995; Marshall 
et al., 2001; Uvo, 2003). The NAO is closely related to the Arctic 
Oscillation (AO), which is linked to the polar low-pressure system, also 
known as the polar vortex (Thompson & Wallace, 1998). In the winter of 
2019/2020 (January-March), which preceded one of our sampling 
campaigns, an exceptionally strong stratospheric polar vortex related to 
extreme AO+ conditions (lower than average air pressure over the 
Arctic and higher than average pressure over the northern Atlantic and 
Pacific Oceans) caused strong positive temperature (warmer) and pre
cipitation (wetter) anomalies. The highest precipitation anomalies were 
observed between 60 and 70◦N, greatly affecting the Norwegian coast 
(Lawrence et al., 2020). In contrast, some extreme snowfall events can 
be attributed to cold air outbreaks during strongly negative NAO and 
AO, when dry polar air from sea-ice covered areas moves in over a 
relatively warm ocean, creating large sea-air heat and moisture ex
change (Shapiro et al., 1987; Papritz & Sodemann, 2018). One example 
of an event like this occurred in February 2018, when anomalously high 
temperatures and low sea-ice extent in the Barents Sea caused a high net 
moisture flux to the atmosphere and extreme snowfall over northern 
Europe (Bailey et al., 2021). 

In summer, the atmospheric circulation patterns are generally not as 
strong, and more precipitation forms due to local convection (Jaagus, 
2009). Notably, a recent Pan-Arctic study of the isotopic composition of 
summer 2018 rainfall identified precipitation air masses in Finland 
originating from two different transport regimes (Mellat et al., 2021). 
During NAO+ conditions, prevailing westerlies supplied Atlantic mois
ture, whereas summer cyclone activity related to a deepening low- 
pressure system over the Kara Sea caused northerly airflow and mois
ture transport from the Barents Sea (Mellat et al., 2021). These seasonal 
and synoptic changes in source impact the precipitation isotopic 
composition in this region (see section 2.1). 

At the meteorological station in Tromsø (69.65◦N, 18.94◦E; 100 m a. 
s.l.; Fig. 1), the mean annual air temperature (MAAT, 1991–2020) is 
3.3 ◦C and mean annual precipitation (MAP, 1991–2020) is 1091 mm 
(MET Norway, 2021). At the two more inland sites Naimakka (68.68◦N, 
21.53◦E; 403 m a.s.l.) and Rovaniemi (66.50◦N, 25.75◦E; 107 m a.s.l.), 
MAAT is –1.6 ◦C and 1.5 ◦C, and MAP 466 mm and 633 mm, respectively 
(FMI, 2021; SMHI, 2021). Naimakka is the most continental (coldest and 
driest) of these sites, located on the eastern side of the Scandinavian 
Mountains (Fig. 1). Rovaniemi is farther from the North Atlantic Ocean, 
but experiences a warmer and wetter climate than Naimakka, perhaps 
due to its proximity to the Bothnian Bay. Significant differences in 
precipitation amount between the coastal and inland sites occur in fall 
and winter (Fig. 2e). This is the season when the relative temperature 
difference between (warm) ocean and (cold) land is greatest, causing 
high precipitation amounts at coastal locations such as Tromsø. In 
Rovaniemi and Naimakka, the relative humidity is high during the fall 
and winter months (Fig. 2b), and most precipitation falls during the 
warm months (Fig. 2e). 

2.1. Isotopic setting 

Northern Fennoscandia receives moisture from sources with 
different isotopic composition, where Arctic and Baltic sea surface wa
ters are relatively depleted compared to the predominant North Atlantic 
source region, and the western Barents Sea (LeGrande & Schmidt, 2006; 
Bonne et al., 2019). In our study area, precipitation δ2H and δ18O have 
been monitored in Naimakka (1990–1995) and Rovaniemi (2003–2014) 
as part of the Global Network of Isotopes in Precipitation (GNIP; IAEA/ 

Fig. 2. Climate data from Tromsø, Naimakka and Rovaniemi (for locations, see 
Fig. 1). Mean monthly air temperatures (a) and relative humidity (b) between 
1991-2020 (for Naimakka calculated using all months with>80% data 
coverage, 1995–2020). Vertical bars represent one standard deviation. (c-d) 
Amount-weighted monthly δ2H and d-excess in precipitation from Tromsø 
(2019–2021; this study), and Naimakka (1990–1995) and Rovaniemi 
(2003–2014), both from IAEA/WMO (2019). (e) Monthly accumulated pre
cipitation, 1991–2020. For each box plot, the middle line displays the median 
precipitation, the box represents the 25% to 75% quartile range and whiskers 
the maximum and minimum values. Temperature and precipitation data are 
retrieved from FMI (2021), MET Norway (2021) and SMHI (2021). 
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WMO, 2019; Fig. 1b). These data yield LMWLs with the equations δ2H =
7.61×δ18O + 2.59 (Naimakka) and δ2H = 7.70×δ18O + 5.01 (Rova
niemi; Fig. 3), having slightly lower slopes than the GMWL and lower 
intercepts. Precipitation is most depleted at Naimakka, where amount- 
weighted mean annual precipitation δ2H and δ18O are –119.94‰ and 
–16.04‰, respectively (Figs. 2 and 3). The mean isotopic composition of 
precipitation δ2H and δ18O during the ice-free season (June-October) are 
–102.38‰ and –13.70‰, and during the ice-cover season (November- 
May) –144.14‰ and –19.40‰. In Rovaniemi, amount-weighted mean 
annual precipitation δ2H and δ18O are –98.56‰ and –13.52‰, whereas 
ice-free season mean values are –83.31‰ and –11.59‰ and ice-cover 
season mean values –113.43‰ and –15.35‰, respectively. The 
amount-weighted mean annual values in Rovaniemi are close to Nai
makka mean summer (ice-free season) values, and 21.38‰ (δ2H) and 
2.52‰ (δ18O) enriched compared to Naimakka amount-weighted 
annual values. 

For regions with no GNIP stations nearby, interpolated precipitation 
isotope values can be generated using the Online Isotopes in Precipita
tion Calculator (OIPC; Bowen, 2021). However, these values can be 
biased towards the closest GNIP station values, not capturing local 
variability. Balascio et al. (2018) noted that water from lakes close to 
Tromsø was significantly enriched compared to both annual and sum
mer OIPC estimations, indicating that the OIPC generates too depleted 
values for Tromsø, located at lower elevation and more coastal than the 
nearest GNIP stations. To evaluate the modern isotopic range of pre
cipitation by the coast, we analyzed precipitation samples collected in 
Tromsø (69.68◦N, 18.96◦E; 73 m a.s.l.) between September 6, 2019, and 
September 5, 2021 (n = 407). These data yield a LMWL with the 
equation δ2H = 6.68×δ18O – 0.85, having a lower slope and intercept 
than Rovaniemi and Naimakka (Fig. 3). The amount-weighted mean 
annual precipitation δ2H and δ18O values in Tromsø are –68.61‰ and 
–10.20‰, respectively (Figs. 2 and 3). This is 42.39‰ and 4.70‰ 
enriched compared to the OIPC estimated mean annual values (–111‰ 
and –14.9‰) for δ2H and δ18O at this site, respectively (Bowen, 2021). 
The mean annual precipitation values in Tromsø are 29.95‰ and 
51.33‰ (2H) and 3.32‰ and 5.84‰ (18O) enriched compared to 

Rovaniemi and Naimakka, respectively. Mean ice-free season precipi
tation δ2H and δ18O values in Tromsø are –65.23‰ and –9.19‰, and ice- 
cover season mean values are –70.63‰ and –10.81‰ (Fig. 3). 

3. Materials and methods 

3.1. Water sample collection and isotope analysis 

We collected lake water samples from a total of 135 lakes in northern 
Norway, Finland, and Sweden (Fig. 1, Supplementary Information) be
tween 2018 and 2020. Most of the samples were collected during the 
first week of July, in 2018, 2019 and 2020. This is after the snowmelt 
season, although some high elevation lakes are fed by snowmelt 
throughout summer. In July 2018, we sampled lakes in the coastal 
Tromsø area (n = 30), and at the end of June 2019 along the north 
Norwegian coast (n = 9). The July 2019 and 2020 field campaigns tar
geted lakes (n = 35 and n = 68, respectively) along a NW-SE transect 
from southeast of the Lyngen Alps to the Bothnian Bay (hereafter 
referred to as the ‘transect lakes’), between 69.4◦N, 20.3◦E and 65.7◦N, 
24.6◦E (Fig. 1b–c). This transect spans c. 460 km, with lakes spanning 
elevations from close to sea level in NW and SE, up to c. 560 m a.s.l. close 
to the tripoint between Norway, Finland, and Sweden (Fig. 1c). We also 
collected samples from the Muonio and Torne Rivers (two rivers forming 
the border between Sweden and Finland) and the Bothnian Bay. To 
evaluate the interannual variability, we sampled 12 of the lakes along 
the transect and two locations on the Muonio River for two consecutive 
years. Furthermore, 11 of the transect lakes were sampled in July 2013 
by Balascio et al. (2018), and five have been sampled all three years 
(2013, 2019 and 2020). Additionally, a couple of the coastal lakes were 
resampled in July 2019 and 2020 (n = 2 and n = 4, respectively) and/or 
during other times of the year (n = 5; Supplementary Information). Two 
coastal lakes were sampled for the first time in 2020. We collected the 
samples from the shoreline, approximately 10 cm below the lake surface 
to avoid evaporatively enriched water and stored them in 4 mL glass 
vials with no headspace. The vials were sealed with Parafilm to prevent 
evaporation during transportation and storage. 

Precipitation samples were collected in Tromsø (69.68◦N, 18.96◦E; 
73 m a.s.l.) from September 6, 2019, to September 5, 2021 (n = 407). 
Samples were collected each morning, using a 4-inch diameter RG202 
Stratus All-Weather Rain Gauge. Liquid precipitation was collected 
using a funnel and an inner 1-inch cylinder, and solid precipitation from 
the 4-inch cylinder. The samples were transferred to 4 mL glass vials, 
sealed with Parafilm, and kept at 4 ◦C until analysis. Frozen samples 
were brought inside and melted in a sealed container at room temper
ature before transfer. Prior to analysis, all samples (lake water and 
precipitation) were filtered through a 0.2-μm PTFE filter. 

The lake water samples collected in 2018 and 2019 were measured 
on a Picarro L2130-i WS-CRDS analyzer with vaporization module 
V1102-i coupled to a CTC PAL autosampler, at the Organic and Stable 
Isotope Biogeochemistry Laboratory at the University at Buffalo, USA. 
Each sample was measured four times, and the first injection discarded. 
Reported values are the average of the last three measurements. Cali
bration to the VSMOW scale was done using three in-house standards, 
spanning a range of –265.86 to + 21.43‰ for δ2H and –33.62 to +

12.41‰ for δ18O, calibrated against primary standards (GISP, VSMOW2, 
and SLAP2) from the International Atomic Energy Agency (IAEA). A 
memory correction was applied, following van Geldern & Barth (2012). 
Average standard deviations of replicate measurements were 0.08‰ and 
0.02‰ for δ2H and δ18O, respectively. For lake water samples collected 
in 2020, and for all precipitation samples, δ2H and δ18O were measured 
on a Picarro L2140-i WS-CRDS with a A0211 vaporizer and an A0325 
autosampler at the Facility for advanced isotopic research and moni
toring of weather, climate, and biogeochemical cycling (FARLAB), 
University of Bergen, Norway. Each sample was measured 12 times, and 
the reported values are averaged over the last four to six injections. 
Calibration was done using a drift standard and two laboratory 

Fig. 3. δ18O versus δ2H values for all lakes and rivers sampled from 2018 to 
2020, plotted against the global meteoric water line (GMWL, δ2H = 8×δ18O +
10) and local meteoric water lines (LMWLs) from Tromsø (δ2H = 6.68×δ18O – 
0.85), Naimakka (δ2H = 7.61×δ18O + 2.59) and Rovaniemi (δ2H = 7.70×δ18O 
+ 5.01). Amount-weighted mean annual, mean ice-cover (November-May =

winter) and mean ice-free season (June-October = summer) precipitation are 
displayed for the three stations in grey. Mean ice-cover season precipitation 
δ18O and δ2H for Naimakka are too depleted (–19.40‰ and –144.14‰, 
respectively) to be displayed in the plot. Local evaporation line (LEL) is 
included for the transect lakes (δ2H = 5.50×δ18O – 27.55). Inset panel has the 
same axes as the main figure and shows values by lake size (symbol) and 
throughflow regime (color). 
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standards, spanning a range of –308.14 to + 9.2‰ for δ2H and –40.06 to 
+ 1.77‰ for δ18O, calibrated against VSMOW2 and SLAP2. To reduce 
memory effects, a 2-component memory correction was applied, 
following Gröning (2011). Average standard uncertainties for calibrated 
measurement values (provided according to Gröning, 2018) were 0.43‰ 
and 0.06‰ for δ2H and δ18O, respectively. 

Isotope ratios are reported in per mil (‰) relative to Vienna Standard 
Mean Ocean Water (VSMOW), where δ = 1000×((Rsample/RVSMOW) – 1) 
and R is the ratio between 2H/1H or 18O/16O. Deuterium excess (d- 
excess) was calculated as d-excess = δ2H – 8×δ18O (Dansgaard, 1964). 
The daily precipitation data were converted into monthly amount- 
weighted mean values using the equation δaw = 1

P ×
∑n

i=1(pi × δi) , 
where P and pi are the monthly and daily precipitation amounts (in mm), 
δi is δ2H or δ18O and n is the number of sampling days. 

3.2. Inferring inflow δ2H values 

To estimate lake inflow δ2H and δ18O values for the evapo- 
concentrated transect lakes, we applied the Bayesian ‘MWL source 
implementation’ method by Bowen et al. (2018). This method allows the 
user to supply a MWL equation and a hypothesized LEL slope, each with 
confidence intervals. Since the LMWLs in Naimakka and Rovaniemi are 
parallel to and have similar intercepts as the GMWL (Fig. 3), we used the 
default MWL equation provided with the model, which is a re-calibrated 
GMWL (δ2H = 8.01×δ18O + 9.57; n = 80,672; Bowen et al., 2018). The 
GMWL has much less uncertainty than the LMWLs, which are con
strained by only hundreds of data points. To allow for interannual 

comparison, we based the LEL estimations on linear regression using the 
isotopic composition of lakes sampled in both 2019 and 2020 (n = 12). 
To run the model, we supplied the estimated LEL slope for each subset 
(4.82 and 5.18 for 2019 and 2020, respectively) with a standard devi
ation of 0.5 (as suggested by Bowen et al., 2018), lake water δ2H and 
δ18O with uncertainties and covariance (0.95), and the number of iter
ations (10,000). We acknowledge the assumptions involved in a 
regression-based approach for LEL slope estimation, but consider the 
supplied LEL slopes to be a good starting estimate, because they agree 
with theoretical LEL slope values (~5) modeled by Gibson et al. (2008). 
Given uncertainties in the LEL regression approach, we do not interpret 
interannual or spatial differences in LELs, and instead use them as a 
guide to infer whether lakes have experienced evaporative enrichment. 
We present modeled mean source water values, hereafter referred to as 
inferred inflow δ2H (δ2HI). For the discussion where we compare the 
seasonality of inflow between coastal and transect lakes, we include only 
the coastal lakes that are through-flowing, as lake water δ2H (δ2HL) in 
these lakes is not significantly affected by evaporative enrichment, and 
therefore equal to δ2HI. We exclude small isolated coastal basins, since 
we do not have a well-constrained estimate of the LEL by the coast. 

4. Results 

4.1. Lake water isotopic composition 

The lake water surface samples from 2018 to 2020 span a broad 
range of isotopic compositions (Fig. 3). Generally, lakes close to the 

Fig. 4. (a) Geographical distribution of surface water δ2H for 135 lakes, two rivers and the Bothnian Bay, in Arctic and sub-Arctic Norway, Finland, and Sweden. 
Twelve lakes and two locations along the Muonio River sampled in both 2019 and 2020 are outlined in red. Background map from IBCAO (Jakobsson et al., 2012). (b- 
i) Photographs of a selection of the sampled lakes. Codes refer to lake IDs (Supplementary Information). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Norwegian (Atlantic) coast lie on or close to the GMWL, with a trend 
toward more 2H-depleted values moving inland (Figs. 4–7). This trend is 
likely controlled by the increasing distance from the coast, which is 
likely a proxy for the degree of distillation resulting from air masses 
advecting over the mountain peaks (Fig. 5a and 7). The lake elevation, 
which is often below the highest mountain peaks in the region (Fig. 5b), 
is less important than the elevation of the mountains over which the 
moisture has to pass along its transport path (Fig. 7). In the following 
paragraphs we present the measured lake water δ2H and δ18O values, 

starting with the coastal lakes, followed by the transect lakes. 
All lakes along the outermost coast plot in the upper right corner of 

the co-isotope plot (Fig. 3). In 2018, δ2H and δ18O of 30 coastal lakes 
ranged from –91.43 to –57.82‰ (median = –74.72 ± 8.36‰ (±1σ)) and 
–12.85 to –7.48‰ (median = –10.64 ± 1.23‰), respectively. Deuterium 
excess ranged from –3.00 to + 14.37‰ (median = 9.10 ± 3.59‰). In 
2019, δ2H and δ18O of 11 coastal lakes ranged from –76.84 to –57.22‰ 
(median = –63.69 ± 7.11‰) and –11.27 to –8.02‰ (median = –9.19 ±
0.88‰), respectively. For these lakes, d-excess ranged from 2.52 to 
15.12‰ (median = 9.85 ± 4.20‰). δ2H and δ18O of six coastal lakes 
sampled in 2020 ranged from –79.40 to –66.10‰ (median = –68.05 ±
4.85‰) and –11.83 to –9.68‰ (median = –10.07 ± 0.78‰), respec
tively. Deuterium excess ranged from 11.30 to 15.20‰ (median = 12.65 
± 1.49‰). For lakes sampled along the NW-SE transect in 2019 (n = 35), 
δ2H and δ18O ranged from –105.04 to –84.49‰ (median = –95.05 ±
5.82‰) and –14.22 to –9.50‰ (median = –12.44 ± 1.32‰), respec
tively (Figs. 3–7). Deuterium excess of these lakes ranged from –8.47 to 
+ 10.28‰ (median = 3.55 ± 4.97‰). For transect lakes sampled in 2020 
(n = 68), δ2H and δ18O ranged from –112.80 to –75.00‰ (median =
–95.75 ± 9.35‰) and –15.20 to –9.19‰ (median = –12.43 ± 1.51‰), 
respectively. Deuterium excess ranged from –8.40 to 11.80‰ (median =
3.25 ± 3.84‰). All transect lakes plot along a LEL (δ2H = 5.50×δ18O – 

Fig. 5. Spatial trends in lake water δ2H. (a) δ2H versus distance from the outer 
coast (North Atlantic Ocean or Barents Sea). Linear regression fits are included 
for all lakes (2018, 2019 and 2020 combined) located less and >200 km from 
the outer coast (distance = –3.18×δ2H – 176.19 and distance = 4.25×δ2H +
739.39, respectively), separated by dashed line. (b) δ2H versus elevation, with 
linear regressions for each subset of coastal and transect lakes (2018, 2019 and 
2020), as well as for all non-glacial lakes (excluding three high-elevation lakes 
(>460 m a.s.l.) and one lake close to sea level receiving glacial meltwater). 

Fig. 6. δ18O versus δ2H values for transect lakes and rivers sampled in 2019 
and 2020, colored by distance to the North Atlantic coast (a), and by sampling 
year (b). (a) includes lakes sampled in the study area by St. Amour (2009) and 
Balascio et al. (2018), and lake surface water (depth ≤ 1 m) from Guossajavri 
(Rosqvist et al., 2013; Fig. 1). Dark symbols in (b) show lakes (n = 12) and 
locations along the Muonio River (n = 2) sampled both year, and light symbols 
are all samples. Local evaporation lines (LELs) for 2019 (δ2H = 4.82×δ18O – 
35.58) and 2020 (δ2H = 5.18×δ18O – 33.27) are included for the 12 resampled 
lakes. Local meteoric water lines and amount-weighted mean annual and sea
sonal precipitation values (winter = November-May; summer = June-October) 
for Naimakka and Rovaniemi are displayed in grey. 
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27.55; Fig. 3), a further indication that some of the lakes undergo 
evaporation. 

Transect lakes sampled in both 2019 and 2020 (n = 12) generally 
showed similar interannual variability (Fig. 6b and 8). Samples collected 
in 2020 were 2H-depleted relative to samples collected from the same 
lakes in 2019 (Fig. 6b and 8) but had similar d-excess both years. The 

average offset (2020 minus 2019) was –8.43‰ for δ2H and + 0.90‰ for 
d-excess. One large lake (Kilpisjärvi; 69.05◦N, 20.79◦E, 37 km2) was 
slightly 2H-enriched in 2020 compared to 2019, with an offset of +

2.12‰ for δ2H and + 0.66‰ for d-excess (Fig. 8a). Applying linear 
regression fits to these 12 lakes resulted in LELs with the equations δ2H 
= 4.82×δ18O – 35.58 and δ2H = 5.18×δ18O – 33.27, for 2019 and 2020 

Fig. 7. Lake water δ2HL (a), inferred inflow δ2HI (b), offset between δ2HL and δ2HI (c), d-excess (d), and elevation (e) for all lakes along transect (colors and shapes as 
in Fig. 3). Four coastal lakes along an extension of the transect (NW of Skibotn; Fig. 1) are plotted for comparison. Vertical bars in (a-b) represent the ranges between 
weighted mean annual and maximum and minimum monthly precipitation δ2H in Tromsø (this study), Naimakka and Rovaniemi (GNIP; IAEA/WMO, 2019), and for 
the location of each lake, modeled using the Online Isotopes in Precipitation Calculator (OIPC; Bowen, 2021). Symbols in (c-d) are colored according to throughflow 
regime (with outflow, without outflow, or unknown), and linear regression fits are included for all through-flowing lakes (δ2HL – δ2HI = 0.015×distance + 12.89; d- 
excess = –0.0092×distance + 7.69). Note that the y-axes in (a-c) are inverted. 
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respectively (Fig. 6b). Two locations along the Muonio River exhibited 
similar interannual variation as the lakes (Fig. 6b), indicating different 
inflow values in 2019 and 2020. In 2019, the river water had δ2H of 
–98.62 and –99.24‰, respectively. In 2020, the same two sites along the 
river had δ2H of –103.50 and –104.90‰, resulting in an average offset of 
–5.27‰. The average offset for d-excess was + 0.69‰. One sample 
collected from the Bothnian Bay in 2020 had δ2H and δ18O of –105.60 
and –14.00‰, respectively, reflecting the high river-runoff to this 
northernmost part of the Baltic Sea (Figs. 3, 4 and 6). 

The four northernmost lakes in the transect (located in Skibotn; 
Fig. 1b) had relatively enriched δ2H and δ18O values compared to the 
rest of the transect lakes (Figs. 4, 8 and S1). δ2H and δ18O ranged from 
–79.80 to –75.00‰ (median = –77.45 ± 1.70‰) and from –10.40 to 
–9.84‰ (median = –9.97 ± 0.22‰), respectively. Deuterium excess 
ranged from 1.20 to 4.30‰ (median = 3.10 ± 1.13‰). These four lakes 
are located within 9 km from the Lyngen fjord, and could therefore be 
considered coastal (Figs. 1 and 4). However, there is a strong rain- 
shadow effect in Skibotn, where the mean annual precipitation is 465 
mm (MET Norway, 2021), compared to 1091 mm in Tromsø, located on 
the other side of the Lyngen Alps (Fig. 1c), c. 60 km northwest of 
Skibotn. 

For lakes by the coast and along the beginning of the transect (<c. 
200 km from the North Atlantic) there is a significant (p < 0.001) trend 
toward more 2H-depleted lakes moving away from the coast, whereas 
farther inland, this trend is still significant (p = 0.001), though reversed 
(Fig. 5a). δ2H also decreases with elevation (Fig. 5b). This trend is sig
nificant for the transect lakes (p < 0.05 and p < 0.001 in 2019 and 2020, 
respectively), but not for the coastal lakes. Considering the strong cor
relation between δ2H and δ18O for both coastal (r2 = 0.84) and transect 
(r2 = 0.92) lake samples, we assume that trends in δ18O follow δ2H and 
hereafter primarily focus on δ2H and d-excess. 

4.2. Inferred inflow δ2H values 

The conventional LEL-MWL intersection approach yielded δ2HI 
values for the transect lakes of –104.78 and –112.90‰ in 2019 and 
2020, respectively. Bayesian inflow modeling, which we did for all 91 
transect lakes, yielded δ2HI ranging from –116.87 to –106.57‰ (median 
= –112.72 ± 2.57‰) in 2019, and –128.27 to –94.08‰ (median =

–115.75 ± 7.53‰) in 2020. This is on average 18.27‰ (2019) and 
20.55‰ (2020) more 2H-depleted than measured lake water δ2H 
(Fig. 7). The 90% confidence intervals for δ2HI ranged from –148.44 to 

–111.52‰ for the lower bound and from –118.11 to –83.00‰ for the 
upper bound, with an average of –132.30 and –104.26‰, respectively. 
For comparison, δ2HL for the coastal lakes ranged from –91.43 to 
–57.82‰ (median = –74.72 ± 8.36‰) in 2018, –76.84 to –57.22‰ 
(median = –63.69 ± 7.11‰) in 2019, and from –79.40 to –66.10‰ 
(median = –68.05 ± 4.85‰) in 2020. 

In the area with lakes sampled in both 2019 and 2020 (<320 km 
from the North Atlantic), δ2HI values were 2H-depleted in 2020 
compared to in 2019. For the 12 resampled lakes, δ2HI ranged from 
–116.72 to –106.57‰ (median = –113.79 ± 2.97‰) in 2019, and 
–128.27 to –110.21‰ (median = –125.67 ± 4.87‰) in 2020, resulting 
in an average offset of –10.68‰ (Fig. 7). Kilpisjärvi had a similar, but 
slightly more negative inferred δ2HI value in 2019 (–110.30‰) 
compared to 2020 (–110.21‰), with an offset of + 0.09‰. In 2020, the 
four lakes in Skibotn had δ2HI values from –101.06 to –94.08‰ (median 
= –99.27 ± 2.69‰), comparable to coastal δ2HL, whereas the rest of the 
transect lakes had δ2HI ranging from –128.27 to –102.94‰ (median =
–116.72 ± 6.23‰). 

Moving inland, δ2HI decreased rapidly in the first c. 160 km along the 
transect, after which δ2HI stayed relatively stable, with a slightly 
increasing trend towards the Bothnian Bay. Generally, lakes closer to the 
North Atlantic had δ2HL closer to inferred δ2HI, for through-flowing 
lakes δ2HL-δ2HI increased moving southeast along the transect 
(+1.53‰ per 100 km), and closed basins had the largest offsets between 
δ2HL and δ2HI (Fig. 7c). 

5. Discussion 

Lake water isotopes in our study area display mainly two kinds of 
variability, caused by differences in 1) inflow value (moving along the 
MWL) and 2) evaporation (moving below the MWL; Fig. 3). In most 
cases, lake water inflow values reflect a mixture of sources with different 
isotopic composition (e.g., summer and winter runoff, groundwater). 
The seasonality of lake water is primarily governed by the lake water 
residence time, since this determines the proportion of summer and 
winter precipitation in the lake (Jonsson et al., 2009). The position of a 
lake along the MWL and its relation to local precipitation isotopic 
composition can thus give information about lake water biases toward 
summer or winter season precipitation. In δ2H-δ18O space, lakes expe
riencing evaporative enrichment (decreasing d-excess) plot below the 
MWL, and along LELs. In the following sections, we discuss the sensi
tivity of modern lake water δ2H along the climate gradient to differences 

Fig. 8. (a) Interannual variability in summer 
(July) lake water δ2H and δ18O from this study 
(2018–2020), lakes sampled in the same area 
(St. Amour, 2009; Balascio et al., 2018) and 
lake Guossajavri (Rosqvist et al., 2013; 125 km 
SW of our transect). Lakes water samples 
collected from the same lakes in July different 
years (from 2013 to 2020) are illustrated in the 
same color and connected with lines. Coastal 
lakes are colored pink, lakes in the Skibotn 
valley are green, and transect lakes are purple 
and blue. (b) Monthly average isotopic 
composition of lakes sampled 1–4 years from 
2002 to 2020. All samples were taken at the 
surface (this study: c. 10 cm below the lake 
surface) from the shoreline, or from in the 
middle of the lake (depth ≤ 1 m). Samples 
from inlets were excluded. Amount-weighted 
mean annual and seasonal precipitation 
values (winter = November-May; summer =

June-October) are displayed in grey (dark 
grey = Tromsø; middle grey = Naimakka; light 

grey = Rovaniemi), and black dashed line represents the local evaporation line (LEL; δ2H = 5.50×δ18O – 27.55) for transect lakes in this study. For locations, see 
Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)   
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in inflow isotopic composition and evaporation, how these two controls 
vary in time and space, and why this variability needs to be considered 
when inferring lake-water-isotope proxy records. 

5.1. Regional variability in lake water δ2H and inferred inflow δ2H 

5.1.1. Coastal lakes 
The strong correlation between increasing distance from the coast 

and decreasing δ2HL (r2 = 0.90, p < 0.001; Fig. 5a) for the lakes closest to 
the coast (<c. 200 km; both coastal and the northernmost part of the 
transect), suggests that distillation during atmospheric moisture trans
port, prior to precipitation, is the most important control on δ2HL for 
coastal lakes in this area. δ2H and δ18O decrease by c. 57‰ and 6.8‰ 
over 200 km, or 28‰ and 3.4‰ per 100 km, respectively (Fig. 5a). In the 
Pacific Northwest, USA (mountainous but drier than coastal Norway), 
the δ18O isotopic gradient is 1.2‰ per 100 km (Welker, 2000) and in the 
Sierra Nevada, USA (wet year-round, most precipitation in winter, some 
mountains) 5‰ per 100 km (Ingraham & Taylor, 1991). Across the 
European Plain (from mild and wet coastal Ireland to the continental 
foothills of the Ural Mountains), the gradient is 0.2‰ per 100 km 
(Rozanski et al., 1993). This means that our gradient is within ranges 
found elsewhere and most similar to gradients in similar environments 
(wet, mountainous, coastal). The least 2H-depleted lakes are the ones at 
the northern coast and the outermost coast to the west of Tromsø 
(Fig. 4), since the transport from the source is shorter and there is not 
much rain-out prior to precipitation. Three lakes in Kirkenes are slightly 
2H-depleted compared to the other lakes at the outermost coast (Fig. 1b 
and 4). None of these lakes have distinct outflows, and relatively low d- 
excess (Supplementary Fig. S1) suggests they are likely experiencing 
evaporative enrichment. They may also receive source water with a 
slightly different isotopic signal, being located near the Barents Sea. 
Lakes near Tromsø are relatively 2H-enriched compared to lakes slightly 
farther from the coast (Fig. 4). 

In the coastal region, most of the large through-flowing lakes plot 
close to the MWL, whereas some smaller lakes with low or unknown 
throughflow and long residence times fall below the MWL, being more 
affected by evaporation (Fig. 3). A couple of large through-flowing lakes 
with large mountainous catchments plot above the MWL and close to 
Tromsø amount-weighted winter precipitation (e.g., Laksvatnet; Fig. 4a 
and e, 8), suggesting a longer response time, and that the depleted 
meltwater from snow has not yet been flushed through in early July. 

Some of the local variability in coastal lake water δ2H can also be 
explained by differences in elevation (Fig. 5b), likely reflecting hetero
geneous airflow patterns, with fjords funneling onshore winds and 
mountains causing orographic precipitation. The mountains cause the 
air masses to rise as they move inland from Tromsø, causing rainout and 
more negative δ2H values (Figs. 4, 5 and 7). Lakes at a given distance 
from the coast have similar isotope values, despite differences in 
elevation (Fig. 5a-b). This is likely because precipitation at a given 
location forms at the same elevation in the atmosphere, and that 
elevation rises over the mountains moving inland. Three high elevation 
coastal lakes (>460 m a.s.l.) have δ2HL values comparable to other 
coastal lakes, despite their high elevation (Fig. 5b). They have high d- 
excess (average = 14.2 ± 0.3‰) and plot above the MWL, suggesting 
that their isotopic signals are biased toward winter precipitation. In 
Tromsø, precipitation δ2H is relatively enriched compared to the more 
inland stations and does not show a strong seasonality. In contrast, d- 
excess is significantly higher in fall and winter than in summer (Figs. 2 
and 3), due to kinetic fractionation effects when snow forms in mixed- 
phase clouds (vapor supersaturated over ice; Jouzel & Merlivat, 
1984). It is common for mountain lakes to receive most precipitation as 
snowfall and for their catchments to experience late snowmelt, 
explaining the high d-excess lake water values. Furthermore, two of the 
lakes have small niche glaciers in their catchments, contributing glacial 
meltwater. Thus, our dataset suggests that coastal lakes are primarily 
influenced by varying degrees of distillation during atmospheric 

moisture transport, precipitation amount and lake and catchment 
morphometry, the latter two determining the lake water residence time. 

5.1.2. Transect lakes 
In contrast to the coastal lakes, most of the transect lakes experience 

more evaporative enrichment, plotting below the MWL and along a LEL 
(Figs. 3 and 6). Lake surface water from Oikojärvi (located close to 
Naimakka; St. Amour, 2009) and Guossajavri (125 km SW of our tran
sect; Rosqvist et al., 2013; Fig. 1b) sampled between 2002 and 2008 fall 
along similar LELs, suggesting similar evaporation patterns on a regional 
scale and between years (Figs. 6 and 8). The North Atlantic is still the 
main moisture source, so precipitation δ2H, and as a result lake water 
δ2H, becomes more and more depleted the first c. 160 km along the 
transect, reflecting Rayleigh distillation during moisture transport 
(Figs. 4–7). 

On the southeastern side of the mountains, where the relief changes 
from highlands with incised valleys to a gently sloping plain with few 
hills, there is a larger spread in δ2HL (Fig. 7a) and larger and more 
variable offsets between δ2HL and δ2HI (Fig. 7c). This coincides with the 
northern boundary of the northern aapa mire zone, where large, 
branched mire systems are common (Ruuhijärvi, 1983). Although lakes 
in wetland-dominated catchments tend to have low E/I (Gibson et al., 
2002), many of the lakes in this area are evaporatively enriched, plotting 
on a LEL and having low d-excess (Figs. 3, 6 and 7d). Hydrologically 
closed basins, lack of clear surface flow, and/or only seasonal connec
tion by small streams or wetland areas may make these lakes susceptible 
to evaporation. Furthermore, in continental regions at high latitudes, 
seasonally arid conditions can increase the evaporative enrichment 
during the thaw season (Gibson et al., 2005). Smaller inter-lake varia
tion in δ2HI than in δ2HL (Fig. 7a-c), suggests that most lakes have 
similar inflow seasonality and sources, whereas evaporation, indicated 
by decreasing d-excess (–0.92‰ per 100 km; Fig. 7d), increases moving 
southeast. Moreover, some lakes possibly have δ2HL values influenced 
by factors in addition to evaporative enrichment. 

Some of the lakes might be groundwater fed, since till and glacio
fluvial aquifers are common in this region (Kortelainen & Karhu, 2004). 
However, there are no significant differences between the isotopic 
composition of precipitation and shallow groundwater (till aquifers) in 
northern Finland and Sweden (Kortelainen & Karhu, 2004). Both follow 
the same seasonal cycle with most enriched values in late fall, and most 
depleted values after snowmelt. We do therefore not expect shallow 
groundwater recharge to the lakes to significantly alter δ2HL. 

Lakes on the southeastern side of the Scandinavian mountains most 
likely also receive precipitation from other moisture sources, such as the 
Baltic region and Eurasia. These sources are more depleted (Schmidt 
et al., 1999; Bailey et al., 2021), but the travel distance may be shorter, 
potentially resulting in less distillation and precipitation that is rela
tively enriched compared to Atlantic moisture, a phenomenon also 
observed in precipitation events in Arctic Alaska (Putman et al., 2017). 
In summer, precipitation can be induced by local convection, and less 
influenced by atmospheric circulation (Jaagus, 2009). Local moisture 
could in this way at least partly explain the slightly enriched δ2HL of 
lakes closest to the Bothnian Bay (Fig. 7a). Furthermore, transpiration, 
another process most important in summer, can partly compensate for 
isotopic depletion caused by distillation during moisture transport, by 
recycling soil moisture without fractionation (Rozanski et al., 1982). 
The relative contribution of moisture from different source regions and 
the resulting isotopic compositions of precipitation can be assessed on 
an event basis at a given station (Bailey et al., 2021; Mellat et al., 2021), 
but we do not have any data on this over longer time scales (i.e., 
covering our study period), or know how it varies within our study re
gion. Most likely, the isotopic composition of precipitation along our 
transect, and therefore lake water inflow, is controlled by a combination 
of different moisture source regions, local convection, and 
evapotranspiration. 
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5.1.3. Lake location and inflow seasonality 
Comparing δ2HI to precipitation δ2H data from Tromsø, Naimakka 

and Rovaniemi, as well as OIPC-modeled precipitation δ2H (Bowen, 
2021), suggests that winter precipitation is more important for inland 
lakes, whereas coastal lakes tend to be summer-biased or have an iso
topic composition close to mean annual precipitation δ2H (Fig. 7b). A 

similar trend is seen on western Greenland, likely reflecting lake water 
inflow seasonality along an aridity gradient (Cluett & Thomas, 2020). In 
our study area, the inland region normally receives a greater fraction of 
the annual precipitation during the summer months (Fig. 2). This lake 
water bias towards winter precipitation for inland lakes is likely due to 
lower relative humidity and higher evapotranspiration at inland sites in 

Fig. 9. (a) Monthly Arctic Oscillation (AO) index (National Weather Service Climate Prediction Center, 2021). (b) Mean monthly air temperature, (c) relative 
humidity, (d) accumulated precipitation and (e) cumulative precipitation and snow depths for the hydrological years (October-September) 2012/2013, 2017/2018, 
2018/2019 and 2019/2020 for Tromsø, Naimakka and Rovaniemi (FMI, 2021; MET Norway, 2021; SMHI, 2021). Black stepped lines in (e) illustrate mean cu
mulative precipitation values for 1991–2020. Snow depths for Naimakka were obtained from Saarikoski (68.81◦N, 21.25◦E, 450 m a.s.l.), 18 km NW of Naimakka 
(SMHI, 2021). 
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summer (Fig. 2), even if a greater fraction of total precipitation falls in 
summer (Bowen et al., 2018). 

That coastal lakes appear to be summer-biased is somewhat unex
pected, considering that Tromsø receives more winter precipitation than 
Naimakka and Rovaniemi (Figs. 2 and 9d-e). OIPC-modeled precipita
tion δ2H values are based on interpolation using GNIP values. They are 
therefore biased towards the nearest GNIP stations (i.e., Naimakka and 
Rovaniemi), which are more continental and experience a larger sea
sonality than Tromsø (Figs. 2 and 3). We compare the OIPC values with 
precipitation samples collected in Tromsø in 2019–2021 and can 
confirm that the modeled coastal values are, indeed, too depleted 
compared to our new precipitation isotope dataset (Fig. 7a-b). However, 
it cannot be excluded that the 2H-depleted winter isotopes might have 
been efficiently flushed from some coastal lakes with short residence 
times, especially considering the high precipitation amounts in June 
2018 and 2019 (Fig. 9). This suggests that lakes in this region likely 
reflect a range of summer to mean annual to winter-biased precipitation 
δ2H (Figs. 3 and 7). 

5.2. Lake water δ2H and inferred inflow δ2H changes over time 

5.2.1. Interannual variability 
Sampling campaigns concentrated in the first week of July in 2018, 

2019 and 2020 allowed us to get an insight into the interannual vari
ability in δ2HL and δ2HI. We focus this comparison on the transect lakes, 
since we sampled coastal lakes in different locations each year (i.e., in 
the Tromsø area vs. along the northern coast). Only three coastal lakes 
were sampled two or three of these years, and they follow similar 
interannual patterns as the transect lakes (Fig. 8a). We sampled the 
transect lakes in 2019 and 2020, and extended the transect farther 
southeast in 2020 (Fig. 7). Twelve transect lakes sampled in both years 
had more 2H-depleted δ2HL in 2020, and a LEL intersecting the MWL at a 
more depleted value compared to 2019 (Fig. 6b and 7a), suggesting 
more depleted inflow water in 2020 than in 2019. This is supported by 
more depleted modeled δ2HI in 2020 compared to in 2019 (Fig. 7b). We 
suggest that the more 2H-depleted values in 2020 were a response to 1) 
more precipitation in winter 2019/2020 than in 2018/2019 (Fig. 9d–e), 
2) later spring melt in 2020 than 2019 (Fig. 9e) resulting in less time 
prior to our July sampling for 2H-enriched summer precipitation to flush 
the 2H-depleted winter melt out of the lakes, and/or 3) more May-June 
rainfall in 2019 than in 2020 (Fig. 9d) contributing to higher snowmelt 
bypass in 2019 (i.e., more snow melting off the high-elevation portions 
landscape before the lakes become ice free in the first half of June), 
which would remove 2H-depleted winter precipitation from the catch
ment without entering the lake. The high precipitation amounts in 
January-March 2020 were associated with extreme AO+ conditions and 
an exceptionally strong stratospheric polar vortex, causing strong winter 
westerlies that carried greater-than-average amounts of moisture from 
the North Atlantic over Fennoscandia (Lawrence et al., 2020; Fig. 9a, d- 
e). 

An additional explanation for 2H-depleted lake inflow values in 2020 
could be a change in moisture source. Surface waters in the Baltic Sea 
are relatively 18O-depleted compared to the North Atlantic (Schmidt 
et al., 1999), and a greater influence of Baltic moisture to our study area 
could therefore contribute to more depleted precipitation. In winter 
2018/2019 most of the Bothnian Bay was sea-ice covered, whereas 
winter 2019/2020 Baltic Sea sea-ice cover set a record for minimum 
winter extent in the 120-year-long measuring period (Sjöfartsverket & 
SMHI, 2020a, 2020b). However, predominantly southwesterly winds 
and pressure systems moving eastward over the Baltic Sea in both years 
imply a low impact of Baltic Sea moisture to our study area during this 
period. 

Some lakes in the area have been sampled in previous studies, 
allowing us to extend our interannual comparison further back in time. 
In 2013, nine of the transect lakes were relatively enriched compared to 
the same lakes sampled in 2019 and/or 2020 (Balascio et al., 2018; 

Fig. 6a and 8). The interannual changes in lake water isotopic compo
sition were parallel to the MWL, suggesting that the lakes had more 2H- 
enriched inflow water in 2013 than in 2019 and 2020, but that all years 
had a similar influence of evaporation. The hydrological year 2012/ 
2013 was relatively dry compared to 2018/2019 and 2019/2020 
(especially in Tromsø; Fig. 9d-e). However, June and July 2013 were wet 
(Fig. 9d), and the lakes were sampled several weeks later than in 2019 
and 2020 (July 26, 2013; N. Balascio, personal communication), sug
gesting that the relatively enriched lake water values reflect greater 
summer precipitation inflow to the lakes in 2013. Two lakes close to 
Naimakka (Oikojärvi and Keitjoru) that were sampled by St. Amour 
(2009) in July 2003, 2004 and 2006 displayed a similar magnitude of 
interannual variability to the lakes in our dataset (Fig. 8a). The Oikojärvi 
samples from July 2004 and 2006 were close to the MWL, whereas the 
2003 sample was evaporatively enriched along a LEL, perhaps due to 
exceptional dryness that year, as suggested by St. Amour (2009). 

5.2.2. Seasonal variability 
The lake water isotopic composition also follows a seasonal cycle. St. 

Amour (2009) collected monthly samples (excluding February and 
December) from the two lakes in Naimakka from 2002 to 2005, gener
ally recording lowest values in the beginning of the ice-free season due 
to isotopically depleted snowmelt, increasing values over summer due to 
more enriched inflow isotopic composition and/or evaporative enrich
ment, and high and relatively stable composition during the ice-cover 
season (Fig. 8b). Guossajavri, northern Sweden, showed a similar 
trend in 2007 and 2008, with the lake moving up along the LEL during 
the summer months, and being recharged in winter (Rosqvist et al., 
2013; Fig. 8b). This is in agreement with other lakes in northern Sweden 
(Jonsson et al., 2009) and elsewhere in the Arctic (Leng & Anderson, 
2003; Tondu et al., 2013). 

We sampled two lakes in Tromsø in March, June, July and/or 
September in 2018–2020. Except for a low March value, the seasonal 
isotope patterns in these lakes are similar to interannual patterns in all 
the lakes: isotope values tend to move parallel to the MWL, implying 
changes in inflow isotopic composition, rather than changes in evapo
ration. Although we do not have samples to examine seasonal variability 
in the transect lakes, given the similarities in interannual variability 
between the coast and transect, we hypothesize the transect lakes 
experience similar seasonal changes in inflow isotopic composition, with 
constant influence of evaporative enrichment. 

5.3. Implications for precipitation proxy reconstructions 

Interpreting isotope proxy records often assumes that, for a given 
record, the control on the lake water isotopic variability is constant 
through time. We have demonstrated that lakes in this region display 
variable sensitivity to changes in inflow (precipitation) isotopic 
composition and to evaporative enrichment, and that these controls vary 
in both time and space. Resolving these controls on modern lake water 
isotopes is important for making quantitative paleoclimate inferences. 
Depending on what aspect of the hydrological cycle we aim to recon
struct (e.g., atmospheric circulation, precipitation amount or season
ality, moisture balance), we can target different lakes. 

In parts of our study area, modern precipitation isotopes have strong 
seasonal variability (Figs. 2 and 7), and if this signal is preserved in lake 
sediment proxy records, we can use it to reconstruct changes in pre
cipitation seasonality (Cluett & Thomas, 2020; Thomas et al., 2020). The 
seasonality preserved in a proxy record depends on the δ2H or δ18O of 
source (lake or soil) water at the time of proxy synthesis, which can vary 
between proxies (Corcoran et al., 2021). Lake water isotopic composi
tion and seasonal variability depends on the lake water residence time 
(Jonsson et al., 2010; Tondu et al., 2013; Ala-Aho et al., 2018), which 
may also change through time. 

Previous paleoclimate work in northern Fennoscandia suggests that 
changes in Holocene precipitation isotopes are strongly linked to 
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changes in air temperature and air mass sources. Lacustrine carbonates, 
biogenic silica, and cellulose from non-evaporated lakes in northern 
Sweden have been used to reconstruct past changes in lake water δ18O 
and precipitation (Shemesh et al., 2001; Hammarlund et al., 2002; 
Rosqvist et al., 2004, 2007, 2013; St. Amour, 2009; Jonsson et al., 2010). 
In most of these studies, depleted summer lake water δ18O was inferred 
to reflect increased influence of Arctic air masses. Furthermore, Rosqvist 
et al. (2013) suggested that periods of relatively high δ18Odiatom reflect a 
dominance of summer precipitation, related to a positive AO index, 
whereas low δ18Odiatom reflects dominant winter precipitation due to 
positive NAO. 

Studying modern conditions can aid proxy interpretations since it 
allows us to directly link isotopic changes to observations of atmospheric 
circulation change. Arctic Ocean and Baltic Sea surface waters are 
relatively depleted compared to North Atlantic moisture (LeGrande & 
Schmidt, 2006; Bonne et al., 2019), suggesting that depleted precipita
tion isotopes, and thereby lake water isotopes, may reflect a change to 
dominance of Arctic or Baltic air masses. However, this will depend on 
the location of the lake and the moisture travel distance. Atlantic 
moisture (which is originally less depleted) that has been transported a 
long distance may have experienced more distillation than more locally 
derived moisture with a more depleted starting isotopic composition, 
and therefore also be relatively depleted (Putman et al., 2017; Cluett 
et al., 2021). Our 2H-depleted lake water values in 2020 were likely not 
caused by a shift in moisture source region, but by high winter precip
itation amounts associated with AO+ conditions and an increase in 
North Atlantic moisture (Lawrence et al. 2020). Greater-than-average 
winter precipitation amounts over Fennoscandia can result from both 
extremely positive and negative winter AO conditions, although from 
different moisture sources (North Atlantic vs. Barents Sea; Lawrence 
et al., 2020; Bailey et al., 2021). Complicating things further, modern 
moisture from the Barents Sea has an isotopic composition comparable 
to North Atlantic moisture, due to increased strength of the North 
Atlantic Current (Bailey et al., 2021). If conditions were similar in the 
past, the Atlantic and Barents Sea moisture sources would be difficult to 
distinguish from one another in proxy records. Our lake water isotope 
observations imply that seasonal changes in precipitation amounts need 
to be taken into account when inferring atmospheric circulation from a 
proxy record in this region, and that changes in precipitation isotope 
values can be a result of a change in precipitation seasonality, moisture 
source, or a combination of both. 

For reconstructions of atmospheric circulation and precipitation, we 
should target lakes that are minimally impacted by evaporative 
enrichment, since evaporation overprints the precipitation signal. In our 
dataset, most lakes >100 km from the coast have low d-excess values, 
suggesting that evaporative enrichment affects them to some degree, 
regardless of their throughflow regime (Figs. 3, 6a and 7). All transect 
lakes appear to fall on similar LELs, but with slope and intercept varying 
from year to year, depending on seasonality (Fig. 6). On interannual and 
seasonal timescales, changes in inflow appear to have a larger impact 
than evaporation, with isotope values moving along the MWL (Fig. 8). 
On longer timescales, evaporation may be more important, making it 
difficult to disentangle how much of the variability derives from each 
process (i.e., inflow vs. evaporation). Hence, we suggest that through- 
flowing coastal lakes are better targets for precipitation re
constructions, since changes in their lake water isotopic composition are 
more likely to primarily reflect changes in the inflow. 

For evapo-concentrated lakes there are a few possible approaches to 
separate the precipitation from the evaporation signal, including 1) 
comparing two lakes with contrasting residence times (Anderson et al., 
2001), 2) comparing terrestrial and aquatic leaf waxes in the same lake 
(Rach et al., 2017), or 3) measuring both δ2H and δ18O in the same re
cords (Gibson et al., 2005). For the first approach, one needs to identify a 
non-evaporated lake with short residence time (low δ2HL-δ2HI) and one 
evaporated lake with longer residence time (high δ2HL-δ2HI; Anderson 
et al., 2001). Moreover, the lakes must receive source water reflecting 

the same precipitation seasonality, and evaporation should be the only 
factor that differs between the two. The offset between δ2HL and δ2HI for 
our transect lakes is >10‰ independent of throughflow, suggesting that 
it will be difficult to identify an unevaporated lake in this region, which 
would be needed for this approach. Using the second approach, one 
compares terrestrial and aquatic leaf wax δ2H in the same record, which 
have source water representing the same seasonality. In areas where 
terrestrial plant source water is evaporatively enriched, but the aquatic 
plant source water is not, the isotopic difference between the two re
flects leaf water evaporative enrichment (Rach et al., 2017; Thomas 
et al., 2018; Curtin et al., 2019). In contrast, lake water in arid areas has 
been suggested to be more evaporatively enriched than terrestrial leaf 
water, meaning that the difference primarily reflects the evaporative 
enrichment of lake water (Mügler et al., 2008; Balascio et al., 2013). 
Along our transect, both aquatic and terrestrial leaf waxes likely incor
porate a signal of evaporative 2H-enrichment due to low relative hu
midity and warm conditions in summer (Figs. 2 and 9b-c). Thus, a dual 
leaf wax approach to separate precipitation and evaporation signals 
might not be applicable along the transect but may be possible at coastal 
lakes. For the third approach, one measures δ2H and δ18O in the same 
lakes, which may allow estimation of past changes in the slope of the LEL 
(Gibson et al., 2005) that could subsequently be used to infer past inflow 
values. Theoretically, this is possible, however, it involves many un
certainties. First, one needs to analyze the same proxies at the same time 
slice in several lakes. Second, those two proxies (one with δ2H and one 
with δ18O) need to reflect the same pool of water for the same window of 
time in a season. Moreover, one needs to have good constraints on 
biosynthetic and other fractionation factors (Brandriss et al., 1998; 
Sachse et al., 2012; Lombino et al., 2021) to be able to estimate lake 
water δ2H and δ18O and directly compare δ2H and δ18O from different 
proxies (Corcoran et al., 2021). 

A more recent approach to guide paleoclimate interpretations is to 
use proxy system modeling, which uses modern climate variables as 
inputs to mathematical descriptions of lake water isotope and energy 
balance (e.g., PRYSM2.0; Dee et al., 2018). By conducting sensitivity 
tests in which we iteratively change values of one or more climate pa
rameters (e.g., lower relative humidity, more winter precipitation), we 
can quantify the parameter, or combination of parameters, that could 
explain changes recorded in lake water isotope proxies. For lakes in our 
transect, we could for example focus on variables that affect the lake 
water inflow isotopic signal and amount of evaporative enrichment, to 
assess the sensitivity of the lake water isotopic composition to these 
variables. If we have an estimate of how a change in moisture source 
would affect the precipitation isotopes, we can modify the inflow isotope 
value in the model to see how this would impact the lake water isotope 
value. One way to simulate how a shift in moisture source would in
fluence the lake water inflow value is to use a one-dimensional Rayleigh- 
type distillation model along a theoretical trajectory (Sodemann et al., 
2008; Steen-Larsen et al., 2011; Cluett et al., 2021). These approaches 
can provide us with quantitative constraints on past climate changes. 

When interpreting lake-water-derived isotope proxy data from 
northern Fennoscandia, we need to consider the magnitude of vari
ability in both inflow isotopic composition and evaporation. On the 
coast, inflow causes more variability than evaporation. Considering the 
variability among the transect lakes, the ranges for δ2HI and δ2HL are 
similar, suggesting that inflow and evaporation might be equally 
important. Interannual variability is largely due to changes in inflow 
isotopic composition, however, suggesting the importance of inflow 
isotopic composition even in lakes that are strongly influenced by 
evaporation. Therefore, we recommend targeting through-flowing lakes 
by the coast for precipitation reconstructions. If working with more 
continental records, we need to address the significance of both inflow 
and evaporation processes. Importantly, our data show that we cannot 
interpret all isotopic variability in evapo-concentrated basins in terms of 
evaporation, as there might also be a substantial variability in inflow 
isotopic composition through time. 
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Sejrup, H., Seppä, H., Subetto, D., Andrews, J., 2014. Arctic Holocene proxy climate 
database–new approaches to assessing geochronological accuracy and encoding 
climate variables. Clim. Past 10 (4), 1605–1631. https://doi.org/10.5194/cp-10- 
1605-2014. 

Thienemann, M., Kusch, S., Vogel, H., Ritter, B., Schefub, E., Rethemeyer, J., 2019. 
Neoglacial transition of atmospheric circulation patterns over Fennoscandia 
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