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Introduction

Over the past four decades, the Arctic has been warming 
at least twice as fast as the global average, a phenomenon 
referred to as ‘Arctic amplification’ (Blunden & Arndt 
2012; Cohen et al. 2014). Arctic sea ice is melting at an 
unprecedented rate, with summer sea-ice predicted to 
disappear by the middle of this century (Stroeve et al. 
2012; Overland & Wang 2013) or even as early as 2035 
(Voosen 2020). Rapid Arctic warming and sea-ice loss 
have led to an intensification of the Arctic hydrological 
cycle (Vihma et al. 2016; Ford & Frauenfeld 2022), which 
is characterized by increased melting and local evapora-
tion (Screen & Simmonds 2010; Kopec et al. 2016), 
enhanced poleward moisture transport (Graversen et al. 
2008; Screen & Simmonds 2012), as well as increased 
precipitation (Bintanja & Selten 2014; Kopec et al. 2016). 

Because of the limited availability of in situ and 
remote-sensing observations, our current understanding 
of the Arctic hydrological cycle is largely based on atmo-
spheric reanalysis and model simulations (Boisvert et al. 
2018). Therefore, constraining the Arctic hydrological 
cycle in response to sea-ice changes remains challenging.

Precipitation isotopes (d18O and dD) and its secondary 
parameter deuterium excess (d-excess, defined as 
d-excess = dD - 8×d18O; Dansgaard 1964) provide an 
alternative approach that can help elucidate the hydro-
logical cycle across a range of spatial and temporal scales 
(Dansgaard 1964; Gat et al. 1994; Galewsky et al. 2016; 
Bowen et al. 2019). At high latitudes, precipitation iso-
tope variation is traditionally regarded as a reflection of 
temperature-dependent fractionation (Dansgaard 1964), 
with significant positive correlation between d18O and air 
temperature: the so-called ‘temperature effect’. This 
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temperature/d18O relationship underlies an important 
method for the reconstruction of palaeotemperature 
(Jouzel et al. 1997). However, observations have indi-
cated that precipitation d18O does not consistently covary 
with local air temperature (Bowen 2008; Bonne et al. 
2014; Cluett et al. 2021), suggesting other processes such 
as moisture source changes can affect precipitation d18O 
variation (Kurita 2011; Klein et al. 2015). The d-excess 
parameter, which is controlled mainly by the kinetic frac-
tionation associated with evaporation at the moisture 
source region (Merlivat & Jouzel 1979), can provide 
information about moisture sources.

The impacts of Arctic sea-ice loss on the local hydro-
logical cycle are supposed to be reflected in the variations 
of water vapour and precipitation d18O and d-excess 
(Kurita 2011; Klein et al. 2015; Klein & Welker 2016; 
Kopec et al. 2016; Faber et al. 2017; Sime et al. 2019; 
Mellat et al. 2021). An earlier study indicated that the 
evaporated moisture from the Arctic Ocean tends to have 
higher d-excess values than those advected from lower 
latitudes (Kurita 2011). However, this contrasts with 
many recent studies that showed lower d-excess values in 
both Arctic water vapour (Klein et al. 2015; Klein & 
Welker 2016) and precipitation (Kopec et al. 2016) in 
response to local evaporation due to sea-ice loss. These 
disagreements may reflect the great complexity of Arctic 
sea-ice changes across regions and seasons (Liu et al. 
2021; Liu et al. 2022) or poor isotope observations that 
are relatively short-term and sparse in the Arctic, which 
has posed substantial challenges to diagnosing the Arctic 
hydrological cycle using stable water isotopes.

Despite these disagreements, most previous studies 
focus on changes in d-excess responses to Arctic sea-ice 
loss (Kurita 2011; Klein et al. 2015; Klein & Welker 2016; 
Kopec et al. 2016), but a direct link between sea-ice loss 
and Arctic precipitation isotopes (e.g., d18O) has yet to be 
substantiated. This is in part due to the limited observa-
tions of precipitation isotopes in the Arctic, particular in 
the regions of sea-ice coverage. Although the pan-Arctic 
precipitation isotope network recently developed by 
Mellat et al. (2021) provides important insight into the 
impacts of sea-ice variation and associated moisture 
dynamics on Arctic precipitation isotopes from event-
based sampling, it comprises exclusively land stations and 
has a profile of only short-term isotope records.

To circumvent this limitation, state-of-the-art GCMs 
equipped with water isotope tracers have been used to 
investigate the mechanistic links between sea ice and 
Arctic precipitation isotopes (Faber et al. 2017; Sime et al. 
2019). Most modelling efforts focus on annual timescales 
(Sime et al. 2013; Faber et al. 2017; Sime et al. 2019), 
which may mask some important seasonal isotopic sig-
nals (Bowen 2008), given strong seasonality in Arctic 

sea-ice changes. Moreover, GCM simulations have sug-
gested more enriched Arctic precipitation d18O in response 
to sea-ice loss due to enhanced local evaporation (Sime 
et al. 2013; Faber et al. 2017; Sime et al. 2019), as opposed 
to a recent observational study that showed more 
depleted d18O

p
 due to sea-ice decline (Mellat et al. 2021).

In this study, we combine IsoGSM simulations 
(Yoshimura & Kanamitsu 2008) and monthly observa-
tions of SIC from the NSIDC to investigate the effects of 
seasonal sea-ice loss on Arctic d18O

p
 over the period 

1979–2020. We focus exclusively on d18O
p
; d-excess is not 

included in our analysis because GCM can hardly repro-
duce precipitation d-excess. Our aims are: (1) to reveal 
the response of Arctic d18O

p
 to seasonal sea-ice changes; 

(2) to assess the relative influence of local evaporation 
and warming due to sea-ice loss on Arctic d18O

p
; and (3) 

to elucidate how the d18O
p
/SIC relationship might be used 

for the Arctic hydrological cycle and palaeotemperature 
reconstructions. To this end, we first quantify the perfor-
mance of IsoGSM in the Arctic using observed tempera-
ture and d18O

p
 from GNIP (IAEA/WMO 2019). We then 

explore the relationships of Arctic d18O
p
 with SIC and 

local air temperature and discuss the relative importance 
of air temperature and local evaporation in determining 
Arctic d18O

p
 for different seasons. Finally, we discuss the 

potential implications of this work for the Arctic 
hydrological cycle and d18O-based palaeotemperature 
reconstructions.

Data and methods

Observations

Monthly SIC data used in this study are derived from the 
NSIDC (available at https://nsidc.org/data/G02202/ver-
sions/4; Meier et al. 2021). Of the several different SIC 
products provided by the NSIDC, we chose the latest 
(version 4) of the SIC data for our analysis. This data set 
provides a climate data record of SIC from passive micro-
wave satellite observations from November 1978 to 
December 2020, with a horizontal resolution of 25 km × 
25 km.

To evaluate the performance of the IsoGSM, monthly 
d18O

p
 and air temperature from 20 Arctic GNIP stations 

located north of 65°N are used in this study 
(Supplementary Fig. S1 and Supplementary Table S1). 
These stations span a broad geographic area but have 
record lengths varying from five to 42 years within the 
1979–2020 period. The GNIP database provides isotopic 
composition of precipitation (d18O and dD) and meteoro-
logical data collected on a monthly basis from a global 
network of stations. Most GNIP isotope data before 2010 
were measured by isotope-ratio mass spectrometry and 
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later on by laser spectroscopy. All isotope values are 
expressed as parts per thousand of their deviation relative 
to the Vienna Standard Mean Ocean Water and Standard 
Light Antarctic Precipitation.

IsoGSM model

Precipitation isotope simulations were performed using 
the IsoGSM, a current-generation GCM that incorpo-
rates water isotopes into the Scripps Experimental 
Climate Prediction Center’s global spectral atmospheric 
general circulation model (Yoshimura et al. 2008). The 
model has 28 vertical levels and a spectral horizontal of 
about 200 km. The model is forced with prescribed 
sea-surface temperatures and sea-ice conditions from 
the optimal interpolation daily data set (Yoshimura & 
Kanamitsu 2008) provided by the NCEP (Reynolds et al. 
2007). To accurately reproduce the observed climate 
conditions, the simulations were spectrally nudged at 
six-hour intervals to wind and temperature fields from 
the NCEP reanalysis (Kanamitsu et al. 2002). Such nudg-
ing enables the IsoGSM to well reproduce monthly pre-
cipitation and its isotopic composition (Yoshimura et al. 
2008; Wei et al. 2016). Here, we report a 42-year record 
(1979–2020) d18O

p
 and air temperature from IsoGSM 

simulations.

Air mass back-trajectory analysis

Air mass back-trajectory analysis was used to determine 
the influence of moisture sources due to sea-ice changes 
on Arctic d18O

p
. Back trajectories were calculated for the 

months of maximum and minimum sea-ice coverage 
during summer and winter seasons using the HYSPLIT 
model, version 4.0 (Draxler & Hess 1998; Adler et al. 
2003; Stein et al. 2015) with the NCEP reanalysis data. 
We focused on the trajectories arriving at 500 m above 
mean sea level, which corresponds to the height of air 
mass movement in the Arctic (Puntsag et al. 2016; Leroy-
Dos Santos et al. 2020) and has been used to assess the 
influence of moisture sources on Arctic d18O

p
 (Puntsag 

et al. 2016; Bailey et al. 2021). Each trajectory was traced 
back for seven days for winter and 15 days for summer, 
which represent the mean residence time of water vapour 
over the whole Arctic (van der Ent & Tuinenburg 2017). 
All trajectories were clustered using an angle-based dis-
tance matrix to identify the major moisture sources in the 
Beaufort Sea and the BKS, where sea-ice decline is stron-
gest in summer and winter seasons, respectively (Liu 
et al. 2021; Liu et al. 2022). To facilitate our analysis, two 
sites in the region, namely, the Beaufort Sea (72°N, 
155°W) and the BKS (78°N, 60°E), were selected for tra-
jectory calculations.

Results

Model evaluation

To assess the performance of the IsoGSM, we first com-
pared the long-term annual mean temperature and d18O

p
 

from the simulations with observed station data from the 
GNIP across the Arctic north of 65° N (Fig. 1). The IsoGSM 
successfully reproduces the observed spatial variability of 
temperatures, with a correlation of 0.94 (Fig. 1a). 
However, the observed station temperatures are some-
what overestimated. The modelled annual mean tem-
perature is −9.54 °C, generally higher than the observed 
value of −10.54 °C. This small offset between simulations 
and observations derives largely from a systematic over-
estimate in colder regions such as the central Arctic and 
northern Greenland, where warm biases can be up to 
2 °C. The overestimation of temperature in the Arctic is 
not unique to the IsoGSM model but occurs in most 
CMIP5 models (Huang et al. 2019) and is mainly due to 
complex radiative feedbacks, which are not well resolved 
by the models.

The model mimics well the large-scale spatial pattern 
in the observed station d18O

p
. A spatial correlation analy-

sis indicates that the model accounts for 81% of the 
observed spatial variance in d18O

p
, with a mean positive 

bias of 4.40 ‰ (Fig. 1b). This positive bias largely reflects 
some substantial overestimates of d18O

p
 in colder (or 

higher latitude) regions where positive biases of 5–10‰ 
are observed. These overestimates are not unexpected, 
given that the model simulates higher temperature in 
these stations. In addition, the positive d18O

p
 biases are 

also found in other models and are due partly to the 
influence of amplified local feedback in the model (Nan 
et al. 2021), but the detailed processes still need further 
investigation.

We also evaluated the capability of the model to rep-
resent the temporal behaviours of observed temperature 
and d18O

p
 by comparing them with observations at 

Danmarkshavn (Greenland) and Ny-Ålesund (Svalbard), 
which have the longest and continuous temperature 
and d18O

p
 records. As shown in Fig. 1c and d, the simu-

lated monthly temperatures strongly resemble the 
observed counterparts at both stations (r > 0.96). The 
simulated d18O

p
 values are moderately (r = 0.78 at 

Danmarkshavn and 0.47 at Ny-Ålesund) correlated with 
observations, although the correlations are significant at 
the 95% confidence. The low d18O

p
 correlation at 

Ny-Ålesund is complicated, potentially arising from the 
poor representation of atmospheric circulation by the 
IsoGSM that is forced by only the observed sea-surface 
conditions (Yoshimura et al. 2008) or from uncertainties 
in GNIP isotope data due to sampling and isotopic 
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measurements (Fröhlich et  al. 2002). Given good per-
formance of the model in reproducing d18O

p
 at 

Danmarkshavn and other non-Arctic stations (Liu et al. 
2014), the bias in d18O

p
 at Ny-Ålesund largely reflects 

uncertainties in observed isotopic data, which is also 
supported by a poor correlation between the observed 
temperature and d18O

p 
at Ny-Ålesund (Supplementary 

Fig. S2). We also note that both temperatures and d18O
p
 

are slightly underestimated at the two stations, espe-
cially in summer. This contrasts with the positive biases 
in the seasonal averages shown in Fig. 1a and b, likely 
largely reflecting different model representations across 
regions and seasons.

As shown earlier, the IsoGSM produces an overall 
realistic representation of the spatial and temporal vari-
ations in Arctic air temperature and d18O

p
, but with 

modest biases in colder (or higher latitude) regions. 
These regional biases are also found in other models 
and arise largely from complex radiative feedback pro-
cesses and stable boundary layer dynamics in the Arctic 

(Vihma et al. 2014), which are not well resolved by the 
GCMs. Despite these biases, our simulations success-
fully reproduce the observed Arctic d18O

p
 variation in 

response to the prescribed sea-ice conditions, which 
enables us to investigate how sea-ice changes affect 
Arctic d18O

p
.

Changes in Arctic sea ice and precipitation δ18O

Both summer (JJA) and winter (DJF) have exhibited a 
rapid decline in sea ice over the period 1979–2020 (Fig. 
2a, b), but they are not spatially uniform. The decline in 
summer is more widespread, with the strongest decline 
mainly occurring in the western Arctic including the 
Beaufort, Chukchi and East Siberian seas (Xia et al. 
2014; Liu et al. 2021) and the BKS, featuring an average 
decline >6.20% per decade (Fig. 2a, Supplementary Fig. 
S1). By contrast, winter sea-ice decline is somewhat 
weaker in both magnitude and spatial extent. The stron-
gest decline is mainly located in the BKS (Liu et al. 

Fig. 1  Comparisons of (a) annual temperature and (b) δ18Op between simulations and observations at co-located GNIP station across the Arctic (65–90° N). 

Monthly time series of simulated and observed temperatures and δ18Op at (c) Danmarkshavn site (76.8°N, 18.7°W) and (d) Ny-Ålesund site (78.9°N, 11.9°E).
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2022), where the SIC has been decreasing at a rate of 
approximately 5.10% per decade (Fig. 2b, Supplementary 
Fig. S1). The rapid sea-ice reduction not only amplifies 
Arctic warming (Screen & Simmonds 2010) but also 
intensifies local evaporation (Bintanja & Selten 2014; 
Allan et al. 2020). These coherent changes in tempera-
ture and local evaporation due to sea-ice loss may have 
left an isotopic imprint in Arctic precipitation, reflected 
in enrichment of d18O

p
.

We calculated the linear trends of simulated Arctic 
summer and winter d18O

p 
over the period 1979–2020 

(Fig. 2c, d). Concomitant with the trends in sea ice are 
obvious changes in Arctic d18O

p
: both seasons show dis-

tinct spatial patterns, with increased trends largely 
occurring in the regions of strong sea-ice reduction (Fig. 
2a, b). During the summer season, a significant rising 
trend in d18O

p
 is observed in the western Arctic and the 

BKS, where d18O
p
 increases at an average rate of 0.52‰/

decade (Fig. 2c). The increase in winter d18O
p
 appears 

more rapid, with the largest increase taking place in the 
BKS, where d18O

p
 has an average trend of 0.98‰/decade 

(Fig. 2d).

Fig.  2 Linear trend of observed Arctic (a) summer (JJA) and (b) winter (DJF) SIC (% per decade) during the period 1979–2020. Simulated Arctic precipitation 

δ18O (δ18Op) in (c) summer and (d) winter (‰ per decade). Green outlines show the area with the strongest sea-ice decline (35–215°E and 71–76°N for JJA 

and 20–80°E and 70–85°N for DJF). The stippling indicates statistical significance at the 5% confidence level.
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Correlations between Arctic precipitation δ18O, 
sea ice and local temperature

To further explore the potential influence of seasonal sea-
ice loss on Arctic d18O

p
, we constructed the time series of 

SIC, air temperature and d18O
p
 (Figs. 3, 4) by averaging 

these fields over the regions with the strongest sea-ice 
declines (Fig. 2). The observed SIC shows significant cor-
relations with simulated d18O

p
 in both summer and winter 

(Fig. 3a, b). During summer, Arctic d18O
p
 is negatively cor-

related with SIC, with a simultaneous correlation of −0.40 
and a maximum correlation of −0.82 when SIC leads d18O

p
 

by two months (Fig. 3a). This lagged response of d18O
p
 to 

sea-ice loss is also reflected in the response of d18O
p
 to 

temperature (Fig. 3c), but the associated mechanisms 
remain unclear. Considering strong summer sea-ice loss, 
we suggest that these delayed d18O

p
 responses probably 

reflect the influence of local evaporation on Arctic precip-
itation and its d18O

p
. Warming and evaporation caused by 

sea-ice loss in summer can persist into autumn and winter 
(Fig. 3a, c) through sea-ice–air feedbacks (Holland et al. 
2010; Stroeve et al. 2012), which in turn affect precipita-
tion and its d18O

p
. The observed summer SIC index for the 

period 1979–2020 shows a significant decrease superim-
posed on strong interannual-to-decadal variability (Fig. 
4a). The SIC tended to decline slowly until 2000, and 
since then, the decline has accelerated, culminating in a 
record low in 2019. These changes in summer sea ice are 
largely in parallel with the evolution of simulated d18O

p
 

index, which shows an apparent upward trend (Fig. 4a). 

These coherences between summer sea-ice and d18O
p
 

changes suggest that the rapid sea-ice loss has led to 
enriched Arctic d18O

p
, probably through amplified warm-

ing or local evaporation, or both.
By contrast, winter SIC exhibits a relatively weak 

declining trend, but with stronger interannual and decadal 
fluctuations (Fig. 4b). A rapid decline was observed after 
the mid-2000s, with a record low SIC in winter 2017. 
These changes in the SIC index are also mirrored by sim-
ulated winter d18O

p
 index, and they show a significant 

negative correlation, with the strongest correlation (r = 
−0.88) for a zero Lag (Figs. 3b, 4b). These links between 
the indices of SIC and d18O

p
 are still robust even after the 

linear trends are removed (Fig. 5a, b). Robust linkages 
between SIC and d18O

p
 suggest that the rapid sea-ice loss 

may have a strong isotopic imprint in Arctic precipitation, 
but with the strongest signal being synchronous for win-
ter and two-month lagged for summer.

Considering the strong temperature effect on d18O
p
 at 

high latitudes (Dansgaard 1964), we also explore the 
influence of warming on Arctic d18O

p
 in the model. The 

calculated long-term changes of Arctic temperature and 
d18O

p
 generally reveal the strong temporal coherence, 

with the strongest correlations when the temperature 
leads the d18O

p
 by two months for summer (r = 0.66) and 

by 0 months for winter (r = 0.92; Fig. 3c, d). The correla-
tions become weak but are still robust when the linear 
trends are removed for the data (Fig. 5c, d). These are 
consistent with the above-mentioned SIC correlations 
(Figs. 3, 4). The Arctic temperature shows an apparent 

Fig. 3  Lead-lag correlations between d18Op and SIC time series (averaged over the area with the strongest sea-ice decline shown in Fig. 2 in (a) summer 

and (b) winter during the period 1979–2020). Lead-lag correlations between temperature and d18Op in (c) summer and (d) winter. Positive lag indicates 

that the SIC or temperature is leading the d18Op. Dashed line indicates the 5% significance level.

http://dx.doi.org/10.33265/polar.v42.9751
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warming over the study period, with the rates of 0.26 °C/
decade for summer and 2.2 °C/decade for winter (Fig. 
4c, d). These warming trends are consistent with those 
(0.5 and 2.1 °C/decade) reported by Screen & Simmonds 
(2010) but with a slight over- or underestimation. The 
biases arise largely from a different calculation procedure 
adopted by Screen & Simmonds (2010) who focused on 
air temperature of the 950–1000-hPa layer over the 
whole Arctic (70–90°N). The trends and variability in 
Arctic warming are also mirrored in the corresponding 
Arctic d18O

p
, especially during winter season when Arctic 

warming is strongest (Screen & Simmonds 2010). Given 
these robust linkages and the well-documented tempera-
ture effect on d18O

p
 at high latitudes, the rapid Arctic 

warming may have contributed to Arctic d18O
p
 enrich-

ment. The calculated temperature slope coefficients are 

1.11‰/°C for summer and 0.41‰/°C for winter (Fig. 6), 
which are largely within the range of 0.25–1.10‰/°C 
reported by Rozanski et al. (1993) and Bowen (2008) and 
compare well with the observed annual mean slopes in 
Greenland (0.67‰/°C) by Johnsen et al. (1989) and in 
the whole Arctic slope (0.38–0.53‰/°C) by Faber et al. 
(2017). The seasonal difference in temperature slope 
coefficient has been attributed to the seasonal variability 
in temperature, moisture sources and precipitation 
(Bowen 2008) and condensation temperatures (Kohn & 
Welker 2005). 

Significant correlations of Arctic d18O
p
 with SIC and 

local temperature indicate that both sea ice and tempera-
ture act as drivers of changes in Arctic d18O

p
. However, 

the strength of these correlations varies between seasons. 
In contrast to the winter season, when Arctic d18O

p
 is 

Fig. 5  (a) Detrended time series of summer (JJA) SIC (black) and autumn (ASO) d18Op (blue) anomalies. (b) Detrended time series of winter (DJF) SIC (black) 

and d18Op (blue) anomalies. Detrended time series of (c) summer and (d) winter d18Op (blue) anomalies for temperature (red) and d18Op

Fig. 4  (a) Time series of summer (JJA) SIC (black) and autumn (ASO) d18Op (blue) anomalies. (b) Time series of winter (DJF) SIC (black) and d18Op (blue) anom-

alies. Time series of (c) summer and (d) winter d18Op (blue) anomalies for temperature (red) and d18Op. The two seasons for the d18Op were chosen based 

on the maximum correlation between SIC and d18Op (see Fig. 3).
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strongly correlated with both SIC and temperature, the 
summer temperature-d18O

p
 correlation is weaker and is 

even lower than the SIC-d18O
p
 correlation. These suggest 

that changes in Arctic d18O
p
 are likely to be a result of a 

combination of local temperature and evaporation due to 
sea-ice loss, but the relative importance of these processes 
is season dependent.

Discussion

Sea-ice loss affects Arctic precipitation δ18O: 
temperature effect

Our results demonstrate that variability and changes in 
Arctic d18O

p
 arise largely from a combined effect of sea ice 

and local temperature (Figs. 4, 5). The apparent tendency 
towards more enriched Arctic d18O

p
 is coincident with 

Arctic warming, which is easy to understand in terms of 
temperature-dependent isotopic fractionation (Dansgaard 
1964). However, isolating the impact of local temperature 
from sea-ice loss is challenging because of strong coupling 
between local temperature and sea-ice melt. Previous 
studies have suggested that sea-ice loss plays a leading 
role in recent Arctic warming through ice-temperature 
feedbacks (Screen & Simmonds 2010; Overland et al. 
2011; Stuecker et al. 2018; Dai et al. 2019). The linkage 
between Arctic d18O

p
 and temperature may reflect the 

influence of sea-ice loss associated warming on local 
d18O

p
. The rapid sea-ice decline enhances heat flux from 

the ocean to atmosphere, leading to lower-level atmo-
spheric warming (Screen & Simmonds 2010), leading to 
enriched Arctic d18O

p
. The simulated Arctic summer 

warming has a trend of 0.26 °C/decade over the period 
1979–2020 (a total of 1.09 °C), implying an enrichment 
of 1.21‰ in d18O

p
 (according to summer temperature 

slope coefficients of 1.11‰/°C; Fig. 6), which accounts 
for 55% of change in simulated Arctic d18O

p
 (an increase 

of 2.18‰, according to summer d18O
p
 slope of 0.52‰/

decade). This difference probably reflects the influence of 
other processes such as moisture sources that can alter 
the Arctic d18O

p
 and thus affect the temperature–d18O

p
 

relationship (Hendricks et al. 2000; Faber et al. 2017). By 
contrast, the simulated Arctic winter warming is much 
faster (2.20 °C/decade) and yields a corresponding 
enrichment in d18O

p
 by 3.79‰, contributing about 92% 

(Fig. 6) to the change in simulated Arctic d18O
p
. This con-

trasting temperature effect between seasons is in accord 
with Arctic warming, which is strongest in winter and 
weakest in summer (Screen & Simmonds 2010).

Sea-ice loss affects Arctic precipitation δ18O: 
local evaporation

As discussed earlier, moisture dynamics is also potentially 
an important driver of changes in Arctic d18O

p
, especially 

during the summer. The rapid sea-ice loss can cause an 
increase in Arctic water vapour through not only 
enhanced local evaporation (Bintanja & Selten 2014; 
Bintanja & Andry 2017) but also increased poleward 
moisture transport (Graversen et al. 2008; Screen & 
Simmonds 2012). However, the influence of these pro-
cesses on Arctic d18O

p
 is still a matter of debate. A recent 

study by Mellat et al. (2021) using observational data 
from one summer season found that sea-ice loss tends to 
produce more depleted Arctic d18O

p
 due to enhanced local 

evaporation, but this contradicts the results from both 
simulations (Faber et al. 2017) and observations (Klein 
et al. 2015; Putman et al. 2017). These latter studies sug-
gested that Arctic precipitation derived from advected 
moisture generally has more depleted d18O

p
 compared to 

that derived from local evaporation on the account of the 
longer distillation pathway of storms travelling from low-
er-latitude source to the Arctic.

To further determine how seasonal sea-ice loss affects 
Arctic d18O

p
 through moisture dynamics, we used the 

Fig. 6  (a) Summer (JJA) and (b) winter (DJF) plotted against ASO d18Op during the period 1979–2020. The two seasons for the d18Op are chosen based on 

the maximum correlation between temperature and d18Op (see Fig. 3).
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HYSPLIT model to investigate moisture source changes 
and associated d18O

p
 behaviours for extreme sea-ice condi-

tions (Fig. 7). In the western Arctic, where summer melt 
is strongest over the study period, we compare moisture 
trajectories and d18O

p
 values between July 1983 and July 

2007, the months that have maximum (July 1983) and 
minimum (July 2007) sea-ice extent, respectively (Fig. 7a, 
b). During the summer of 1983, the BS was covered by ice 
and received precipitation from North Atlantic-sourced 
moisture that passed through the North Pole before arriv-
ing at the region. The long-distance transport of moisture 
was associated with a stronger rain-out process and led to 

more depleted d18O
p
 (Fig. 7a). By contrast, the BS and 

adjacent seas were largely ice-free during the summer of 
2007 and received moisture from the western Arctic 
Ocean. This proximity of moisture source probably 
reflected the contribution of local evaporation due to sea-
ice loss and was characterized by more enriched d18O

p
 

(Fig. 7b). This also holds true for winter, during which 
sea-ice melt is relatively weak and is concentrated in the 
BKS (Fig. 7c, d). In contrast, the winter of 1999 that was 
characterized by more depleted d18O

p
 in the BKS due to 

large contribution from external moisture (Fig. 7c), lower 
SIC in the BKS during the winter of 2013 contributed to 

Fig. 7  Back trajectory clusters (red lines represent the remote part, whilst blue lines represent the local part) calculated from every six-hour trajectory 

with a pathway of 15 days at a selected site (72°N, 155°W) in the western Arctic that have (a) a maximum (July 1983) and (b) a minimum (July 2007) SIC 

(colour bar); d18Op values are indicated in black. A seven-day pathway at a selected site (78°N, 60°E) in the BKS for (c) January of 1999 (with maximum SIC) 

and (d) 2013 (with minimum SIC).
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more local moisture through evaporation and yielded 
more enriched d18O

p
 in the region (Fig. 7d). Our trajectory 

analysis further corroborates that local evaporation due to 
sea-ice loss is an important driver of Arctic summer d18O

p
 

enrichment in summer, but this influence is very limited 
during winter. This is not surprising because rapid sea-ice 
reduction and higher temperature during summer 
strongly enhance local evaporation.

Although our trajectory analysis provides an insight 
into the influence of dynamics on the link between sea-
ice loss and Arctic d18O

p
, there are some caveats worth 

noting. First, we calculated the trajectories based only on 
the individual months with maximum and minimum sea-
ice coverage, which may not represent the climatological 
trajectories due to sea-ice changes. Second, the trajecto-
ries themselves do not provide mechanistic evidence for 
the effects of locally evaporated and advected moisture 
impact on Arctic d18O

p
. Therefore, further analysis—using 

backward trajectories or moisture tagging tools—is 
needed to better understand the influence of moisture 
dynamics due to sea-ice loss on Arctic d18O

p
.

Our results are consistent with previous observations 
(Klein et al. 2015; Putman et al. 2017) and simulations 
(Faber et al. 2017) in suggesting that sea-ice loss enriches 
Arctic d18O

p
, but they reveal a substantial seasonal differ-

ence that contrasts with previous work. We also note that 
our results contradict the recent observational study that 
suggested more depleted Arctic d18O

p
 in response to local 

evaporation due to sea-ice loss (Mellat et al. 2021). This 
disagreement likely arises from the fact that the findings 
of Mellat et al. (2021) are based exclusively on land sta-
tions that may not fully represent the oceanic regions 
where sea-ice loss occurs, in addition to event-scale sam-
pling (within one summer) that may not reflect the 
response of d18O

p
 to local evaporation due to the delayed 

influence of sea-ice loss on Arctic precipitation.

Implications for Arctic hydroclimate studies

An improved understanding of how sea-ice changes 
affect Arctic precipitation isotope ratios can offer a num-
ber of opportunities for studying the modern Arctic 
hydrological cycle. The Arctic is currently undergoing 
rapid changes, characterized by amplified warming and 
dramatic sea-ice loss, both of which have contributed to 
increased local evaporation and precipitation (Vihma 
et al. 2016; Ford & Frauenfeld 2022). These hydrological 
changes have been modelled extensively (Bintanja & 
Selten 2014; Ford & Frauenfeld 2022), but the absence of 
direct hydrological measurements makes them very diffi-
cult to verify observationally. In particular, disentangling 
the relative importance of local and remote moisture in 
Arctic precipitation is still under debate. Our work 

highlights the potential of using stable water isotopes to 
investigate Arctic sea-ice changes and associated moisture 
dynamics. The distinct isotopic signals of local and remote 
moisture identified here represent a simple method that 
could be applied to gain first‐order information on the 
moisture dynamics of Arctic precipitation.

Within the palaeoclimate field, isotopic archives from 
polar ice core have been widely used for the reconstruc-
tion of palaeotemperature, but an accurate reconstruction 
depends on reliable modern temperature/d18O

p
 rela-

tionships. Previous studies have demonstrated that 
reconstruction of palaeotemperature using generalized 
temperature/d18O

p
 response functions may be a problem-

atic method because the temperature/d18O
p
 relationship 

may not be constant in time (Hendricks et al. 2000; Holme 
et al. 2019). The results presented here suggest that 
enhanced local evaporation due to Arctic ice loss or subli-
mation of snow/sea ice in warm climates (i.e., interglacial 
times) can lead to more enriched Arctic d18O

p
, which can 

alter the temperature–d18O relationships (Hendricks et al. 
2000) and may thereby result in large errors in palaeo-
temperature reconstructions. Our study emphasizes that 
the inversion of generalized temperature/d18O

p
 relation-

ship functions represents a limited method for palaeotem-
perature reconstructions, and the use of this method must 
be treated with caution (Bowen 2008).

Conclusions

In this study, we quantify the influence of sea-ice loss on 
Arctic precipitation isotope ratios using an atmospheric 
GCM equipped with explicit water isotope diagnostics. 
Our simulations successfully capture observed spatial and 
temporal behaviours of Arctic temperature and d18O

p
. The 

simulated Arctic precipitation shows an apparent isotopic 
enrichment in response to sea-ice reduction in both sum-
mer and winter seasons. This characteristic isotopic 
imprint of sea-ice changes is a combined effect of Arctic 
warming and local evaporation due to sea-ice loss. 
However, the relative influence of the two processes on 
Arctic d18O

p
 differs strongly between seasons. During 

summer, enhanced local evaporation and warmer tem-
perature contribute approximately equally to Arctic d18O

p
 

enrichment. By contrast, changes in Arctic winter d18O
p
 

are predominantly controlled by local temperature. These 
results support the conclusions of Faber et al. (2017) that 
decreased (increased) sea ice yields more enriched 
(depleted) Arctic d18O

p
 but reveal substantial seasonal dif-

ference in the driving mechanisms that contrasts the pre-
vious work. Our work highlights the importance of local 
evaporation due to sea-ice loss in determining Arctic 
d18O

p
 and the temperature/d18O

p
 relationships and may 
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have implications for the hydrological cycle and palaeo-
temperature reconstructions in the Arctic.
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