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Abstract 9 

Warm airmass intrusions (WAIs) from the mid-latitudes significantly impact the Arctic water budget. Here, 10 
we combine water vapor isotopes measurements from the MOSAiC expedition, with a Lagrangian-based 11 
process attribution diagnostic to track moisture origin and transformation in the central Arctic Ocean during 12 
two WAIs, under contrasting sea-ice concentrations (SIC). During winter with high SIC, two moisture states 13 
emerge: the local in-Arctic moisture, for which the isotope signal is influenced by kinetic processes in ice-14 
cloud formation, is rapidly overprinted by low-latitude moisture advected poleward during WAI. In summer 15 
under low SIC, moisture is supplied through evaporation from land and ocean, with moisture distillation via 16 
liquid-cloud formation. The isotopic composition reflects the influence of higher humidity at the evaporation 17 
sites. Given the projected increase of frequency and duration of WAIs, our study contributes to assess process 18 
changes in the Arctic water cycle. 19 
 20 
Plain Language Abstract 21 
Intrusions of warm and moist airmasses from lower latitudes have a big effect on the Arctic climate system. 22 
We looked at data from the drifting MOSAiC expedition, where we measured the isotopic composition of 23 
water vapor. Water isotopes are powerful tracers of where moisture came from and how it changed during 24 
the transport. We focused on two specific warm air intrusions, occurring in February and September 2020 25 
respectively, when the amount of sea ice was different. During the winter, we identified two sources of water: 26 
some moisture was influenced by in-Arctic processes and moisture exchanges with ice crystals in clouds, and 27 
some came from warmer places at lower latitudes. In the summer, when there was less sea ice, we found that 28 
water came mainly from evaporation over land and ocean. Our results show that the isotopic composition of 29 
vapor was influenced by how humid the places it came from were. As warm air intrusions are expected to 30 
happen more often and last longer in the future, our study helps us understand how they affect the Arctic 31 
water cycle. 32 
 33 
Key points 34 

• Airmass transformation during warm air intrusions depends on sea-ice extent 35 
• During winter, warm air intrusions suppress moisture exchanges at the atmosphere-sea ice 36 

interphase 37 
• In summer, d-excess is driven by vapor pressure gradients between ocean skin layer and the lower 38 

atmosphere at the evaporative sites 39 
 40 
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1. Introduction 46 
Warm airmass intrusions (WAIs) are important drivers of heat and moisture transport into the Arctic (You 47 
et al., 2022; Papritz et al., 2022) and storm tracks are estimated to account for nearly three quarters of the 48 
average annual moisture transport (Fearon et al., 2021). The direct thermodynamic impacts of WAIs are 49 
increased downward fluxes of longwave radiation and sensible heat at the snow/ice surface, accompanied 50 
by a reduction in sea-ice concentration. The increased water vapor content resulting from warmer 51 
temperatures and higher frequency of moisture-carrying weather systems contributes to enhanced 52 
atmospheric heating. These transformations, among others, collectively drive what is known as Arctic 53 
Amplification, causing the Arctic to warm nearly four times the global average rate, with profound effects on 54 
local ecosystems and communities (IPCC, 2023). Thus, it is important to understand the consequences of 55 
WAIs on the Arctic water cycle. 56 
 57 
The characteristics of each individual WAI depend on season, sourcing of the airmasses, characteristics of 58 
the atmospheric boundary layer (ABL) and surface conditions during the long-range transport. Importantly, 59 
WAIs can influence the Arctic sea ice (Li et al., 2022; Zhang et al., 2023) due to dynamic and thermodynamic 60 
processes, similar as cyclones and anticyclones do (Wernli and Papritz, 2018; Aue et al., 2022).  However, to 61 
our knowledge no previous studies focused explicitly on how different conditions of sea ice affect the airmass 62 
moisture transformations during poleward transport from mid latitude into the Arctic.  63 
 64 
During the poleward migration of airmasses over sea ice, radiative cooling is a key factor driving their 65 
transformation. Rapid cooling leads to turbulent mixing and the development of mixed-phase clouds. 66 
Eventually, the liquid water in the cloud precipitates, leaving behind a radiatively transparent ice-cloud (Ali 67 
and Pithan, 2020). Although WAIs are overall an important sink of atmospheric moisture, the redistribution 68 
of air by the atmospheric circulation is also a driver of intense evaporation from the ocean surface via the 69 
advection of cold air over relatively warmer ocean and strong near-surface winds (Papritz et al., 2015). These 70 
complex feedbacks, in combination with the limited observational data, challenge our understanding of these 71 
moisture exchange processes. 72 
 73 
Stable water isotopes (SWI) serve as highly sensitive and integrated tracers of hydroclimatic changes, 74 
preserving information on the origin, transport, and transformation of water masses in the climate system. 75 
The strength of isotopic fractionation is inversely related to the temperature during water phase change 76 
processes, while differences in the diffusion rates of D and 18O, described by the second order parameter 77 
deuterium excess, offer additional insights into changes in moisture sources (Dansgaard, 1964). 78 
 79 
In light of the importance of WAIs and the potential insights offered by SWI, this study builds upon 80 
measurements performed during the Multidisciplinary drifting Observatory for the Study of Arctic Climate 81 
(MOSAiC) expedition (Shupe et al., 2022), during which the research vessel Polarstern (POL) was drifting in 82 
Arctic sea ice for one year. The study aims at identifying the physical drivers of the SWI changes observed 83 
during two WAI cases under contrasting seasonal conditions, during February and September 2020, and 84 
discusses how SWI can inform on the integrated moisture changes of the airmasses. The investigation is 85 
conducted by combining measured SWI, with a Lagrangian-based moisture diagnostic and process 86 
attribution method.  87 
 88 

2. Methods 89 



The measurements of this study refer to February and September 2020. During both these periods, POL was 90 
situated near the North Pole (Shupe et al., 2022), offering a chance to constrain spatial signal variability and 91 
assess the impact of different ambient conditions on water vapor transport.   92 

 93 
2.1 Meteorological data 94 

The local meteorological MOSAiC data used in this study were collected with related sensors located at 95 
different heights on board POL: relative humidity (RH) and air temperature (T) were measured at 29 m above 96 
sea level; air pressure (p) was measured at 19 m, but expressed at sea level. Specific humidity (q) is calculated 97 
based on RH, T and p. Continuous in-situ measurements of SWI were obtained from a Picarro L2140-i CRDS 98 
(Brunello et al., 2023). The calibrated and validated datasets are available at a 1-min averaged temporal 99 
resolution on PANGAEA (Schmithuesen, 2021a-d; Brunello et al., 2022a-d). Isotope concentrations are 100 
expressed in the usual 𝛿𝛿-notation and deuterium excess is defined as d-excess = 𝛿𝛿D – 8 𝛿𝛿18O. 101 
 102 
We use meteorological variables from the European Centre for Medium-range Weather Forecasts (ECMWF) 103 
fifth-generation reanalysis (ERA5) reanalysis dataset (Hersbach et al., 2020) to characterize the 104 
environmental conditions during airmass transport. These parameters include 2 m air temperature (T2m), 105 
mixing ratio, RH, SIC, land-sea mask, sea-surface temperature (SST), surface evaporation, and ABL height. All 106 
variables were extracted at 3 h temporal and 0.25 ° spatial resolutions, in the domain north of 40 °N latitude. 107 
For detailed analysis of sea-ice influence, the sea-ice concentration and lead ice fraction product AWI AMSR2 108 
is used (Röhrs and Kaleschke, 2012).  109 
 110 

2.2 Backward trajectories and process attribution 111 
To represent the history of air parcels, meteorological parameters are traced along FLEXPART backward 112 
trajectories (Stohl et al., 2005; Pisso et al., 2019), based on ERA5. In this Lagrangian-based method, the 113 
release box is divided into finite elements of volume with equal mass which are called particles and are 114 
followed backward for an integration time of 30 days. The simulation was set up to release 100,000 particles 115 
every 3 h, equally distributed from a 0.1° × 0.1° × 100 m box moving with POL during the drift. FLEXPART is 116 
forced by horizontal and vertical wind components, temperature and specific humidity fields. In addition to 117 
the position and altitude of the particles, temperature and moisture were extracted for all individual 118 
trajectories up to 5 days backward in time. The moisture source diagnostic WaterSip (Sodemann et al., 2008; 119 
Fremme and Sodemann, 2019) is applied on the FLEXPART trajectories to estimate surface moisture uptakes 120 
weighted based on their contribution to humidity values at the target location. Results are aggregated on 0.5° 121 
x 0.5° gridded maps of dominant source regions at each time step.   122 
 123 
As an air parcel is advected into the Arctic, it transforms from a warm and moist into a dry and cold airmass. 124 
Additional moisture can be taken up from land and ocean surfaces and moisture losses occur through 125 
adiabatic cooling, cloud formation and precipitation. Different airmasses with different history and origin 126 
can converge and mix. The isotopic composition of the parcel’s water vapor is a passive tracer of all these 127 
exchanges, thus the contributions of each process type are key to understand the isotopic signature of the air 128 
parcel. Dütsch et al. (2018) developed a Lagrangian process attribution approach which relates SWI 129 
variations to key moisture exchange processes. Moisture losses are attributed to cloud formation and based 130 
on the temperature of the air parcel, the resulting cloud is classified as liquid, ice- or mixed-phase. Moisture 131 
increases are attributed to evaporation processes either from land or ocean, depending on the location of the 132 
air parcel. Here, we adapted this method to Arctic conditions, including uptake of moisture over sea ice and 133 
accounting for the presence of open leads. A detailed explanation of the process attribution, including our 134 
adaptation can be found in the Supporting Information (Text S1, Figure S1).  135 



 136 
As a small addition, a process attribution evaluation of a single nudged ECHAM6-wiso simulation with 137 
explicit isotope diagnostic (Werner et al., 2011; Cauquoin and Werner, 2021) is included in Supporting 138 
Information (Text S2, Figure S4).   139 
 140 

3. Results 141 
3.1 Meteorological characterization of the two warm air intrusions 142 

 143 
3.1.1 Meteorological characterization of the winter case (WAI1) 144 

In February 2020, an anomalously intense cyclonic activity, with strong shifts in temperature and humidity, 145 
was observed (Rinke et al., 2021). Between February 9 and 25, three cyclones hit POL, with the strongest one 146 
related to a WAI, hereafter referred to as WAI1 taking place on February 16-20 (Figure 1a). The synoptic 147 
pattern was characterized by a low-pressure system over the northern North Atlantic/Barents Sea. On 148 
February 19, the cyclone travelled through the central Barents Sea, crossed the ice edge near Novaya Zemlya, 149 
before reaching the central Arctic. Strong pressure gradients in front of the cyclone led to the establishment 150 
of a poleward flow, bringing warm airmasses of around 0 °C. This was associated with transport of moist air 151 
over the Kara Sea, with values above 8 kg m-2. This transport pattern was persistent during the next day, 152 
while the cyclone moved further to the east. The total water vapor map exhibits a narrow band of high-water 153 
vapor, where POL was located. Maximum temperature and specific humidity occurred February 20 midday 154 
with -15 °C and 1.4 g kg−1, respectively. On February 21, the cyclone travelled northwards, while the dipole 155 
structure weakened. The warm air sector moved further eastward to the Canadian Arctic Archipelago. POL 156 
was located in colder and drier downwind airmasses of the cyclone, while warm and moist airmasses were 157 
wrapping around the cyclone center. Temperatures and humidity at POL exhibited a sudden drop by 10 °C 158 
and 0.6 g kg−1, before rising again (Figure 2b).  159 
 160 

3.1.2 Meteorological characterization of the summer case (WAI2) 161 

In September 2020, the Arctic sea ice cover was at its annual minimum and transiting into regrowth state 162 
(Nicolaus et al., 2022) when two strong cyclonic events occurred. The first cyclone on September 13 lasted 163 
1.5 days (hereafter referred to as WAI2a). Similar to the winter case, the tropospheric circulation was 164 
characterized by an anti-cyclone over Siberia and a developing cyclone in the Atlantic sector (Figure 1b). In 165 
the morning of September 13, the cyclone cut off from a low-pressure system over Scandinavia and started 166 
moving northwards through the Barents Sea. As it moved, pressure gradients to its front led to the advection 167 
of warm airmasses from Siberia and increase of the total column water vapor. In the afternoon it crossed the 168 
sea-ice edge and reached POL in the evening. Local temperature (Figure 2e) shifted from -9 to 0 °C and 3.7 g 169 
kg-1 humidity peaks were observed during the moist and warm spell. In the morning of September 14, the 170 
cyclone passed the ship, causing a sudden drop in temperature and humidity. While pressure gradients 171 
weakened, 850 hPa-temperature fields indicated warm air parcels (ca. 0 °C) wrapped around the cyclone 172 
center. This led to persistent warmer and moist air conditions during the following two days. A second 173 
cyclone with similar track occurred during September 23-25 (WAI2b) and caused a strong local temperature 174 
increase of about 14 °C. 175 
 176 

3.2 Backward trajectory analyses 177 

3.2.1 Transport conditions during the winter case (WAI1) 178 



To illustrate the typical ambient conditions during the transport of the airmasses, Figure 1c illustrates 179 
temperature, humidity and surface conditions along the center-of-mass trajectory, as calculated by 180 
FLEXPART2 based on ERA5, during the first peak of WAI1. Note that surface moisture uptakes are based on 181 
aggregated maps (Section 2.2). Due to the lack of backward time information, values may not correspond to 182 
the real uptakes of the air parcels and should be interpreted with caution. Four days before arrival (-84 h), 183 
the vertical temperature column indicates a 2 km thick layer of warm (0-5 °C) air. This layer is characterized 184 
by low-level mixed-phase clouds with a dominance of liquid-water content. The crossing of the ice edge in 185 
the coastal area at around -60 h did not lead to an up-gliding of the airmasses and the presence of low-level 186 
mixed-phased clouds was sustained. Liquid water droplets are largely opaque in longwave radiation, shifting 187 
major cooling to the cloud top, causing the formation of a temperature inversion at around 1.5 km altitude. 188 
At around -36 h, WaterSip reveals a moisture uptake reflected in a small increase in the averaged specific 189 
humidity of the air parcels. This uptake does not appear to be linked to changes in the underlying sea-ice 190 
conditions or topography. Our analysis indicates that the center-of-mass trajectory reached the northern end 191 
of Novaya Zemlya at this time, where the open sea extended deep into the Arctic sea-ice region (Figure 1a). 192 
Hence, moisture increases could be attributed to mixing with moist airmasses associated with the sea-ice 193 
marginal area. This mixing is accompanied by a sudden drop in altitude of the air parcels and an elevation 194 
change of the lower cloud layers, which could be due to stronger turbulent mixing. During the last 24 hours 195 
before arrival at POL, the low-level clouds begin to dissipate and moisture uptakes are small. The 196 
temperature and cloud water columns suggest a moderate up-gliding of the lower airmasses during the last 197 
12 hours, reestablishing a near-surface temperature inversion. 198 

 199 

3.2.2 Transport conditions during the summer case (WAI2) 200 

Figure 1d illustrates the conditions along the center-of-mass trajectory during the first peak of WAI2. The 201 
early phase of the cyclone passage was marked by a strong poleward flow originating from western Siberia. 202 
During the advection over the continent, the airmass had a temperature exceeding 10 °C and travelled up to 203 
3 km altitude. At ground level, temperatures were at ca. 20 °C and surface moisture uptakes were identified. 204 
During this period, there was only little cloud formation with mixed-phase clouds above 1 km altitude and 205 
high-level ice-clouds. 60 h before arrival, the airmasses reached the coastal area, leading to strong moisture 206 
uptakes over the relatively colder ocean. The average humidity of the air parcels increased to 6.4 g kg-1. From 207 
48 h to 24 h, the air parcels primarily traveled over open ocean without additional uptakes. A decrease in 208 
temperature in the lowest 100 m reflects the cooling of the airmasses over the ocean, while increases are 209 
linked to passing of land. Although the passing of land likely induced some vertical lifting, most air parcels 210 
stayed below 500 m altitude. At -12 h, the air parcels crossed the sea-ice edge. The temperature column 211 
indicates a lifting of warmer airmasses, suggesting upgliding over colder airmasses over the sea ice, in 212 
agreement with Komatsu et al. (2018). Near-surface temperatures showed values around 0 °C potentially 213 
linked to melting processes, while the advected warm air created an elevated temperature inversion aloft. 214 
Abundant liquid cloud formation dominates the lower level of the atmosphere. As previously observed by 215 
Kirbus et al. (2023), the formation of low-level liquid cloud was accompanied by a separated formation of 216 
high-level ice-clouds. Despite WaterSip identifying small uptakes over sea ice, the strong low-level cloud 217 
formation resulted in a net moisture decrease of ca. 2.5 g kg-1. 218 

 219 



 220 
Figure 1. Upper panels: synoptic overview of WAI1(a) and WAI2a (b), including maps of sea-ice concentration with the individual 221 
trajectories (gray) and their center-of-mass (thick, green line) advected to POL, the total column water vapor and the combined maps of 222 
500-hPa geopotential heights (contour lines) and 850-hPa temperatures (color shading), retrieved from ERA5. The maps were generated 223 
using data from February 19, 00 h (peak WAI1) and September 13, 21 h (peak WAI2a), respectively and the position of POL at those 224 
times is marked by a purple star.  225 
Lower panels: Conditions along the center-of-mass trajectory during peaks of WAI1 (c) and WAI2a (d), as retrieved from ERA5. Negative 226 
signs on the x-axis indicate hours before arrival at POL. The two upper panels show columns of temperature and cloud ice content (pink) 227 
and liquid water content (blue). The black dashed line indicates the height of the center-of-mass trajectory. The third panels from the 228 
top, show uptakes identified by WaterSip (turquoise bars) and the average humidity of the air parcels (blue line). The lowermost panels 229 
represent sea-ice concentration (white fill) and land-sea mask (dark grey fill). 230 
 231 

3.3 Process attribution 232 

The upper panels of Figure 2 illustrate the results of our process attribution approach (Section 2.2), based 233 
on ERA5 and AMSR2. Both uptakes and losses are shown as positive contributions to the total amount of 234 
moisture exchanges along the trajectories (Supporting Information, Text S1.2).  235 
 236 

3.3.1 Moisture processes during the winter case (WAI1) 237 

The process attribution during February 2020 reveals a substantial overall contribution of evaporation over 238 
sea ice, exceeding 40 % of the total exchange, with only minor contributions from lead-dominated sea ice (1-239 



5 %). There is consistent moisture gain, accounting for ~20-30 % of changes, through ‘mixing-in’, referring 240 
to moisture uptake in the free troposphere. This contribution shows slightly higher values during cold, non-241 
WAI, phases. Peak values of contribution of land evaporation are found during a smaller intrusion on 242 
February 14, and during WAI1, reaching values of about 20 %.  Moisture losses are dominated by ice-cloud 243 
formation, accounting for about 30 %. The contribution of mixed-phase clouds during the non-WAI phases 244 
is small but variable (5-20 %). During WAI1, losses due to ice-clouds dissolution and mixed-phase cloud 245 
formation becomes the dominant moisture loss process. After the intrusion, uptakes suddenly shift to 246 
evaporation over sea ice, while humidity decreases abruptly. Shortly after, the peak in ocean evaporation can 247 
be linked to the inflow of airmasses from the backside of the cyclone. During the following days, moisture 248 
exchanges are dominated by ocean uptakes and mixed-phase cloud formation, with only little ice-cloud 249 
formation and small contributions of sea-ice evaporation. This suggests, that the impact of WAI1 was able to 250 
sustain a cloudy moist state at POL until the end of the period.  251 

Q𝑒𝑒𝑒𝑒p (Figure 2b) quantifies the amount of moisture attributed to a process, and only refers to moisture 252 
tracked within the last 5 days of transport. Q𝑒𝑒𝑒𝑒p was close to observed q before and after WAI1, indicating 253 
enhanced uptakes in the last part of the transport. However, in the beginning of the intrusion on February 254 
18, qexp is low, indicating that the initial moisture content of the air parcel was already high and uptakes in 255 
the last 5 days of transport did not contribute significantly to the absolute total moisture content.  256 

 257 

3.3.2 Moisture processes during the summer case (WAI2) 258 

During WAI2, moisture is predominantly supplied by evaporation from the ocean, accounting for 20-60 % of 259 
the humidity changes (Figure 2d). Contributions from sea-ice dominated regions are high during short 260 
periods but drop to zero when contribution from ocean evaporation occurs. This behavior may be related to 261 
changes in wind directions, given that sea ice persists mainly in the western Arctic (Greenland, Canadian 262 
Archipelago), while the Kara and Barents Sea are ice-free. When uptake from sea ice takes place, there is a 263 
low, but stable contribution of evaporation from leads (5 %). Continental moisture sources are primarily 264 
identified during the two WAIs. Contributions from mixing processes display higher variability compared to 265 
the winter case. From September 11-13, mixing plays a minor role, but as WAI2a begins, it exhibits a 266 
persistent contribution of 10-30 % until WAI2b when ocean evaporation accounts for the majority of the 267 
uptakes. Moisture losses are primarily driven by mixed-phase cloud formation, dominating during non-WAI 268 
phases, and liquid cloud formation during the WAIs.  269 

Qexp (Figure 2e) is always lower than the observed humidity, indicating a strong contribution of moisture 270 
uptakes prior to the last 5 days of transport and the long-distance advection of the summer moisture, 271 
independently of the WAIs.  272 

 273 

3.4 Isotopic characterization of the two warm air intrusions 274 

3.4.1 Isotopic characterization of the winter case (WAI1) 275 

During WAI1 (Figure 2c), we observed strong variations in 𝛿𝛿18O of vapor at POL. During cold phases, the air 276 
was more depleted with 𝛿𝛿18O around -40 ‰. Injections of warm moist air, as during February 14-16, and the 277 
strong intrusion on February 18-21, led to increases of 𝛿𝛿18O by about 5-10 ‰. During the WAI 𝛿𝛿18O reached 278 
its maximum of -32 ‰ after the peak in temperature and humidity. The time lag may indicate additional 279 
processes rather than only a temperature effect. 𝛿𝛿18O remained stable at -34 ‰ during the following 2 days, 280 
before a sudden decrease to around -40 ‰. For d-excess, we observed an overall positive correlation (r = 281 
0.51) with 𝛿𝛿18O. However, d-excess seems to be more sensitive to little injections of warmer air. Two small 282 
temperature increases during February 14 and 16 led to strong d-excess increases by about 15 ‰. During 283 



the main WAI1 on February 18-21, d-excess increased up to 5 ‰ and stabilized around that value already 284 
12 h before the humidity peak. Both d-excess and δ18O exhibit two different modes with high values during 285 
moist injections and low values in cold and dry phases.  286 
 287 

3.4.2 Isotopic characterization of the summer case (WAI2) 288 

During September 2020, the WAIs brought isotopically-enriched moisture to POL, causing 𝛿𝛿18O in vapor to 289 
increase by more than 20 ‰ while the relatively cold-phases before and after were characterized by 290 
isotopically-depleted moisture (-30 ‰) (Figure 2f). Hence, isotope changes largely follow the temperature 291 
and moisture evolution linked to this synoptic event. During cold-phases (Sep 11-13 and Sep 15-20), 𝛿𝛿18O 292 
minima are reached in coincidence with temperature and humidity, while during both WAIs (Sep 11-13 and 293 
Sep 15-20), the peak in 𝛿𝛿18O had a time-lag of 12-24 h. D-excess ranges between -13 ‰ and +15 ‰ and it is 294 
strongly anti-correlated (r = -0.93) to δ18O, especially during the WAIs.  295 

 296 
Figure 2. Results of the process attribution diagnostic for the winter case (left) and summer case (right) based on ERA5 and AMSR-2. 297 
WAI1, WAI2a and WAI2b are highlighted by vertical black lines. In the middle panels, observed humidity (light blue) and temperature 298 
(yellow) measured at POL are shown. The green dotted line in panel indicates 𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒, i.e. the amount of moisture which was taken up along 299 
the 5-day trajectories, and assigned to the given processes. The lowest panels present observed local d-excess and 𝛿𝛿 18O as measured 300 
onboard POL. 301 
 302 

4. Discussion and Conclusions 303 
4.1 WAIs overprint low background d-excess in winter 304 

During February 2020, d-excess shifted between two modes. One mode exhibits d-excess values around 5 305 
‰, and corresponds to injections of warm moist air sourced from ocean and land evaporation from lower 306 
latitudes and accompanied by formation of mixed-phase clouds. This contrasts with a second mode, 307 
characterized by very low δ18O values around -10 to -15 ‰ during the coldest and driest phases not 308 
influenced by WAIs. These phases are characterized by a dominance in uptakes over sea ice and ‘mixing in’, 309 
while moisture decreases are mostly due to ice-cloud formation. This results into positive correlation 310 
between d-excess and 𝛿𝛿18O which is in striking contrast to the opposite relationship observed during the 311 
summer WAI (Figure 2f). 312 



Kopec et al. (2019) and Leroy–Dos Santos et al. (2020) observed similar positive relation during winter at 313 
the Greenland’s coast line and on Svalbard. Kopec et al. (2019) argue that low d-excess in Greenland 314 
precipitation is a result of a non-linear Rayleigh distillation with progressive decreasing d-excess in the 315 
earlier stage, in combination with kinetic effects during supersaturation in ice- and mixed-phase clouds. This 316 
is in agreement with our process attribution analysis, where we find a negative correlation of d-excess with 317 
ice-cloud formation (r = -0.72). Ice droplets in clouds grow by vapor deposition under supersaturated 318 
conditions involving kinetic fractionation (Samuels-Crow et al., 2014; Galewsky, 2015). The effect is expected 319 
to strongly decrease d-excess values in the remaining vapor phase. Furthermore, 5-day trajectory analyses 320 
for the days February 15-18, when low d-excess values were observed, show that airmasses resided the 321 
entire time, over sea ice. Such cold and stable conditions are typically associated with clear sky and strong 322 
temperature inversions (Jozef et al., 2023), which can lead to vapor deposition onto the ice. During polar 323 
summers, diurnal cycles between vapor deposition and sublimation result in lower d-excess amplitude 324 
during night-time stable ABL conditions (Casado et al., 2016; Ritter et al., 2016). Although this process may 325 
apply to the Arctic polar night, solid deposition cannot be discriminated by our process attribution algorithm, 326 
since there is no distinction between ice-cloud formation within the ABL and vapor deposition to the surface. 327 
A second process which correlates with moisture exchange during cold phases is evaporation from sea-ice 328 
dominated areas (r = -0.51 for high lead fraction). However, moisture originating over sea-ice dominated 329 
regions is typically imprinted with high d-excess values (Kurita et al., 2016; Bonne et al., 2019; Leroy–Dos 330 
Santos et al., 2020), ruling out the influence of lead evaporation on our low d-excess observations. In 331 
conclusion, we propose that primarily ice-cloud formation, in combination with vapor deposition and 332 
Rayleigh distillation, is causing the unusual negative d-excess values in near-surface water vapor in the 333 
winter Arctic.  334 

Low d-excess values increase abruptly whenever moist and warm airmasses are advected. This can be 335 
explained by a shift towards mid-latitude moisture where d-excess values around 10-15 ‰ are typically 336 
measured (Galewsky et al., 2016; Bastrikov et al., 2014). Evaporation from the ocean surface under relatively 337 
cold conditions, with steeper surface temperature gradients as compared to Arctic winter conditions, yields 338 
higher d-excess values due to enhanced kinetic fractionation.  339 
 340 

4.2 Source conditions dominate d-excess during summer 341 

During summer, SWI changes at POL generally follow the evolution of local temperature and humidity 342 
(Brunello et al., 2023). Before and after the pulses of warm air by WAIs, low δ18O values mimic relatively low 343 
temperature and humidity. During these times, significant negative correlation is found between δ18O 344 
changes and mixed-phase cloud formation (r = -0.66). This suggests stronger degrees of distillation during 345 
cold-phase, causing depleted 𝛿𝛿18O in vapor.  The low δ18O values are usually accompanied by maxima in d-346 
excess around 10-15 ‰. This observation aligns with Bonne et al. (2019) and Leroy–Dos Santos et al. (2020).  347 
Figure S2 (Supporting Information) illustrates the correlations of d-excess with contributions of moisture 348 
uptake from sea ice. The linear relation between d-excess and evaporation over sea ice with low lead fraction 349 
agrees with the relationship identified by Bonne et al. (2019). Contributions of evaporation over sea ice with 350 
higher lead fraction are generally too low for meaningful interpretation, but the determined steeper slope 351 
could be explained by the presence of open-water bodies where evaporation is associated with strong kinetic 352 
fractionation. High d-excess values are commonly formed at the sea-ice margin and along coastlines, where 353 
cold dry airmasses are advected over the relatively warm ocean. This results in a strong kinetic fractionation 354 
due to the vapor pressure differences between the saturated skin layer of the ocean and the air aloft (Steen-355 
Larsen et al., 2014; Galewsky et al., 2016). Extracted source conditions at uptake locations partly support 356 



this hypothesis (Figure S3, Supporting Information) as we find significant correlations (r = -0.49) between 357 
d-excess and relative humidity calculated with respect to sea-surface temperature (RH𝑆𝑆𝑆𝑆𝑆𝑆).  358 

The pre/post WAIs low δ18O/high d-excess values contrast with high δ18O/low d-excess observed during the 359 
WAIs. These events are marked by large contributions of land evaporation. However, minima in d-excess are 360 
reached before and after the peak contribution of land evaporation when ocean uptakes contribute to an 361 
increasing humidity level. D-excess values settle back to values around 0 ‰ when land evaporation 362 
overprints ocean evaporation. The center-of-mass trajectory (Fig. 2b) shows the respective timestep of the 363 
first minimum, revealing that major uptakes happened in the coastal region, where the warm airmasses (>15 364 
°C) experience a reduction of kinetic effects and low d-excess. In contrast, the correlation of d-excess to 365 
contributions of ocean evaporation is not significant. This is presumably due to the fact that the process 366 
attribution does not differentiate between the various environmental conditions under which uptakes over 367 
the ocean can happen.  368 

To further investigate the impact of evaporation on the final d-excess composition of the airmasses, we 369 
extracted the most relevant surface environmental parameters at the moisture source regions. We found that 370 
d-excess correlates negatively with T2m (r = -0.65), and positively to SST (r = 0.47). The correlation to RH is 371 
not significant indicating that RH alone cannot explain kinetic processes during uptakes from the ocean. 372 
However, both RH𝑆𝑆𝑆𝑆𝑆𝑆 and T2𝑚𝑚−SST show negative correlation to d-excess in agreement with the finding of 373 
Pfahl and Wernli (2008) in the Mediterranean basin. However, the correlation coefficient to RH𝑆𝑆𝑆𝑆𝑆𝑆 (r = -0.49) 374 
and the slope of the linear relationship (-0.31 ‰/%) are lower compared to their findings (r = -0.82 and -375 
0.53 ‰/%, respectively). The observed slope of -0.39 ‰/% for the whole Atlantic found by Bonne et al. 376 
(2019), on the other hand, is closer to our results. The combination of strong negative relationship to T2m, 377 
positive relation to SST, and the negative relation to T2𝑚𝑚−SST and RH𝑆𝑆𝑆𝑆𝑆𝑆 respectively, confirms that the d-378 
excess variability in summer is mostly driven by vapor pressure gradients between the ocean skin layer and 379 
the lower atmosphere. We conclude that kinetic effects during the vapor transport were not sufficient to 380 
overprint the individual d-excess fingerprint of the oceanic moisture, and that the source signal of d-excess 381 
is largely conserved during the transport into the Arctic. 382 
 383 

4.3 Modelling of Arctic cloud processes in ECHAM6-wiso 384 

A nudged ECHAM6-wiso simulation revealed biases when compared to measured 𝛿𝛿18O and d-excess during 385 
MOSAiC (Brunello et al., 2023). To distinguish whether the SWI are not well simulated due to missing or mis-386 
represented fractionation processes, or due to biased atmospheric conditions, we repeated the process 387 
attribution analysis using modelled ECHAM6-wiso fields, instead of ERA5 (Text S2, Supporting Information).  388 
This supplementary analysis suggests a deficit in ECHAM6-wiso to capture cloud formation of ice- and mixed-389 
phase clouds along the trajectories with the largest deficits during winter cold conditions. Cloud processes 390 
in the Arctic are complex and key controls are cloud microphysics, availability of condensation nuclei and 391 
cloud-surface-interactions, which are challenges in global models (Sotiropoulou et al., 2016). Furthermore, 392 
in ECHAM6-wiso, the SWI fractionation during ice-crystal formation under supersaturated conditions is 393 
parameterized by adjusting the equilibrium fractionation factor of δ18O and 𝛿𝛿D, following Jouzel and Merlivat 394 
(1984). The latter is solely dependent on temperature during water phase change, which might be an 395 
oversimplification of this process (Dütsch et al., 2019).  396 

We conclude that that an improved representation of ABL dynamics and refining the environmental 397 
conditions during water vapor uptake and deposition could contribute to more accurate simulations of 398 
moisture transformation. The presented initial short evaluation study shown is intended to motivate further 399 
throughout model investigation. 400 
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Open research  402 

The MOSAiC isotope datasets are available on PANGAEA at: doi.org/10.1594/PANGAEA.951424, 403 
doi.org/10.1594/PANGAEA.951446, doi.org/10.1594/PANGAEA.951447, 404 
doi.org/10.1594/PANGAEA.951448, doi.org/10.1594/PANGAEA.951449 405 

Trajectory analysis from the FLEXPART model simulations were performed at the University of Vienna and 406 
can be accessed at: https://img.univie.ac.at/webdata/mosaic. 407 
ECMWF reanalysis data can be downloaded freely from the Copernicus Climate Change Service, Climate 408 
Data Store: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form 409 

The ECHAM6-wiso simulation was performed at the Alfred Wegener Institute. The ECHAM model code is 410 
available under a version of the MPI-M software license agreement.  411 
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