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The Source of Arctic Precipitation in HadGEM3-GC5
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Abstract Snow and rain are increasing in the Arctic. Climate model projections indicate a 50% increase in
precipitation by the end of the century. This increase is driven by increased local evaporation following reduced
sea ice coverage alongside enhanced global evaporation and transport into the Arctic. The relative contributions
of these sources of Arctic precipitation are directly assessed using water tracers in the HadGEM3 climate model.
An idealized warming simulation shows that, whilst remote sources dominate over local sources of Arctic
precipitation in all seasons, the proportion of locally ocean-sourced precipitation increases from 15% at the start
of the run to 38% at 4 X CO,. Once the Arctic sea ice has been lost, the fraction of precipitation from local ocean
sources stops increasing. For each season this state tends to correspond to the time when Arctic precipitation
also switches from snow to rain-dominated. The increase in the fraction of precipitation sourced from the Arctic
Ocean (locally sourced) occurs in all seasons, except summer. In summer, the precipitation over the Arctic
Ocean is instead mostly sourced from land evapotranspiration. Our water tracer method also reveals that a
significant amount of Arctic evaporation is exported by the atmosphere out of the Arctic. This highlights that
both the import and export of water vapor must be considered when investigating Arctic hydrological changes.
Individual precipitation events tend to have multiple evaporative sources, indicating some mixing of vapor.
Remotely sourced precipitation tends to dominate the Arctic margins while local Arctic sources dominate the
interior.

Plain Language Summary Global warming will increase global evaporation which can be
transported as vapor to the Arctic. Alongside this, sea ice cover is declining in the Arctic, which allows for more
evaporation from the newly open Arctic Ocean. However, the relative importance of changing sea ice versus
global evaporation is unclear. We track water components in a climate model undergoing global warming, from
where water is evaporated at the surface to where it falls out as rain or snow. We determine how the relative
importance of global versus local evaporation to Arctic rain and snowfall changes during global warming. As
sea ice declines in response to warming, snow is eventually replaced by rain over the Arctic, the local
evaporative source of snow and rain increases in all seasons, except summer. In summer, rain over the Arctic
Ocean mostly comes from evaporation from land sources. In the other seasons, despite the increase of local
sources of rain and snow with sea ice decline, transport of water from outside the Arctic still drives most of the
Arctic rain and snowfall. Typically each individual snow or rain event is a mixture of sources indicating that
local and transported water vapor are combined before raining out.

1. Introduction

Over the course of the twentieth century, the Arctic experienced an increase in precipitation (Bintanja &
Andry, 2017; McCrystall et al., 2021), especially in the cold season, which has largely been attributed to
anthropogenic influences (Choi et al., 2023). Most of the Arctic water vapor comes from remote sources (Peixoto
& Oort, 1992), and the distribution of sources can impact the salinity of the associated marine basins (Singh
et al., 2016). The variability in the poleward water vapor transport and subsequent marine export could influence
salinity anomalies in the North Atlantic, and potentially the North Atlantic Oscillation (Sundby & Drink-
water, 2007) with wider impacts on the global climate system through teleconnections (e.g., Ding et al., 2023).

According to almost all climate models, Arctic precipitation will continue to increase and possibly even accelerate
in the twenty-first century (McCrystall et al., 2021) with peak increases exceeding 50% over the Arctic Ocean
(Cai et al., 2024). It is expected that increased local evaporation caused by sea ice retreat will contribute to fueling
future precipitation trends (Bintanja & Selten, 2014). In addition, water vapor will increase, associated with
retreating sea ice (Ridley et al., 2023) and water vapor transport into the Arctic may also increase with warming
(Bengtsson et al., 2011) driving higher precipitation. To understand future projections of Arctic precipitation, it is
important to investigate which are the dominant drivers behind the change.
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There are indications from observations and reanalyses, that summer Arctic precipitation is increasingly
comprised of rain (Screen & Simmonds, 2012) and it is projected that higher temperatures result in a higher
percentage of Arctic precipitation falling as rain (particularly in autumn and spring) rather than snow, perhaps half
of all precipitation by 2100 (Bintanja & Andry, 2017). Therefore, it is also valuable to look at the sources of Arctic
rain and snow separately.

One method that can be used to trace the origin of evaporation which ends as Arctic precipitation is to use
Lagrangian back tracking of water parcels in a dispersion model as done by Véazquez et al. (2016). Through
forcing the model with an atmospheric reanalysis, they found that summer precipitation originates from the
northern continents and winter precipitation from the subtropical oceanic regions. They also found little variation
in evaporation from these regions, and consequently, variability in Arctic precipitation is related to atmospheric
circulation changes. The drivers of precipitation change can also be determined using an epoch approach
(piControl vs. 2100) using a combination of Atmosphere only and coupled simulations to isolate the remote and
local contributions to Arctic precipitation (Leister et al., 2025).

Another method to understand changes in Arctic precipitation, associated with global warming, is through the
inclusion of numerical water tracers in climate models. This was well illustrated by Singh et al. (2017) in CESM1
in which the headline result was an estimate of transported and locally sourced Arctic precipitation at double
preindustrial levels of CO,. They showed that summer precipitation is primarily driven by transport of water
vapor from lower latitudes, but that winter precipitation is driven by local evaporation. An advance over the
equilibrium climate study of CESM1 is to determine how the sources of Arctic precipitation change with pro-
gressive sea ice decline to the point where there is no remaining Arctic sea ice. In particular, relevant ques-
tions are:

1. Does the source of Arctic precipitation change as the sea ice declines?
2. With no more sea ice to lose, does the Arctic precipitation continue to increase, with further warming?
3. How will the precipitation changes be split between snow and rainfall and are the sources of each different?

In this study, we address these questions using water tracers in the coupled climate model HadGEM3-GCS5-LL
using an idealized transient simulation with carbon dioxide increasing from preindustrial levels to four times
preindustrial levels. This approach not only tests the Arctic changes determined by Singh et al. (2017) using water
tracers in a different climate model, but also, by using a transient climate simulation, allows us to determine
whether the sources of Arctic precipitation change with extremes of future warming. We also present how the
sources of rainfall and snowfall change separately in response to the warming climate.

2. Methods

Simulations using the global coupled climate model HadGEM3-GC5-LL (Xavier et al., 2026), which is the basis
for the scientific configuration for CMIP7, were undertaken with the inclusion of water tracers. HadGEM3-GC5
uses the atmospheric Met Office Unified Model (UM, Willett et al., 2026) together with the JULES land surface
model (Best et al., 2011; Clark et al., 2011). The atmosphere/land models are coupled to the NEMO ocean
(Madec et al., 2019) and the NEMO sea ice model (ST, Vancoppenolle et al., 2023; Blockley et al., 2024). The
version of the model used here is comprised of the Global Atmosphere and Land configuration version 9, GAL9
(Willett et al., 2026) on a regular latitude-longitude grid with a mid-latitude resolution of 135 km and 85 vertical
levels. This is combined with the Global Ocean and Sea Ice configuration version 9, GOSI9 (Blockley
et al., 2024; Guiavarch et al., 2025), run on a tripolar grid with a nominal resolution of 1° horizontally and 75
vertical levels.

Within GALDY, large scale precipitation (or microphysics) is modeled using a single moment scheme based on
Wilson and Ballard (1999) with many modifications. The cloud parameterization scheme is the prognostic cloud
fraction and prognostic condensate (PC2) scheme (Wilson et al., 2008a, 2008b). Sub-grid scale precipitation is
handled by a mass flux convection scheme based on Gregory and Rowntree (1990) with several additions such as
the inclusion of down-drafts (Gregory & Allen, 1991). The reader is referred to Willett et al. (2026) for further
details of the atmospheric model component.
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Table 1

Arctic Precipitation (in mSv) for Each Season for piControl, 2 X CO, and 4 X CO, (20-Year Mean) Periods

Total precipitation Snowfall Rainfall

Time period DJF

JIA SON DIJF MAM JJA SON DIJF MAM JJA SON

piControl 92 (19%)
2 x CO, 161 (37%)
4 x CO, 281 (44%)

165 (12%) 143 (16%) 87 (20%) 85 (17%) 73 (18%) 105 (19%) 5 (6%) 8 (%) 92 (8%) 38 (8%)
194 (10%) 233 (27%) 130 (42%) 96 (30%) 28 (17%) 100 (42%) 31 (16%) 34 (14%) 166 (8%) 133 (16%)
226 O%) 343 (24%) 115 (59%) 80 (46%) 0 14 (57%) 166 33%) 132 (23%) 226 (9%) 329 (23%)

Note. The percentage of each precipitation type that is locally sourced (from both open ocean evaporation and sea ice sublimation) is shown in brackets.

A preindustrial control (piControl) is initialized, after 800 years of spin-up, using CMIP6 forcings (Eyring
et al., 2016). Climate change is simulated through an idealized 1% increase in carbon dioxide per year (1pctCO2).
The 1pctCO2, simulation (Eyring et al., 2016) is initialized from the piControl and is 150 years in length reaching
2 X CO, at year 70 and 4 X CO, at year 140. The HadGEM3-GC5 1pctCO2 experiment has no interactive
vegetation or carbon cycle, it maintains aerosols and land use characteristics at the preindustrial state from the
CMIP6 forcings data set (Eyring et al., 2016). At the end of the 1pctCO2 simulation, at 4 times preindustrial CO,,
the Arctic in HadGEM3-GCS5-LL is completely ice-free in all seasons. 20-year mean time slices are presented in
the paper, centered on year 70 for 2 X CO, and on year 140 for 4 X CO,. These are compared with a piControl 20-
year mean.

McLaren et al. (2025) added numerical water tracers to the UM that follow water throughout the model. This
involved adding water tracers to the following schemes: surface evaporation, large-scale advection, boundary
layer mixing, large-scale precipitation, large-scale clouds, stochastic physics and convection. The water tracers
were found to track all the water in the model to a high degree of accuracy.

The water tracers used in this paper follow the “prescribed-region” tracer method described by McLaren
et al. (2025). As the model simulation progresses, the Eulerian water tracers track the evaporated water from
various prescribed surface regions through the atmosphere model until it reaches the surface as precipitation or
surface condensation. To determine the sources of Arctic precipitation, the tracers separately track the evapo-
ration from open ocean, the sublimation from sea ice and evapotranspiration from land. The tracers are then
further split into relevant geographic regions creating 14 prescribed regions which cover the global domain
(Table Al). The water tracers thus provide the amount of precipitation at each model grid box that has been
sourced from each prescribed region.

We define the Arctic as the ocean domain north of 60°N in the Pacific sector and north of 70°N in the Atlantic
sector (as shown by the pink region in Figure 1). This excludes some of the initially sea ice covered regions as
indicated by the sea ice edge contour in Figure 1. The Arctic area definition covers four of the open-ocean water
tracer prescribed regions (tracers numbered 7, 9—11 in Table A1) and these four tracers are aggregated in the
analysis to provide the open-ocean Arctic sourced contribution. This is combined with the tracer tracking

90°N

60°N

30°N

0°N

30°S

60°S

Precipitation source
Arctic (open ocean only)
NH sea ice
N. Atlantic (60°-70°N)

N. Pacific (30°-60°N)

N. Atlantic (30°-60°N)
Oceans south of 30°N

N. America north of 30°N
Eurasia north of 30°N
Land (30°N-60°S)

90°S

Figure 1. The simplified prescribed water tracer regions considered in this paper. The Arctic is defined as all the ocean in the pink region. The solid navy-blue line is the
15% annual mean sea ice concentration contour at the start of the 1pctCO2 simulation and indicates the water tracer that tracks sublimation from NH sea ice.
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a) DJF: Local ocean

24

b) DJF: Remote ocean ¢) DJF: Land

100
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%

Figure 2. Percentage of Arctic precipitation from 20 years of the piControl experiment for DJF (top row) and JJA (bottom row) sourced from: (a, d) local ocean
evaporation and sea ice sublimation; (b, e) remote ocean evaporation; and (c, f) remote land evapotranspiration. Black contour lines are shown for 20%, 40%, 60%

and 80%.

sublimation from the NH sea ice (tracer number 2) to give the total “local” contribution to Arctic precipitation.
The remaining water tracers track “remote” sources of Arctic precipitation from the regions shown in Figure 1.
The inclusion of the NH sea ice tracer in the local contribution will cause a slight overestimate of this term as this
includes sublimation from sea ice outside of the defined Arctic region. However, as shown in McLaren
et al. (2025), the precipitation sourced from Arctic sea ice sublimation is focused in the Central Arctic, so this
overestimation will remain small.

3. Results
3.1. Preindustrial Climate

The base state of the climate model is defined through the preindustrial simulation, the start point of the 1pctCO2
simulation. Within this state we examine the Arctic total precipitation (Figure 2), in winter (December January
and February, DJF) and summer (June July and August, JJA), dividing it broadly into source regions of local
ocean, remote ocean and land.

In winter the high latitude land is snow-covered, and the local ocean is sea ice covered. Consequently, most
precipitation falling in the Arctic in winter is sourced (evaporated) from remote ocean locations (Figure 2b).
Transport into the Arctic during winter typically occurs in episodic, high-amplitude events with strong impacts on
the Arctic's climate system components including sea ice (Papritz et al., 2022). Many of these events are cyclones
originating from the Atlantic and Pacific storm tracks. Fearon et al. (2021) suggests that these are responsible for
74% of poleward water vapor transport. The component sourced from the local ocean (Figure 2a) evaporates from
the open water part of the Barents Sea and from leads in the sea ice. The component sourced from land (Figure 2c)
must be transported from southwards of the snowline, with a small component as snow sublimation.
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In summer, vegetation across the snow-free land undergoes evapo-transpiration, resulting in it being a dominant
contributor to remotely sourced precipitation (Figure 2f). It is thought that the transport mechanism from land and
remote ocean is through low frequency circulation changes (blocking) and atmospheric rivers (Wang et al., 2024).
In summer the local ocean sourced evaporation (Figure 2d) is low with a small component from sea ice
sublimation.

3.2. The Transient Simulation

Here we present the changes in precipitation sources during the 1pctCO2 simulation through stacked Hovmoller

plots, displaying the absolute Arctic precipitation in milli Sverdrups (1 mSv = 10° m® s™!) by source region. We
also show the relative contribution of the sources to the total precipitation as a means to determine how the sources

are changing in time.

The same seasonal pattern as observed in Figure 2 is seen in year zero (preindustrial) in Figure 3. Summer has the
greatest precipitation, with approximately 60% of precipitation sourced from Eurasia and North American land
masses and a few percent sublimated from sea ice. In winter, approximately 15% comes from the tropical ocean,
20% from the North Atlantic, and 20% from the North Pacific. If the main transport mechanism to the Arctic is
cyclones (Fearon et al., 2021), then these results show that some of the water vapor in cyclones from the tropics
(i.e., oceans south of 30°N) remains in the system as far north as the Arctic. The autumn and spring precipitation
sources are transitions between summer and winter sources.

The precipitation increases in each season with the enhancement of the hydrological cycle during the transient
simulation. The largest increase by 4 X CO, (year 140) is in winter with a tripling of precipitation; the smallest
change is in summer with a 37% increase. These changes should be compared with a global annual mean change
of 14% over the same period. The Arctic changes are larger than global trends due to the import of water, local
evaporation following the decline of sea ice cover with warming and polar amplification. In winter, the amount of
precipitation of local origin increases from 19% to 44%, with similar, but lower fractional increases in spring and
autumn. The winter increase in local evaporation is aided though an increase in windspeeds that is greater than in
other seasons; the mean Arctic 10 m wind speed increases at a rate of 0.118 ms™" per decade for winter, compared
t0 0.075 ms™" per decade for autumn. The increase in winter wind speed has been linked to the destabilization of
the atmosphere (Zapponini & Goessling, 2024). As sea ice declines, the fraction of locally sourced precipitation
increases, but once all seasonal sea ice is lost, there is no more change in its relative fraction. However, in the
absolute sense, the precipitation continues to increase due to the increased atmospheric capacity to hold water
vapor (Clausius-Clapyron) with continued warming (Ridley et al., 2023).

The smallest change in precipitation occurs in summer (Figure 3c) when evaporation on the continents is the
dominant source. Arctic sourced precipitation is low due to weak winds and a small difference between atmo-
sphere and ocean surface temperature, which does not change with warming (Ridley et al., 2016). The small
component sourced from sea ice sublimation is replaced by open ocean evaporation sources as the sea ice de-
clines. In the latter half of the simulation, the percentage of precipitation sourced from the ocean increases slightly
so that the ocean and land sourced precipitation amounts are very similar by year 150.

Arctic sea ice persists for the shortest time in autumn (Figure 3d), and there is a strong precipitation source from
the North Atlantic and Pacific, likely propagated due to storms (Ridley et al., 2023). The spring ice cover
(Figure 3b) survives longer than in autumn, but the sources of precipitation in the two seasons are similar.
Interannual variability causes a slight recovery in the summer and autumn sea ice area around year 60, associated
with a decrease in Arctic surface temperatures. Subsequently, the locally sourced precipitation in the autumn
temporarily ceases to increase over this period (Figure 3d). The initial state has summer with the highest pre-
cipitation, but the increased rate of change of precipitation with warming, due to sea ice decline, in the other
seasons results in the highest precipitation at 4 X CO, being in autumn and winter.

Total precipitation can be broken down into snowfall (Figure 4) and rainfall (Figure 5) to determine if the types of
precipitation are differently sourced. At the start of the simulation, snow dominates over rainfall in all seasons,
apart from summer, where approximately 60% of precipitation falls as rain. In general, the snowfall increases to
the point where sea ice has near disappeared and then diminishes as the local air temperatures, over a warmer
ocean, are too high to sustain it. By 4 X CO,, most Arctic snow is locally sourced. The situation in summer
(Figure 4c) is slightly different as the snowfall declines from early in the simulation along with sea ice cover.
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Figure 3. The modeled evolution of the sources of Arctic total precipitation through the 1pctCO2 simulation for each season. The column on the left shows the absolute
values (mSv) and the column on the right for the relative contributions (%) from the different source regions. The cyan solid line is the total sea ice area (Mkm?) in the
region defined as the Arctic, with the axis shown on the right of the plots. (Note, 100 mSv is approximately 3 X 10% km® yr ).
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Figure 4. As Figure 3 but for snowfall only. (The relative contribution is only plotted when Arctic snowfall is greater than 20 mSv.)

The point in the timeseries where snowfall starts to diminish, and rainfall increase (Figures 4 and 5) is linked to the
rapid decline in sea ice area. Rainfall amounts become consistently larger than snowfall around the model years
130, 120 and 50 for DJF, MAM and SON respectively. Even in winter (Figure 5a) there is locally sourced Arctic
rainfall, following the loss of sea ice, resulting in a warmer ocean and air temperature. However, the proportion of
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Figure 5. As in Figure 3, but for rainfall only. (The relative contribution is only plotted when Arctic rainfall is greater than 20 mSv).

rainfall sourced from the Arctic is less than that for snowfall. Since the southern bounds of the Arctic are the

warmest, rain predominately falls at the fringes of the Arctic and will therefore be more likely to have sources

classed as remote. This also highlights that the proportion of rain to snow may be influenced by the size of the
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Figure 6. Annual mean water budget for the Arctic (mSv) for piControl, 2 X CO, and 4 X CO, (20-year means) with illustrative arrows showing sources with colors that
match Figures 2-5. The locally and remotely sourced precipitation amounts are derived from the water tracer information. Evaporation is the net sea evaporation plus
sea ice sublimation. The export from the Arctic is calculated by subtracting the locally sourced precipitation amount from the Arctic net evaporation/sublimation.

domain. In summer (Figure 5d), rainfall is always the dominant phase of precipitation. The combination of snow
and rain results in a linear increase in total precipitation with warming as found globally.

A summary of Figures 3-5 is provided at key temporal intervals in Table 1. Total precipitation and rainfall in-
crease, with CO,, and temperature, in all seasons. In all seasons, the total precipitation is dominated by remote
sources. Snowfall first increases then declines in winter and spring and declines from the start of summer and
autumn. The fraction of snowfall and rainfall that is locally sourced increases substantially with increasing CO,
(and sea ice decline), in all seasons except summer; the increase in the locally sourced fraction of rainfall is less
than for snowfall.

The model's Arctic annual mean water budget for the 20-year mean periods for piControl, 2 X CO, and 4 X CO, is
presented in Figure 6. This highlights that on the annual scale remotely sourced precipitation dominates in the
Arctic during all the time periods. At 2 X CO,, the increase in Arctic precipitation is driven by an additional
32 mSv from remote sources and 25 mSv from local sources. By 4 X CO,, the precipitation increase is mostly
driven by remote sources (62%). More than half of the evaporation from the Arctic ocean is exported (Figure 6)
(i.e., it does not fall as local precipitation) and this changes little in the 1pctCO2 experiment with 54% exported in
the piControl compared with 56% at 4 x CO,.

3.3. Daily Precipitation Sources

So far, we have discussed seasonal mean diagnostics from HadGEM3-GC5-LL which show a mix of local and
remote sources. We look now at daily diagnostics to determine if the individual precipitating days in the Arctic are
from a single source or mixed sources. To illustrate this, we look at a timeseries of a representative single grid cell
in the central Arctic for the winter season at 4 X CO,, when local sources dominate remote sources on the seasonal
scale, and no sea ice remains in the Arctic.

The daily timeseries (Figure 7) shows days with a mix of local and remote sources. On some days the local source
dominates and on other days a combination of local and remote sources is present. This suggests that, depending
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Figure 7. Example 90-day timeseries in DJF during 4 X CO2 period at a point in the Central Arctic (84.5°N, 14.1°E) showing daily precipitation and the individual
sources (in mm day™"). The location of this example point is shown by the red cross in Figure 8.

on the daily meteorology, the mixing of remote and local sources can occur. This is not surprising as water vapor
remains in the atmosphere for 8—10 days (Gimeno et al., 2021), long enough for air masses from various sources
to mix prior to precipitation. Indeed, warming is projected to increase residence time, lengthening the distance
traveled between evaporation sources and precipitation sinks (Gimeno et al., 2021), so potentially greater mixing
from various sources.

In order to assess the amount of mixing over the whole Arctic and contextualize the example grid point in
Figure 7, the daily precipitation at each model grid point in the Arctic is binned according to the locally sourced
fraction. This is done for 20 years of winter data at 4 X CO, (Figure 8). As an illustration to aid interpretation of
Figure 8, the results at the example point (shown by the red cross) indicate that 60% of the precipitation over the
20-year winter period falls on days when the locally sourced fraction is between 0.25 and 0.75. Only 22% of total
precipitation falls on days when the locally sourced fraction is greater than 0.75. The remaining 18% of total
precipitation then occurs on days when the locally sourced fraction is less than 0.25.

The spatial pattern of total precipitation is presented in Figure 8a showing that even in the absence of sea ice, the
strongest precipitation is at the fringes of our Arctic domain. The areas dominated by remote precipitation on the
daily scale (<0.25 local fraction) produce a high percentage of the marginal pattern (Figure 8b) with very little
penetrating to the central Arctic. Such a pattern is consistent with water-rich cyclones dying out as they reach the
colder waters and precipitating out. This suggests that the size of the Arctic domain may influence the fraction of
remotely sourced precipitation. The intermediate mixing of sources (Figure 8c) shows an opposite pattern with a
large percentage of the low precipitation regions in the central Arctic being of mixed sources. With a pattern
including the high precipitation region of the Norwegian Sea it is suggestive of Atlantic water penetration deep
into the Arctic mixing with locally sourced evaporation. When locally sourced precipitation dominates
(Figure 8d), it is widely spread across the central Arctic. Overall, this shows that in the Central Arctic, there is a
mix of local and remote sources both on the daily and seasonal timescales.

4. Conclusions

The incorporation of water tracers in HadGEM3-GCS5 has enabled an assessment of the evaporation sources of
seasonal and daily precipitation in the Arctic. This has shown that both local and remote sources contribute to
precipitation on the daily and seasonal timescales. We have focused on the sources of Arctic precipitation using an
idealized transient simulation of 1% per annum increase of CO, to 4 X CO, over 150 years. Summer displays the
smallest increase in total precipitation (37%), with autumn and winter the greatest (140% and 205% respectively).
In agreement with other studies (e.g., Bintanja & Selten, 2014), these changes are much larger than the global
trend; the global annual mean change being 14% over the same period. As time progresses, sea ice retreats,
leading to an increase in locally sourced precipitation falling in the Arctic and a switch from snowfall to a rain-
dominated Arctic. However, throughout the simulation there is no season in which the total precipitation is
dominated by local sources. The external sources of precipitation change according to season with winter arriving
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Figure 8. Arctic precipitation from 20 years of DJF centered at 4 X CO,: (a) Total precipitation (mm day™"); (b—d) Percentage of total precipitation that occurs when the
daily locally sourced fraction is (b) <0.25; (c) 0.25-0.75; (d) >0.75 (Days with precipitation less than 0.1 mm day ™" are omitted from this analysis). The red cross
indicates the location of the example timeseries shown in Figure 7.

primarily from ocean sources (North Atlantic, North Pacific and Tropics), whilst summer precipitation is mainly
sourced from the land (Eurasia and North America). Spring and autumn are intermediate in precipitation sources
to summer and winter. Rain is more likely to be externally sourced than snowfall, but the remote sources of
rainfall and snowfall show no significant differences.

In terms of the annual mean water budget of the Arctic, the locally sourced precipitation increases from 15% in the
preindustrial experiment to 38% at 4 X CO,. The increase in Arctic precipitation at 4 X CO, of 142 mSv is found
to come primarily from remote oceans (63 mSv) and local sources (54 mSv), with the remaining increase coming
from land sources. The annual budget reveals that approximately 55% of Arctic evaporation is exported from the
region and this percentage changes little with increasing CO,. This highlights the importance of using techniques
like numerical water tracers to carefully track evaporation sources since it is otherwise hard to detect or track the
influence of Arctic export of water vapor.

An original analysis of daily winter precipitation events when the Arctic is ice-free reveals that on average each
event is comprised of a mix of air masses from different remote locations and local sources. This is during a period
when 44% of precipitation is locally sourced on the seasonal scale. There is significant spatial variability with
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remote air masses dominating precipitation sources at the Arctic margins whilst locally sourced precipitation
becomes increasingly important in the central Arctic. Given that the mean atmospheric residence time of water
vapor is 8—10 days (Gimeno et al., 2021), it is unsurprising that the daily analysis indicates that water vapor from
many sources is mixed enroute to and within the Arctic during a substantial number of Arctic precipitation events.

The above findings, those of the summer continental and winter marine sources of precipitation, are in general
agreement with previous studies from climate models. Singh et al. (2017) used water tracers but in the CESM
climate model to investigate the difference between preindustrial CO, and an equilibrium 2 X CO, experiment.
Both Singh et al. and this study show similar relative changes in precipitation by season, and that the increase in
Arctic precipitation is mainly driven by the remote contribution. This indicates that both models agree on the
general properties of transport of poleward water vapor transport, despite having different model details of the
hydrological cycle. However, it should be noted that CESM has considerably more Arctic precipitation than
HadGEM3, even when the same Arctic definition is used; Singh et al. (2017) define the “Arctic” as a larger region
(>60°N) than the one used here. This is not surprising as Bintanja and Selten (2014) showed that the amount of
Arctic annual mean precipitation varied by a factor of 3 across CMIP5 models. A limitation of this study is the
inability to verify the numerical water tracers directly against observations. In future, the comparison of water
isotopes in the model against equivalent satellite and in situ observations could provide a means to indirectly
evaluate water tracer properties (Bong et al., 2024; Gao et al., 2025; Nusbaumer et al., 2017; Tindall et al., 2009).

The increase in local precipitation, because of sea ice decline, was discussed by Bintanja and Selten (2014), with
the magnitude of the seasonally locally sourced component greater than ours. However, their budget method did
not account for the export of local evaporation, which we have shown to be very significant (55%) in the Arctic
hydrological cycle. We find a transition from a snow-dominated to rain-dominated Arctic, previously noted by
Bintanja and Andry (2017), and like Tsakali et al. (2025) we find that a new rain-dominated climate state arises in
response to sea ice decline.

This study uses idealized transient CO, forcing in order to obtain a clear signal of the impact of increasing global
temperature on the Arctic hydrological cycle. HiIdGEM3-GC5-LL has a very high effective climate sensitivity of
6.7 K as discussed in Rostron et al. (2026). Therefore, the magnitude of the global warming signal is expected to
be particularly strong in this idealized study. The impact of the model's climate sensitivity on the results could be
investigated further by repeating the water tracer experiments with a new configuration of HadGEM3-GC5-LL,
named UKCM2-LL, which has a much lower effective climate sensitivity of 3.6 K (Rostron et al., 2026).

The model experiments use the low resolution version of HadGEM3 with an atmosphere resolution of 135 km at
mid-latitudes and a 1° ocean resolution. The sensitivity of the Arctic hydrological cycle to resolution has pre-
viously been investigated by Ridley and Blockley (2025) in the CMIP6 version of HadGEM3. They found that the
total precipitation and hydrological stores over Arctic land were insensitive to model resolution when comparing
low resolution to mid resolution (60 km in the atmosphere, %4° in the ocean) simulations. The only exception was
faster declining snowfall rates and snow volumes over land at low resolutions, due to smoother orography
impacting orographically induced precipitation. This suggests that our water tracer analysis of the hydrological
cycle over the Arctic Ocean would be robust across low and mid resolutions. Further work would be required to
investigate the response at higher resolutions.

Given that evapotranspiration from land sources drives most of the summertime Arctic precipitation, a potential
limitation of this present study is the lack of an interactive vegetation model that would respond to global warming
and land use changes (Clark et al., 2011). This could be investigated by running the same numerical water tracers
in the UK Earth System Model (Sellar et al., 2019). It is also noted that the exact findings of this analysis will be
sensitive to the definition of the Arctic, especially as most precipitation falls at the Pacific and Atlantic margins of
the Arctic domain, about three times that in the central Arctic.

Observations indicate that precipitation in the Arctic is increasing. Climate models predict that Arctic precipi-
tation will continue to increase and accelerate in the twenty-first century. We have shown that numerical water
tracers can indicate which source regions drive this increase. The principal change is an increase in locally
sourced evaporation as sea ice retreats. Once there is no remaining Arctic sea ice sources do not change further,
despite continued warming. This study, combined with those of other models, provides a compelling case that
numerical water tracers provide a robust analysis of regional hydrological cycles within climate models.
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Appendix A
For the purposes of the model analysis presented in the paper, this list is reduced and amalgamated. It is found that
precipitation in the Arctic sourced from southern sea ice (water tracer number 3) and Antarctica (number 12) do
not contribute significantly to the precipitation in the Arctic, consequently they are removed from further
consideration. The ocean regions in the high latitude Arctic (water tracer numbers 7,9, 10 and 11) are combined to
match the definition of the Arctic used in this paper. The first water tracer tracks all the water in the model and is
used to monitor the accuracy of the water tracer scheme. Table Al.
Table A1
The Water Tracer Prescribed Regions From Which Evaporation is Tracked in the Model Experiments
Water tracer number Prescribed regions
1 Full globe (normal water tracer)
2 NH sea ice
3 SH sea ice
4 Open ocean south of 30°N
5 Open ocean 30-60°N, 101-262°E (N. Pacific)
6 Open ocean 30-60°N, 262°E > 0 > 101°E (N. Atlantic/Mediterranean)
7 Open ocean 60—-70°N, 101-262°E (Bering and Chukchi seas)
8 Open ocean 60-70°N, 262°E > 0 > 101°E (Sub-polar Atlantic)
9 Open ocean 70-80°N, 101-262°E (Arctic—Pacific sector)
10 Open ocean 70-80°N, 262°E > 0 > 101°E (Arctic—Atlantic sector)
11 Open ocean north of 80°N (Central Arctic)
12 Land south of 60°S
13 Land between 30°N and 60°S
14 Land north of 30°N and 191°E-348°E (North America/Greenland)
15 Land north of 30°N and between 348°E > 0 > 191°E (Europe/Asia)
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