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Abstract. By considering the moisture transport for precipitation (MTP) for a target region to be the moisture
that arrives in this region from its major moisture sources and which then results in precipitation in that region,
we explore (i) whether the MTP from the main moisture sources for the Arctic region is linked with inter-annual
fluctuations in the extent of Arctic sea ice superimposed on its decline and (ii) the role of extreme MTP events
in the inter-daily change in the Arctic sea ice extent (SIE) when extreme MTP simultaneously arrives from the
four main moisture regions that supply it. The results suggest (1) that ice melting at the scale of inter-annual
fluctuations against the trend is favoured by an increase in moisture transport in summer, autumn, and winter
and a decrease in spring and, (2) on a daily basis, extreme humidity transport increases the formation of ice
in winter and decreases it in spring, summer, and autumn; in these three seasons extreme humidity transport
therefore contributes to Arctic sea ice melting. These patterns differ sharply from that linked to the decline on a
long-range scale, especially in summer when the opposite trend applies, as ice melt is favoured by a decrease in
moisture transport for this season at this scale.

1 Introduction

If the scientific community were collectively to select an un-
ambiguous indicator of climate change, the long-term de-
cline in the average annual extent of Arctic sea ice (SIE)
would undoubtedly be among the most widely proposed.
This is not just because of the extreme levels of social con-
cern that this topic generates (IPCC, 2013) in view of all the
considerable environmental implications, but also because
the scientific complexity of this field of study covers a very
broad spectrum of disciplines. These range from atmospheric
and oceanic sciences related to the origins and processes of
the sea ice to marine biology and even economics and en-
ergy resources (IPCC, 2013), all related to the study of the
consequences of any change.

One of the most influential atmospheric mechanisms af-
fecting the Arctic SIE, and one which has received the most
attention, is the transport of moisture from mid-latitudes. A

number of authors (e.g. Dufour et al., 2016; Oshima and Ya-
mazaki, 2017) have found no significant long-term changes
in the poleward moisture transport towards the Arctic, while
others (e.g. Zhang et al., 2012) noted an intensification of
this transport over the last few decades. A change in mois-
ture transport towards the Arctic may have different impacts
and, for example, in the cold season (September–April) it can
have two effects, in that it provides more humidity into the
Arctic with a consequent increase in the radiative forcing of
water vapour, which in turn contributes to increased melting
of the ice, but also in that it can contribute to a change in the
patterns of rainfall over the Arctic.

The first of these two effects has undoubtedly attracted
more attention of late. More moisture transport into the Arc-
tic may induce anomalous long-wave downward radiation at
the surface, warming of the atmospheric column, and a de-
crease in Arctic ice (e.g. Woods and Caballero, 2016). At a
seasonal scale, Kapsch et al. (2013) showed a greater trans-

Published by Copernicus Publications on behalf of the European Geosciences Union.



122 L. Gimeno-Sotelo et al.: Moisture transport for precipitation and Arctic sea ice extension

Figure 1. (a) The Arctic region (AR) using the definition of Roberts et al. (2010) (light blue region) together with the major moisture sources
for the Arctic as detected by Vazquez et al. (2016) and named Atlantic (dark blue region), Pacific (red region), North America (yellow region),
and Siberia (grey region). (b) The Arctic Ocean (AO) and its main subregions.

port of humidity towards the Arctic in the winter and the pre-
ceding spring (in those years when there is a low concentra-
tion of sea ice in the Arctic in summer). Much attention has
also been focused on the role of extreme moisture transport
events, in both winter (e.g. Woods et al., 2013; Park et al.,
2015) and spring (e.g. Yang and Magnusdottir, 2017), with
similar conclusions in both cases that extreme events are ac-
companied by a reduction in the concentration of sea ice.

The second effect occurs via the impact of changes in
moisture transport in Arctic precipitation and is more com-
plex because changes in precipitation can cause different
changes in ice cover associated with different fusion mecha-
nisms depending on the form of precipitation (rain or snow),
as well as its intensity and seasonality (Vihma, 2016).

It is important to note that there is no a single cause of
the change in sea ice extent, and, indeed, different factors
could come into play at the same time, making it difficult to
identify a causal relationship. For example, changes in cir-
culation might imply changes in the transport of moisture,
with consequent changes in radiative forcing due to changes
in water vapour or cloud formation, but there might also be
changes in the wind, with the consequent displacement of ice
or changes to the heat flux; changes in circulation would thus
both encompass and cause other effects. This multiplicity of
causes together with the difficulty of establishing causal re-
lationships via a single factor should always be taken into
account when analysing drivers of sea ice melting.

The temporal variability of the SIE is dominated by the an-
nual cycle. However, there is an important variability that ap-
pears once this annual cycle is removed, which is seen at mul-
tiple scales with the long-range and inter-annual scales be-
ing the most widely studied. In our previous work (Gimeno-
Sotelo et al., 2018), we addressed the changes in patterns
of moisture transport for precipitation (MTP), obtained via
a Lagrangian approach, and linked to the annual mean de-
cline, by comparing two periods (before vs. after the major
point of change in 2003). However, some substantial high-
frequency inter-annual fluctuations are also superimposed on
this negative trend, and these modulate the annual observa-
tions of SIE but have attracted less attention. Additionally, to
our knowledge the role of extreme MTP events on the daily
progress of the SIE has never been analysed. This is relevant
because one of the strongest influences of moisture transport
on the Arctic sea ice is via moisture incursion (Woods and
Caballero, 2016), with extreme individual moisture transport
events being highly correlated with changes in Arctic tem-
perature and being crucial to the understanding of changes
in SIE (Yang and Magnusdottir, 2017). Because these events
influence the inter-daily variability of SIE, and because ulti-
mately the monthly averaged MTP studied at the inter-annual
scale results from the sum of contributions from individual
transport events, our focus here is on the inter-annual and
the inter-daily scales, with the synoptic and the intraseasonal
scales being the subject of future studies
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Figure 2. Climatological values of the vertical integrated moisture flux (VIMF) (vector, kg m−1 s−1) for the first month of each season
together with the main Arctic sources identified by Vázquez et al. (2016). The light green filled area represents the Arctic region as defined
by Roberts et al. (2010), and the dark green areas represent the AO subregions that receive most moisture from the source regions.

In this article we complement our previous study by (i) fo-
cusing on the pattern of MTP linked to high-frequency inter-
annual variability as characterised by years with low or high
SIE set against its long-term decline and (ii) analysing the
role of extreme MTP events in the Arctic SIE by investi-
gating what happens to the daily march of the Arctic sea
ice extent when extreme MTP transport periods from the
four main sources of humidity for the Arctic coincide. As
in Gimeno-Sotelo et al. (2018), we also compared these re-

sults with computations of vertical integrated moisture flux
(VIMF) and with an analysis of changes of the frequency of
occurrence of the atmospheric circulation types responsible
for changes in moisture transport.

2 Data and methods

The Arctic region (AR) and its four main sources of mois-
ture (Fig. 1a), and the Arctic Ocean (AO) and its subre-
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Figure 3. Monthly May Arctic ice extent series for the AR from
1980 to 2016 (black line), together with a filtered series using an
11-year running mean (green line). Blue (red) solid and dotted lines
were obtained adding (subtracting) the standard deviations and half
the standard deviation of the non-filtered series, respectively, to each
of the values of the filtered series.

gions (Fig. 1b), are the same as used in our previous study
(Gimeno-Sotelo, 2018). The boundary of the AR was defined
by Roberts et al. (2010) as “the geosphere and biosphere
north of the boreal mean decadal 10 ◦C sea surface isotherm,
the surface air 0 ◦C contour that encircles the North Pole, and
the southern limit of terrain that drains into the High Arc-
tic”, and the moisture sources were defined by Vazquez et
al. (2016) by the tracking of backward trajectories of parti-
cles from the region and analyzing where most of their mois-
ture was gained. The study covers the period from 1 Jan-
uary 1980 to 31 December 2016, and the daily data on the
Arctic SIE were obtained from the US National Snow and
Ice Data Center (Fetterer, 2016). Data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) re-
analysis (ERA-Interim) (Dee et al., 2011) were used to drive
the Lagrangian moisture transport model and to calculate the
vertically integrated moisture transport. This reanalysis con-
tains data since 1979 at 6 h intervals with a spatial resolution
of 1◦

× 1◦ in latitude and longitude with 61 vertical levels
(1000 to 0.1 hPa). It is considered to be the reanalysis that
best represents the hydrological cycle (Lorenz and Kunst-
mann, 2012), being particularly useful for studies of the Arc-
tic region (Jakobson et al., 2012; Graversen et al., 2011).

The Lagrangian approach used to calculate the MTP is that
used by Stohl and James (2004, 2005), based on the FLEX-
PART particle dispersion model in which the atmosphere is
divided into finite elements of volume of equal mass, which
we call particles, and their trajectory is traced for a period

of 10 days, normally used as the average time that water
vapour resides in the troposphere (Numaguti, 1999). The spe-
cific moisture changes of the particles are used to estimate
the total budget of atmospheric humidity, or evaporation mi-
nus precipitation (E − P ), by adding up all these changes
in specific humidity for all the particles in a given area. By
choosing all the particles that (a) leave a given source re-
gion, (b) reach the AR, and (c) lose humidity in the AR, we
can calculate the MTP from the source region to the AR for
a given daily, monthly, or yearly timescale by adding these
losses of specific humidity for all these particles. This La-
grangian method has been used extensively and successfully
in the analysis of moisture sources and sinks (e.g. Gimeno et
al., 2010, 2013) and is considered state of the art compared
with other methods of tracing water vapour (Gimeno et al.,
2012, 2016).

3 Overview of the effects of changes in moisture on
the Arctic sea ice and the moisture transport to
the Arctic

Changes in moisture in the Arctic lead to effects on the Arc-
tic ice, which do not always result in the same direction
of change. Without considering changes in the albedo and
the resulting feedback, or changes in the vertical profiles of
temperature and humidity, the direct interaction can be sum-
marised in four main actions: (i) changes in the balance of
infrared (IR) radiation given the importance of water vapour
as a greenhouse gas, the general effect being to increase
the incident IR radiation causing heating of the surface (e.g.
Bagget et al., 2016); (ii) changes in condensation processes
due to enhanced water vapour, which necessarily affect the
surface temperature by emission of sensible heat to the at-
mosphere due to the release of latent heat; (iii) changes in
cloud cover, which can alter the incident radiation at the sur-
face, and in this case the effect will depend on the height of
the cloud cover and seasonality; and (iv) changes in precip-
itation where there are dynamical or thermodynamical forc-
ing mechanisms, the relationship between precipitation and
melting ice being variable depending on the type of precip-
itation and the season (e.g. Vihma et al., 2016). All these
actions can have different effects on the sea ice cover at the
timescales of our study, from daily to decadal variations.

A general scheme of the moisture transport to the Arc-
tic can be extracted from the climatological values of VIMF
throughout the year. Figure 2 illustrates these values for the
first month of each season together with the main Arctic
sources identified by Vázquez et al. (2016), the AR, and the
main subregions of the AO in terms of moisture received
from the source regions (Fig. S1 in the Supplement shows the
12 months). These figures are useful for visualising some of
the most pertinent results from our previous studies, namely
the following:
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Figure 4. Differences among mean values of moisture transport for precipitation (MTP) (mm day−1) for years with low vs. high Arctic SIE
for each source region (coloured bars) and the total value taking into account all the sources for every month (solid line). Filled bars show
differences that are statistically significant at the 95 % confidence level.

Figure 5. Composite of differences of vertical integrated moisture
flux (VIMF) (vector, kg m−1 s−1) between low- and high-SIE years
for May. The AR (light green filled region), the Pacific, Atlantic,
North America, and Siberia moisture sources (red, purple, yellow,
and grey filled areas, respectively) and the main AO subregions cen-
tral Arctic (1), Bering (2), Greenland (3), and Baffin (4) are also
displayed.

i. The Pacific, North America, Siberia, and Atlantic
sources contribute to the moisture received in the AR by
about 35 %, 30 %, 20 %, and 15 %, respectively, with the

relative importance of the four moisture sources being
relatively constant throughout the year (Gimeno-Sotelo
et al., 2018).

ii. There are four subregions of the AO (Baffin Bay, the
Bering Sea, Greenland, and the central Arctic; noted as
4, 2, 3, and 1, respectively, in the Fig. 2), which re-
ceive most of the moisture reaching the AO from the
four main sources, with small variations throughout the
year for Baffin Bay, the Bering Sea, and the central
Arctic, but with a marked seasonal cycle for Greenland
(Gimeno-Sotelo et al., 2018).

iii. The Atlantic source is dominant in the Baffin and
Greenland subregions, the Pacific source dominates in
the Bering, and all four sources contribute to the central
Arctic (Vázquez et al., 2016).

4 Results

4.1 Patterns of moisture transport for precipitation
linked to high-frequency inter-annual fluctuations of
the Arctic sea ice extent

To separate the superimposed high-frequency inter-annual
fluctuations from the long-term decline in the Arctic SIE, we
divided the annual mean time series for each month into low-
and high-frequency components as per Yang and Magnusdot-
tir (2017). Figure 3 illustrates this approach by showing the
monthly May Arctic ice extent series for the AR from 1980
to 2016 (black line), together with a filtered series using an
11-year running mean (obtained by substituting each value
with the mean of the five previous values, the five subsequent
values, and the value itself, shown by the green line). In this
work, we will consider high-SIE years for the May series
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Figure 6. (b) Anomalies of geopotential height at 850 hPa (Z850) for the four types of circulation centred in the four source sectors (classes
CTC1 to CTC4) for spring and associated with (a) the average MTP and percentage of occurrence for each CTC for minimum SIE years
(orange bars) vs. the maximum (blue bars) in May. The number associated with each of the bars represents the percentage of occurrence for
each circulation type (CTC) for minimum vs. maximum SIE years for May (%).
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Figure 7. Histograms of the moisture transport for precipitation
(MTP) extremes for each source according to their duration.

to be those years when the values in the non-filtered series
are higher, in more than half the standard deviation of the
non-filtered series, than the filtered series (those years above
the blue dotted line in Fig. 3). Likewise, low-SIE years for
the May series correspond with those years that are lower, in
more than half the standard deviation of the non-filtered se-
ries, than the filtered series (years below the red dotted line
in Fig. 3). A list of all the high- and low-SIE years for the
AR by month is shown in the Supplement, together with the
high- and low-SIE years for the main AO subregions, in or-
der to help identify the subregion that most influences the
extreme SIE in the AR (Table S1).

Figure 4 shows the differences among the mean values of
MTP for years with low vs. high Arctic SIE for each source
region (Fig. 1a) and for each month. These amounts result
from averaging the daily values of MTP, which allows us to
estimate the statistical significance by comparing the daily
values of MTP for years with low and high SIE using a Stu-
dent’s t test. A minimum of 2 months (60 days) and a max-
imum of 7 months (220 days) are used for the analysis; in
either case the Student’s t test is valid. Table S2 shows the
mean and standard deviation of MTP for minimum and max-
imum SIE years by month. The results show that for all sea-
sons apart from spring, MTP is greater for years of low ice
extent than for those of high extent. The increase in MTP
for the minimum SIE years vs. the maximum shows a major
peak in July and a smaller one in May. For both these months
there is agreement among all four moisture sources, with the
MTP being higher for all of them in July and lower for all
of them in May. The summer increase in the MTP is statis-
tically significant for the Atlantic source in June, the Pacific
source in August, the Siberian source in June and August,
and the North American source in July. In the autumn, the
changes in MTP from the different sources are variable, with
the MTP from the Atlantic source growing significantly for
September and October, but from North America the MTP

decreases significantly in September and November but in-
creases in October, in which month the MTP also decreases
significantly from the Pacific source. This change in the pat-
tern of MTP does not differ in essence from that observed
with the long-term decline of the Arctic SIE (Gimeno-Sotelo
et al., 2018) for the autumn, but it is clearly different from
that which occurs in the summer, which is characterised by
a clear decrease in MTP for the period of low SIE (after
2003) compared with the high-SIE period (before 2003).

Figure 5 shows the composite of differences of VIMF be-
tween low- and high-SIE years for May (results for the re-
maining months are displayed in Fig. S2). The use of VIMF
can help to illustrate how moisture is transported from each
source to the Arctic, and where the moisture ends up, but it is
additionally useful to compare the results of our Lagrangian
approach to estimating MTP by checking whether the pat-
terns of differences of VIMF for low- vs. high-SIE years
are compatible with the identified changes. On inspection of
Fig. 5, we note that there are no fluxes from the sources to the
Arctic; instead they are in the opposite direction, implying
that the VIMF is lower for low-SIE than for high-SIE years
in accordance with the results in Fig. 3. Results of VIMF
analysis for the other months can also explain with almost
complete agreement every significant result found from the
Lagrangian analysis, with the change in the moisture trans-
port associated with high-low SIE being consistent with the
increase or decrease observed in Fig. 4. The circulation types
(CTCs) used in this study are the same as those described
in Gimeno-Sotelo et al. (2018), based on an approach de-
veloped by Fettweis et al. (2011). The CTCs were obtained
individually for each source region, based on a correlation
analysis, where atmospheric circulation is categorised into
four discrete CTCs, each containing days that showed sim-
ilar patterns of circulation. In essence, the method is used
to calculate a similarity index based on correlations with
the geopotential height field at 850 hPa obtained from ERA-
Interim for each pair of days. It uses the highest number of
similar days and a high correlation threshold (0.95) to define
the first class; it then uses a lower similarity threshold with
the remaining days to define the second class, and so on. The
procedure is repeated using different thresholds to optimise
the percentage of variance explained (Philipp et al., 2010).
The CTCs are shown in Fig. S3 and in general they resem-
ble known teleconnection patterns in the four regions anal-
ysed (Barnston and Livezey, 1987, and http://www.cpc.ncep.
noaa.gov/data/teledoc/telecontents.shtml, last access: 1 Au-
gust 2018). For the Atlantic sector, for example, CTC1 re-
sembles the positive phase of the eastern Atlantic pattern and
CTC2 resembles the negative phase of the eastern Atlantic
and western Russia. CTC3 resembles the negative phase of
the North Atlantic Oscillation, and CTC4 resembles the pos-
itive phase of the Scandinavian pattern. Changes in the fre-
quency and average MTP of those CTCs linked to high or
low MTP can help to corroborate our Lagrangian results.
Figure 6, for example, shows the CTCs for spring together
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Figure 8. SIE seasonal cycle (blue line) and SIE inter-daily change (orange line).

with the average MTP and percentage of occurrence for each
CTC for minimum vs. maximum SIE years for May. Ta-
ble S3 shows the MTP averages for days grouped in each
of the CTCs considering minimum and maximum SIE years
by month together with the fraction of days as a percentage
grouped for each CTC. The results of this analysis confirm
those from the Lagrangian analysis almost entirely. For the
Atlantic source, for example, a change in the frequency of
CTC2 is observed for low-SIE years (64 % of days in May)
vs. high-SIE years (only 58.5 %) together with a decrease in
MTP associated with CTC2, which is coherent with the de-
crease in MTP for low-SIE years. CTC2 resembles the nega-
tive phase of the eastern Atlantic and western Russia (pos-
itive height anomalies over the central North Atlantic and
negative height anomalies over Europe), linked to enhanced
precipitation in the Barents Sea. Thus a decrease in the fre-
quency of this mode would result in reduced MTP for this
AO subregion, which is one of the main sinks of the Atlantic
source (Gimeno-Sotelo et al., 2018). A similar analysis for
the remaining months, sources, and CTCs yields results that
are in accordance with our Lagrangian analysis.

4.2 The role of extreme events of moisture transport for
precipitation on the seasonal cycle of the Arctic sea
ice extent

An extreme event of MTP for each of the four moisture
sources is defined when there are at least 3 consecutive days
with MTP higher than the 75th percentile for the correspond-
ing month. Figure 7 shows histograms of the MTP extremes
for each source according to their duration. The highest num-

bers of events are distributed at the “short” end of the dura-
tion, i.e. 3–4 days. This is about 40 % of them, with 35 % hav-
ing Atlantic sources (the minimum) and 44 % having the Pa-
cific source (the maximum). The number of events decreases
significantly as the duration increases, although events last-
ing a week or more are not infrequent, representing percent-
ages of 16 %, 7 %, 14 %, and 10 % for the Atlantic, Pacific,
Siberian, and North American sources, respectively.

In this paper, a global extreme MTP event (Ext-MTP)
takes place when there is temporal concurrence (at least 1
day) of MTP extreme events from the four main sources of
moisture for the Arctic. A list of all these events is displayed
in Table S2. Because of the marked seasonal cycle of the
Arctic SIE (Fig. 8, blue line with a maximum in mid-March
and a minimum in mid-September), the effect of Ext-MTP
on this is more evident in the inter-daily change in SIE over
2 consecutive days (Fig. 8, orange line), with negative values
from mid-March to mid-September peaking in mid-July and
positive values from mid-September to mid-March peaking
in mid-October.

Figure 9 shows four cases of Ext-MTP, one for each sea-
son. Figure 9a shows the daily change in SIE together with
the extreme MTP periods for each of the sources, shown as
horizontal bars in colour. The periods when these extreme
events coincide for three of the sources are shown with a light
brown vertical bar, and the period when all four coincide is
shown as a dark brown vertical bar; this defines our Ext-MTP.
The green horizontal bars denote the average daily change in
SIE before, during, and after the period spanning the moment
when the first extreme of MTP begins for one of the sources
and when the last one ends. The effect that the Ext-MTP has
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Figure 9. Four selected cases of Ext-MTP (mm day−1), one for each season. (a) Daily change in SIE (black line), extreme MTP periods for
each of the sources (horizontal bars in colour), coincident extreme MTP for the sources (the light brown vertical bar shows when there are
three coincident MTPs, and the dark brown vertical bar shows when there are four coincident MTPs), and averages of the daily change in
SIE for different periods (green horizontal bars). (b) Vertical integrated moisture flux plotted for the day on which the Ext-MTP occurred.
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Figure 10. Snowfall fraction taken from the ERA-Interim reanalysis by month for the AR, the AO, and the four more important AO
subregions as a percentage of MTP as identified by Gimeno-Sotelo et al. (2018): Baffin, Greenland, Bering, and central Arctic. The blue line
represents the fraction for high-SIE years and the red line for low-SIE years, with the snowfall fraction being higher for high years in almost
all months but especially in summer.

on the daily change in SIE is very clear, producing an in-
crease in winter and a decrease in spring and summer and to
a lesser degree in autumn. Figure 9b shows the vertical inte-
grated moisture flux for the day on which the Ext-MTP oc-
curred, and it is clear that the great increase in moisture trans-
port from the four sources to some Arctic subregions is no-
tably higher than the monthly average (Fig. 2). Figure S4 in
the Supplement shows the results for the 17 Ext-MTP events
detected and supports conclusions generally similar to those
reached for the four example cases.

5 Links with different fusion mechanisms

The impact of MTP on the Arctic SIE is complex and should
be understood in terms of the way changes in precipitation
can cause different changes in ice cover associated with dif-
ferent fusion mechanisms depending on the form of precipi-
tation (rain or snow), as well as its intensity and seasonality.
The main contrasting mechanisms are shown in Table 1 ac-
cording to season.

Figure 10 shows the snowfall fraction obtained from the
ERA-Interim reanalysis by month for the Arctic region, the
Arctic Ocean, and the four most important Arctic Ocean
subregions in terms of percentage of MTP as identified by
Gimeno-Sotelo et al. (2018): Baffin, Greenland, Bering, and

central Arctic. The blue line represents the fraction for high-
SIE years and the red line for low-SIE years, with the snow-
fall fraction being higher for high years in almost all months
but especially in summer. The average snow fraction for the
year is about 0.3 for AR and 0.4 for AO, with these values
being higher than for the same average for the period from
November to May. Regarding the AO subregions, the high-
est average snow fraction is in the central Arctic, with almost
100 % of the precipitation in the form of snow throughout
the winter and a good part of the autumn and spring. The
lowest proportion occurs in Greenland, where only the win-
ter sees ratios greater than 50 %. Therefore, we can say that
mechanisms 1 and 2 in Table 1 relating to precipitation in the
form of snow dominate from November to May, and mecha-
nism 3 relating to precipitation in the form of rain dominates
from June to October. We are unable to specify the contribu-
tion of mechanism 4 relating to the intensity of precipitation
and flooding without more detailed data. Albeit in simplistic
terms, these essential mechanistic arguments are in agree-
ment with the results presented earlier, suggesting that ice
melting over the two timescales studied here is favoured by
an increase in moisture transport in summer, and to a lesser
degree in autumn and winter, and a decrease in spring.
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Table 1. Summary of the main contrasting mechanisms of the impact of precipitation on ice cover. Those mechanisms favouring ice melting
are shown in bold and those favouring ice growth are shown in italics.

Winter Spring Summer Autumn

Snowfall on sea ice Mechanism 1 Mechanism 2 Mechanism 2
enhances thermal increases the surface is dominant in
insulation reducing sea ice albedo and thus reduces early autumn
growth (Leppäranta, 1993) melting (Cheng et al., 2008) Mechanism 1

is dominant in
late autumn

Rainfall on sea ice Mechanism 3 is related to sea ice melting

Flooding over the ice Mechanism 4 both snow and rainfall favour the formation ice superimposed
to the ice cover and potentially increase the thickness of the Arctic sea ice

6 Concluding remarks

In a previous work, Gimeno-Sotelo et al. (2018) analysed
how the patterns of moisture transport for precipitation var-
ied with the dramatic long-term decline in Arctic ice ex-
tent. Using the same region and methodology, we first in-
vestigated how the changes in this pattern are linked to the
inter-annual fluctuations that occur in the Arctic ice, super-
imposed on this decline. The results suggest that ice melting
at this timescale (inter-annual fluctuations against the trend)
is favoured by an increase in moisture transport in summer,
and to a lesser degree in autumn and winter, and a decrease
in spring. The pattern differs considerably from that found to
be linked to decline (Gimeno-Sotelo et al., 2018), especially
in summer when it is opposed to it. Then, by exploring the
role of extreme MTP events in the Arctic sea ice extent (SIE)
we considered what happens to the daily march of the Arctic
SIE when extreme MTP arrives simultaneously from the four
main moisture regions for the Arctic. The results suggest that
on a daily basis the extreme humidity transport for precipi-
tation increases the formation of ice in winter and reduces
it in spring, summer, and autumn, contributing to melting of
the Arctic sea ice in these three seasons. It is noteworthy that
at this timescale, considering the daily change in ice extent,
the effect of the MTP on the SIE in summer and autumn is
more similar in terms of its effect at the inter-annual fluc-
tuation scale than at the long-range scale (Gimeno-Sotelo et
al., 2018). Thus, in these seasons when the minimum SIE is
reached, the ice melting seems to be favoured by large contri-
butions of MTP at the inter-daily and inter-annual fluctuation
scale, but not at the long-range scale, suggesting different
physical mechanisms that require much deeper study.

The results of both this and our previous article (Gimeno-
Sotelo et al., 2018) must be interpreted with care, given that
there is no single cause of the variability of the ice extent, and
it could be the case that just as changes in the same direction
as the MTP do not influence the extent of the ice through
a single mechanism, so the MTP could have an influence
through changes in precipitation but also through changes in

the wind forcing of the ice, leading to a northward movement
of the edge of the ice, with consequent changes in the extent
of the sea ice in the Arctic. A more detailed analysis to try
to isolate regions and situations in which a particular mech-
anism predominates could help to understand the causes of
variations in SIE with respect to the trend of interest, with
important implications for improving forecasting (Hamilton
and Stroeve, 2016).
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