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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 interannual 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 of 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 interannual 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 3 seasons it therefore contributes to Arctic Sea Ice
Melting. These patterns differ sharply from that linked to the decline, especially in summer when the opposite
trend applies.

Keywords: Arctic Sea Ice, Atmospheric moisture transport, precipitation, interannual fluctuations, interdaily

fluctuations, Lagrangian approach

1 Introduction

If the scientific community were collectively to select an unambiguous indicator of climate change, the long-
term decline 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 concern 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 energy

resources (IPCC, 2013), all related to the study of the consequences of any change.

One of the most influential atmospheric mechanisms affecting 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 Yamazaki, 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 moisture transport towards the Arctic is relevant in two senses, in that it provides

more humidity into the Arctic with a consequent increase in the radiative forcing of water vapour, which in
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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 Arctic may induce anomalous long-wave downward radiation at the surface, warming of the atmospheric
column, and a decrease in Arctic ice (e.g., Woods and Caballero, 2016). At a seasonal scale, Kapsch et al.
(2013) showed a greater transport of humidity towards the Arctic in the winter and the preceding spring (in
those years when there is a low concentration of sea ice in the Arctic in summer). Much attention has also
been focused on the role of extreme moisture transport events, both in 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 accompanied 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
complex because changes in precipitation can cause different changes in ice cover associated with different
fusion mechanisms depending on the form of precipitation (rain or snow), as well as its intensity and

seasonality (Vihma, 2016).

In our previous work (Gimeno-Sotelo et al, 2018) we addressed the changes in patterns of MTP linked to the
annual mean decline by comparing two periods (before vs. after the major change point in 2003). However,
some substantial high-frequency interannual fluctuations are also superimposed on this negative trend, and
these modulate the annual observations of SIE, but have attracted less attention. Addionally, to our knowledge

the role of extreme MTP events on the daily march of SIE has never been analysed.

In this article we complement our previous study by i) focusing on the pattern of MTP linked to high-frequency
interannual variability as characterized by years with low / high SIE set against its long-term decline and ii)
analysing the role of extreme MTP events in the Arctic SIE by investigating 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.
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2 Data and Methods

The Arctic region (AR) and its four main sources of moisture (Figure 1a), and the Arctic Ocean (AO) and its
sub-regions (Figure 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), and the moisture sources were defined by Vazquez et al (2016).
The study covers the period from January 1, 1980 to December 31, 2016, and the daily data on the Arctic SIE
were obtained from the USA National Snow and Ice Data Center (Fetterer, 2016). Data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA-Interim) (Dee et al., 2011) were
used to drive the Lagrangian moisture transport model and to calculate the vertical integrated moisture flux.
This reanalysis contains data since 1979 at six-hour intervals with a spatial resolution of 1 ° x 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 Kunstmann, 2012), being particularly useful for studies of the Arctic 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
FLEXPART particle dispersion model in which the atmosphere is divided in finite elements of volume of
equal mass, which we call particles, and their trajectory is traced for a period of ten days, normally used as
the average time that water vapour rewides in the troposphere (Numaguti, 1999). The specific moisture
changes of the particles are used to estimate the total budget of atmospheric humidity, or Evaporation minus
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 region, b) reach the AR, and ¢) lose humidity in the
AR, we can calculate the MTP from the source region to the AR for a given daily, monthly, or yearly time
scale by adding these losses of specific humidity for all these particles. This Lagrangian 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 moisture transport to the Arctic

A general scheme of the moisture transport to the Arctic can be extracted from the climatological values of
vertical integrated moisture flux (VIMF) throughout the year. Figure 2 illustrates these values for the first
month of each season together with the main Arctic sources identified by Vazquez et al (2016), the AR and

the main sub-regions of the AO in terms of moisture received from the source regions (Figure S1 in the
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supplementary material shows the 12 months). These figures are useful for visualizing some of the most

pertinent results from our previous studies, namely:

1) The Pacific, North America, Siberia, and the Atlantic sources contribute to the moisture received in the AR
in about 35, 30, 20, and 15 %, respectively, being the relative importance of the four moisture sources
relatively constant throughout the year, with the Pacific, North America, Siberia, and the Atlantic contributing

about 35, 30, 20, and 15 %, respectively (Gimeno-Sotelo et al., 2018).

ii) there are four sub-regions of the AO (Baffin Bay, the Bering Sea, Greenland, and the central Arctic, shown
in the Figure 2), which receive 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 Bering and Greenland subregions, the Pacific source dominates in

the Barents, and all four sources contribute to the central Arctic (Vazquez et al., 2016).

4 Results

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

To separate the superimposed high-frequency interannual 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 Magnusdottir (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 a 10-year moving
mean (obtained by substituting each value with the mean of the five previous, the five subsequent values, and
the value itself, shown by the green line). Two blue lines are also plotted: a solid one obtained by adding the
standard deviations of the non-filtered series to each of the values of the filtered series, and a dotted line in
which only half the standard deviation is added in each case. Additionally, we show two red lines: a solid one
capturing the values resulting from subtracting the non-filtered series standard deviation from each of the
values of the filtered series, and a dotted one where half the standard deviation is subtracted in each case. In
the non-filtered series, where the values are higher than the corresponding dotted blue line, these are
considered to be high SIE years for the May series, and where the non-filtered series values are less than the
corresponding dotted red line these are regarded as low SIE years for the May series. A list of all the high and
low SIE years for the AR by month is shown in the Supplementary Material, together with the high and low
SIE years for the main AO subregions, in order to help identify the subregion that most influences the extreme

SIE in the AR (Table S1).
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Figure 4 shows the differences between the mean values of MTP for years with low vs high Arctic SIE for
each source region (Figure 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 years with low and high SIE using a student-t test. A minimum of two months (60 days) and a maximum
of 7 months (220 days) are used for the analysis, in either case the student-t test is valid. Table S2 in the
supplementary material shows the mean and standard deviation of MTP for minimum and maximum SIE years
by month. The results show that for all seasons 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 versus the maximum shows a
major peak in July and a smaller one in May. For both these months there is agreement between all four
moisture sources, 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 statistically 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 increases in October, in which month the MTP also decreases significantly from the Pacific
source. This change in the pattern 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 characterized by a clear decrease in MTP for the period of low SIE (after 2003)

compared with the high-SIE period (before 2003).

As in Gimeno-Sotelo et al (2018), we compared these results 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. The use of VIMF can help us 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 patterns of
differences of VIMF for low versus high SIE years are compatible with the changes we have identified here.
Figure 5 shows the composite of differences of VIMF between low and high SIE years for May (results for
the remaining months are displayed in Supplementary Figure S2). On inspection of Figure 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 than for high SIE years in accordance with the results in Figure 3. Results of VIMF
analysis for the other months can also explain with almost complete agreement every significant result found

from the Lagrangian analysis.
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The circulation types (CTCs) used in this study are the same as those described in Gimeno-Sotelo et al (2018),
based on a approach developed by Fettweis et al. (2011) and shown in Supplementary Figure S3. Changes in
the frequency and average MTP of those CTCs linked to high/low MTP can help to corroborate our Lagrangian
results. Figure 6, for example, shows the CTCs for Spring together with the average MTP and percentage of
occurrence for each CTC for minimum versus maximum SIE years for May. Table S3 in the Supplementary
Material shows the MTP averqages for days grouped in each of the CTCs considering minimum and maximum
SIE years by month together with the fraction of days in 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 CTC?2 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 that CTC, which is coherent with the decrease in
MTP for low-SIE years. CTC2 resembles the negative phase of the eastern Atlantic and western Russia
(positive 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 frequency 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 accord with our

Lagrangian analysis.

4.2 The role of extreme events of moisture transport for precipitation on the annual march 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 corresponding month. Figure 7 shows histograms of the
MTP extremes for each source according to their duration. The highest numbers of events are distributed at
the “short” end of the duration, i.e., 3-4 days. This is about 40% of them, with 35% having Atlantic sources
(the minimum) and 44% having the Pacific source (the maximum). The number of events decreases
significantly as the duration increases, although events lasting a week or more are not infrequent, representing
percentages 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
one day) of MTP extreme events from the 4 main sources of moisture for the Arctic. A list of all these events
is displayed in the Supplementary Material (Table S2). Because of the marked annual march of the Arctic SIE
(Figure 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 of SIE over two consecutive days (Figure 6, orange line, with
7
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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 season. The left-hand panel 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 are shown with dark brown vertical bar; this defines our Ext-MTP. The
green horizontal bars denote the average daily change of 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 on the daily change of SIE is very clear, producing an increase in winter and a decrease
in spring and summer, and to a lesser degree in autumn. The panel on the right shows the vertical integrated
moisture flux for the day on which the Ext-MTP occurred, and it is clear that the great increase in moisture
transport from the four sources to some Arctic sub-regions is notably higher than the monthly average (Figure
2). Figure S4 in the Supplementary Material 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 different fusion mechanisms depending
on the form of precipitation (rain or snow), as well as its intensity and seasonality. The main contrasting

mechanisms are shown in Table 1 according to season.

Winter Spring Summer Autumn
Snowfall on sea ice Mechanism 1 Mechanism 2 Mechanism 2 is
this enhances thermal this increases the surface dominant in early
insulation reducing sea ice albedo and thus reduces Autumn
growth (Leppéranta, 1993) melting (Cheng et al., 2008) Mechanism 1 is
dominant in late
Autumn
Rainfall on sea ice Mechanism 3 this 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

Table I. Summary of the main contrasting mechanisms of the impact of precipitation on ice cover. Those

mechanims favouring ice-melting are shown in red and those favouring ice growth are shown in blue




Earth Syst. Dynam. Discuss., https://doi.org/10.5194/esd-2018-59 Earth System
Manuscript under review for journal Earth Syst. Dynam. Dynamics
Discussion started: 11 September 2018

(© Author(s) 2018. CC BY 4.0 License.

Discussions

228

229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244

245

246

247
248
249
250
251
252
253
254
255
256
257
258
259
260

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 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, the snowfall 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, these values being higher than for the same average for the period from November
to May. Regarding the AO subregions, the highest 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 winter sees ratios greater than 50%. Therefore, we
can say that mechanisms 1 and 2 in Table I relating to precipitation in the form of snow dominate from
November to May, and mechanism 3 relating to precipitation in the form of rain dominate from June to
October. We are unable to specify the contribution 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 agreement with the results presented earlier, suggesting that ice-melting over the two time scales 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.

6 Concluding remarks

In a previous work, Gimeno-Sotelo et al (2018) analysed how the patterns of moisture transport for
precipitation varied with the dramatic long-term decline in Arctic ice extent. Using the same region and
methodology, we first investigated how the changes in this pattern are linked to the interannual fluctuations
that occur in the Arctic ice, superimposed on this decline. The results suggest that ice-melting at this time
scale (interannual 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
precipitation 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 3 seasons. It is noteworthy that at this time scale, 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 interannual fluctuation scale than at the long-range scale (Gimeno-Sotelo et al, 2018). Thus, in

9
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these seasons when the minimum SIE is reached, the ice-melting seems to be favoured by large contributions
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.
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Captions

Figure 1. A) The Arctic region (AR) using the definition of Roberts et al. (2010) together with the major
moisture sources for the Arctic as detected by Vazquez et al. (2016). B) The Arctic Ocean (AO) and its main
subregions

Figure 2. Climatological values of the vertical integrated moisture flux (VIMF) (vector, kg m ™' s ") for the
first month of each season together with the main Arctic sources identified by Vazquez et al (2016), the AR
and the main sub-regions of the AO in terms of moisture received from the source regions

Figure 3. Extreme years for May Arctic SIE.

Figure 4. Differences between mean values of Moisture transport for precipitation (MTP) (mm day™) for
years with low vs high Arctic SIE for each source region. 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 ™' s ~!) between
low and high SIE years for May. The AR, the main moisture sources regions and the main AO subregions are
also displayed.

Figure 6. (right) 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 (left) The average MTP and percentage of
occurrence for each CTC for minimum SIE years versus the maximum in May.

Figure 7. Histograms of the Moisture transport for precipitation (MTP) extremes for each source according
to their duration

Figure 8. SIE annual march (blue line) and SIE inter-daily change (orange line).

Figure 9. Four selected cases of Ext-MTP (mm day™!), one for each season. (Left panel) Daily change of SIE
(black line), extreme MTP periods for each of the sources (horizontal bars in colour), Coincident extreme
MTP for the sources (light brown vertical bar shows when there are three coincident MTPs, dark brown
vertical bar when there are four coincident MTPs), averages of the daily change of SIE for different periods
(green horizontal bars). (Right panel) vertical integrated moisture flux plotted for the day on which the Ext-
MTP occurred.

Figure 10. Snowfall fraction taken from the ERA-interim reanalysis by month for the AR, the AO and the
four more important AO subregions in terms of percentage of MTP as identified by Gimeno-Sotelo et al
(2018): Baffin, Greenland, Bering and Central Arctic. Blue line represents the fraction for high SIE years and
red line for low SIE years, the snowfall fraction being higher for high years in almost all months but especially

in summer.
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