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Leaving aside the contribution made by recycling, it is the main oceanic moisture sources
that are responsible for most of the precipitation that falls on the continents. The transport
of moisture from these sources can be affected by large-scale variability according to the
hemispheric annular modes. The influence of the two dominant modes of extratropical
winter climate: the Northern and the Southern Annular Modes (NAM and SAM) are herein
investigated to assess how they affect the transport of moisture from the major oceanic
moisture sources. A Lagrangian model was used, together with ERA-Interim reanalysis
data (1979–2012), and differences between the composites of the six strongest higher
and lower events observed for both phases of the two modes for the period were
analyzed. The method is able to reproduce the general pattern of known variations for both
annular patterns. Lower values of the NAM Index are associated with the displacement
of the storm track toward tropical latitudes. Thus, moisture transport is enhanced from
the Northern Pacific toward the northeastern basin and from the Northern Atlantic and
Mediterranean toward southern Europe. On the other hand, during higher values of
NAM, moisture transport is favored from the Northern Pacific toward eastern Asia, and
moisture transport is enhanced from the Northern Atlantic toward the Caribbean Sea. In
the Southern Hemisphere, during higher values of SAM more moisture is transported
from the Atlantic and Indian oceanic sources southwards and eastwards than during
the opposite phase. In this SAM phase it is also noted by an enhancement of moisture
transport from the Coral Sea and Southern Pacific sources toward the Indian Ocean/West
Pacific Warm Pool. Southeastern South America received more moisture from the Pacific
and Atlantic sources during years with a lower SAM, episodes which also favored the
influx of moisture from the Southern Atlantic toward Africa, causing monsoon conditions
to occur.

Keywords: annular modes, oceanic sources of moisture, moisture sinks, moisture transport, Lagrangian analysis,

FLEXPART, Northern Annular Mode (NAM), Southern Annular Mode (SAM)

INTRODUCTION
The characterization of the hydrological cycle has become one of
the main topics of debate for the climate community in recent
years. Knowledge of transport of moisture may be considered
one of the grand challenges of atmospheric science (Gimeno,
2013) given that this branch of the hydrological cycle is essen-
tial to the global climate. In recent years, many studies have
characterized the sources of moisture for climatological areas of
interest (e.g., the Sahel, Nieto et al., 2006), the Monsoon System
in South America (Drumond et al., 2008), Central America
(Durán-Quesada et al., 2010), the areas over Antarctic ice-cores
(Sodemann and Stohl, 2009; Nieto et al., 2010), the Ethiopian
highlands (Viste and Sorteberg, 2013), and the Indian Peninsula
(Ordóñez et al., 2012); or else they have assessed sources of mois-
ture at a global scale (e.g., Stohl and James, 2005; Dirmeyer and
Brubaker, 2007; Gimeno et al., 2010; Knippertz et al., 2013).
Many of these studies have used Lagrangian models to detect
sources of moisture, and we use this approach here. This sophisti-
cated method is highly powerful, having the remarkable ability to

evaluate net changes in specific humidity along defined trajecto-
ries in order to identify the points at which the atmosphere gains
or loses moisture.

The general pattern of moisture transport from a climatolog-
ical perspective was characterized by Gimeno et al. (2010) and
updated by Castillo et al. (2014). These authors found 12 main
oceanic evaporative sources, and showed that the supply of mois-
ture to the continents is highly asymmetric, with strong seasonal
variability. However, to date no studies have been undertaken
of the variability of the contribution of the oceanic moisture
sources due to the major teleconnection modes. On interan-
nual to multidecadal timescales, atmospheric moisture transport
must be strongly modulated by large-scale climate modes due to
associated changes in atmospheric circulation, sea surface tem-
perature, air temperature and precipitation (Rogers et al., 2001).
The Northern Annular Mode (NAM) and the Southern Annular
Mode (SAM) are the two dominant modes for the extratrop-
ical winter climate (Thompson and Wallace, 2000; Thompson
et al., 2000), and their influence on the main oceanic moisture
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sources and associated precipitation is therefore a key objective
in our understanding of the present-day atmospheric water cycle.
In literature, as far as we know, there are no works which anal-
yse the moisture source-receptor relationship under the influence
of the Annular Modes using a Lagrangian approach. We can
find a few studies that estimate the source regions of evapora-
tion supplying precipitation during the extreme phases of the
North Atlantic Oscillation (NAO), being the NAO the Atlantic
fingerprint of NAM. As an example, Sodemann et al. (2008)
analyzed the sources for Greenland during winter, and Gómez-
Hernández et al. (2013) studied the variability moisture sources
for the surrounding Mediterranean areas.

Both annular modes are characterized by north-south shifts in
atmospheric mass between the middle and polar latitudes. They
describe oscillations in the wind pattern between the latitude
bands centered on latitudes ∼55–60◦ and ∼30–35◦. By conven-
tion, when the Sea Level Pressure (SLP) shows anomalously lower
(higher) values in the polar areas and the opposite anomalies

are detected over the middle latitudes, the mode is said to be in
a higher or positive (lower or negative) phase (Figure 1). Thus,
high indices correspond to lower than average pressures over the
polar regions, to more intense polar vortices and to stronger west-
erlies along the band centered on ∼55–60◦ in the troposphere.
For lower values of the indices, the reverse conditions apply. As
described above, the modes may modify the atmospheric dynam-
ics, and may therefore affect the respective hemispheric climate.
Under high values of NAM Index, surface temperatures increase
over northern Eurasia and North America, and sea-surface tem-
peratures (SSTs) increase over the North Atlantic (Thompson and
Wallace, 2000). An increase in precipitation may be also detected
over the same areas due to the northerly movement of the storm
track (Hurrell, 1995). Large anomalies associated with the dis-
tribution and extension of Arctic sea-ice are linked with high
values of NAM Index (Deser and Teng, 2008; Ogi and Yamazaki,
2010). The mode also affects the modulation of the spatial dis-
tribution of the ozone in the lower stratosphere (Thompson and

FIGURE 1 | Composites of SLP (isolines, units Pa) and 500 hPa

geopotential (shading, units m2 s−2) anomalies during the winters

of the Northern and Southern Annular Modes events (see Table 1

for the years included in the composites). Top: NAM winters

(November-April) of (A) high-index and (B) low-index values. Bottom:
SAM winters (May–October) of (C) high-index and (D) low-index
values. Positive or zero (negative) anomalies are shown in continuous
(dotted) lines.
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Wallace, 2001). In a similar way, the SAM modulates the climate
in the southern hemisphere through modulations in Antarctic
temperatures (Marshall et al., 2011) and the distribution of the
sea-ice surrounding that continent (Parkinson and Cavalieri,
2012). Southern Ocean SSTs exhibit positive anomalies for high
SAM indices (Thompson et al., 2000). Both modes can occur
throughout the year, but the indices are generally highest during
colder months (Baldwin and Dunkerton, 1999).

In light of the foregoing, we herein attempt to explain the mod-
ulation of moisture transport from the major oceanic moisture
sources under the influence of the main hemispheric modes of
climate variability using a Lagrangian methodology.

DATA AND METHODS
In the present study, we applied a Lagrangian moisture source
diagnostic scheme to examine the influence of NAM and SAM
on the variability of the uptake and transport of moisture from
the major oceanic sources. Figure 2 shows the moisture source
regions identified following the criteria of Gimeno et al. (2010)
but now considering a longer period of 33 years (from November
1979 to October 2012) and the ERA-Interim Reanalysis data set
(Dee et al., 2011) on a regular 1 × 1◦ horizontal grid and with
61 vertical levels (from the surface to 0.1 hPa). ERA-Interim
reproduces the hydrological cycle in a more realistic way than pre-
vious ERA reanalysis versions (Trenberth et al., 2011). We do not
use data from the years prior to 1979 because the results of the
reanalysis are of insufficient quality (especially over the oceans)
to run the FLEXPART model before the inclusion of satellite data
(Bengtsson et al., 2004). Ten oceanic moisture source regions
were directly identified by the method, namely: NATL, North
Atlantic; SATL, South Atlantic; MEXCAR, Mexico Caribbean;
NPAC, North Pacific; SPAC, South Pacific; IND, Indian Ocean;

ARAB, Arabian Sea; ZAN, Zanzibar Current; AGU, Agulhas
Current; and CORALS, Coral Sea. The Mediterranean Sea (MED)
and Red Sea (REDS) sources were defined using the physical
boundaries of their oceanic basins.

The Lagrangian method is today considered the most suit-
able method for the evaluation of the origin of the water that
precipitates over a continental area (Gimeno et al., 2012). The
advantages, disadvantages, uncertainties, limitations and signif-
icance of the methodology were discussed in a complete review
by Gimeno et al. (2012). In addition, these authors provided a
detailed comparison of all approaches establishing source-sink
relationships for atmospheric water vapor available to the scien-
tific community, such as the Eulerian technique using numerical
water vapor tracers, “analytical and box models,” and “physical
water vapor tracers” (isotopes).

Our Lagrangian approach makes use of the FLEXPART V9.0
particle dispersion model (Stohl and James, 2004, 2005) forced by
ERA-Interim data. The methodology permits a description of air
movement (in space and time) by individual trajectories of “air
parcels” or “particles.” These “particles” are three-dimensional
finite elements created via the homogeneous discretization of the
atmosphere, and their trajectories are tracked following advection
by three-dimensional wind fields in a regular 1 × 1◦ grid. Values
of latitude, longitude and specific humidity are stored along each
trajectory at 6-h intervals. Variations in moisture along each tra-
jectory are obtained via changes in specific humidity (q) with
time, which is proportional to the difference between the increase
of the evaporation (e) and decrease of the precipitation (p) in
moisture for the particle concerned, i.e., e-p = m dq/dt, where
(m) is the mass of the particle. Considering an atmospheric col-
umn over a given area, the net difference between evaporation
(E) and precipitation (P) is the result of adding together (e-p) for

FIGURE 2 | Main oceanic sources of moisture: Climatological annual

vertically integrated moisture flux divergence (mm/year) for the period

1980–2012 using data from ERA-Interim. The red lines indicate the
threshold of 750 mm/year of the annual vertically integrated moisture flux
that defines the oceanic moisture sources in Gimeno et al. (2010). Following
this criteria 10 sources were defined: North Pacific (NPAC), South Pacific

(SPAC), North Atlantic (NATL), South Atlantic (SATL), Mexico Caribbean
(MEXCAR), Arabian Sea (ARAB), Zanzibar Current (ZAN), Agulhas Current
(AGU), Indian Ocean (IND), and Coral Sea (CORALS). Two further sources
were defined using their physical boundaries: the Mediterranean (MED) and
the Red (REDS) Seas. A schematic representation of these 12 oceanic
moisture sources is shown above Figures 3–6.

www.frontiersin.org July 2014 | Volume 2 | Article 11 | 3

http://www.frontiersin.org
http://www.frontiersin.org/Atmospheric_Science/archive


Nieto et al. Annular modes and moisture transport

all particles. To derive this, we integrated the (E-P) column val-
ues over each 1 × 1◦ global grid considering only those particles
that leave the moisture source of interest. From the analysis of (E-
P) we can identify whether the atmosphere in a region received
(E-P > 0) or lost (E-P < 0) moisture.

In order to simulate the transport of the air masses, a global
data set of approximately 2.0 million “particles” was created using
FLEXPART. These particles were moved by wind for a time period
limited to 10 days, which represents the average residence time of
water vapor in the atmosphere (Numaguti, 1999). (E-P) values
integrated along these10-day forward trajectories were analyzed
in order to investigate the main moisture sinks observed along tra-
jectories starting in each of the 12 evaporative sources considered.
The positions and the changes in (q) were recorded at intervals of
6 h (00, 06, 12, and 18 UTC).

The influence of NAM and SAM on the transport of moisture
from the oceanic sources was explored using composites. We
obtained composite differences of moisture transport between
the positive and negative phases of each mode of variability.
The events were selected based on the monthly NAM and SAM
Indices (NAMI and SAMI). NAM and SAM are more active
during their respective hemispheric winters (from December
to February for NAM and from June to August for SAM), and
we therefore chose the corresponding semi-annual period, i.e.,
from November to April for NAM and from May to October
for SAM. The most common methods used to identify extreme
events of SAM and NAM are those that (1) formulate the first
principal components (PC) of some meteorological variable
over the extratropics (e.g., geopotential height, mean SLP, wind,
temperature) (Thompson and Wallace, 2000; Nan and Li, 2003),
(2) calculate the difference between normalized zonal mean
pressure between two latitudes using reanalysis data (Gong
and Wang, 1999; Li and Wang, 2003) or between two selected
points (Hurrell, 1995), (3) are based on data obtained from
observational stations (Marshall, 2003; Visbeck, 2009). The
literature reveals that there are some inconsistencies regarding
the identification of the extreme episodes of both modes,
particularly for SAM, and primarily arising due to the different
methodologies and data sets applied in the definition of the
indices (Ho et al., 2012). For the SAM index, but also applying to
NAM, Ho et al. (2012) showed that those indices calculated using
reanalysis data are more effective where there is some attempt to
understand the relationship with their impacts. However, prior to
the assimilation of satellite data (pre-1979) the reanalysis-based
indices are likely to be flawed, and it is better to choose those that
are station-based. With this in mind, for each mode we consid-
ered two indices based on different methods using normalized
monthly SLP data: one station-based and other reanalysis-based;
the respective semi-annual averages are shown in Table 1 (in
red for lower values of the indices and in blue for the higher
ones). The station-based NAMI was the available on https://
climatedataguide.ucar.edu/sites/default/files/climate_index_files/
nao_station_monthly.txt obtained from SLP differences between
Lisbon (Portugal) and Stykkisholmur/Reykjavik (Iceland)
(Hurrell, 1995; Hurrell and National Center for Atmospheric
Research Staff, 2013), while the SAMI was obtained from
Marshall (2003) on http://www.nerc-bas.ac.uk/icd/gjma/sam.

Table 1 | Semiannual periods considered for the composites of both

phases of NAM and SAM from 1979 to 2012; in red for lower values of

the indices and in blue for the higher values.

NAM index SAM index

Station- Reanalysis Station- Reanalysis

based based

1980 0.20 −0.08 −0.47 −0.76 1980

1981 −0.22 −0.14 −0.67 −0.96 1981

1982 −0.02 0.68 0.36 0.55 1982

1983 1.18 1.00 0.46 1.41 1983

1984 −0.20 −0.30 −0.15 0.80 1984

1985 −0.27 0.03 0.57 1.47 1985

1986 0.00 −0.38 0.14 −0.26 1986

1987 0.25 0.75 0.24 0.32 1987

1988 −0.38 1.03 −2.53 −0.46 1988

1989 1.32 2.95 0.99 2.31 1989

1990 1.13 2.69 −0.55 0.62 1990

1991 0.37 1.02 −0.22 0.04 1991

1992 1.10 1.70 −0.79 −0.77 1992

1993 1.42 2.32 1.73 2.58 1993

1994 2.03 1.56 −0.69 0.17 1994

1995 0.90 1.11 −0.09 0.59 1995

1996 −1.88 −1.97 −0.41 0.22 1996

1997 −0.32 0.68 0.60 1.45 1997

1998 0.13 0.78 1.28 2.73 1998

1999 1.03 1.21 1.06 1.72 1999

2000 0.60 1.98 −0.18 0.67 2000

2001 −0.48 0.19 0.18 2.07 2001

2002 0.43 1.62 −1.60 −1.40 2002

2003 −0.15 0.12 0.20 1.33 2003

2004 0.38 0.72 0.87 1.89 2004

2005 0.00 0.00 −0.10 0.77 2005

2006 −0.08 −0.73 0.81 1.66 2006

2007 1.20 1.96 −1.23 0.26 2007

2008 0.05 1.75 0.97 2.33 2008

2009 1.28 0.61 −0.25 0.65 2009

2010 −2.00 −1.99 2.02 4.15 2010

2011 −0.67 −0.48 −0.23 1.01 2011

2012 1.50 1.84 1.23 2.37 2012

html, who produced a similar SAM index based on 12 appropri-
ately located station-based observations. Those that use reanalysis
data (NCEP/NCAR; Kalnay et al., 1996) can be found at http://
ljp.lasg.ac.cn/dct/page/65544. The NAMI is defined as the differ-
ence in the normalized monthly zonal-mean SLP between 35 and
65◦N, and the SAMI is taken to be the same difference between
40 and 70◦S (Li and Wang, 2003; Nan and Li, 2003, respectively).
Our composites consider the six highest intensity episodes for
both phases of each mode for the period 1979–2012; where there
are discrepancies between the two indices we select the year with
the higher (or lower) value using reanalysis data. Thus for the
NAM Index the positive high values occurred in 1989, 1990, 1993,
2000, 2007, and 2012; and the negative high values occurred in
1981, 1986, 1996, 2006, 2010, and 2011 (the year shown here
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refers to the January of the interval). For the SAMI the positive
high values occurred in 1989, 1993, 1998, 2008, 2010, and 2012,
and the negative high values occurred in 1980, 1981, 1988, 1992,
1994, and 2002. To test the statistical significance of the compos-
ite, we used the bootstrap method proposed by Wei et al. (2012).
We obtained the differences for two 6-year period random sam-
ples (a total of 12 years) 1000 times from the 33-yr climatology.
The absolute value of the difference composite was considered
significant if it was greater than 90% of the 1000 iterations.

Monthly composite differences in the precipitation and in
the divergence of the vertically integrated flux of moisture (�)
between opposite phases of the modes were also obtained. We
used data obtained from the Global Precipitation Climatology
Project (GPCP; Adler et al., 2003; Huffman et al., 2009), and from
ERA-Interim, respectively; both datasets were estimated over the
entire globe for the 33-year period.

RESULTS
We studied the fingerprint of NAM and SAM in the moisture
transport from the main oceanic sources of moisture in order
to assess their impact. It must be remembered that the bound-
aries of each oceanic source were defined as stationary throughout
the 33-year period considered (Figure 2). The composites of the
6 years associated with the extreme phases of each mode were
evaluated month by month during the corresponding winter sea-
son. The resulting maps are shown in Figures 3, 4, for NAM and
SAM respectively, where the monthly variability of the favored
sink regions is summarized. Figure 3 shows the contribution of
those oceanic sources of moisture located in the Northern hemi-
sphere (NPAC, MEXCAR, NATL, MED, REDS, and ARAB), and
Figure 4 shows the same for the Southern hemisphere (SPAC,
SATL, ZAN, AGU, IND, and CORALS). The two figures only show
contors with average values of (E-P) integrated over the 10 days
of transport larger than of −0.05 mm/day. It must be stressed
that we included in these figures only those sources of moisture
in the same hemisphere as the variability mode concerned. From
a simple visual inspection, and focusing on one source of mois-
ture as an example, the NATL (Figure 3) provides moisture over
larger areas of Eurasia during lower values of NAM Index (Hurrell
et al., 2013), and the method is able to detect the known absence
of precipitation during higher NAM over the Iberian Peninsula
during early spring (Paredes et al., 2006), although in general it
is not possible to extract detailed information on the differences
between the two phases of the modes from these patterns. The dif-
ferences between the composites of the two phases for both modes
may help explain the significant changes in moisture transport,
however.

The monthly differences in the influence of the oceanic mois-
ture sources on the sink areas throughout the NAM and SAM
cycles are summarized in Figures 5, 6, respectively. These two
figures show the differences between the composites of the two
mode phases in terms of the precipitation (left-hand column)
and the divergence of the vertically integrated moisture transport
(2nd column). The favored sink areas observed during the higher
and lower phases of the mode are shown in the 3rd and right-
hand columns, respectively. In the panels showing precipitation
and the favored sink regions, we show only those areas where

the differences are significant at the 90% confidence level using a
bootstrap test.

The blueish (reddish) areas in the variations of vertically
integrated moisture transport observed for NAM or SAM (2nd
column of Figures 5, 6) show where the transport is favored dur-
ing higher (lower) values of the mode. In general, the favored
regions of moisture transport coincide with the favored sink areas
indicated in the 3rd (right-hand) column, and with enhanced pre-
cipitation (the left-hand columns show the monthly differences in
the composites of precipitation).

A detailed analysis of Figures 5, 6 could point to the areas
where the transport of moisture from the sources investigated is
enhanced during the different phases of the modes. An increase
in moisture does not imply in a direct response in terms
of precipitation, because it also depends on the existence of
other dynamical precursors (e.g., instability, local convergence,
etc.), but the method does allow us to analyse the preferred
sinks.

In the case of the NAM (Figure 5), for lower values of NAMI
(right-hand column), enhanced convergence of � (red con-
tors) and increased precipitation (red areas in the left-hand
column) were observed over the northeastern Atlantic Ocean,
the Mediterranean Sea areas, and over western and southern
Europe. The pattern suffers a northward displacement during
April, the last winter month analyzed. As a whole this area receives
an enhanced moisture contribution from the NATL and MED
sources. Increased moisture transport from NPAC was verified
over the western North American region together with enhanced
transport of � in the eastern Northern Pacific Ocean, especially
during the first months.

During periods of higher values of NAMI (Figure 5, 3rd col-
umn) enhanced transport of � (blue contors in the 2nd column)
was observed over the western North Pacific Ocean, associated
with an enhanced moisture contribution from the NPAC source
over the Asian coast, preferentially during early winter. Transport
of � was also enhanced over the inland parts of the North
American continent, a region receiving a higher moisture con-
tribution from the NPAC, MEXCAR, and NATL sources. The
MEXCAR shows a greater influence over the mid-east part of
North America during December. Other regions that showed
an intensification of the transport of � are Central America
with higher contributions from NATL and MEXCAR, and north-
ern South America, with an enhanced contribution from NATL
during March.

The REDS and ARAB sources of moisture show no discernible
pattern of behavior between the two phases of NAM.

For lower values of SAMI (Figure 6, right-hand column), the
transport of moisture was enhanced toward central Africa, with
increased contributions mainly from the SATL. Over the same
continent, albeit to a lesser extent, the east coast receives intensi-
fied moisture transport from AGU and IND during some months.
The higher transport of moisture from AGU to southern Africa
during August is remarkable. Southeastern South America and
the adjacent extratropical Atlantic region receive more moisture
from the SATL, AGU and SPAC sources, and southern Australia
and the neighboring oceans receive moisture from the IND
source.
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FIGURE 3 | Monthly composites of moisture sink areas detected

for the NAM for the semi-annual winter period 1980–2012. The
sink areas are shown in the same color as the corresponding
oceanic source regions (top panel, schematic representation of

Figure 2). Only negative values of E-P, calculated by forward tracking
from the defined moisture sources, larger than −0.05 mm d−1, are
plotted for (left) higher values of NAM Index and (right) lower values
of NAM Index.

In respect of the higher values of the SAM Index (Figure 6,
3rd column), an enhanced transport of � was detected from
the Indian Ocean/West Pacific Warm Pool toward northern
Australia (blue contors in the 2nd column). This region received
a higher moisture contribution from the IND, CORALS, and
SPAC sources. The CORALS source has its major influence during
September over Eastern Australia and the adjacent ocean, when

the other sources show no significant contribution. During the
early austral winter, the northern part of South America and the
Atlantic ITCZ receive enhanced transport of � with a contribu-
tion from the SATL source. Around the middle to the end of
the austral winter, an enhancement of moisture transport from
the SATL and AGU sources reaches the southwestern tropical
Atlantic Ocean, while increased transport from the AGU and
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FIGURE 4 | As Figure 3, for SAM.

IND sources reaches southern Africa and the southwestern Indian
Ocean.

The ZAN source of moisture contributes to the Indian region
either during higher or lower values of SAM Index (Figure 6, 3rd
and right-hand columns), showing that the transport is due to
other reasons not attributable to this mode.

It must be stressed that the oceanic moisture sources used to
characterize the role played by the annular modes in the trans-
port of moisture were defined as stationary (Figure 2) following

the definition of Gimeno et al. (2010), based on their annual mean
values. As previously discussed, the attributes of the sources may
vary in intensity and/or size along the year, besides probably hav-
ing some interannual variability. The areal mean divergence of
the vertically integrated moisture flux over each oceanic source
considered could therefore be an alternative means of compar-
ing the possible impact of the two phases of NAM and SAM on
the intensity of the sources. We calculated the monthly climato-
logical values for each source defined as their annual mean value
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FIGURE 5 | Monthly influence of the evolution of the NAM during

November to April (boreal winter) over the moisture transport of the

main oceanic sources of precipitation for 1980–2012. Top: Schematic
representation of the main oceanic sources of moisture. Bottom, left-hand
column: Monthly differences in precipitation (in mm/day, data from GPCP)
between the composites for years with higher and lower values of NAMI.
Bottom, 2nd column: Monthly differences in divergence of the vertically
integrated moisture flux (in mm/year, data from ERA-Interim) between the

composites for the years with higher (bluish colors) and lower (reddish colors)
values of NAMI. Bottom, 3rd and right-hand columns: The composite
differences in E-P generated by each moisture source between higher and
lower NAMI values. 3rd column: Schematic representation of the favored
receptor regions of precipitation during the higher NAMI; Right-hand column:
during lower NAMI. Following a bootstrap test, only those areas where the
absolute value of differences greater than 0.05 mm/day significant at the 90%
confidence level are plotted.

and we also composited the divergence of the vertically integrated
moisture flux of both phases of each annular mode. In attempt-
ing to find some linear variability in the results it would appear
that there is an intensification (weakening) of the MED and NATL
sources during the higher (lower) NAM episodes considered as
compared with annual climatology. For the MED source the val-
ues of the higher NAM episodes from November to March exceed
the average annual ones by between 116 and 157%, and for the
lower NAM episodes the equivalent figure is between 31 and 93%
lower than for average annual values for the winter, reaching the
lowest during February. The other source that shows any appre-
ciable difference is the NATL, but the signal is weaker: around
104% for higher NAM episodes and between 70 and 98% for
lower values of the index (the minimum occurs in December).
For the SAM the results do not indicate any linear joint variability
of the index and the divergence of the moisture transport for the
sources considered.

Another means of finding possible differences between the two
phases of the modes would be to try to identify modifications in
the areal extents or positions of the sources. We therefore rede-
fined all the oceanic sources of moisture using the composites
of the highest and lowest years of both modes of variability. It
is important to stress that in this case the composites were only

evaluated for the winter months. Comparing these values with
those for the whole semiannual period (1979–2012) showed that
the sources maintained their positions and sizes (plot not shown).

CONCLUDING REMARKS AND DISCUSSION
We have herein investigated the impact of the Northern and
Southern hemisphere annular modes on the moisture transport
from the major oceanic moisture sources during winter using
the Lagrangian FLEXPART dataset fed by ERA-Interim Reanalysis
data. We calculated differences between the composites of the
divergence of vertically integrated moisture transport, of the pre-
cipitation, and of the favored sink regions characterizing the six
strongest events selected for both phases of the two modes during
the period 1979–2012.

As a summary of the detailed analysis of income in the pre-
vious paragraphs, for the NAM mode it must be expected that
the impacts of the extreme episodes in moisture transport mainly
occur over the sources placed over the Atlantic and Pacific oceanic
regions, due that the main centers of action of the mode in the
middle latitudes are located over the Atlantic and Pacific sub-
tropical high pressure systems. Although we have considered the
sources to be stationary throughout the experiment, we must
also consider possible changes in location and/or intensity of the
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FIGURE 6 | As Figure 5, for SAM.

areas of divergence of �. In respect of the NPAC source in the
northern Pacific Ocean, it is interesting to note the enhanced
moisture transport toward the northeastern basin for the lower
values of NAM Index associated with the weakening of the Pacific
high pressure center and weak westerlies over the polar latitudes.
Under these conditions, the storm tracks tends toward tropical
latitudes affecting the northwestern part of North America (Wang
et al., 2006). On the other hand, for higher values of the NAM
Index the Pacific high pressure center is expected to intensify, and
moisture transport from NPAC is favored toward eastern Asia.
The East Asian Monsoon characterizes the major moisture pat-
tern for the region, but although the East Asian Monsoon is not
favored during winter there nevertheless exists a significant inter-
action with the Siberian High, which is modulated in its intensity
by the NAM. So, the NAM plays an important role in the changes
of the Siberian High, via a positive correlation in which a lower
NAMI is related to a lower intensity of the Siberian High. This fact
favors the influx of moisture from the ocean (Gong et al., 2001).

Over the North Atlantic Ocean the years with lower values
of NAMI are characterized by lower than normal atmospheric
pressures and weak westerlies over northern Europe. Enhanced
moisture transport from the NATL, MEXCAR, and MED sources
toward southern Europe and the Mediterranean basin therefore
occurs; while the reverse applies for a high NAM index, when
the transport is northwards over Europe (Dickson et al., 2000)
and when droughts can occur over the southern part of the
continent (Vicente-Serrano et al., 2011). Nevertheless, the inten-
sification of the Atlantic high pressure center during higher NAM

years, and the associated easterly trade winds at its southern
flank, occur with enhanced moisture transport from the NATL
and MEXCAR sources toward the Caribbean Sea. The flow is
thus intensified forming the Caribbean Low Level Jet (CLLJ) that
splits into two branches, one following its way westwards across
Central America, and the other turning northwards to North
America crossing the Gulf of Mexico. This result accords with
the variability of the CLLJ (Wang, 2007; Amador, 2008) and the
characteristics of the moisture transport patterns over the area
(Durán-Quesada et al., 2010). A higher (lower) NAM is there-
fore associated with a reinforcing (weakening) of transport from
NATL and MEXCAR to Central and North America throughout
the CLLJ. The intensification or weakening of the Atlantic High
pressure system could be also related to the interannual variabil-
ity found for the MED and NATL sources when the vertically
integrated moisture divergence was analyzed.

In the Southern Hemisphere, the position and intensity of the
semipermanent high pressures also define the circulation, and the
influence of both phases of SAM over them defines the advection
of moisture from the sources to the sinks. In this context, during
higher values of SAM (Marshall et al., 2012), with high-pressure
systems stronger than the normal, the belt of westerlies and the
trade winds intensify, and the ITCZ is positioned to the north,
the pattern found for the transport of moisture is, in general, as
described. The moisture was transported southwards and east-
wards from the AGU, IND, and SATL sources more than during
the positive phase of SAM. Thus, in the Indian Ocean a horizon-
tal band of precipitation over the southern basin appears with
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moisture that originates from the AGU source, and little areas
from IND behave in the same way.

This ties in with the poleward shifts in synoptic weather sys-
tems (Thompson and Wallace, 2000), which affects southwest
Australia (Cai et al., 2011) and the southwestern coast of South
Africa (Reason and Rouault, 2005), bringing negative anomalies
in precipitation to these areas. It is well known that over Australia
the positive phases of SAM bring anomalously wet conditions
in spring and summer (Gillett et al., 2006). The pattern shown
here represents quite well the wet conditions of the early austral
spring (Min et al., 2013), when an enhanced uptake of moisture
occurs from CORALS. The higher values for the SAM mode were
also characterized by an enhanced transport of � over the Indian
Ocean/West Pacific Warm Pool, with the area receiving a higher
moisture contribution from the CORALS and SPAC sources. The
higher pressures configured around Australia move the mois-
ture northwards from CORALS, and then the trade winds advect
it westwards, with more intensity during higher SAM events
(intense values of divergence of the vertically integrated flux of
moisture, blue colors in the 2nd column of Figure 5). The intensi-
fied trade winds bring moisture toward the region from the SPAC,
which disappears for lower values of SAM Index when the trade
winds are less intense.

Over the South Atlantic Ocean the intensified high pressure
maintains the flow of moisture both to the Southern Atlantic
Convergence Zone (SACZ) and to the ITCZ from the SATL
source. It can be seen that during the early months the inten-
sified trade winds introduce moisture to the inland parts of the
continent (this signal is also recognizable in the Pacific, but only
over the islands) and the SACZ receives more moisture during
the later months. The results indicate that southeastern South
America received more moisture from the SATL, AGU, and SPAC
sources during the lower SAM Index years. These results agree
with the finding that for lower values of SAMI the cyclone trajec-
tories move northwards and South America suffers from intense
frontogenetic activity associated with positive anomalies of pre-
cipitation over the southeastern part of the continent (Reboita
et al., 2009). The weakness of the westerlies and trade winds for
lower values of SAM Index favors the influx of moisture from
SATL during the monsoon in Africa. The enhanced transport of
moisture over southern Africa from AGU during August accords
with the anomalous flux detected by Reason and Rouault (2005),
in their analysis of the wettest winters for negative SAM phases.

Because the centers of activity of NAM lie principally over
the larger basin oceans and around mid- and higher latitudes
in the northern hemisphere, the REDS and ARAB sources seem
relatively unaffected by the different phases of the mode. The vari-
ation of ZAN with SAM does not seem relevant, perhaps due the
fact that it is positioned on the equator. These regions are more
influenced by the evolution of the El Niño-Southern Oscillation
as described by Castillo et al. (2014), who found that during win-
ter El Niño events, the ZAN and ARAB sources increase their
moisture contribution in the western Indian Ocean. Additionally,
these sources are crossed by the Somali Jet, which is the main
supply of moisture during the Indian Summer Monsoon, and is
strongly modulated by the Madden-Julian Oscillation (Ordóñez
et al., 2013).

An understanding of variability such as that described here
provides scientists with information on the general configuration
of climate around the globe. In light of our results we note that
the modulation of both hemispheric annular modes is in good
accordance with the expected circulation patterns and with find-
ings made in previous studies. Analyzing the relationship between
the major hemispheric modes of variability and the transport of
moisture from their main oceanic sources will help to produce a
map showing how precipitation could change under future cli-
mate change scenarios. The Annular Modes have shown a steady
positive trend over recent decades (Miller et al., 2006), and if this
trend continues the results presented here could help to iden-
tify those geographical areas most affected by climate change,
and help politicians and economists plan future water resource
strategies.
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