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ABSTRACT

Winter precipitation over the Hindu Kush—-Karakoram (HKK) range in the western Himalayas is generated
by westerly perturbations whose dynamics is affected by the North Atlantic Oscillation (NAO). Larger
precipitation is typically recorded during the positive NAO phase. In this work, the relationship between the
NAO and winter precipitation in the HKK is explored further, using an ensemble of precipitation datasets and
the 40-yr ECMWF Re-Analysis (ERA-40) and Twentieth Century Reanalysis (20CR) data. The mechanisms
underlying this relationship are discussed, with a focus on the secular variations that occurred in the last
century. The NAO exerts its control on HKK precipitation by altering the intensity of westerly winds in the
region of the Middle East jet stream (MEJS). Results indicate that evaporation from the Persian Gulf, the
northern Arabian Sea, and the Red Sea plays an important role. During positive NAO phases, westerlies are
strengthened and enhanced evaporation occurs from these basins owing to higher surface wind speed. The
extra moisture combines with stronger westerlies and results in enhanced moisture transport toward the
HKK. Precipitation datasets covering the twentieth century show an alternation of periods of strong and
weaker influence of the NAO on precipitation in the HKK. It is found that these variations are associated with
changes in the spatial pattern of the NAO: the relative position of the two centers of action of the NAO

VOLUME 27

Multidecadal Variations in the Relationship between the NAO and Winter

determines to what extent it can modulate the MEJS, affecting precipitation in the HKK.

1. Introduction

The Hindu Kush-Karakoram (HKK) range, encom-
passing parts of Afghanistan, Pakistan, India, and China,
is at the western edge of the Himalayan range, the
largest mountain region in the world.

The whole Himalayan region is exposed to three main
circulation patterns—the Indian summer monsoon, the
East Asian monsoon, and westerly perturbations, also
called western weather patterns (WWPs) (Archer and
Fowler 2004; Syed et al. 2006; Yadav et al. 2012; Pal et al.
2014)—leading to different precipitation climatologies
in the western, central, and eastern portions of the moun-
tain chain (Bookhagen and Burbank 2010). The HKK in
the west is strongly impacted by westerly perturbations
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originating from the Mediterranean/Atlantic regions
during winter and it is affected, at least in part, by the
monsoon during summer. As a result, precipitation in
the HKK is characterized by a bimodal annual cycle
(Palazzi et al. 2013). In the western Himalaya and in the
Karakoram, WWPs are primarily responsible for the
build-up of seasonal snow cover, which represents a
crucial water reservoir and a significant source for some
of the major river basins in the region, such as the Indus
River and its tributaries (Archer and Fowler 2004).
Bookhagen and Burbank (2010) showed that snowmelt
constitutes up to 50% of the total annual discharge in
this area.

The North Atlantic Oscillation (NAO) is the domi-
nant pattern of atmospheric variability in the North
Atlantic sector and it refers to changes in the intensity
and location of the Azores pressure high in the sub-
tropical Atlantic and of the Icelandic low in the Arctic. It
strongly affects climate across much of the Northern
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Hemisphere during winter (Hurrell et al. 2003). Some
authors have regarded the NAO as the regional expres-
sion of a hemispheric, zonally symmetric mode of var-
iability known as the Arctic Oscillation (AO) or northern
annular mode (NAM) (see, e.g., Thompson and Wallace
2001). While there is an ongoing debate about the re-
lationship between the NAO and AO (Wallace 2000;
Ambaum et al. 2001), their time series show strong sim-
ilarities, and Deser (2000) found a temporal correlation of
0.95 between the two for monthly data. For this reason,
here we focus on the North Atlantic Oscillation but we
would reasonably expect similar findings if an index
measuring the AO were adopted instead.

Recently the NAO has been indicated as an important
regulating factor also in the Karakoram region (Syed
et al. 2006; Yadav et al. 2009b). Previous work has fo-
cused on the effects of the NAO on winter precipitation
in the HKK based on the analysis of data from individual
in situ stations (Archer and Fowler 2004), spatial aver-
ages of ground measurements (Yadav et al. 2009b), or
gridded datasets (Syed et al. 2006). All studies agreed
in showing that winter precipitation and the NAO
are correlated with above (below) normal precipitation
over the HKK area during the positive (negative) NAO
phase.

Two mechanisms have been proposed to explain the
link between the NAO and precipitation in the HKK.
Syed et al. (2010) observed an increase in the number
and intensity of eastern Mediterranean storms reaching
northern Pakistan during the positive NAO phase, as
the result of deeper surface and 500-hPa troughs over
central-southwestern Asia in that phase. They also no-
ticed that the transport of extra moisture during the
positive NAO phase from the Mediterranean, the
Caspian, and the Arabian Seas contributes to the NAO-
related precipitation signal in northern Pakistan. An-
other mechanism was proposed by Yadav et al. (2009b)
in which WWPs are intensified over northwestern India
by the strengthening of the westerly jet stream over the
Middle East during the positive NAO phase.

The relationship between the NAO and precipitation
in the HKK underwent secular variations during the
twentieth century. Yadav et al. (2009b) investigated the
temporal evolution of this relationship, finding signifi-
cant correlations between the NAO and precipitation in
the period from 1940 to 1980 and nonsignificant ones in
the first and last part of the century. The recent drop
in the NAO control was accompanied by a simultaneous
strengthening of the relationship between El Nifio—
Southern Oscillation (ENSO) and precipitation in this
area, which was not significant in the period 1940-80.
Yadav et al. (2010) showed that the intensification of
the ENSO signal in recent decades was associated with
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a change in the strength of the tropical atmospheric re-
sponse to ENSO. This result, at least in part, can also
explain the recent weakening of the NAO-precipitation
relationship. However, it is not clear if the secular var-
iations in the NAO-precipitation relationship can be
attributed entirely to changes in the intensity of the ENSO
signal. Figure 2 in Yadav et al. (2009b) shows periods
(before 1920 and between 1930 and 1940) when neither
the NAO nor ENSO was statistically linked to pre-
cipitation in this area, suggesting that while ENSO could
be a factor, there must also be other processes able to
determine such variations.

The NAO underwent notable changes in the late
1970s. In particular, it shifted from a predominance of
the negative phase in the 1960s to a predominance of the
positive phase in the 1990s. Many studies showed that
this trend is outside the range of internal atmospheric
variability (Thompson et al. 2000; Feldstein 2002; Gillett
et al. 2003). At the same time, Hilmer and Jung (2000)
and Lu and Greatbatch (2002) documented an eastward
displacement of the centers of action (COAs) of in-
terannual variability of the NAO in the period 1978-97
compared to the previous decades. The extent to which
these concurrent changes are linked to each other is still
amatter of debate (see, e.g., Luo et al. 2010). In any case,
a spatial shift in the NAO variability has strong impli-
cations for different climatic parameters (Jung et al.
2003; Pinto and Raible 2012). Wang et al. (2012) in-
vestigated the spatial displacements of the NAO COAs
on decadal time scales from the end of the nineteenth
century onward. They introduced a new climate index
[the angle index (AI)] to quantify the relative position
of the COAs in 20-yr running windows and showed that
the AI provides additional information that cannot be
represented by a standard, fixed-in-space NAO index.
All of these changes, at least in principle, may have
played a role also in the secular variations of the NAO-
precipitation signal.

In this work, we investigate the relationship between
the NAO and precipitation in the HKK region (shown
in Fig. 1) using an ensemble of precipitation datasets,
including three gridded archives based on the interpola-
tion of in situ rain gauge measurements [the Global
Precipitation Climatology Centre (GPCC), Climate
Research Unit (CRU), and Asian Precipitation Highly-
Resolved Observational Data Integration Toward Eval-
uation of Water Resources (APHRODITE) datasets]
and the 40-yr European Center for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40).
The complex orography of the region, the sparse cover-
age of ground stations, usually limited to lower altitudes,
and issues in properly measuring solid precipitation are
major constraints for precipitation estimates in this area
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F1G. 1. Map of the Hindu Kush-Karakoram region and its surroundings. The white rectangle
highlights the HKK domain.

(Immerzeel et al. 2012; Rasmussen et al. 2012). There-
fore, gridded precipitation data are always biased. Al-
though previous work has already demonstrated a link
between the NAO and precipitation, here we opt for
a multi-dataset approach to estimate the differences that
could arise in the representation of this signal by using
different large-scale data archives. We focus on the
processes that are responsible for the link between the
NAO and precipitation in the HKK. Particular emphasis
is given to the study of the NAO-associated changes in
evaporation from the main moisture reservoirs, which
were not considered in previous work and can help
provide a more complete view of the whole mechanism.
Moreover, we address the secular variations that occurred
in the NAO-precipitation signal and investigate whether
the spatial shifts in the NAO variability help us to
understand the observed changes, using Twentieth Century
Reanalysis (20CR) data (Compo et al. 2011) to reconstruct
the atmospheric variability from 1871 to the present.

This paper is structured as follows. In section 2 we
discuss the datasets and the methods employed in this
study. Our results are presented and discussed in sections
3 through 5, where we analyze the NAO-precipitation
signal from different large-scale datasets, the importance
of evaporation in the mechanism responsible for this
signal, and the role of the position of the NAO COAs in

determining the strength of the NAO-precipitation
relationship. Final considerations and perspectives are
discussed in section 6.

2. Data and methodology
a. Datasets

The precipitation datasets employed here include
three rain gauge-based archives (APHRODITE, CRU,
and GPCC) and the ERA-40 reanalysis. Evaporation,
specific humidity, sea surface temperature (SST), and
wind data from ERA-40 are also analyzed. To study
multidecadal variations that occurred in the atmospheric
response to the NAO, we analyze also sea level pressure
(SLP) and wind fields from the 20CR, which provides
information from the end of the nineteenth century.

APHRODITE produces daily precipitation data pri-
marily obtained from a rain gauge observation net-
work (Yatagai et al. 2012). We use the APHRO_MA
(APHRODITE Monsoon Asia) V1101 dataset, charac-
terized by a spatial resolution of 0.25° latitude/longitude,
covering an area 15°S-55°N, 60°-150°E during the period
1951-2007. The GPCC dataset consists of monthly pre-
cipitation fields over land obtained from a rain gauge-
based dataset. We use the GPCC version 6 release
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(Schneider et al. 2011), having a spatial resolution of 0.5°
latitude/longitude and a temporal coverage from 1901 to
2010. The CRU dataset consists of monthly gridded fields
over land from in situ rain gauge data (Harris et al. 2013).
Here we use the CRU time series version 3.21 (TS 3.21)
dataset, characterized by a temporal coverage from 1901
to 2012 and a spatial resolution of 0.5° latitude/longitude.
The ERA-40 reanalysis is a global atmospheric reanalysis
for the period 1958-2002 developed by the ECMWF
(Uppala et al. 2005). From ERA-40, we analyze total
precipitation, evaporation, and SST at monthly resolu-
tion and U and V wind components, specific humidity,
and 10-m wind speeds at 6-h temporal resolution. All
variables are on a 1.125° latitude/longitude regular grid.
Precipitation and evaporation are not assimilated in the
reanalysis but are produced by the forecast model and,
as such, they may be susceptible to systematic model
errors (Bengtsson et al. 2004). We consider the three-
dimensional specific humidity and wind fields at 1000-,
925-, 850-, 775-, 700-, 600-, 500-, 400-, 300-, and 250-hPa
pressure levels. The 20CR is a global atmospheric cir-
culation reanalysis assimilating only surface pressure
data and using observed monthly SST and sea ice dis-
tributions as boundary conditions (Compo et al. 2011).
We use the second version of the 20CR, available from
1871 to the present with a 2° X 2° spatial resolution,
considering monthly SLP and horizontal wind fields.
The 20CR data are provided by the National Oceanic
and Atmospheric Administration (NOAA) Office of
Oceanic and Atmospheric Research (OAR) Earth
System Research Laboratory Physical Sciences Di-
vision (ESRL PSD), Boulder, Colorado (available
from their website at http://www.esrl.noaa.gov/psd/).

b. Analysis methods

The whole analysis is based on seasonal (winter) average
values. The winter season is defined as the period from
December to March (DJFM), consistent with other studies
analyzing the relationships between teleconnection pat-
terns and precipitation in this area (Syed et al. 2006, 2010;
Yadav et al. 2009b). The results presented in sections 3 and
4 refer to the period 1958-2002, during which all datasets
overlap. To investigate the mechanisms by which the
NAO regulates precipitation (section 4) we use the ERA-
40 reanalysis. In section 5, in order to enlarge the temporal
coverage to study multidecadal variations occurring in
the NAO-precipitation relationship, we use the 20CR re-
analysis, covering the period from winter 1872 to winter
2012.

We adopt the DJFM station-based NAO index
(NAOI) [Hurrell (1995), available from the National
Center for Atmospheric Research (NCAR) at http:/
goo.gl/opvFM]. This NAO index calculation is based on
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the difference between the normalized average winter
SLP in Lisbon, Portugal, and in Stykkisholmur/Reykjavik,
Iceland; normalization is obtained by dividing each
seasonal mean pressure by the long-term (1864-1983)
standard deviation, to prevent the series from being
dominated by the larger variability of the northern station.
We consider a winter season to be in a positive (negative)
NAO phase if the NAOI is more than one standard de-
viation above (below) the averaged NAOI for the period
1958-2002. We have verified that our results are inde-
pendent of the choice of the NAOI, by repeating the
analysis using a NAO index based on empirical orthogo-
nal functions (EOFs). We used both an index computed
by NCAR (the PC-based Hurrell NAO index) and an
index that we computed from ERA-40 SLP fields. The
details are not reported here for the sake of conciseness.

Statistical analyses are performed mostly through
1) the computation of the correlations between the
NAOI time series and other key variables, such as
precipitation, evaporation, SST, wind, and moisture
transport and 2) the inspection of positive and negative
NAO composites of the different variables (i.e., clima-
tological averages conditioned on the NAO phase).
Correlations are computed using the Pearson linear
correlation coefficient and their significance is assessed
using a standard two-tailed ¢ test. A time-shuffling
method is used to assess the significance of the differ-
ences between the positive and the negative NAO
composites (Pollard et al. 1987; Ciccarelli et al. 2008).

The vertically integrated water vapor (moisture)
transport is computed following the approach by Chen
(1985). The seasonal mean moisture transport Q is given
by the vertical integral (over pressure levels)

— 1
=Z|gvd 1
Q gqu D, )

where g is the gravity acceleration, g the specific hu-
midity, and v the horizontal wind; the overbar represents
time average over the season. ERA-40 6-h three-
dimensional fields of specific humidity and horizontal
wind are used for this computation, considering only
tropospheric levels (250-1000 hPa). Different variants
for the choice of the upper level (here 250 hPa) exist in
the literature. We have tested different choices of the
upper bound and found that they do not influence our
results, as the moisture content is extremely low above
250 hPa. Note, also, that in high-elevation areas the
lower levels are below the earth’s surface. ERA-40 fields
take values very close to zero below the surface (al-
though not exactly zero). We tested the contribution of
such spurious levels in the vertical integral (1) and found
that it is negligible for our purposes.
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FIG. 2. Correlation coefficients between the NAOI and winter precipitation from (a) GPCC, (b) CRU, (c) APHRODITE, and
(d) ERA-40 during the period 1958-2002. Colors indicate statistically significant correlations at the 95% confidence level; nonsignificant
correlations are marked in gray. The black rectangle highlights the HKK region.

We investigate the slow movements of the NAO cen-
ters of action (Hilmer and Jung 2000; Lu and Greatbatch
2002), using the ““angle index” introduced by Wang et al.
(2012). We consider 21-yr running windows such that
each subsequent window is moved over by one year.
The 21-yr periods are labeled by their 11th year. For
each of the 21-yr-long periods, the NAO pattern is com-
puted as the first empirical orthogonal function (EOF1)
of monthly SLP anomalies over the region 20°-80°N,
90°W—40°E. The centers of action (or nodes) of the NAO
are the positions of the absolute minimum and maximum
of EOF1. The sign of EOF1 is fixed so that the northern
node of the NAO is always negative. The Al is computed
as the angle between the axis connecting the two nodes of
the NAO and its mean climatological orientation, and
normalized to unit standard deviation. The Al has a pos-
itive value, and we say that the NAO has a positive tilt,
when this north-south axis is tilted clockwise compared
to its mean climatological orientation. In the opposite
case, we say that the NAO has a negative tilt. Monthly
SLP fields from the 20CR are considered for this com-
putation. We refer to Wang et al. (2012) for the temporal
evolution of the position of the NAO COA:s, as well as for
the spatial structure of the two nodes associated with high

and low values of the AI [Figs. 1 and 3 of Wang et al.
(2012) respectively].

3. NAO-precipitation signal

We explore the correlation between the NAO and
precipitation by plotting the spatial distribution of the
statistically significant correlations (at the 95% confi-
dence level) between DJFM precipitation and DJFM
NAOI time series (Fig. 2) and the difference between
positive and negative composites of precipitation from
the GPCC, CRU, APHRODITE, and ERA-40 datasets
conditioned on the phase of the NAO (Fig. 3) during the
period 1958-2002. The strongest signal emerging from
these plots is a European precipitation dipole, discussed
by Wibig (1999) and Trigo et al. (2002), in which strong
positive NAO phases tend to be associated with above-
average precipitation over northern Europe in winter
and below-average precipitation over southern and central
Europe, whereas opposite patterns of precipitation anom-
alies are observed during strong negative NAO phases.
Another area displaying statistically significant positive
correlations is located at the border between northeastern
Pakistan and northwestern India, corresponding to the
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FIG. 3. Difference between the positive and the negative NAO composites of winter precipitation from (a) GPCC, (b) CRU,
(c) APHRODITE, and (d) ERA-40 during the period 1958-2002. The black rectangle highlights the HKK region.

HKK region, although differences in the spatial extent
arise between the datasets. In the three observation-
derived datasets (GPCC, CRU, and APHRODITE)
significant correlations are limited to a very small area
and the weakest signal is found in CRU. Conversely,
ERA-40 shows significant positive correlations over
a broad area encompassing central and northern Af-
ghanistan and Pakistan, and the greater Himalayan
chain. This picture is confirmed by Fig. 3, where north-
ern Pakistan and northern India display the strongest
signal outside the European domain. All datasets show
a positive (negative) precipitation anomaly during the
positive (negative) NAO phase, but with differences
both in the spatial extent and intensity of the anomaly.
The composites in this area are statistically significant in
ERA-40, while they are not in the three observation-
derived datasets.

These results are consistent with previous works. Syed
et al. (2010) observed that the nonsignificance of the
NAO-precipitation signal in this area is due to the high
variability of precipitation. These regions receive low pre-
cipitation amounts and exhibit high noise levels (Palazzi
et al. 2013). The weak NAO-precipitation signal suggests
that the NAO is not the only factor regulating precip-
itation, but there is high interannual variability owing to

other sources, including other teleconnection patterns
such as ENSO (Syed et al. 2006, 2010; Yadav et al.
2009b, 2010; Dimri 2013), Indian Ocean sea surface
temperatures (Yadav et al. 2007), convection over the
warm pool region (Yadav et al. 2009a), and random
atmospheric variability. Differences between the data-
sets highlight current problems in having reliable pre-
cipitation estimates in this region and the importance of
using multiple datasets to estimate uncertainties. The
lower correlation signal in station-based datasets, com-
pared to ERA-40, may be associated with the under-
estimation of total precipitation in the observations
(Palazzi et al. 2013) where winter snowfall is not ade-
quately captured. However, we note that reanalysis pre-
cipitation outputs should be treated with care, as they are
susceptible to model errors and inhomogeneities in the
data used in the assimilation procedure.

4. NAO-related variability of moisture transport
and evaporation

The secondary maximum of the Asian subtropical jet
stream located climatologically over northern Egypt and
Saudi Arabia [the Middle East jet stream (MEJS)] has
been recognized as an important factor in determining
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climate over southern Asia, and the NAO can exert its
effects on this region through modifications of the jet
(Yang et al. 2004). Yadav et al. (2009b) suggested that
the NAO regulates winter precipitation in northern In-
dia by strengthening the MEJS from North Africa to
southeastern Asia during its positive phase. To study the
effects of the NAO on tropospheric westerlies over this
region, in the vertical cross section of Fig. 4 we show the
correlation coefficients between the NAOI and zonal
wind (averaged between 40° and 70°E) in the Northern
Hemisphere. This meridional band corresponds to the
longitudes of greater importance for the transport of
humidity toward the HKK (see below). Significant pos-
itive correlations are found from the lower to the higher
troposphere at latitudes between 20° and 30°N, where the
climatological jet is located. The jet stream core in the
upper troposphere (around 200hPa) is intensified and
slightly shifted to the north during the positive NAO
phase. The strengthening of the westerlies at these lati-
tudes is marked throughout the troposphere and weakens
slightly only at lower levels (below 800-850 hPa), where
surface effects become important and the mean circula-
tion increasingly deviates from the zonal flow. NAO-
related changes of middle tropospheric westerlies are
consistent with the deeper 500-hPa trough observed by
Syed et al. (2006, 2010), highlighting the link between
their findings and the ones by Yadav et al. (2009b).

We explore to what extent this anomaly in westerly
winds affects moisture transport toward the HKK. A
first step is to identify the major sources of the humidity
transported to the HKK region. Figure 5a shows the
climatology of vertically integrated moisture transport
(vectors) superimposed on the spatial map of the sig-
nificant correlations between the NAOI and the in-
tensity of moisture transport (i.e., the modulus of the
transport vector). The climatology shows that moisture,
originating mainly from the northern Arabian Sea and
the Red Sea, is transported toward the HKK through the
Persian Gulf. This result is consistent with Yadav et al.
(2010). A comparatively smaller moisture contribution
comes from the Mediterranean area, although, on av-
erage, moisture from that area deviates northeastwardly
and affects mainly the regions north of the HKK. As
expected, in the correlation map (colored filled contours
in Fig. 5a) significant positive correlations occur over
central-western Europe, while negative correlations
occur across all of the Mediterranean area, as shown by
Hurrell (1995). This map also shows that the intensity of
moisture transport from the Arabian Peninsula toward
Pakistan and western India is significantly larger during
the positive NAO phase. The strengthening of moisture
transport in this region during the positive NAO phase
may sustain wetter than normal conditions in winter in
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are reported. Contour interval is Sm s~

the HKK, as discussed by Syed et al. (2010). Significant
positive correlations are found also over a thin zonal
strip in eastern Africa between about 15° and 25°N. The
contiguity of this region to the Arabian Peninsula may
suggest an interdependence between the two signals,
but, as shown by the vectors of moisture transport super-
imposed on the correlation map, on average humidity
from this region deviates southward and does not flow
directly into the Arabian Peninsula.

While changes in tropospheric circulation play a ma-
jor role in determining the enhanced moisture transport
from Arabia to Pakistan during positive NAO periods,
wind is not the only variable influencing moisture
transport. In Fig. 5b we show the difference between
positive and negative NAO composites of evaporation:
during the positive NAO phase, enhanced evaporation
occurs from the Red Sea, the Persian Gulf, the northern
Arabian Sea, and the southeastern Mediterranean Sea. As
mentioned above, these basins constitute the major mois-
ture sources for the HKK. The evaporation anomaly
found in the southeastern Mediterranean Sea is associ-
ated with dry air conditions during the positive NAO
phase, as discussed by Hurrell (1995). The evaporation
signal from the Red Sea, the Persian Gulf, and the
northern Arabian Sea is associated with coherent signals
in surface wind speed and SST, as shown in Figs. 5c and
5d, respectively. During the positive NAO phase, ERA-
40 shows high surface wind speed over the Red Sea (note
the good correspondence with evaporation anomalies),
the Persian Gulf (significant correlations in the southern
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FI1G. 5. (a) Climatology of moisture transport during winter (vectors) and correlation coefficients between the NAOI and the intensity of
moisture transport (color map). Colors are used for statistically significant correlations at the 95% confidence level; gray indicates

nonsignificant correlations. (b)-(d) Difference between the positive

and the negative NAO composites of evaporation, 10-m wind speed,

and SST, respectively. Colors indicate statistically significant values at the 95% confidence level; gray indicates nonsignificant values. All

panels refer to the period 1958-2002.

part where the evaporation anomaly is stronger than
elsewhere), and the northern Arabian Sea (significant
correlations in the northernmost part of the region and
south of about 20°~15°N). High SSTs occur in a portion
of the northern Arabian Sea. The whole picture pro-
vided by Figs. 5c and 5d matches well with the evapora-
tion signal reported in Fig. 5b. We note that the SST
anomaly in the northern Arabian Sea is relatively con-
fined, and we did not find a clear explanation for this ef-
fect either in the literature or in the results of our analysis.
The results reported here suggest that the dominant path
through which the NAO induces higher evaporation is
the intensification of surface winds. This intensification
might ensue from the NAO-induced strengthening of tro-
pospheric westerlies over this region, as discussed above
(see Fig. 4), although the link between the two is not
trivial given the strong influence of surface conditions.

5. Nonstationarity of the NA O—precipitation
teleconnection

Yadav et al. (2009b) observed for the first time, using
station data from the Indian Meteorological Department

(IMD), that the relationship between the NAO and
precipitation in northwest India underwent multidecadal
changes during the twentieth century. To see if these
changes are detectable also in the large-scale datasets
used here, in Fig. 6 we show the sliding correlations over
21-yr moving windows between the NAOI and the time
series of precipitation averaged in the HKK domain from
GPCC, CRU, APHRODITE, and ERA-40. The HKK
domain is defined, as in Palazzi et al. (2013), in the range
32°-37°N, 71°-78°E and is highlighted by the white rect-
angle in Fig. 1. Note that this domain slightly differs from
the one used in Yadav et al. (2009b), who focused on
alarger portion of northwestern India and did not include
northern Pakistan. The various datasets have different
temporal coverages, but they all show consistent changes
in the NAO-precipitation relationship during their over-
lapping periods. Correlation coefficients between the NAO
and precipitation are significant in the period between
1940 and 1980, whereas they are not significant after
1980 and between 1920 and 1940. The two datasets ex-
tending to the first years of the twentieth century show
a stronger signal before 1920 with respect to the fol-
lowing decade (the correlations are statistically significant
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FI1G. 6. Sliding correlations on 21-yr moving windows between
the NAOI and the time series of precipitation averaged in the HKK
domain (71°-78°N, 32°-37°E) from GPCC (green), CRU (blue),
APHRODITE (red), and ERA-40 (cyan). Dashed lines indicate
the 95% significance level and the dotted line indicates zero cor-
relation. The black line is the time series of the Al Sliding corre-
lations and the Al have different y axes on the left and right side
respectively. Values are plotted at the 11th year of each 21-yr
window.

in CRU but not in GPCC) and seem to suggest a decline
of the NAO control on precipitation during these years.
However, it is worth pointing out that precipitation es-
timates are less and less reliable as we move back to the
beginning of the century, as the number of stations in
this area decreases and the gridded datasets are ob-
tained by interpolating data from stations quite far from
each other. As a further check, we have computed the
spatial distribution of the correlations between the
NAOI and precipitation from the different datasets
during the periods 1958-79 and 1981-2002, that is, be-
fore and after 1980 (not shown here). In the HKK re-
gion, all datasets indicate a more widespread area of
statistically significant correlations during 1958-79 than
during 1981-2002 (when significant correlations almost
disappear), consistent with the drop of the correlation
occurring around 1980 shown in Fig. 6. These changes in
the intensity of the NAO-precipitation correlations are
in good agreement with the results of Yadav et al.
(2009b), giving robustness to our findings and showing
that the large-scale datasets describe multidecadal var-
iations in a consistent manner.

Figure 6 shows the time series of the angle index,
which measures the spatial displacements of the NAO
pattern in the North Atlantic on decadal time scales.
The temporal evolution of the AI shows interesting
similarities with the time series of the correlation be-
tween the NAO and precipitation, and the two seem to
evolve in antiphase: in the two periods with non-
significant correlations (1920-40 and 1980 onward) the
Al shows the highest values (i.e., the NAO has a positive
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tilt). Conversely, the period with significant correlations
(1940-80) is characterized by lower values of the Al,
which was strongly negative before the mid-1950s (when
GPCC shows its highest correlations) and approxi-
mately zero afterward. At the beginning of the twentieth
century, when CRU and GPCC suggest a weakening of
the NAO-precipitation relationship, the Al is moving
from negative to positive values. As discussed in section
3, there are sources of variability other than the NAO
for precipitation in this area. These factors add noise
to the record of sliding correlations, potentially wors-
ening the synchronization with the time series of the AL
However, our results support the view that the position
of the NAO COAs regulates the strength of the NAO-
precipitation relationship in the HKK region. In par-
ticular, Fig. 6 suggests that, when the NAO has a positive
tilt, the NAO-precipitation correlation is weaker, whereas
suitable conditions for the NAO-precipitation correlation
are found when the NAO shows a negative—or at least
very small—tilt.

Previous work showed that shifts of the NAO COAs
have significant implications for the circulation response
to the NAO phase in the North Atlantic and European
sectors (Jung et al. 2003; Wang et al. 2012), with possible
implications also outside these domains. In section 4 we
discussed how the NAO control on precipitation in the
HKK occurs through the regulation of westerlies in the
region of the MEJS, including changes in evaporation.
To investigate whether the different configurations of
the spatial pattern of the NAO have an effect on the way
the NAO regulates westerlies in this region, we compute
composites of the correlation coefficients between the
NAOI and 250-hPa zonal winds conditioned on periods
when the Al is high or low (i.e., more than one standard
deviation above or below the mean). To have a larger
temporal coverage, from winter 1872 to winter 2012, we
use the 20CR wind data. Correlation fields are com-
puted on 21-yr windows, to be consistent with the defi-
nition of the AI. Results are shown in Figs. 7a and 7c¢ for
low and high values of the AI respectively. The dots
highlight grid points where the correlation coefficients
are statistically significant at the 95% confidence level in
all 21-yr periods considered in the composite. The fig-
ures show four domains of influence of the NAO: neg-
ative values are found over Greenland and over a zonal
band extending from the southern United States to
Mediterranean Europe, while positive values are found
at about 60°N from western Canada to Scandinavia and
to the south from tropical North Atlantic to southeast-
ern Asia. The latter region corresponds to the inten-
sification of the MEJS. When the NAO has a negative
tilt (Fig. 7a), significant correlations over Greenland are
displaced more to the west and the bands of positive and
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FIG. 7. Composites of the correlation fields between the NAOI and 250-hPa zonal wind corresponding to (a) low and (c) high values of
the Al for the period 1872-2012. Correlation fields are computed on 21-yr windows to be consistent with the definition of the Al Dots
indicate grid points where the correlation coefficients are statistically significant at the 95% confidence level in all the 21-yr periods
considered in the composite. (e) Difference between the composites at low and high AI, (a) minus (c). Colors indicate statistically
significant values at the 95% confidence level; gray indicates nonsignificant values. The significance of the difference is assessed using
a time-shuffling method. (b),(d),(f) As in (a),(c), and (e), but for the period 1872-1980.

negative correlation in the extratropical North Atlantic
have a more southwest-northeast orientation. In the
region of the MEJS, significant positive correlations are
found from North Africa to Pakistan, indicating that the
NAO exerts a strong control on the jet mainly when the
Al is low. When the NAO has a positive tilt (Fig. 7c),
negative correlations over Greenland are displaced more
to the east, and the two bands of significant correlations in
the extratropical North Atlantic have a more zonal ori-
entation. During these periods, characterized by high
values of the Al, the NAO exerts only a weak control on

the MEJS, with a drop of the statistical significance of
the signal. In Fig. 7e we show the difference between
Figs. 7a and 7c to further highlight the changes occurring
between periods of low and high values of the Al The
significance of the difference is assessed using a time-
shuffling method (Ciccarelli et al. 2008). The significant
positive values occurring in the region of the MEJS in-
dicate that differences between Figs. 7a and 7c in this
area are large enough not to be just due to random
sampling differences. The fact that, when the Al is high,
the NAO does not project—or projects weakly—onto
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the MEJS can explain why the NAO-precipitation re-
lationship weakens. Conversely, suitable conditions for
asignificant NAO-precipitation signal occur when the Al
is low because the NAO exerts a strong control on the jet.
Figures 7a, 7c, and 7e show the results obtained by
considering all winters covered by 20CR data (1872-
2012). After 1980, the atmospheric response to ENSO
has strengthened; ENSO has started to influence also
the intensity and position of the MEJS and consequently
precipitation in the HKK. A stronger control of ENSO
could weaken the NAO signature. Since this period
shows high values of the Al, one might ask if the weaker
signal in Fig. 7c could ensue from this change in ENSO.
To investigate this issue, Figs. 7b, 7d, and 7f were ob-
tained exactly in the same way as Figs. 7a, 7c, and 7e, but
excluding the years after 1980 from the analysis. We
anticipate weaker differences between low and high Al
values during the period 1872-1980 than during 1872—
2012 since we are excluding periods of strong positive
Al. However, also in this case the differences in the
NAO control of the jet associated with opposite values
of the AI are evident. In Fig. 7d (high AI), significant
positive correlations are found in a limited area over
Iran, but the overall signal in the region of the MEJS is
weak and nonsignificant. In Fig. 7b (low Al), the signal is
stronger and statistically significant from North Africa
to Pakistan. The differences between low and high Al
shown in Fig. 7f are not significant over Iran, but they are
significant over North Africa and Saudi Arabia. From
these results, we can state that the differences in the
relationship between the NAO and the MEJS observed
when the AI is high or low are independent of the
changes that could have occurred in the period post-
1980, and thus they are not a direct product of ENSO.
The Al is a measure of the relative position of the
NAO COAs and considers both northern and the
southern node of the NAO. To understand if one of
the two nodes is more important than the other, we have
repeated the same analysis presented in Fig. 7 but using
indices measuring the position of a single NAO COA
instead of the AL The results (not shown here) are
consistent with the considerations drawn from Fig. 7 for
the AI and indicate that both indices play a role in de-
termining the strength of the NAO influence on the jet.

6. Discussion and conclusions

Winter precipitation in the Hindu Kush-Karakoram
(HKK), an essential water input for the area, is associ-
ated with the arrival of westerly perturbations, the
western weather patterns (WWPs), originating from
the Mediterranean and northeastern Atlantic regions.
The existence of correlations between the NAO and
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winter precipitation in the HKK is well known (Syed
et al. 2006, 2010; Yadav et al. 2009b). Here we have
used an ensemble of large-scale precipitation datasets,
showing that they coherently reproduce the NAO-
precipitation link, and we have discussed the importance
of evaporation anomalies in the processes responsible
for the relationship between the NAO and winter
precipitation in the HKK. We have also addressed the
issue related to the multidecadal variations occurring in
the NAO-precipitation relationship and have argued
that these changes are related to the spatial structure of
the NAO pattern in the North Atlantic basin.
Consistent with previous studies, our analysis of the
relationship between the NAO index and precipitation
estimates from three gridded observation-based data-
sets (APHRODITE, CRU, and GPCC) and from the
ERA-40 reanalysis confirms that the NAO influences
the amount of precipitation in the HKK. All datasets
considered here show that years in the positive (negative)
NAO phase are characterized by above (below) normal
precipitation over the target area in winter (December—
March). Differences among the datasets arise in the
spatial extent, intensity, and significance level of the
NAO-associated precipitation anomalies. Compared to
the three observation-based datasets, ERA-40 shows
a stronger link between the NAO and precipitation,
which is statistically significant over a broader area ex-
tending from northern Afghanistan to northern India.
The relationship between precipitation and the NAO
is maintained through the control exerted by the NAO
on the westerlies in the region of the Middle East jet
stream (MEJS), from North Africa to southeastern Asia.
At longitudes between 40° and 70°E, where the majority
of moisture transport toward the HKK takes place, the
intensification of the westerlies during the positive NAO
phase is evident from the upper-tropospheric jet to the
lower-level westerlies. The stronger jet intensifies the
WWPs (Yadav et al. 2009b) and faster westerlies in
the middle to lower troposphere intensify moisture
transport toward the HKK (Syed et al. 2010). In addition
to this, we have shown that evaporation plays an im-
portant role in this mechanism. Our analysis suggests
that the main moisture sources for precipitation in the
HKK are in the northern Arabian Sea, the Red Sea, the
Persian Gulf, and, to a lesser extent, the Mediterranean
Sea. During the positive NAO phase, enhanced evapo-
ration occurs from these reservoirs. Evaporation
anomalies from the first three basins are mainly related
to higher surface wind speed. We suggest that surface
wind anomalies might be associated with the strength-
ening of westerlies in this region during the positive
NAO phase, even if the link with upper-level circulation
is not trivial owing to the strong effects of surface
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topography. The increased humidity arising from evap-
oration combines with the intensification of westerlies to
give enhanced moisture transport toward the HKK. As
a consequence, wetter conditions are found over northern
Pakistan and northern India and larger precipitation
amounts are released as the western weather patterns
reach this region.

The precipitation datasets used in this study show
significant multidecadal variations in the relationship
between the NAO and precipitation, consistent with
observations of Yadav et al. (2009b). We have used
the NAO angle index (Al) introduced by Wang et al.
(2012) to measure the slow movements of the NAO
centers of action. Our results show that high values
of the AI (positive tilt of the NAO) are associated
with nonsignificant correlations between the NAO and
precipitation in the HKK, while significant correlations
occur when the Al is negative. Shifts in the position of
the NAO COAs have significant implications for the
NAO-associated circulation anomalies in the tropo-
sphere. In particular, when the AI is low, the NAO
exerts a strong control on the MEJS and, as a conse-
quence, the mechanism of regulation of the HKK
precipitation by the NAO is activated. The opposite
occurs when the Al is high. The Al considered here is
one of the possible indices measuring the changes in
the NAO spatial pattern, and others can be defined that
capture slightly different features (such as considering
only one of the two centers of action). What is im-
portant here is that changes in the spatial structure of
the NAO pattern can be crucial in determining the
strength of the relationship between the NAO and
other climatic parameters, and as a consequence in
determining precipitation in the HKK.
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