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Abstract Nepal’s precipitation is uncorrelated with the

all-India monsoon precipitation. However, the quasi-dec-

adal variability of precipitation is significant in the Nepal

Himalayas but its mechanism has received little attention.

Using a set of century-long reanalysis and observations of

precipitation, spectral and empirical orthogonal function

analyses were conducted to determine the role of the Pacific

Quasi-Decadal Oscillation (QDO) in Nepal’s precipitation

regime. The dynamical and moisture processes involved in

the Pacific QDO of the monsoon precipitation in Nepal were

also examined. The monsoon precipitation in Nepal is

enhanced when southeasterly moisture fluxes, originated

from the Bay of Bengal, divert towards the north and sub-

sequently interact with the southern Himalayan foothills.

The redirected moisture fluxes are modulated through the

Pacific QDO and are embedded in a propagating global

wave 1–2 circulation pattern. However, the modulation

exhibits a phase shift of 2 years between the precipitation

anomalies in Nepal and the extreme phases of the Pacific

QDO. A phase shift of this nature ascribes to the low cor-

relation skill between the Nepal precipitation and traditional

monsoon indices, such as those of the El Niño-Southern

Oscillation and the all-India precipitation. The lagged rela-

tionship between the monsoon precipitation and the Pacific

QDO is unique to Nepal, the inclusion of which should

improve the predictive ability for the Nepal monsoon.

Keywords Nepal climate � South Asian monsoon �
Pacific quasi-decadal oscillation � APHRODITE �
Prediction � Indo-Gangetic plain

1 Introduction

The summer monsoon over the Nepal Himalayas is part of

the powerful Monsoon of South Asia. The Monsoon of

South Asia initially develops as a monsoon trough in the

southern Indian Ocean in January and, subsequently

migrates northward across the equator during April–May to

finally reach the Indian subcontinent in June. The monsoon

trough is then established in the Indo-Gangetic Plain during

July and afterwards, migrates into the western Himalayas

(see review by Saha 2010). Consequently, the peak mon-

soonal rainfall in Nepal occurs during July and August

(Shrestha et al. 2000; Lang and Barros 2002). However, the

distribution of the monsoon rainfall over South Asia is

inhomogeneous, as it is shaped through various interactions

that occur between moisture flows, topography, and strong

summer heating over the Tibetan Plateau; this is shown in

Fig. 1a, where it is quite obvious that the southern foothills

of the Himalayas receive considerably higher rainfall

amounts as compared to adjacent plains and lower eleva-

tions to the south. Moreover, this Himalayan ‘‘mountain

rain belt’’ undergoes pronounced convective activity, as is

evidenced by comparable metrics such as lightning fre-

quency (Fig. 1b). The convective nature of the summer

monsoon rainfall in Nepal contributes to the higher fre-

quency of natural hazards experienced in the country; these

manifest as flash floods, landslides, and lightning strikes as

noted by Petley et al. (2007).

While considerable research has been conducted on the

monsoon onsets and precipitation regimes in Nepal and the
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southern foothills of the Himalayas (e.g., Lang and Barros

2002; Barros and Lang 2003; Kansakar et al. 2004; Ichi-

yanagi et al. 2007), little attention has been centered on the

long-term variability in Nepal’s precipitation regime. A

few studies have investigated monsoon variability in Nepal

but have not found any significant trends or shifts in the

precipitation regime (Shrestha et al. 2000; Ichiyanagi et al.

2007). However, summertime temperatures have increased

at a higher rate in comparison to the surrounding Indian

plains (Shrestha et al. 1999).

When one examines the interannual variation of the

South Asian Monsoon, which affects the Indian subconti-

nent, the monsoonal precipitation does not correlate with

that experienced in Nepal (Shrestha et al. 2000). Moreover,

at longer timescales, the Nepal precipitation regime

exhibits a prominent quasi-decadal cycle (*11 year) that

has been shown to be correlated with the solar irradiance

cycle, with a 4-year lag (Shrestha et al. 2000). The latter

feature is distinct from the multi-decadal (30–50 year)

variability observed in the South Asian Monsoon, as

was revealed from spectral analysis of the all-India pre-

cipitation index (e.g., Mehta and Lau 1997; Kumar et al.

1999; Torrence and Webster 1999).

The fact that precipitation variations in Nepal are dif-

ferent from the monsoon variations that occur throughout

India implies that the current knowledge and techniques

developed to predict the South Asian Monsoon may not

directly apply to Nepal. Such an implication should be

reflected upon, since it has repercussions on rural, non

snow-fed watersheds in Nepal where communities gener-

ally lack the ability to transfer water within or from other

basins and so, depend strongly on localized rainfall and

water resources (Gautam et al. 2010). There are numerous

non snow-fed watersheds across Nepal where socio-agri-

cultural activities are entirely reliant upon rainfall, such as

the Jhikhu Khola Watershed located in the Mid Hills.

Watersheds like those in the Mid Hills are important

because they are normally highly populated, intensely

cultivated, and support significant numbers of livestock

(Gautam et al. 2010). Moreover, according to Petley et al.

(2007), natural hazards (e.g. landslides) are concentrated

in the hill districts of the Mid Hills where intense summer

thunderstorms increase the vulnerability of local commu-

nities to extreme events. Therefore, when it comes to

climate change, the impact of a projected rise or fall in

precipitation, should either be the case, on non snow-fed

rivers becomes a matter of concern and, it can be argued

will outweigh any proportional rise in temperature which

is diametrically relevant to snow-fed rivers (Tuladhar

2007).

Given the aforementioned situation, this paper explores

the variability of the monsoon precipitation in Nepal with

a focus on its unique quasi-decadal cycle. A growing body

of literature in the study of sea surface temperature (SST)

variability in the Pacific Ocean has identified a Quasi-

Decadal Oscillation (QDO), referred to as the Pacific

QDO. The frequency of the Pacific QDO ranges between

9 and 13 years (Allan 2000; Tourre et al. 2001) or

10–15 years (Wang et al. 2011; Hsu and Chen 2011). It

has been proposed that the solar cycle possibly drives the

Pacific QDO through influencing the delayed action/

recharge process that drives the El Niño/La Niña (White

et al. 2003; White and Liu 2008) but with an expanded

latitudinal range (Fyfe and Saenko 2007). The Pacific

QDO also modulates the activity of the El Niño-Southern

Oscillation (ENSO) (e.g., Sun and Yu 2009)—i.e. the

main climate driver of the Indian monsoon’s interannual

variations (e.g., Kumar et al. 1999). It is also becoming

clear that the Pacific QDO has a broader impact on

regional climate in Eurasia (Ye 2001), East Asia, South-

east Asia and Australia (Hsu and Chen 2011), western

North America (Wang et al. 2009), and the tropical Pacific

(Khan et al. 2006).

(a)

(b)

Fig. 1 a July–August climatology of precipitation (contours; mm/

day) and the topography (shadings), and b annual lightning frequency

between 1997 and 2002 derived from the Lightning Imaging Sensor

onboard the TRMM satellite and between 1995 and 2000 by the

Optical Transient Detector (Source: NASA Earth Observatory

Webpage). The black dot in a marks Kathmandu, Nepal’s capital city
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Here we investigate the extent to which the Pacific QDO

may be linked to the decadal fluctuations of the monsoon

precipitation in Nepal. An understanding of this linkage

may assist in improving climate prediction and climate

change assessment, not only for Nepal but also for the

Ganges River Plain where over 400 million people reside.

To facilitate the analysis, a set of observation-based, long-

term data was utilized including a century-long global

reanalysis, high-resolution gridded precipitation, and glo-

bal SSTs; these datasets are introduced in Sect. 2. The

analysis results are presented and discussed in Sect. 3.

Section 3 follows with a summing up of the work from

which some conclusions are drawn (Sect. 4).

2 Data resources

Spatial values of precipitation were acquired from the

observation-based, gridded dataset compiled by the Asian

Precipitation-Highly Resolved Observational Data Inte-

gration Towards Evaluation of the Water Resources

(APHRODITE; Xie et al. 2007), obtained from the APH-

RODITE project webpage http://www.chikyu.ac.jp/precip/.

The APHRODITE precipitation data were derived from

rain gauges throughout Monsoon Asia, including India,

Indochina, and China. We utilized the latest version

(V0902) of the APHRODITE data that features a 0.5�
long. 9 0.5� lat. spatial resolution and covers the period of

1951–2007 (Yatagai et al. 2009). Figure 2a shows the

average station density of the APHRODITE data (over a

0.5� 9 0.5� grid box) during the period 1951–2007, while

Fig. 2b shows station density versus station elevation

within the domain 79�–89�E, 25.5�–31�N. For the Nepal

grid, it appears that the APHRODITE data set employs a

relatively denser station network when compared to those

surrounding the country (except for the high elevations

above 6,000 m). Likewise, larger densities exist within

central Nepal and its capital, Kathmandu. In addition,

stations are rather uniformly distributed throughout eleva-

tions of 1,000–3,000 m, with another cluster distributed at

or around 4,000–5,500 m. In order to extend the analysis

period prior to 1951, we also utilized the gauge-based

monthly precipitation dataset compiled by the University

of Delaware (UDEL; Legates and Willmott 1990), inter-

polated from the version 2 Global Historical Climatology

Network (GHCN) stations at a 0.5� 9 0.5� spatial resolu-

tion. The UDEL dataset spans a longer period, i.e.

1900–2008. Because Nepal’s weather observations were

spatially sparse in earlier years, the UDEL data prior to

1950 is most definitely dominated by station records in

Kathmandu with a few stations at the lower elevations and

neighboring countries (not shown). After the 1950s, the

network in Nepal expanded to over 80 stations that

provided a relatively uniform coverage of the country, as

noted in Shrestha et al. (2000) and is also illustrated in

Fig. 2a.

Atmospheric variables were obtained from the Twenti-

eth Century Reanalysis (20CR) Version 2 that assimilated

global sea level pressure and SST observations at a 2� 9 2�
spatial resolution (Compo et al. 2011). The 20CR dataset,

with a time span covering 1871–2008, is especially

insightful to the study of decadal climate variations

because it enables the empirical analysis of atmospheric

circulations beyond the 60-year operational lifespan of

upper-air sounding records. The quality of the 20CR data

was shown to be better in data-rich regions such as India,

North America and Europe, compared to Africa and the

Southern Hemisphere (Compo et al. 2011). Furthermore,

for the purpose of verification we also adopted the National

Centers for Environmental Prediction/National Center for

Atmospheric Research (NCEP/NCAR) Global Reanalysis,

denoted as NCEP1. The NCEP1 reanalysis assimilated

tropospheric sounding observations as well as essential

surface variables at a 2.5� 9 2.5� spatial resolution

(Kalnay et al. 1996). For SST data we used the version-2

Kaplan extended SST (Kaplan et al. 1998) that features a

(a)

(b)

Fig. 2 a Station density of each 0.5� grid box averaged over the

period of 1951–2007, and b scatter plot of station density versus

elevations of each grid box within the domain as in a. In a, the white
cross indicates Kathmandu
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5� 9 5� resolution and a time span of 1871-present. The

analysis focuses on the summer (June–August) averages.

Due to data availability of UDEL, we confined the analysis

to cover the post-1900 period for SST and 20CR.

3 Methods and results

3.1 The QDO signal and precipitation

The quasi-decadal signal of Nepal’s monsoon is depicted

by the spectral analysis of the July–August (JA) mean

precipitation (Fig. 3a) from both the UDEL and APHRO-

DITE grid points within Nepal. The spectral analysis here

was computed from the multi-taper method (MTM) with a

2p taper. The spectral peak occurs at 11.5 year in UDEL

and at 12.1 year in APHRODITE, close to the 11-year

frequency observed from the station analysis of Shrestha

et al. (2000). Although the spectral bands in interannual

frequency (i.e. B7 years) appear somewhat apart between

the two datasets, their quasi-decadal spectral bands are

consistent and are significant. By contrast, the spectra of

the all-India precipitation (i.e. JA precipitation averaged

from the UDEL grid points within India) do not reveal any

significant signals in the quasi-decadal frequency (gray

line). A similar test that focused on the Western Ghats and

Northeastern India (not shown) also did not reveal any

significant quasi-decadal peaks. However, the all-India

precipitation analysis does indicate relatively large power

in the multi-decadal frequency, a feature that is in agree-

ment with previous findings about the Indian monsoon’s

marked low-frequency variability (e.g., Torrence and

Webster 1999).

The consistent quasi-decadal signals in Fig. 3a suggest

that the UDEL data may be useful in extending the pre-

cipitation analysis for Nepal, at least for the depiction of

decadal variations. To verify, the time series of UDEL and

APHRODITE averaged within Nepal were plotted in

Fig. 3b, superimposed with the bandpass filtered time

series of 8–15 years based on Fig. 3a (solid lines). Here,

the filtering was derived from the Hamming-Windowed

(HW) filter (Iacobucci and Noullez 2005) that helps pre-

serve the edge of the time series. As is shown in Fig. 3b,

the quasi-decadal variations in UDEL and APHRODITE

are consistent, with a correlation coefficient of 0.92 during

their overlapping periods. The horizontal distributions of

the precipitation power spectra are shown in Fig. 3c for

APHRODITE and Fig. 3d for UDEL, both within the

8–15 year frequency band. The values shown are the

departures of spectral power from their 95 % significance

level (determined by a red-noise, autoregressive lag-1

background spectrum). It appears that the spectra of

APHRODITE are more broadly distributed over Nepal,

whereas the spectra of UDEL only appear near Kathmandu

and at the eastern border. Apart from Nepal, only the

northern shore of western India exhibits consistent spectra

between the two datasets. The spectra over Myanmar and

part of Bangladesh only exist in APHRODITE. These

features echo the observation by Shrestha et al. (2000) that

the quasi-decadal variability of the monsoon precipitation

is indeed unique in Nepal.

To examine these spectral features further, we con-

structed the one-point correlation maps of the JA precip-

itation using both datasets. The correlation map between

the Nepal monsoon rainfall and the adjacent lands—

derived from the unfiltered UDEL data (Fig. 4a)—depicts

a response well into the Himalayas. However, such a

feature does not appear in the APHRODITE dataset

(Fig. 4b), as the correlation response here is concentrated

along the foothills of the Nepal Himalayas and dissipates

towards the southeastern Tibetan Plateau and southwestern

China. Because there are few stations in the highland

Himalayas, the correlation pattern in UDEL is presumably

a bias related to data interpolation/extrapolation. None-

theless, both datasets are in more agreement when it

comes to the precipitation pattern over India (a data-rich

region), where a seesaw pattern between central and

southern India are observed. Such an observation may

explain why the Nepal precipitation and the all-India

precipitation are uncorrelated, that is, the opposite corre-

lation patterns cancel out each other when averaged over

the entire subcontinent.

The correlation maps of the 8–15 year bandpass filtered

precipitation (Fig. 4c, d) exhibit a similar pattern—i.e. an

isolated correlation response in and around Nepal for

UDEL, whereas APHRODITE shows a more uniformly

distributed response along the southern foothills of the

Nepal Himalayas. Of note, however, is the lack of corre-

lation response in the northern shores of western India, a

stark contrast compared to the quasi-decadal spectra in

Fig. 3c, d. A discrepancy like this suggests a lack of

simultaneous correspondence between Nepal and western

India; this will be discussed further in Sect. 3.3. In the

ensuing analysis, we used a hybrid monsoon precipitation

index for Nepal constructed from a combination of the JA

UDEL precipitation prior to 1951 (along with the year

2008) and the JA APHRODITE precipitation for

1951–2007. This precipitation index was averaged from

grid points within Nepal and subsequently bandpass filtered

with 8–15 years; this frequency band is applied on all

bandpass filtering for other variables throughout the text.

3.2 Dynamic and moisture processes

The dynamical and moisture processes involved in the

quasi-decadal variation of the monsoon precipitation in
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Nepal was examined using the atmospheric column-inte-

grated water vapor flux,

Q ¼
Z200 hpa

ps

V
*

q � dp; ð1Þ

where V denotes the horizontal wind, q is the specific

humidity, p is the pressure level, and pS is the surface

pressure. Figure 5a shows the Q pattern regressed upon the

Nepal precipitation index, both of which have been band-

pass filtered. The moisture fluxes depict an easterly

anomaly across the Bay of Bengal, subsequently turning

northwest into northern India and towards Nepal. A

moisture flow pattern such as this exhibits the reverse

situation that is generally observed with strong Indian

monsoons during La Niña events, i.e. a situation that fea-

tures widespread westerly anomalies over the Indian sub-

continent (e.g., Lau and Wu 2001). The easterly moisture

fluxes in Fig. 5a also suggest an enhanced synoptic

influence from the Bay of Bengal, such as monsoon

depressions that contribute up to half of the summer pre-

cipitation in northeastern India (Yoon and Chen 2005).

Monsoon depressions generally form around the Bay of

Bengal and propagate westward or northwestward with a

typical life span of 3–6 days. Most of their rainfall occurs

in the southwest quadrant with a recorded maximum of

200 mm over a 24-h period (Mooley 1973; Sikka 1977; and

others). The monsoon onset in Nepal occurs in close

association with monsoon depressions that move close

enough to the Himalayas to cause upslope flow from the

southerly winds on their eastern flank (Lang and Barros

2002). However, verification of any long-term changes in

the activity of monsoon depressions would require rigor-

ously tracking all of the depressions throughout the

109-year analysis period, a labor-intensive task not per-

formed in this study.

We next examined the precipitation process associated

with the moisture flow anomalies. The generation (or

(a)
(c)

(d)(b)

Fig. 3 a MTM power spectra of the monsoon precipitation in Nepal

derived from UDEL (blue) and APHRODITE (red) and the all-Indian

monsoon rainfall (gray), overlaid with the 95 % significance level

(dotted line). The quasi-decadal frequency is highlighted in yellow.

b Time series of the monsoon precipitation in Nepal bandpassed with

8–15 years (thick lines) superimposed with unfiltered values (dotted
lines). c, d Significant precipitation spectra (p \ 0.05) within the

quasi-decadal frequency band for APHRODITE and UDEL, respec-

tively. Kathmandu is indicated with black dot
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suppression) of precipitation is more directly linked to the

vertical component of the water vapor fluxes rather than the

horizontal component, which is dominated by the rotational

flows that reflect moisture transport (Yoon and Chen 2005).

Because Q resembles the lower tropospheric circulation

owing to the fact that moisture is concentrated in the lower

troposphere, and because the elevation of the Himalayas

reaches the middle troposphere, one may approximate the

vertical-component water vapor fluxes (wq) through a

kinematic approach

wq ¼
Z200 hPa

Ps

w
*

q � dp �
Z200 hPa

Ps

ðV
*

� rhÞq � dp � Q � rh;

ð2Þ

where w is the vertical velocity, h is the topography and the

rest follows Eq. (1). As shown in Fig. 5a, the regression

pattern of wq depicts an upward area over Nepal and near

the Myanmar-China border. This pattern suggests that the

southerly anomaly of Q affects the Nepal precipitation

through its interaction with the topography, generating

persistent upward flux of moisture. Of note is that the

analysis using the product between the terrain-forced w and

vertically integrated q (not shown) yields a similar result as

in Fig. 5a.

Because the 20CR’s tropospheric variables are model-

based, derived only from observed SST and sea level

pressure, the reliability of these variables may be in doubt.

Therefore, we conducted the same water vapor flux anal-

ysis using NCEP1 regressed upon the Nepal precipitation

(a)

(b)

(c)

(d)

Fig. 4 One-point correlation maps of JA precipitation correlated with

the monsoon precipitation in Nepal using a UDEL and b APHRO-

DITE with unfiltered data. c, d Same as a and b but using bandpass

filtered data. All values are significant at the 95 % confidence interval

per Student’s t test, taking into account the reduced degrees of

freedom (=10) due to the filtering. The analysis period of time is

indicated in the subtitles. Kathmandu is marked by a black dot; Nepal

is outlined with thick boundary
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index over the period 1948–2008. The result (Fig. 5b)

depicts an easterly anomaly in the Bay of Bengal with a

broader coverage. The moisture anomaly becomes south-

westerly over the Indo-Gangetic Plain and near Nepal,

following the anticyclonic circulation that appears to center

in Bangladesh. Clearly there is some discrepancy in the

flow patterns between 20CR and NCEP1, despite their

overall similarity. On the other hand, the two reanalyses are

in good agreement in terms of positive wq—i.e. all cen-

tered in Nepal and corresponding with the precipitation

pattern (cf. Fig. 4). Such correspondence suggests that the

water vapor flux anomalies originating from Bay of Bengal

and then integrated by the Himalaya Foothills (which block

the moisture flows) are crucial in the modulation of Nepal’s

monsoon precipitation at the quasi-decadal timescale.

3.3 Role of the Pacific QDO

The connection of the monsoon precipitation in Nepal

with the Pacific QDO was first examined in the form of

one-point correlation maps between SSTs and the Nepal

precipitation index. Starting with the unfiltered fields

(Fig. 6a), the regression in SST outlines a La Niña-like

pattern over the Pacific characterized by an equatorial cold

tongue. However, the cold tongue is disorganized in

comparison with typical La Niña events and the correlation

coefficients are rather low (generally within -0.3). In the

bandpass filtered fields (Fig. 6b), the SST pattern is similar

to, yet more disorganize than that in Fig. 6a, with a weak

response in the NINO4 region (160�E–150�W, 5�S–5�N).

In the eastern Pacific the SST pattern becomes noticeably

weaker compared to that at the interannual timescale as in

Fig. 6a. Given such a weak correspondence with the

tropical Pacific SST, it appears that the Nepal precipitation

index does not have any direct correspondence with the

Pacific QDO.

We next took a reverse approach to examine the influ-

ence of the Pacific QDO on the Nepal precipitation. We

began by identifying the Pacific QDO pattern through an

empirical orthogonal function (EOF) analysis of the

bandpass filtered SST during 1900–2008, following Wang

et al. (2009, 2011). The first EOF (Fig. 7a), explaining

35 % of the total variance, outlines a La Niña-like pattern

with widespread central tropical Pacific cooling (centered

in the NINO4 region). Such a SST pattern is consistent

with that found in Allan (2000) and subsequent studies

(cited earlier). The second EOF (Fig. 7b; 13 %) reveals

cooling anomalies in the central subtropical Pacific, north

and south of the equator, with noticeable warming offshore

South America. The cross correlation between the first and

second principal components (PC1 and PC2; Fig. 7c)

depicts a 3-year lag amounting to a quadrature phase shift.

Thus, EOF 1 and 2 represent the cool phase and the warm-

to-cool transition phase of the Pacific QDO, respectively.

In other words, the Pacific QDO evolves within the

framework of the two leading EOFs.

To depict the temporal relationship between these two

leading EOFs, we adopted the ‘‘EOF dial’’ approach

commonly used in tropical intraseasonal variability studies

(e.g., Wheeler and Hendon 2004)—i.e. plotting the two

(a) (b)

Fig. 5 Patterns of Q and wq regressed upon the Nepal monsoon

precipitation (JA season) using a 20CR data and b NCEP1 data. All

values in a are significant at the 95 % confidence interval per

Student’s t test. Values in b are only significant at the 85 % level

because of the shorter time span of NCEP1. Kathmandu is marked

with a black dot; Nepal is outlined with thick boundary
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leading PCs in a scatter diagram to detect any oscillatory

mode’s lifecycle such that, if they evolve in an oscillatory

manner, when one reaches its maximum phase, the other

should be at its minimum. As shown in Fig. 7d, the track of

PC1 and PC2 completes several revolutions that can only

form when PC1 is temporally in quadrature with PC2

within the same (i.e. quasi-decadal) frequency. However,

there are two rather disorganized dials oriented towards the

1st and 3rd quadrants; they may reflect the weakened signal

of the Pacific QDO during 1945–1965 as was noted in

Wang et al. (2010).

Next, the Nepal precipitation index is overlaid with the

scatter of the EOF dial (Fig. 7d), with positive values in

blue and negative values in red. The visual impression one

obtains from Fig. 7d is a tendency that the Nepal precipi-

tation anomalies are separated mainly by PC1—a result

consistent with Fig. 6b—but PC2 also appears to play a

role since the precipitation clusters are oriented towards the

2nd and 4th quadrants. To substantiate this implied

behavior, we computed the separation line of bivariate

normal random variables (von Storch and Zwiers 1999)

between positive and negative precipitation anomalies that

exceeded one standard deviation; those are indicated as

solid triangles in Fig. 7d. The separation line has a mis-

classification probability of 0.07 (which is low) and shows

an angle of minus 60� from PC1. These results altogether

suggest that the Nepal precipitation increases (decreases) in

response to the transitions of the Pacific QDO two-thirds of

the way from warm to cold (cold to warm) extremes. Based

on the cross correlation in Fig. 7c, such a transition-phase

response is equivalent to a 1–2 year phase shift of high/low

precipitation anomalies in Nepal from the cold/warm

extremes of the Pacific QDO.

The fact that the Nepal precipitation is linked to the

Pacific QDO suggests a linkage between the regional and

global circulations that affect precipitation. The global-

scale circulation and SST features associated with the

Pacific QDO evolution are shown in Fig. 8 by way of a lag

regression analysis with PC1 (from Fig. 7). Here we

examined the divergent circulations combined with the

moisture fluxes by computing the moisture flux potential

function (vQ),

vQ ¼ r�2ðr �QÞ; ð3Þ

through the spectral method based on a horizontal resolu-

tion of T63; the computation of vQ follows Yoon and Chen

(2005; and references therein). At year zero (Fig. 8), the

Pacific QDO (i.e. PC1 regression) forms an east–west,

zonal wave 1–2 circulation consisting of divergent mois-

ture fluxes over the central tropical Pacific and convergent

fluxes over India and Southeast Asia. This divergent cir-

culation resembles the intensified Walker circulation dur-

ing La Niña events but exhibits a weaker, less organized

convergence pattern in the Asian monsoon region. There

are two prominent features in this lagged regression from

year-6 to year ?4: (1) a clear eastward propagation pattern

of vQ coupled with the SST evolution (i.e. warm/cool SST

with convergent/divergent vQ) and, (2) a regional conver-

gence center initiated in northern India and the Nepal

Himalayas at year-4 and persisting through year 0.

(a)

(b)

Fig. 6 One-point correlation maps of JJA SSTs (contours) correlated

with the Nepal monsoon precipitation using a unfiltered data and

b bandpass filtered data. Shadings are significant at the 95 % level.

The NINO4 region is outlined in yellow. Kathmandu is marked with a

black dot
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Regarding the first feature, it is known that the ENSO

cycle is coupled with an eastward propagation of the global

east–west circulation (Yasunari 1985), which is induced by

the eastward migration of the seasonal SST evolution over

the Pacific (Schneider et al. 1997). Thus, at the quasi-

decadal timescale and in response to the eastward migra-

tion of cold SST anomalies developed from the Western

Pacific (year-6) towards the Central Pacific (year 0) and

into the Eastern Pacific (year ?2), a similar migration of

the divergent circulation (vQ) may also be induced. Wang

and Clark (2010) found that the velocity potential anoma-

lies associated with the Pacific QDO also migrate eastward

and this modulates the tropical cyclone threat in the

western North Pacific. With regards to the second feature,

the convergence center of vQ appears over Nepal and

northern India from year-4 through year 0. This supports

the overall increase in the monsoon precipitation there, as

well as its correspondence with the cold-phase Pacific

QDO (cf. Fig. 7d). Similar to the circulation pattern in

Fig. 5, the convergent moisture fluxes are formed in

association with the cyclonic anomaly over India and the

southerly anomaly over the Bay of Bengal (not shown).

To examine further the precipitation response to the

Pacific QDO during its lifecycle, we conducted the

regression analysis using the longer-term UDEL data,

computed over the global domain. As shown in Fig. 9,

(a)

(b)

(c)
(d)

Fig. 7 a, b First two leading EOFs of the bandpass filtered SST for

the depiction of the Pacific QDO, showing significant values at the

95 % level. Kathmandu is marked by a red dot and the NINO4 region

is outlined in yellow. c Cross correlation plot between the first two

principal components (PC), overlaid with the 95 % significance level.

d The EOF dial of PC1 versus PC2 with the light gray track,

superimposed with the monsoon precipitation anomalies in Nepal as

explained in the upper-right legend. The separation line of bivariate

normal random variables (von Storch and Zwiers 1999) is added

between the two groups of large precipitation anomalies (light green
dashed line)
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positive precipitation anomalies appear over northwestern

India at year-6 and gradually progress towards the Gan-

getic Plain and Nepal at year-2, when a band of concurrent

negative anomalies develop over northwestern India and

subsequently moves inland. Moreover, of note, is that these

precipitation anomalies are significant at the 95 % level

despite the drastic reduction in degrees of freedom as a

result of filtering (inset in Fig. 9). Outside the Asian

monsoon region, precipitation anomalies corresponding to

the vQ pattern are observed in Africa, Central America, and

the Maritime Continent (between Asia and Australia)—

i.e. positive (negative) precipitation anomalies coincide

with convergent (divergent) water vapor fluxes. The

coincidence not only suggests the impact of the Pacific

QDO on precipitation worldwide, it also helps validate

the 20CR-based analysis on the global hydrological

process.

The concurrent observations in Figs. 8 and 9 are further

validated in terms of the MTM spectral coherence analysis

(Fig. 10) between the first EOF (PC1) of global vQ and the

Nepal monsoon precipitation, using unfiltered data for the

period 1900–2008. The use of the leading EOF of global vQ

is because it represents well the Pacific QDO’s telecon-

nection response; this is because tropical/subtropical vQ

Fig. 8 Patterns of vQ

(contours), the divergent

component of Q (vectors), and

SSTs (shading) regressed upon

PC1 of SSTs with time lags

from year-6 to year ?4 with a

2-year interval. The SST values

and the divergent vectors are

significant at the 95 % level.

Kathmandu is marked by a red
dot. Note the convergence

center over Nepal at year-2
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and SST variations are closely coupled at the decadal

timescale (e.g., Wang et al. 2011). The spectral coherence

(Fig. 10) depicts a band of significant amplitude in the

quasi-decadal frequency with two peaks, one at 12 years

and the other at 10.1 years. The phase difference within the

significant spectra is about minus 60�, consistent with the

result given in Fig. 7d. The quasi-decadal frequency ech-

oes the coincidences of the 11-year solar irradiance cycle

with the Pacific QDO (White and Liu 2008) and with the

Nepal precipitation (Shrestha et al. 2000), though we have

not at present made any attempt to explore their physical

linkage.

4 Summary and conclusions

Using a century-long global reanalysis (20CR), two sets of

gridded precipitation observations (UDEL and APHRO-

DITE), and a long-term SST dataset, this study examined

the quasi-decadal variability of the monsoon precipitation

in Nepal, a unique factor of the region. Nepal is distinctive

in the Asian monsoon region because (1) the quasi-decadal

variability does not exist in the all-India monsoon precip-

itation, and (2) the Nepal precipitation is uncorrelated with

the all-India monsoon precipitation. Correspondingly,

current prediction skill of the Indian monsoon is not as

Fig. 9 Same as Fig. 8 but for

the precipitation regression

pattern (shadings). The inset
shows the enlarged South Asian

monsoon domain with

significant values at the 95 %

level, taking into account

reduced degrees of freedom

(=10). Kathmandu is marked by

an open circle (a dot in inset)
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useful for Nepal. The analysis presented here points out

that the quasi-decadal signal in the Nepal precipitation is

significant, explaining 48 % of the precipitation variation.

Such quasi-decadal precipitation anomalies are affected by

the southeasterly moisture fluxes coming from the Bay of

Bengal and their subsequent interaction with the southern

Himalayan foothills. The Pacific QDO plays a crucial role

in driving such regional circulation and precipitation

anomalies. However, it was found that the Pacific QDO’s

modulation on the Nepal precipitation is not instantaneous;

rather, the maximum (minimum) precipitation anomalies

occur 1–2 years prior to the cold (warm) extremes of the

Pacific QDO. Such a phase shift reduces any direct corre-

lation skill between the Nepal precipitation and traditional

ENSO indices.

Although marked correspondence was found between

the independent datasets used in this study, including the

circulation, precipitation and SSTs, caution should be

exercised in interpreting the results. First, the 20CR

reanalysis only assimilated surface temperature and pres-

sure and thus is not a complete set of reanalyses; its lack of

observed tropospheric conditions means that the circulation

features presented here are simulation-based, rather than

observation-based (or assimilated). Our conclusion there-

fore is drawn upon the overall agreement between those

features and the precipitation and SST anomalies, rather

than from direct observations. Second, it is always a

challenge to preserve instrumental data resources with

sufficient statistical power to study decadal variabilities.

The challenge results mainly from insufficient degrees of

freedom that are further compounded with less reliable data

prior to 1950. Third, most of the stations used in the

gridded data are below 1,000 m and relatively few are

located at higher altitude. This might bias the results

inferred from the ‘‘all Nepal’’ index since it might not

explain the full variability of rainfall in Nepal.

Despite such obstacles, the climate diagnostics pre-

sented here identify a mechanism that has to date been

overlooked, that is, the lagged relationship between the

monsoon precipitation and the Pacific QDO; however, the

inclusion of which should improve the predictive ability for

the Nepal monsoon. Using this lagged relationship, a

companion study (Gillies et al. 2012) has developed a

statistical model that is able to predict the monsoon pre-

cipitation out to two years with a reasonable skill level.
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