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ABSTRACT

Pakistan and northwestern India have frequently experienced severe heavy rainfall events during the boreal

summer over the last 50 years including an event in late July and early August 2010 due to a sequence of

monsoon surges. This study identified five dominant atmospheric patterns by applying principal component

analysis and k-means clustering to a long-term sea level pressure dataset from 1979 to 2014. Two of these five

dominant atmospheric patterns corresponded with a high frequency of the persistent atmospheric blocking

index and positive sea level pressure over western Russia as well as an adjacent meridional trough ahead of

northern Pakistan. In these two groups, a negative sea surface temperature anomaly was apparent over the

equatorial mid- to eastern Pacific Ocean. The heavy precipitation periods with high persistent blocking fre-

quency in western Russia as in the 2010 heat wave tended to have 1.2 times larger precipitation intensity

compared to the whole of the heavy precipitation periods during the 36 years.

1. Introduction

Pakistan and northwestern India experienced torren-

tial rainfall between late July and early August 2010 due

to a sequence of monsoon surges, along with the worst

flooding in the last 100 years. The rainfall recorded

during May–August 2010 was somewhat higher than

during the period 1981–2010 (Webster et al. 2011).

Houze et al. (2011) described the 2010 summer floods of

Pakistan as the consequence of anomalous atmospheric

events. Galarneau et al. (2012) described the 2010 his-

toric floods over northern Pakistan using observations,

model analyses, and ensemble forecasts of the extreme

heat wave over Russia. According to the World Mete-

orological Organization (WMO), 20 million people

were affected by this record-breaking flood, and 1.8

million homes were lost with an economic loss estimated

at more than $40 billion (U.S. dollars; WMO 2011; Lau

and Kim 2012; Syvitski and Brakenridge 2013). During

the early summer of 2010, an exceptionally strong and

prolonged extratropical atmospheric blocking event

caused a heat wave and subsequent droughts and wild

fires (e.g., Dole et al. 2011). Because of this heat wave,

more than 5000km2 of forest in western Russia was se-

verely damaged and the total economic loss exceeded

$15 billion (U.S. dollars).

A previous study proposed a meteorological connec-

tion between the heavy rainfall in Pakistan and the

Russian heat wave (e.g., Lau and Kim 2012). They hy-

pothesized that the Russian heat wave was caused by an

atmospheric blocking event over Europe and western

Russia that was also associated with the excitation of a

large-scale atmospheric Rossby wave extending across

western Russia to northwestern China–Tibetan Plateau.

The southward penetration of upper-level vorticity

perturbations in the leading trough of the Rossby wave

was instrumental in triggering anomalously heavy rain-

fall events over northern Pakistan and the vicinity from

mid- to late July 2010. Aon Benfield Inc. (2010) reported

an abnormally active jet stream moving around the

periphery of the omega block into western Pakistan.
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Furthermore, Arslan et al. (2013) reported that this 2010

flood was due to the ‘‘blocking event’’ in the jet stream,

which caused intense rainfall and flash floods in northern

Pakistan and riverine flooding in southern Pakistan.

Hong et al. (2011) suggested that the key factor leading

to the severe flooding in Pakistan was the interaction

between the tropical monsoon surges and the extra-

tropical disturbances downstream of the atmospheric

blocking. Recently, Shaevitz et al. (2016) found that the

extratropical influence was of a second order to the local

advection of moisture and topographic initiation.

Webster et al. (2011) described the predictability of

the 2010 Pakistan flood. A comprehensive multiscale

examination of 3 years of anomalous flooding events,

with a special emphasis on the 2010 flooding in Pakistan,

and the importance of both large- and mesoscale me-

teorological environments, including precipitating sys-

tems, has been well documented by Rasmussen et al.

(2015). Additionally, 2010 was a La Niña year, which

contributed indirectly to the flooding by inducing a low-

level easterly anomaly in South and Southeast Asia that

weakened eastward moisture transport and enhanced

moisture transport to, and convergence in, the northern

Arabian Sea and Pakistan. Wang et al. (2011) suggested

that the anomalous circulation in 2010 was not sporadic,

but was rather part of a long-term trend that defies the

typical linkage of strong monsoons with an anomalous

anticyclone in the upper troposphere.

The climatological relationship between heavy rain-

fall in northern Pakistan and atmospheric blocking in

eastern Europe and western Russia has not been closely

investigated, and this is the purpose of this study. We

analyzed meteorological variables during June–August

(JJA) from 1979 to 2014, including the heavy rainfall

year of 2010, to determine whether the occurrence of

atmospheric blocking and the sea surface temperature

(SST) anomalies over the both the Pacific Ocean and the

Indian Ocean can help forecast heavy precipitation in

northern Pakistan. Section 2 introduces the methodol-

ogy, and results are provided in section 3. Finally, a

discussion and conclusions are provided in section 4.

2. Methodology

a. Data

We investigated pentad (5-day average) precipitation

data for northern Pakistan and its surrounding areas (308–
368N, 698–768E) during JJA 1979–2014. We used the

Global Precipitation Climatology Project, version 2.2

(GPCP), combined precipitation dataset, with 2.58 spatial
resolution (Huffman et al. 1997; Adler et al. 2003). Atmo-

spheric data for sea level pressure (SLP), wind velocity, air

temperature, geopotential height, and precipitable water

(PW) were obtained from the National Centers for Envi-

ronmental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) reanalyses (Kalnay et al. 1996).

In addition, outgoing longwave radiation (OLR) data from

the National Oceanic and Atmospheric Administration

(NOAA) were used (Liebmann and Smith 1996). El Niño
and La Niña years were identified based on the oceanic

Niño index (ONI) by using the running 3-month-mean SST

anomaly for the Extended Reconstructed Sea Surface

Temperature, version 3b (ERSST.v3b; Smith et al. 2008),

over the Niño-3.4 region (i.e., 58N–58S, 1208–1708W; ONI

details were obtained from http://www.cpc.noaa.gov/

products/analysis_monitoring/ensostuff/ensoyears.shtml).

Figure 1a shows regionally averaged pentad mean

precipitation data for JJA from 1979 to 2014. The

green and red lines indicate the climatological mean

(2.8mmday21) and mean plus standard deviation (1s,

5.2mmday21) for the entire period, respectively. Of

the 648 pentad periods between 1979 and 2014, 81

satisfied the definition of 1s. Averaged daily pre-

cipitation over northern Pakistan among the 81 pe-

riods was 7.7mmday21.

b. Principal component analysis and k-means cluster

Principal component analysis (PCA) is a data-

reduction technique that is used extensively in meteo-

rology and climatology (Baeriswyl and Rebetez 1997)

without the loss of climate information. In PCA, the

original variables were transformed into a smaller set of

linear combinations. Spatial regionalization based on

the principal components (eigenvectors) of climate

variables is called S-mode PCA (Richman 1986). How-

ever, PCA was conducted based on an S-mode (grid

points as variables and days as observations) data matrix

(Yarnal 1993) after standardizing the SLP data. The

S-mode PCA is a proven technique for climate re-

gionalization (Knapp et al. 2002). In the regionalization

of climate variables using S-mode PCA, the eigenvalues

and eigenvectors of the correlation or covariance matrix

of the time series and loading matrix are computed first.

The loading matrix represents the correlation of the

original variables with the principal components. The

correlation matrix (Barry and Carleton 2001) is used to

efficiently represent the patterns of spatial correlation

without possible domination by the grid points with the

largest variances (Jolliffe 1986). The loading matrix C

can be obtained using the following:

C5A3l1/2 , (1)

where A is an orthogonal matrix of the eigenvector of

the correlation matrix R and l is the diagonal matrix of
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eigenvalues of R. Based on the results of the loading

matrix, the SLP values that were strongly correlated

with the particular principal components could be

identified. The number of components explaining a

significant portion of the total variance (Barry and

Carleton 2001) was determined by a scree test (Cattell

1966). The scree test determines the number of factors

that will be retained in a PCA. The scree test involves

plotting the eigenvalues in descending order of magni-

tude against their factor numbers. The transition from a

steep slope to leveling off indicates the number of

meaningful factors, which differs from the random error.

Finally, the retained components were rotated using a

varimax procedure (Yarnal 1993).

PCA was applied to SLP data for the 81 pentad pe-

riods with values greater than or equal to 1s. PCA was

performed on SLP data to derive the dominant patterns

of variability from the raw fields by focusing on an area

(7.58–408N, 608–1008E) covering all of Pakistan, India,

and Bangladesh. Finally, we used a clustering technique

to classify the observations and merge the circulation

pattern maps (Yarnal 1993).

The nonhierarchical k-means method was used to

cluster the observations (Hair et al. 1998). This analysis

is simply an objective identification method that can be

applied to different atmospheric datasets (e.g.,

Gerstengarbe et al. 1999; Fovell and Fovell 1993;

Martineu et al. 1999; Unal et al. 2003) to ensure the

FIG. 1. (a) Pentad precipitation (m s21) over northern Pakistan (308–368N, 668–768E) during
JJA 1979–2014. The green solid line indicates the climatological mean daily precipitation, and

the red line indicates the total precipitation value of the climatological mean plus its standard

deviation (1s). Heavy precipitation periods are defined as rainfall events that fall above the

green line (81 of 648 periods in JJA 1979–2014). (b) Eigenvalues of components. A scree test

was used to select principal components to be retained for rotation.
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comparability of the results for different climate sce-

narios. Additionally, this method allows for the process-

ing of huge amounts of data, which was of the utmost

importance for this study. The analysis permits the sep-

aration of elements based on the cluster structure domi-

nated only by the analyzed data itself. To determine the

number of groups and centroids, we considered the spa-

tial variation patterns established by the PCA. Centroids

of the groups were made by following Birkeland et al.

(2001) and the method of Tait and Fitzharris (1998). The

k-means also produced the final classification of all ob-

servations (days) with a similar distribution of SLP fields.

FIG. 2. (a)–(e) Geographical distribution of the precipitation anomaly (mmday21) for each group against (f) climatological mean

precipitation in JJA 1979–2014. Northern Pakistan and its surrounding area is shown by the solid lines (308–368N, 698–768E). Areas with

diagonal lines satisfy the 95% statistical significance level by the Student’s t test.

TABLE 1. Number of pentad periods corresponding to the area-averaged daily precipitation and PW and their anomaly against cli-

matological means over northern Pakistan. The rightmost column is the number of La Niña and El Niño years. Parentheses represent the

anomaly relative to the climatological mean.

No. of periods Precipitation (mmday21) OLR (Wm22) PW (mm) Stability index La Niña/El Niño years

Group 1 16 8.1 (5.3) 245.5 (215.8) 31.6 (4.8) 34.3 (2.2) 1/1

Group 2 11 6.4 (3.6) 240.5 (220.8) 32.0 (5.1) 35.3 (3.2) 0/1

Group 3 25 7.3 (4.5) 240.3 (220.9) 32.1 (5.2) 33.7 (1.6) 4/4

Group 4 15 8.4 (5.6) 237.6 (223.7) 33.2 (6.4) 36.6 (4.5) 4/0

Group 5 14 8.3 (5.5) 241.7 (219.6) 31.4 (4.5) 34.4 (2.3) 3/2

Groups 1–5 81 7.7 241.1 (220.2) 32.1 (5.2) 34.8 (2.7) 12/8

Climatological mean 648 2.8 261.3 26.8 32.1 —
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As the centroids were well established by the PCA

grouping (reflecting the circulation pattern), noniteration

of the k-means clustering was used. Synoptic maps of the

atmospheric circulation groups were constructed for the

SLP, 850-hPa moisture flux, horizontal wind field, and

500-hPa geopotential height.

c. Blocking frequency

We investigated the frequency of atmospheric blocking

over Europe and western Russia by applying a two-

dimensional blocking index from daily 500-hPa geo-

potential height data (Tibaldi andMolteni 1990; Scherrer

et al. 2006). This field was evaluated on a 2.58 3 2.58
regular latitude–longitude grid covering the Northern

Hemisphere. Subsequently, the geopotential height gra-

dient south (GHGS) and geopotential height gradient

north (GHGN) for mid- and high latitudes, respectively,

were computed for all grids (l,u) in the region of interest
between 358 and 758N:

GHGS5 [Z500(l,u)2Z500(l,u2Du)]/Du and

GHGN5 [Z500(l,u1Du)2Z500(l,u)]/Du,

(2)

where Z500 indicates daily 500-hPa geopotential

height and Du5 158 lat. A given grid point was defined

as ‘‘instantaneously blocked’’ in time and the instan-

taneous blocking (IB) index was 1 when the follow-

ing two conditions were fulfilled: (i) GHGS . 0 and

(ii) GHGN , 210m(8 lat)21. Additionally, a 5-day per-

sistence criterion was applied at every grid point. If the

IB index was 1 for at least 5 days at a grid point, blocking

FIG. 3. (a) Daily average precipitation intensity (mmday21) of each group for the first and

second halves of each month during JJA 1979–2014. Dashed black lines indicate the daily

average precipitation intensity among all five groups (81 heavy precipitation periods) for the

first and second halves of each month. Solid black lines indicate the daily climatological mean

precipitation intensity and its std dev for 1–15 Jun, 16–30 Jun, 1–15 Jul, 16–31 Jul, 1–15Aug, and

16–31 Aug. Circles indicate the average daily precipitation intensity for groups 1–5. (b) The

number of heavy precipitation periods (among the top 81 recorded) for groups 1–5 between

1979 and 2014.
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was deemed to occur at this point during this period and

the persistent blocking (PB) index was 1. The mean time

of the PB index denotes the blocking frequency.

3. Results

The scree test procedure allowed us to select five

principal components (Fig. 1b), which together ex-

plained 83.6% of the total variance. The dominant SLP

values were classified into five groups (groups 1–5)

representing the most relevant circulation patterns over

northern Pakistan. Figures 2a–e show the geographical

distribution of precipitation anomalies for the five

groups against the climatology JJA for the period 1979–

2014 (Fig. 2f). Areas with diagonal lines satisfy the 99%

statistical significance level by the Student’s t test. Table

1 lists the number of pentad periods for each group and

the average precipitation, OLR, and PW and their

anomalies for an area over northern Pakistan, shown by

the area with solid lines in Figs. 2a–e.

Figure 2f shows a large amount of precipitation dis-

tributed from northern India to northern Pakistan to the

south of the Himalaya Mountains. The area-averaged

precipitation over northern Pakistan for 1979–2014 was

approximately 2.8mmday21. All of the groups exhibited

a positive precipitation anomaly, mainly over northern

Pakistan and India. The anomaly against the climatological

mean during JJA between 1979 and 2014 was particularly

large for groups 4 and 5 (8.4 and 8.3mmday21, respectively,

see Table 1). A total of 15 and 14 heavy precipitation pe-

riods were observed for groups 4 and 5, respectively, com-

pared to 16, 11, and 25 for groups 1, 2, and 3, respectively.

Figure 3a shows the daily average precipitation in-

tensity for groups 1–5 in the first and second halves of each

month in JJA between 1979 and 2014. The dashed black

line indicates the average precipitation intensity among

all five groups. The solid black line is the daily climato-

logical mean precipitation intensity, with the standard

deviation, for each 15- or 16-day period. Figure 3b shows

the number of precipitation events in each group during

the first and second halves of each month. As shown here,

63 of the 81 heavy precipitation periods occurred during

the second half of July and the first half of August. For

example, there were 13 precipitation events in group 4

during 16–31 July and 1–15 August. For group 5, 10 of 15

cases occurred during 16–31 August.

FIG. 4. (a)–(e) SST anomalies (K) of each group compared to climatological mean states. (f) SST anomaly of the 2010 heavy pre-

cipitation period (from 20 Jul to 8 Aug) against the climatological mean state. The rectangles show the target area in northern Pakistan.

Areas with diagonal lines satisfy the 95% statistical significance level by the Student’s t test.
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Table 1 also lists the OLR and its anomaly against the

climatological mean over northern Pakistan. Group 4

had a smaller OLR than the other groups, and this re-

gion received heavy convective and stratiform pre-

cipitation associated with an anomalous midlevel jet

(Rasmussen et al. 2015). In addition to theOLR, group 4

also had the largest PW and stability index.

The rightmost part of Table 1 shows the number of

heavy precipitation periods corresponding to each

group for both La Niña and El Niño years. There were

12 heavy precipitation periods in La Niña years between
1979 and 2014, including 4 in 2010, and 11 of the 12

belonged to groups 3, 4, and 5, with group 4 having 4 of

them. Figures 4a–e show the geographical distribution

of the SST anomaly for groups 1–5 against the climato-

logical mean state. To exclude seasonal characteristics

between June and August, the anomaly was calculated

for each 30 days and obtained its average for each

group. Here, the NOAA Optimum Interpolation Sea

Surface Temperature, version 2 (OISSTv2; weekly

mean), for 33 years between 1982 and 2014 was

adopted [Reynolds et al. 2002; OISSTv2 data were

provided by the NOAA/OAR/ESRL Physical Sciences

Division (PSD), Boulder, CO, at http://www.esrl.noaa.

gov/psd/]. The solid area indicates the target in north-

ern Pakistan. Figure 4f shows the SST anomaly during

the 2010 Pakistan flooding (from 20 July to 8 August)

against the climatological mean state.

The heavy precipitation period in 2010 was associated

with a negative SST anomaly over the equatorial mid- to

eastern Pacific Ocean. On the other hand, a positive SST

anomaly was distributed over the equatorial western

Pacific Ocean and the mid- to eastern Indian Ocean. As

shown in Figs. 4a, 4d, and 4e, groups 1, 4, and 5 had

a negative SST anomaly over the equatorial eastern

Pacific Ocean, similar to that during the heavy pre-

cipitation period in 2010 (Fig. 4f). The geographical

distribution of the negative SST anomaly can be classi-

fied according to La Niña years. Group 2 had the op-

posite geographical distribution compared to these

groups over the same region. The Indian Ocean region

does not have large positive anomalies with wider

FIG. 5. (a)–(e) Geographical distribution of the SLP anomaly (hPa) for each group. (f) The similar figure for the 2010 Pakistan flooding.

The horizontal moisture flux at the 850-hPa level is also plotted by vectors (kg kg21 m s21). Areas with diagonal lines satisfy the 95%

statistical significance level by the Student’s t test.
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spatial coverage in the five groups even though the Pa-

cific Ocean has both positive and negative anomalies

with the wider coverage. This result could suggest that

the anomaly of SST over the Pacific Ocean has a more

important role in heavy precipitation over northern

Pakistan than the climatology during the target years.

Figures 5a–e show the geographical distribution of the

SLP anomaly and water vapor flux at the 850-hPa level

for groups 1–5. Figure 5f shows the geographical distri-

bution of SLP and water vapor flux during the 2010

Pakistan flooding. The figure shows an anomalously high

SLPwidely distributed across western Russia, which was

associated with atmospheric blocking. A similar pattern

was displayed in groups 4 and 5. The other three groups

exhibited a positive SLP anomaly over some areas in

western Russia and/or northern Europe, but with a

smaller horizontal scale and intensity than groups 4

and 5.

Figures 6a–e show the geographical distribution of the

temperature anomaly, horizontal wind vectors, and

geopotential height at the 850-hPa level. Figure 6f shows

similar results for the period of the 2010 Pakistan

flooding. Figures 6a–e show the geographical distribu-

tion of the temperature anomaly, horizontal wind vec-

tors, and geopotential height at the 850-hPa level.

Similar results for the period of the 2010 Pakistan

flooding are shown in Fig. 6f. Figure 7 is as in Fig. 6, but

for the 500-hPa level. During the flood, the temperature

at the 850-hPa level showed a higher anomaly over all of

western Russia associated with an omega-shaped at-

mospheric blocking at the 500-hPa level (Fig. 7f). The

temperature anomaly at the 850-hPa level and the geo-

potential height at the 500-hPa level displayed a deep

trough extending meridionally from the eastern part of

the atmospheric blocking from Russia to South Asia,

including Pakistan between 508 and 808N. A similar

negative temperature pattern at 850-hPa level was ob-

served for groups 1, 4, and 5 (Figs. 6a,d,e). At both the

850- and 500-hPa levels, group 4 had a clear meridional

trough and positive temperature anomaly over western

Russia, similar to that observed during the 2010 Pakistan

flooding (Figs. 6f and 7f). Group 1 shows the positive

temperature anomaly over western Russia at the 500-hPa

level (Fig. 7a), which was shifted westward compared to

FIG. 6. As in Fig. 5, but for the temperature anomaly (K), wind vector (m s21), and geopotential height (m) at the 850-hPa level.
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group 4 (Fig. 7d) and the 2010 Pakistan flooding

(Fig. 7f). In addition, this group had aweakermeridional

trough that did not reach northern Pakistan.

Contour lines in Fig. 8 show the geographical distri-

bution of PB during the 2010 Pakistan flooding. The

geographical distribution of the PB index (Tibaldi and

Molteni 1990; Scherrer et al. 2006) is introduced in

section 2c. Similar figures for groups 1–5 are plotted in

Fig. 9. Colors in Figs. 8 and 9 represent the ratio of

PB against the climatology that is shown in Fig. 8f.

The rectangle shows the area significantly affected by

the Russian heat wave in 2010 (Dole et al. 2011). In the

climatological mean state, a large PB was centered over

the area and was widely distributed from northeastern

Europe to west-central Russia on 20 July and 8 August

2010. Over the rectangular area, PB was 0.46, which is

23 times larger than the climatology (PB 5 0.02) in JJA

between 1979 and 2014 (Fig. 9f). The area-averaged PB

over the rectangular area among the 81 heavy pre-

cipitation periods is 0.03. Groups 4 and 5 exhibited PB

over the rectangular area of approximately 0.05–0.07,

which was more than 2.5–3.5-fold larger than the

climatological mean. Furthermore, in group 4, large PB

is widely distributed over western Russia and northern

Europe including high latitudes centered over the east-

ern part of the area with solid lines. In the meantime,

group 5 has zonally larger PB areas around 558 and 608N
over western Russia. Group 3 also shows the widely

distributed PB over Europe and western Russia, but the

geographical distribution was shifted to the north com-

pared to groups 4 and 5.

Seven heavy precipitation periods had a PB of more

than 0.09 (more than 1s of PB greater than the rectan-

gular area between 1979 and 2014). The average pre-

cipitation intensity among the seven heavy precipitation

periods was 9.1mmday21, which is 1.2 times larger than

the whole of the 81 heavy precipitation periods

(7.7mmday21). Three of the seven heavy precipitation

periods occurred in 1996, 2003, and 2006. During the

target periods in these three years, northwestern Paki-

stan and Kashmir were affected by floods (Brakenridge

2016). This indicates that the heavy precipitation over

northern Pakistan occurred before 2010, when atmo-

spheric blocking remained in a certain area in western

FIG. 7. As in Fig. 5, but for the temperature anomaly (K), wind vector (m s21), and geopotential height (m) at the 500-hPa level.
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Russia. In addition, in 11 of the 81 heavy precipitation

periods, precipitation intensity ofmore than 10mmday21

was recorded over northern Pakistan. Three periods (in

1996, 1997, and 2010) had large PB values (.0.06). In

1996 and 1997, atmospheric patterns were classified as

group 5, which was the main pattern during the heavy

precipitation periods in 2010.

4. Discussion and conclusions

Previous studies (e.g., Lau and Kim 2012) have sug-

gested that the two extreme climatological events in the

summer of 2010 (the Russian heat wave and the

Pakistan flood) were meteorologically connected. This

study investigated a long-term dataset for a period of 36

years (1979–2014) to identify the meteorological con-

nection between the two events from previously occur-

ring similar events.

The dominant SLP patterns were classified into five

groups with anomalously high precipitation (more than

1s from the climatological mean) over northern Paki-

stan. Two of these five dominant atmospheric patterns

(groups 4 and 5) were identified during late July and

early August 2010, namely a high frequency of the at-

mospheric blocking index over western Russia and an

adjacent meridional trough. These two dominant at-

mospheric patterns were responsible for the five heavi-

est rainfall events in JJA 1979–2014 including the 2010

heavy precipitation year.

Two of the groups (groups 4 and 5) showed persistent

atmospheric blocking over western Russia and an ad-

jacent meridional trough that brings cold air mass from

mid- to high latitudes to northern Pakistan in addition

to a positive SLP anomaly over western Russia. In these

two groups, negative temperature anomalies at the

850-hPa level were found along the trough over South Asia

including Pakistan. As shown in Table 1, precipitation in

groups 4 and 5 tended to be greater than for the other

three groups. In addition, in these groups, a negative

SST anomaly was observed over the equatorial mid- to

eastern Pacific Ocean, with geographical distributions

that can be classified as La Niña year type. The Indian

Ocean had an SST anomaly over some areas, but the

geographical distribution is smaller than the Pacific

Ocean even though 2010 was classified into groups 4 and

FIG. 9. (a)–(e) As in Fig. 8, but for groups 1–5 against (f) the climatological mean in JJA 1979–2014. Areas with single and diagonal lines

indicate 90% and 95% statistical significance level by the Monte Carlo method, respectively.

FIG. 8. Geographical distribution of the persistent atmospheric

blocking on 20 Jul and 8 Aug 2010. The condition of persistent

atmospheric blocking was adopted for this analysis. The area with

solid blue lines indicates the location of atmospheric blocking,

which was identified in 2010 (Dole et al. 2011). Areas with single

and diagonal lines indicate 90% and 95% statistical significance

level by the Monte Carlo method, respectively.
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5 with a large positive SST anomaly over the Indian

Ocean.This resultmay suggest that the anomalous positive

SST anomaly in 2010 enhanced precipitation over north-

ernPakistan in addition to the favorable SSTanomaly over

the equatorial mid- to eastern Pacific Ocean.

Groups 4 and 5 had widely distributed the large per-

sistent blocking (PB) values over western Russia during

the period of the 2010 Pakistan flooding, where the PB

was large. During 1979–2014, seven pentad periods had

larger PB over the area affected by the Russian heat

wave in 2010. These seven pentad periods recorded a

precipitation intensity of 9.1mmday21, which is 1.2

times larger than the whole of the 81 heavy precipitation

periods. In addition, five of the seven periods were

classified into groups 4 and 5. Therefore, these groups

tended to cause heavy precipitation over northern

Pakistan in association with atmospheric blocking over

western Russia and a negative SST anomaly over the

equatorial mid- to eastern Pacific Ocean. These results

may suggest that atmospheric patterns and the persis-

tent blocking over the study area might be an import

indicator of heavy precipitation, with a meteorological

connection to the heat wave.

Acknowledgments. This study was partially supported

by the Ministry of Education, Culture, Sports, Science

and Technology (MEXT) Program for SOUSEI (theme

C-i-C) and SI-CAT and the Japan Science and Technol-

ogy Agency-Japan International Cooperation Agency

(JST-JICA). This study was partially supported by

MEXT/SOUSEI (theme C-i-C), SI-CAT, ArCS, JST-

JICA/SATREPS, and JSPS/KAKENHI (15K18118).

REFERENCES

Adler,R.F., andCoauthors, 2003: The version-2Global Precipitation

Climatology Project (GPCP) Monthly Precipitation Analysis

(1979–present). J. Hydrometeor., 4, 1147–1167, doi:10.1175/

1525-7541(2003)004,1147:TVGPCP.2.0.CO;2.

Aon Benfield, Inc., 2010: Pakistan flood event recap report. Impact

Forecasting Rep., Aon Benfield, Inc., 12 pp. [Available on-

line at http://www.aon.com/attachments/reinsurance/201008_

pakistan_flood.pdf.]

Arslan, M., M. Tauseef, M. Gull, M. Baqir, I. Ahmad, U. Ashraf,

and B. S. Al-Tawabini, 2013: Unusual rainfall shift during

monsoon period of 2010 in Pakistan: Flash flooding in north-

ern Pakistan and riverine flooding in southern Pakistan. Afr.

J. Environ. Sci. Technol., 7 (9), 882–890.

Baeriswyl, P. A., and M. Rebetez, 1997: Regionalization of precipi-

tation in Switzerland bymeans of principal component analysis.

Theor. Appl. Climatol., 58, 31–41, doi:10.1007/BF00867430.
Barry, R. G., and A. M. Carleton, 2001: Synoptic and Dynamic

Climatology. Routledge, 640 pp.

Birkeland, K. W., C. J. Mock, and J. J. Shinker, 2001: Avalanche

extremes and atmospheric circulation patterns. Ann. Glaciol.,

32, 135–140, doi:10.3189/172756401781819030.

Brakenridge, G. R., 2016: Global active archive of large flood

events. Dartmouth FloodObservatory, University of Colorado,

accessed 1 June 2015. [Available online at http://floodobservatory.

colorado.edu/Archives/index.html.]

Cattell, R. B., 1966: The scree test for the number of factors. Multi-

var. Behav. Res., 1, 245–276, doi:10.1207/s15327906mbr0102_10.

Dole, R., and Coauthors, 2011: Was there a basis for anticipating

the 2010 Russian heat wave? Geophys. Res. Lett., 38, L06702,

doi:10.1029/2010GL046582.

Fovell, R. G., and M. Y. Fovell, 1993: Climate zones of the con-

terminous United States defined using cluster analysis.

J. Climate, 6, 2103–2135, doi:10.1175/1520-0442(1993)006,2103:

CZOTCU.2.0.CO;2.

Galarneau, T. J., T. M. Hamill, R.M. Dole, and J. Perlwitz, 2012: A

multiscale analysis of the extreme weather events over west-

ern Russia and northern Pakistan during July 2010.Mon.Wea.

Rev., 140, 1639–1664, doi:10.1175/MWR-D-11-00191.1.

Gerstengarbe, F. W., P. C. Werner, and K. Fraedrich, 1999: Ap-

plying non-hierarchical cluster analysis algorithms to climate

classification: Some problems and their solution. Theor. Appl.

Climatol., 64, 143–150, doi:10.1007/s007040050118.

Hair, J. F., R. E. Anderson, R. L. Tatham, and W. C. Black, 1998:

Multivariate Data Analysis. 5th ed. Prentice-Hall, 768 pp.

Hong, C.-C., H.-H. Hsu, N.-H. Lin, and H. Chiu, 2011: Roles of

European blocking and tropical–extratropical interaction in

the 2010 Pakistan flooding. Geophys. Res. Lett., 38, L13806,

doi:10.1029/2011GL047583.

Houze, R. A., Jr., K. L. Rasmussen, S. Medina, S. R. Brodzik, and

U. Romatschke, 2011: Anomalous atmospheric events leading

to the summer 2010 floods in Pakistan. Bull. Amer. Meteor.

Soc., 92, 291–298, doi:10.1175/2010BAMS3173.1.

Huffman, G. J., and Coauthors, 1997: The Global Precipita-

tion Climatology Project (GPCP) Combined Precipitation

Dataset. Bull. Amer. Meteor. Soc., 78, 5–20, doi:10.1175/

1520-0477(1997)078,0005:TGPCPG.2.0.CO;2.

Jolliffe, I. T., 1986: Principal Component Analysis. Springer-Verlag,

271 pp.

Kalnay, E., and Coauthors, 1996: The NCEP/NCAR 40-Year

Reanalysis Project. Bull. Amer. Meteor. Soc., 77, 437–471,

doi:10.1175/1520-0477(1996)077,0437:TNYRP.2.0.CO;2.

Knapp, P. A., H. D.Grissino-Mayer, and P. T. Soule, 2002: Climate

regionalization and the spatio-temporal occurrence of ex-

treme single-year drought events (1500–1998) in the interior

Pacific Northwest, USA. Quat. Res., 58, 226–233, doi:10.1006/

qres.2002.2376.

Lau, W. K. M., and K.-M. Kim, 2012: The 2010 Pakistan flood

and Russian heat wave: Teleconnection of hydrometeoro-

logical extremes. J. Hydrometeor., 13, 392–403, doi:10.1175/

JHM-D-11-016.1.

Liebmann, B., and C. A. Smith, 1996: Description of a complete

(interpolated) outgoing longwave radiation dataset. Bull.

Amer. Meteor. Soc., 77, 1275–1277.

Martineu, C., J. Y. Caneill, and R. Sadourny, 1999: Potential pre-

dictability of European winters from the analysis of seasonal

simulations with an AGCM. J. Climate, 12, 3033–3061,

doi:10.1175/1520-0442(1999)012,3033:PPOEWF.2.0.CO;2.

Rasmussen, K. L., A. J. Hill, V. E. Toma, M. D. Zuluaga, P. J.

Webster, and R. A. Houze Jr., 2015: Multiscale analysis of

three consecutive years of anomalous flooding in Pakistan.

Quart. J. Roy. Meteor. Soc., 141, 1259–1276, doi:10.1002/

qj.2433.

Reynolds, R. W., N. A. Rayner, T. M. Smith, D. C. Stokes, and

W. Wang, 2002: An improved in situ and satellite SST

1 NOVEMBER 2016 YAMADA ET AL . 7753

http://dx.doi.org/10.1175/1525-7541(2003)004<1147:TVGPCP>2.0.CO;2
http://dx.doi.org/10.1175/1525-7541(2003)004<1147:TVGPCP>2.0.CO;2
http://www.aon.com/attachments/reinsurance/201008_pakistan_flood.pdf
http://www.aon.com/attachments/reinsurance/201008_pakistan_flood.pdf
http://dx.doi.org/10.1007/BF00867430
http://dx.doi.org/10.3189/172756401781819030
http://floodobservatory.colorado.edu/Archives/index.html
http://floodobservatory.colorado.edu/Archives/index.html
http://dx.doi.org/10.1207/s15327906mbr0102_10
http://dx.doi.org/10.1029/2010GL046582
http://dx.doi.org/10.1175/1520-0442(1993)006<2103:CZOTCU>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(1993)006<2103:CZOTCU>2.0.CO;2
http://dx.doi.org/10.1175/MWR-D-11-00191.1
http://dx.doi.org/10.1007/s007040050118
http://dx.doi.org/10.1029/2011GL047583
http://dx.doi.org/10.1175/2010BAMS3173.1
http://dx.doi.org/10.1175/1520-0477(1997)078<0005:TGPCPG>2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1997)078<0005:TGPCPG>2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
http://dx.doi.org/10.1006/qres.2002.2376
http://dx.doi.org/10.1006/qres.2002.2376
http://dx.doi.org/10.1175/JHM-D-11-016.1
http://dx.doi.org/10.1175/JHM-D-11-016.1
http://dx.doi.org/10.1175/1520-0442(1999)012<3033:PPOEWF>2.0.CO;2
http://dx.doi.org/10.1002/qj.2433
http://dx.doi.org/10.1002/qj.2433


analysis for climate. J. Climate, 15, 1609–1625, doi:10.1175/

1520-0442(2002)015,1609:AIISAS.2.0.CO;2.

Richman, M. B., 1986: Rotation of principal components.

J. Climatol., 6, 293–335, doi:10.1002/joc.3370060305.
Scherrer, S. C., M. Croci-Maspoli, C. Schwierz, and

C. Appenzeller, 2006: Two-dimensional indices of atmo-

spheric blocking and their statistical relationship with winter

climate patterns in the Euro-Atlantic region. Int. J. Climatol.,

26, 233–249, doi:10.1002/joc.1250.

Shaevitz, D. A., J. Nie, and H. Sobel, 2016: The 2010 and 2014

floods in India and Pakistan: Dynamical influence on vertical

motion and precipitation. arXiv.org, 25 pp. [Available online

at http://arxiv.org/pdf/1603.01317v1.pdf.]

Smith, T. M., R. W. Reynolds, T. C. Peterson, and J. Lawrimore,

2008: Improvements to NOAA’s historical merged land–

ocean temperature analysis (1880–2006). J. Climate, 21, 2283–

2296, doi:10.1175/2007JCLI2100.1.

Syvitski, J. P. M., and G. R. Brakenridge, 2013: Causation and

avoidance of catastrophic flooding along the Indus

River, Pakistan. GSA Today, 23, 4–10, doi:10.1130/

GSATG165A.1.

Tait, A. B., and B. B. Fitzharris, 1998: Relationship between

New Zealand rainfall and south-west Pacific pres-

sure patterns. Int. J. Climatol., 18, 407–424, doi:10.1002/

(SICI)1097-0088(19980330)18:4,407::AID-JOC256.3.0.CO;2-S.

Tibaldi, S., and F. Molteni, 1990: On the operational pre-

dictability of blocking. Tellus, 42A, 343–365, doi:10.1034/

j.1600-0870.1990.t01-2-00003.x.

Unal, Y., T. Kindap, and M. Karaca, 2003: Redefining the climate

zones of Turkey using cluster analysis. Int. J. Climatol., 23,

1045–1055, doi:10.1002/joc.910.

Wang, S.-Y., R. E. Davies, W.-R. Huang, and R. R. Gillies,

2011: Pakistan’s two-stage monsoon and links with recent

climate change. J. Geophys. Res., 116, D16114, doi:10.1029/

2011JD015760.

Webster, P. J., V. E. Toma, and H.-M. Kim, 2011: Were the 2010

Pakistan floods predictable? Geophys. Res. Lett., 38, L04806,

doi:10.1029/2010GL046346.

WMO, 2011: Weather extremes in a changing climate: Hindsight

on foresight. WMO-No. 1075, 17 pp.

Yarnal, B., 1993: Synoptic Climatology in Environmental Analysis:

A Primer. Belhaven Press, 195 pp.

7754 JOURNAL OF CL IMATE VOLUME 29

http://dx.doi.org/10.1175/1520-0442(2002)015<1609:AIISAS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015<1609:AIISAS>2.0.CO;2
http://dx.doi.org/10.1002/joc.3370060305
http://dx.doi.org/10.1002/joc.1250
http://arxiv.org/pdf/1603.01317v1.pdf
http://dx.doi.org/10.1175/2007JCLI2100.1
http://dx.doi.org/10.1130/GSATG165A.1
http://dx.doi.org/10.1130/GSATG165A.1
http://dx.doi.org/10.1002/(SICI)1097-0088(19980330)18:4<407::AID-JOC256>3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1097-0088(19980330)18:4<407::AID-JOC256>3.0.CO;2-S
http://dx.doi.org/10.1034/j.1600-0870.1990.t01-2-00003.x
http://dx.doi.org/10.1034/j.1600-0870.1990.t01-2-00003.x
http://dx.doi.org/10.1002/joc.910
http://dx.doi.org/10.1029/2011JD015760
http://dx.doi.org/10.1029/2011JD015760
http://dx.doi.org/10.1029/2010GL046346

