Quarterly Journal of the Royal Meteorological Society

Q. J. R. Meteorol. Soc. 141: 1259–1276, April 2015 B DOI:10.1002/qj.2433

Multiscale analysis of three consecutive years of anomalous flooding
in Pakistan
K. L. Rasmussen,a * A. J. Hill,b V. E. Toma,c M. D. Zuluaga,a P. J. Websterc and R. A. Houze Jra
a

Department of Atmospheric Sciences, University of Washington, Seattle, WA, USA
Atmospheric Science Group, Department of Geosciences, Texas Tech University, Lubbock, TX, USA
c
School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, USA
*Correspondence to: K. L. Rasmussen, Department of Atmospheric Sciences, University of Washington, Box 351640, Seattle, WA
98195, USA. E-mail: kristen@atmos.uw.edu
b

A multiscale investigation into three years of anomalous floods in Pakistan provides
insight into their formation, unifying meteorological characteristics, mesoscale storm
structures and predictability. Striking similarities between all three floods exist, from
planetary and large-scale synoptic conditions down to the mesoscale storm structures, and
these patterns were generally well-captured with the European Centre for Medium-Range
Weather Forecasts (ECMWF) Ensemble Prediction System (EPS). Atmospheric blocking
events associated with high geopotential heights and surface temperatures over Eastern
Europe were present during all three floods. Quasi-stationary synoptic conditions over
the Tibetan plateau allowed for the formation of anomalous easterly midlevel flow across
central India into Pakistan that advected deep tropospheric moisture from the Bay of
Bengal into Pakistan, enabling flooding in the region. The Tropical Rainfall Measuring
Mission (TRMM) Precipitation Radar observations show that the flood-producing storms
exhibited climatologically unusual structures during all three floods in Pakistan. These
departures from the climatology consisted of westward-propagating precipitating systems
with embedded wide convective cores, rarely seen in this region, that likely occurred when
convection was organized upscale by the easterly midlevel jet across the subcontinent.
Similar mesoscale structures in storms in other regions of the world contribute significantly
to climatological precipitation and produce flash floods because of their combination of
longevity and intensity. Predictability analysis using the ECMWF EPS system shows the
ability to accurately forecast the conditions favouring storms of this type and hence floods
in Pakistan over a week in advance with significant confidence.
Key Words:

flooding; Pakistan floods; predictability; South Asian monsoon; TRMM; mesoscale convective systems

Received 9 January 2014; Revised 6 July 2014; Accepted 21 July 2014; Published online in Wiley Online Library 27 August
2014

1. Introduction
The climate of Pakistan during the monsoon season strongly varies
between hot and humid near the southern coastal region and cool
and dry in the high altitudes of the north. The Indus River flows
from the mountains to the sea, bringing high-altitude runoff from
the Himalayas to the Arabian Sea through arid lowlands, where
precipitation amounts are normally minimal (Romatschke et al.,
2010). In recent monsoon seasons, prolonged periods of anomalous rainfall and significant flooding have occurred over the arid
region. In July–August 2010, Pakistan experienced its worst flooding in recorded history, with 1700 fatalities and disruptive impacts
on over 20 million people (Houze et al., 2011; Webster et al.,
2011). In 2011, in the southern province of Sindh, anomalous precipitation again led to extensive flooding that resulted in over 400
fatalities and affected more than 8 million people.∗ Again, in 2012,

southern Pakistan received uncharacteristic rainfall and flooding,
which resulted in over 450 fatalities and affected upwards of 5 million people.† This study will investigate the synoptic conditions
and mesoscale storm structures common to these three seasons
of anomalous flooding to determine whether certain unifying
characteristics would portend predictability for these events.
The anomalous character of these recent events was
immediately evident from data of the Tropical Rainfall Measuring
Mission (TRMM) satellite’s Precipitation Radar (PR). These
data show that in the arid region of northern Pakistan, intense
convection can be both deep and wide in nature, indicative of
mesoscale systems. However, they rarely develop broad stratiform
precipitation components (Houze et al., 2007; Medina et al., 2010;
Romatschke et al., 2010). Yet, as we will show, the TRMM PR
indicated that the Pakistan floods of 2010, 2011 and 2012 were
induced by storms containing broad stratiform radar echoes.

∗

†

http://www.cnn.com/2011/09/30/world/asia/pakistan-flooding/
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From the large-scale viewpoint, the Pakistan floods of 2010 were
set in motion by an anomalous quasi-stationary synoptic pressure
pattern that funneled warm moist air from the Bay of Bengal and
Arabian Sea into the northwest indentation of the Himalayas
(Houze et al., 2011). By analyzing TRMM overpasses during the
onset of the 2010 Pakistan flood in the context of that large-scale
flow, Houze et al. (2011) found that the rainstorms responsible
for the floods were primarily mesoscale systems containing large
stratiform regions, unlike the convection that normally occurs in
this region. They further found that the anomalous mesoscale
structures were consistent with the presence of the equally
anomalous synoptic-scale weather pattern.
On the eastern side of the subcontinent, precipitation tends to
be associated with Bay of Bengal depressions and is very different
in character from precipitation in the Pakistan region. Over the
eastern continent and the Bay of Bengal, precipitation occurs
primarily within mesoscale systems with broad stratiform rain
areas in saturated nearly moist neutral environments (Houze
and Churchill, 1987; Houze et al., 2007; Medina et al., 2010;
Romatschke et al., 2010). These systems contrast strongly with
those typically occurring in the west by being less intense, but
much more widespread and productive of precipitation. The 2010
floods in Pakistan occurred in a synoptic situation in which Bay
of Bengal depressions and their moist environment propagated
across the subcontinent into Pakistan. At the same time,
anomalously high pressure built up over the Tibetan Plateau and
combined with the Bay of Bengal depressions to form a synopticscale channel of uncharacteristically humid and approximately
moist adiabatically stratified flow toward the northwest and
into Pakistan’s Himalayan mountain barrier. The cloud systems
forming in this northwestward flow had the characteristics of
Bay of Bengal storms with broad stratiform regions and their
stratiform components were enhanced orographically when the
storms encountered the Himalayan barrier (Houze et al., 2011).
The persistence and large areal coverage of these raining systems
contributed to the massive runoff and flooding downstream
all along the Indus river valley and eventually affected almost
two-thirds of Pakistan.
Several studies have examined the specific planetary circulation
pattern in which the 2010 flooding occurred. Mujumdar et al.
(2012) examined the effect of the 2010 La Niña on the summer
monsoon in Pakistan. Their results indicated a westward shift of
the West Pacific subtropical high, which contributed to reduced
precipitation in the Bay of Bengal and an enhanced trough
over Northern India and Pakistan (see also Hong et al., 2011;
Wang et al., 2011). With inspiration from prior studies on the
teleconnection between the Eurasian wave train and the South
Asian monsoon (Ding and Wang, 2005, 2007; Saeed et al., 2011;
Schubert et al., 2011), Lau and Kim (2012) addressed the events
in Pakistan and their apparent teleconnection to the heat wave
and fires in western Russia in 2010, where strong extratropical
atmospheric blocking contributed to a deepening midlatitude
trough over northern Pakistan. A numerical modelling study by
Galarneau et al. (2012) indicated that energy dispersion from
the blocking high over western Russia in 2010 contributed to
trough deepening and enhancement of the ridge building over the
Tibetan Plateau. Some have speculated that propagating potential
vorticity perturbations in the southward-extending large-scale
trough enhanced precipitation in 2010, with increased vertical
ascent over northern Pakistan (Hong et al., 2011; Martius et al.,
2012; Ullah and Shouting, 2013). However, the precipitation
occurred on a much smaller and local scale, with local sources of
moisture and mesoscale storm organization being very important
elements, and these studies do not address the mechanisms by
which the presence of amplified potential vorticity led to enhanced
precipitation on smaller scales. The large-scale vertical motion
did not cause the precipitation directly and the physical processes
and storm dynamics are not yet understood for such anomalous
precipitating systems. It is therefore important to examine these
events in deeper detail if a complete understanding of these events
is to be obtained.
c 2014 Royal Meteorological Society


Houze et al. (2011) examined the mesoscale elements that
produced the precipitation in late July 2010 by relating TRMM
PR overpass data to reanalysis fields and the region’s topography.
In this study, we extend the analysis of Houze et al. (2011)
to the entire period of the historic 2010 Pakistan floods and
provide a detailed examination of the storm structures seen
by the TRMM PR during the 2010–2012 flooding episodes to
determine whether or not these storms exhibited commonality
in their mesoscale structure. Because mesoscale storm structures
are inextricably linked to the synoptic-scale environments in
which they occur, we will examine the TRMM data in relation
to reanalysis fields. Understanding the synoptic environments of
the mesoscale systems is critical to gaining understanding of the
storms in a way that will give physical insight into the factors
controlling their predictability.
To investigate the predictability of the environment in which
flood-producing storms are likely to occur in Pakistan more
quantitatively, we use the methodology of Webster et al. (2011).
They investigated the forecasts of the 2010 floods using the rainfall
output of the European Centre for Medium Range Weather
Forecasts (ECMWF) Variable Resolution Ensemble Prediction
System (EPS) in northern Pakistan. They found that the system
skilfully anticipated all of the major precipitation events in
northern Pakistan in 2010, including the ones associated with
the great flood of July 2010. Some of the major pulses were
predictable more than 12 days in advance, with higher confidence
at shorter lead times. Since then, they have extended the analysis
and designed a coupled atmospheric–hydrological forecasting
system for the Indus river basin (Shrestha et al., 2014). Shrestha
et al. (2014) showed that the 2011 and 2012 rainfall events were
well captured by the ECMWF EPS and successfully predicted
stream flow at specific locations on the Indus River up to 10 days
in advance.
The overarching goal of this study is to provide a better
understanding of the physics and dynamics that control the
frequency, formation, storm structure and predictability of
anomalous flooding events in Pakistan from a meteorological
standpoint and how they manifest under the influence of largescale environmental conditions. Integrating and connecting
the multiscale perspectives of storm structure, synoptic-scale
environment and quantitative predictability of meteorological
high-precipitation events that result in widespread flooding
provides the combination of information that is essential to
improved flood forecasting in Pakistan. The concurrence of three
consecutive years of anomalous flooding, together with observations by the TRMM PR and recent successful predictability
experiments, have provided us with a unique opportunity for
progress in understanding and predicting South Asian floods.
2. Data and methodology
2.1.

TRMM satellite and reanalysis data

The flood analysis presented in this study represents a multiscale
meteorological inquiry into the high-precipitation events that
resulted in the accumulation of water to form widespread,
slow-rise and flash floods in Pakistan. Given the large scope
of the floods in both duration and area during each monsoon
season investigated here, the media reported widespread floods
that occurred during each full period (Table 1). While high
precipitation intensity over large areas does not necessarily
produce floods (which are sensitive to factors such as duration,
location, river drainage parameters and terrain), a meteorological
understanding of the precipitating systems that delivered the rain
is necessary. Henceforth, references to the term ‘flood’ refer to
meteorological precipitation events, except when in reference to
media-reported floods in Pakistan.
This study uses Version 7 data from the TRMM PR during
the periods shown in Table 1. Subperiods capture days with
particularly heavy precipitation and flooding, while full periods
Q. J. R. Meteorol. Soc. 141: 1259–1276 (2015)

Three Consecutive Years of Anomalous Flooding in Pakistan
Table 1. Flooding episodes in Pakistan from 2010–2012: sub and full periods.

2010 floods
2011 floods
2012 floods

Subperiod

Full period

25–31 July
26 August–10 September
4–14 September

25 July–31 August
1 August–15 September
1 August–30 September

Table 2. The total number of DCCs, WCCs and BSRs identified by the TRMM
PR during each flooding year in the full area considered in this study. (Full area;
5–40◦ N, 60–100◦ E.)

Deep convective cores
Wide convective cores
Broad stratiform regions

2010

2011

2012

34
90
46

31
69
37

22
76
37

areal coverage of each region every day. The 3B42 data provide
an estimate of the rainfall over the entire study region every
3 h, which provides a greater perspective of the flooding events
during all three years. Additionally, we used National Centers
for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis data (Kalnay et al., 1996)
to determine the large-scale synoptic features that define the
environment in which the flooding events occurred in Pakistan.
Daily data were used to create composite seasonal anomaly
patterns of geopotential height, precipitable water and surface
temperature (composites minus the seasonal JJAS climatology)
for the sub and full flooding periods in all thee years. Atmospheric
blocking patterns are objectively defined as positive geopotential
height anomalies at 500 hPa lasting four days or longer within the
region of interest, in agreement with Tibaldi and Molteni (1990).
2.2.

Table 3. Same as in Table 2, but for the TRMM PR identified radar echoes in
Pakistan. (Pakistan area; 20–40◦ N, 60–80◦ E.)

Deep convective cores
Wide convective cores
Broad stratiform regions

2010

2011

2012

15
37
6

26
26
6

19
21
0

extend for the entire time period in which floods occurred each
year. The following TRMM data products are used:

• 2A25 – rain rate and profile, attenuation-corrected threedimensional reflectivity profile and rain characteristics
classifying rain types into three categories: convective,
stratiform, and other (Awaka et al., 1997; Iguchi et al.,
2000, 2009); and
• 3B42 – TRMM-adjusted merged infrared precipitation
estimates: three-hourly rainfall data (Huffman et al., 2007).
We follow the methodology of Houze et al. (2007), which
has been used successfully in studies of convection in various
regions of the world (Romatschke et al., 2010; Rasmussen and
Houze, 2011; Romatschke and Houze, 2011; Barnes and Houze,
2013; Zuluaga and Houze, 2013; Rasmussen et al., 2013). This
method identifies three types of three-dimensional echo objects
in the TRMM 2A25 data: (i) a deep convective core (DCC) is a
contiguous volume of radar echo that exceeds 40 dBZ extending
to a maximum altitude ≥10 km; (ii) a wide convective core
(WCC) is a contiguous volume of radar echo that exceeds 40
dBZ and extends over a horizontal region ≥1000 km2 ; and
(iii) a broad stratiform region (BSR) is a contiguous area of
stratiform echo that extends over an area ≥50 000 km2 . DCCs
are indications of deep convection recently initiated; they may be
separate individual cells or embedded in a larger echo. WCCs are
located within very intense mesoscale systems that are growing
or mature. BSRs are portions of large mesoscale systems that
have lost their convective character but nonetheless produce large
amounts of rainfall. To create the precipitation climatology for
the region, we used TRMM 2A25 data from 1999–2009 to provide
a TRMM-only monsoon season climatology for comparison with
the flooding events. In the rain climatology, the years 2010–2012
were specifically excluded to highlight the anomalous nature of the
floods in those years. Besides objectively identifying these radarecho metrics statistically, we examined horizontal and vertical
cross-sections of the TRMM PR reflectivity data to gain insight
into the three-dimensional characteristics of the precipitating
systems.
From the TRMM 3B42 product, we determined both averaged
and accumulated rain rates during the sub and full periods,
respectively. The use of the merged TRMM-adjusted dataset
was necessary, because the TRMM satellite by itself has limited
c 2014 Royal Meteorological Society
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Predictability analysis

The TRMM 3B42 dataset is also used to assess the predictability
of the rainfall over the three regions defined in section 6. These
data have a 0.25◦ × 0.25◦ horizontal resolution and daily average
values of the 3 h data are used for the predictability analysis.
Webster et al. (2011) revealed some differences between Climate
Prediction Center Morphing Technique (CMORPH: Joyce et al.,
2004) and TRMM data, especially over the higher terrain of
northern Pakistan. However, comparisons for periods when the
rainfall maxima occurred over the plains of southern Pakistan
were more reasonable. Moreover, the choice of the CMORPH
dataset for the predictability analysis in previous studies was
related to the practical reason of data availability, since the forecast
product is adjusted statistically using the observed precipitation
in real time.
The ECMWF EPS was used to measure the predictability
of the precipitation over the study regions. The ECMWF EPS
forecasts consist of 51 ensemble members initialized twice per
day (0000 and 1200 UTC) and each ensemble member has a
15 day forecast horizon (Buizza et al., 2007). The horizontal
resolution of the model is 0.25◦ × 0.25◦ for hours 0–240 and
0.5◦ × 0.5◦ for hours 246–360. For this study, model forecast
rainfall for the months of June–September from 2008–2012
was converted into daily cumulative amounts. To account for
systematic model bias between the distributions of the observed
TRMM 3B42 V7 rainfall and the ECMWF forecast, a quantileto-quantile (q-to-q) mapping technique was applied following
Hopson and Webster (2010) and Webster et al. (2010). For this
purpose, two sets of quantile distributions were constructed, one
for the forecast precipitation and another for the observed TRMM
3B42 V7 data at each lead day (day 1, day 2, . . . ). The quantile
distributions were constructed for each point in the study domain
at a 1◦ × 1◦ resolution. Next, the quantiles of the TRMM 3B42 V7
distribution were matched to the corresponding quantiles of the
forecast rainfall, at each lead time. This mapping was applied to
all 51 ensemble members from June–September in 2008–2012,
excluding the year to be forecast. Thus, a quantile correspondence
between the forecast and the observed rainfall was developed. In
order to evaluate whether the forecast captured the actual intensity
of the major rainfall events, all ECMWF forecasts made during
the study periods were extracted and bias-corrected using the
q-to-q technique. Then, the probability that the predicted rainfall
would exceed the observed JJAS climatological mean plus 1.5
standard deviations was computed as follows: (i) the forecast
rainfall area average was computed for all lead times, for each
period and each region; (ii) for each forecast, at each lead time,
the percentage of ensemble members exceeding the threshold
was computed; and (iii) the exceedance threshold was calculated
using 2008–2012 TRMM 3B42 V7 data, with mean and standard
deviation based on June–September daily average data. With this
probability, we can then assess the predictability of exceedance
of extreme precipitation in the analyzed regions, which has
Q. J. R. Meteorol. Soc. 141: 1259–1276 (2015)
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previously been correlated with flooding events (Webster et al.,
2010, 2011; Shrestha et al., 2014).
3. South Asian monsoon
The summer monsoon season in South Asia occurs from June to
September. Previous studies show the typical large-scale spatial
and seasonal variations in heavy precipitation throughout the
region (Webster et al., 1998; Goswami, 2005; Webster, 2006;
Hoyos and Webster, 2007). Planetary-scale teleconnections,
namely Rossby wave trains across Eurasia in this region, have
been shown to modulate the South Asian monsoon at its
northern boundary (Ding and Wang, 2005, 2007; Saeed et al.,
2011; Schubert et al., 2011). On subseasonal time-scales, the South
Asian summer monsoon is typically composed of a series of ‘active’
(rainy) and ‘break’ (dry) periods with an approximate 20–40 day
cycle, often referred to as monsoon intraseasonal oscillations
(MISOs: Lawrence and Webster, 2001; Webster and Hoyos,
2004; Goswami, 2005; Hoyos and Webster, 2007; Schubert et al.,
2011). MISO events are often associated with the boreal summer
Madden–Julian Oscillation (MJO: Madden and Julian, 1972),
which induces northeasterly propagating convective anomalies
associated with the eastward-propagating MJO in the Tropics
(Goswami et al., 2003; Stephens et al., 2004). While the boreal
summer rain in Pakistan is monsoonal, the land remains arid, as
it lies at the western boundary of the South Asian monsoon.
The average synoptic-scale conditions over South Asia during
the monsoon season are shown in Figure 1. Southern Pakistan
and central India are located between the upper-level easterly
subtropical jet to the south and the westerly midlatitude jet to
the north (Figure 1(a)). At midlevels (Figure 1(b)), typically
dry and diurnally heated air flows off the Afghan Plateau
(Figure 1(d)). This dry subsiding flow occasionally provides a
stable cap over low-level moisture advected into the foothills
of northern Pakistan from the Arabian Sea and intense deep

convection in the northwest indentation of the Himalayas occurs
when convection breaks through the cap (Sawyer, 1947; Houze
et al., 2007; Medina et al., 2010). Mean conditions at both 700 and
850 hPa (Figure 1(c) and (d)) indicate low to midlevel westerly
wind components throughout south to central India.
During the monsoon season, atmospheric moisture is
maximized over the Bay of Bengal and Arabian Sea (locations in
Figure 2(a)) as evaporative latent heat fluxes act to increase the
moisture content in the boundary layer (Medina et al., 2010). This
moist air flows onto the continent in a generally southwesterly
direction in response to the thermally driven monsoon circulation
(Webster et al., 1998; Webster, 2006). As the moist air encounters
topographic features of various scales, in the Hindu Kush and
Sulaiman ranges of Afghanistan, the Himalayas and the Arakan
range of Burma, precipitation tends to be maximized upstream
of and over the windward slopes of such features (Figure 2(b);
Hirose and Nakamura, 2002; Xie et al., 2006; Romatschke and
Houze, 2011). However, the typical monsoon precipitation in
Pakistan is notably small, with the exception of the northern
part of the country, which experiences frequent deep convection
near the intersection of the Hindu Kush and Himalayan ranges.
Pakistan is generally dry and arid, even during the monsoon
season; thus, anomalously large amounts of precipitation in the
region are unexpected and can have catastrophic impacts. Three
years of consecutive flooding episodes in Pakistan have therefore
prompted a detailed investigation into these episodes and inquiry
into the predictability of these and future floods.
4. Flooding event synoptic analysis
4.1.

Planetary-scale patterns in each of the flood years

The catastrophic flooding of Pakistan in 2010 occurred at the same
time as an immense outbreak of fires in Russia and anomalously
high surface temperatures throughout Eastern Europe. Lau and

Figure 1. Climatological (1981–2010) mean winds (m s−1 ) and geopotential height contours (m) for the monsoon season (June–September: JJAS) at (a) 200 hPa,
(b) 500 hPa, (c) 700 hPa and (d) 850 hPa from NCEP–NCAR reanalysis data. Data intersecting the topography are excluded.

c 2014 Royal Meteorological Society
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Figure 2. (a) South Asian topography (km) and relevant regions of interest. (b) TRMM 2A25 precipitation rate (mm h−1 ) climatology for the monsoon season
(June–September: JJAS) from 1999–2009. Adapted and updated from Houze et al. (2007) and Romatschke and Houze (2011) to extend the precipitation rate
climatology in South Asia.

Kim (2012) associated all of these events with a strong and
long-lived atmospheric blocking pattern (of the type described
by Tibaldi and Molteni, 1990) centred in the midlatitudes. They
suggest that the blocking pattern affected the subtropics through
vorticity advection, leading to flooding in Pakistan. However, they
offered no mechanism for how the vorticity on the synoptic scale
led to the specific storms that caused the flooding. The trough
conditions aloft would have been favourable for large-scale mean
upward motion, but storms that produce rain occur at smaller
scales and the connection between scales needs to be made for
forecasting specific events.
Figure 3(a) and (b) shows the blocking pattern and high surface
temperatures during the 2010 flooding period in terms of 500 hPa
height and surface temperature anomalies. Figure 3(b)–(d) shows
that similar anomaly patterns were present over the Eurasian
continent during the flood periods of 2011 and 2012. However,
those blocking patterns were not as prolonged; they persisted for 8
and 20 days, respectively, compared with 38 days in 2010. Houze
et al. (2011) noted in the case of the 2010 Pakistan flood that
positive 500 hPa geopotential height anomalies over the Tibetan
Plateau played a crucial role in guiding moisture advection from
the Bay of Bengal into northern Pakistan, thus favouring the
mesoscale systems that led to flooding. Again, in 2011 and 2012,
high pressure over the Tibetan plateau helped form a channel
of westnorthwestward to northwestward moist airflow across the
northern subcontinent. Details of the specific synoptic features
associated with the South Asian floods will be discussed further
in the next section.
4.2.

Regional synoptic patterns associated with the floods

Moisture advection from the Bay of Bengal at mid to low levels
was a key factor in the flood events in all three years and in each
case led to large precipitable water amounts over Pakistan and
western India (Figure 4(a), (d) and (g)). As discussed by Houze
et al. (2011) and Galarneau et al. (2012), the moisture transport
that fuelled the 2010 flood was dominated by strong southeasterly
midlevel flow along the foothills of the Himalayas. That southeasterly flow brought moisture from the Bay of Bengal into the
mountainous region of northern Pakistan (Figure 4(a)–(c)). Precipitable water anomalies were maximized from 25–31 July 2010,
in both northern and southern Pakistan. Similar patterns were
present during both the 2011 and 2012 subperiods of intense
rainfall, with more westward-component moisture flow across
c 2014 Royal Meteorological Society


the subcontinent into central and southern Pakistan (Figure 4(d)
and (g)). The moist flow during 26 August–10 September 2011
and 4–14 September 2012 was located south of its 2010 position
and had a less southerly component, so that the wind was directed
toward the plains of southern Pakistan, where the flooding
occurred. The 850 and 700 hPa composite mean winds were similar to the climatological winds south of the ∼20◦ N latitude of India
for each year, but the relatively strong midlevel easterly jet across
central India and Pakistan (Figure 4(b), (e) and (h)) was a significant deviation from climatology (Figure 1(c)) and thus helped
provide the moisture to fuel the three years of anomalous floods
in Pakistan. The 2010 subperiod shows the largest 700 hPa height
anomaly magnitude, while 2011 is slightly less in magnitude and
shifted eastward. The signature in 2012 has higher than normal
700 hPa heights elsewhere in the domain, so that the flow at 700
hPa remained relatively zonal across northern India into Pakistan.
Anomalous 500 hPa high pressure over the Tibetan Plateau
occurred during all three high-precipitation subperiods and
was connected with extreme ridging and atmospheric blocking
in the midlatitudes (Figure 3(a), (c) and (e)), as discussed
above. Compared with the 500 hPa climatology of the region
(Figure 1(b)), these patterns deviated strongly from the
climatological flow pattern. Figure 4(c), (f) and (i) shows that
during all three years, strong high-pressure systems were located
over the Himalayas and surrounding environs during the flooding
subperiods. All three high-precipitation subperiods (Table 1)
featured strong easterly component flow across the northern tier
of the subcontinent. However, in 2010 the strong anomalously
westward current also had a southerly component that directed
it toward the Himalayan barrier in northwestern Pakistan
(Figure 4(c)). As a result, the 2010 floods had an orographic
precipitation component absent in the 2011 and 2012 flood
seasons. This orographic aspect was emphasized in the analysis of
Houze et al. (2011), who suggested that upslope flow of the nearly
moist neutral airstream enhanced the stratiform components of
the mesoscale systems occurring over the mountains of northern
Pakistan, thus exacerbating the runoff and flooding. A meridional
wind component is mostly absent from the westward anomaly jets
in the 2011 and 2012 subperiods (Figure 4(f) and (i)). The 500 hPa
flow was directed more or less zonally into the flatland regions of
central and southern Pakistan. The high-pressure patterns in 2011
and 2012 were also shifted southwestward in comparison with
2010. As a result of these differences, much of the precipitation
that fell in Pakistan in 2011 and 2012 was limited to the southern
part of the country. A hint of meridional flow over northern
Q. J. R. Meteorol. Soc. 141: 1259–1276 (2015)
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Figure 3. NCEP–NCAR reanalysis daily composite of (a) 500 hPa geopotential height anomalies (m) and (b) surface temperature anomalies (K) from 25 July–31
August 2010. (c), (d) and (e), (f) are as (a) and (b), but from 8–16 August 2011 and 1–20 August 2012, respectively. The topography is shown in grey shading.

Pakistan is seen in 2012 (Figure 4(i)); however, the southwest
shift of the strong high-pressure centre over the Himalayan
foothills compared with the previous years confined the easterly
jet and flooding to southern Pakistan. As will be shown below, the
location of the easterly component jet south of the Himalayas led
to a different kind of mesoscale storm behaviour in 2011 and 2012,
but one nonetheless capable of producing flooding conditions.
4.3.

Precipitation patterns in each of the three flood seasons

The northwestern indentation of the mountains of South Asia,
where the southwest–northeast oriented Hindu Kush range
intersects the southeast–northwest oriented Himalayan range,
experiences some of the deepest convective storms in the world
(Sawyer, 1947; Zipser et al., 2006; Houze et al., 2007; Romatschke
et al., 2010). This primarily occurs because low-level moist air
from the Arabian Sea is capped by dry westerly flow off the Afghan
Plateau (Figure 1(b)), so that instability builds up until convection
can finally break through the cap. The anomalous highs during
2010–2012 created a great departure from the typical situation
producing the capping and release of intense local convection.
Warm air from the Afghan Plateau did not flow out over central
Pakistan. Rather, a deep layer of moist air flowed into the region
from the Arabian Sea and Bay of Bengal. Thus, the types of
precipitating systems found in Pakistan during the flood periods
of 2010, 2011 and 2012 occurred in an environment in which the
c 2014 Royal Meteorological Society


convection would be expected to have structures and behaviours
very different from more normal years.
Figure 5 shows the spatial distribution of the mean precipitation
rates during the subperiods and the total accumulated
precipitation over the full periods in each year of the study.
These maps contrast sharply with the precipitation climatology
of the region (Figure 2(b)). The extreme aridity of normal years
was replaced by massive rainfall in each year. The most significant
rainfall amounts occurred in 2010, with over 6000 mm falling
along the Himalayas in northern India and over west central India
continuing out into the Arabian Sea (Figure 5(b)). Between 4000
and 6000 mm fell over much of northern Pakistan, with significant
amounts over 1500 mm falling along the Indus river basin. The
floods of 2011 and 2012 were associated with considerably less
precipitation overall and had maximum rainfall near the foothills
of the Himalayas and over west central India into Pakistan. The
shift away from the Himalayas of the 2011 and 2012 rainfall is
consistent with the above-described more zonally oriented moist
easterly flow in those years (Figure 4). Rainfall in 2011 was more
focused around southern Pakistan into west central India, where
substantial flooding occurred in the Sindh Province of Pakistan
(Figure 5(d)) and rainfall totals exceeded 2000 mm in some local
areas. Precipitation in 2012 was significantly less than in the
other years across the whole region, with rainfall totals in the
300–900 mm range in southern Pakistan, extending northward
along the Indus valley into northern Pakistan, but was nonetheless
large for this typically dry region (Figure 2(b)).
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Figure 4. NCEP–NCAR reanalysis daily composite for the following subperiods: (a)–(c) 25–31 July 2010, (d)–(f) 26 August–10 September 2011 and (g)–(i) 4–14
September 2012. Left: precipitable water anomalies (kg m−2 ) and 850 hPa mean winds (m s−1 ). Middle: 700 hPa geopotential height anomalies (m) and mean winds
(m s−1 ). Right: 500hPa geopotential height anomalies (m) and mean winds (m s−1 ). The topography is shown in grey shading.

While a major rainfall centre was located in the northern part
of Pakistan in 2010, facilitated by the orographic lifting of BSRs of
mesoscale convective systems, a second maximum also occurred
over the Sindh region of southern Pakistan in subsequent years.
The events in the southern region were non-orographic and were
strikingly similar in each of the three years under study. Although
the 2010 monsoon season produced the greatest flooding, which
was most likely associated with the 24 h record-breaking rainfall
in the Khyber Pakhtunhwa region on 29 July,‡ the average rain
rates throughout the country were not significantly larger than
those in 2011 and 2012 (Figure 5(a), (c) and (e)). Rainfall rates
were ∼225 mm day−1 in the Sindh area of southern Pakistan
in 2011 (Figure 5(c)). In 2012, a region around 28◦ N, 70◦ E had
rainfall rates ∼175 mm day−1 (Figure 5(e)), just north of the
aforementioned region in 2011 and along the southern foothills
of the Sulaiman Range. The 2012 subperiod also had an area
of rainfall rate maxima in west central India near the southern
Aravalli Mountains, with rates above 275 mm day−1 . Since local
rainfall maxima were realized near the Aravalli range during all
three years, orographic enhancement of precipitating systems
likely occurred here.
5. Precipitating systems seen by TRMM
5.1.

Departures from storm climatology

Convective precipitation systems are not all alike. Some consist
of isolated and deep cells of a local nature. In other situations,
‡

http://www.pakmet.com.pk/
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the convective cells group together and form mesoscale systems.
Some mesoscale systems become very large and develop large
stratiform areas that may coexist in a single system with groups
of convective cells. Some of these large systems are relatively
stationary and disorganized. Some become locked to terrain.
Others propagate as ‘squall lines’, with the deep active convection
forming a moving line maintained at the edge of a cold pool
with older stratiform precipitation trailing behind. Flooding can
be produced by any of these types of convective systems. It is
important for forecasters to distinguish the type of convective
system that is likely to form because the type of convective system
affects the type of flooding that occurs (e.g. local flash flooding
versus a wide area of slow-rise flooding). The TRMM PR makes
it possible to distinguish the different types of convective systems
that are responsible for flooding and other extreme weather by
showing the detailed three-dimensional structures of the echoes
associated with the rainfall (e.g. Houze et al., 2007; Romatschke
et al., 2010; Rasmussen and Houze, 2011; Romatschke and Houze,
2011; Rasmussen et al., 2013). In this study, we use this capability
of TRMM to determine the types of convective systems producing
the Pakistan floods of 2010–2012.
As noted in section 2, Houze et al. (2007) and Romatschke et al.
(2010) define three types of radar echo structures to characterize
the nature of convective systems seen by the TRMM PR over
South Asia. We have continued to use these definitions and have
updated the climatological distributions of the three types of radar
echo over South Asia by using data from all TRMM orbits from
1998–2009 (Figure 6(a), (c) and (e)). The resulting distribution
is consistent with the previous studies, but the statistics are
considerably more robust. Comparison of the echo-type plots
(Figure 6(a), (c) and (e)) with the precipitation climatology
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Figure 5. TRMM 3B42 V7 product averaged daily rainfall rate (mm day−1 ; left column) and accumulated precipitation (mm; right column) for the flooding sub and
full periods defined in Table 1: (a), (b) 2010; (c), (d) 2011 and (e), (f) 2012.

maps in Figure 2(b) shows that not only does Pakistan receive
minimal precipitation overall but the precipitation systems that
do normally occur are primarily systems with DCCs and WCCs
(Figure 6(a), (c)) in northern Pakistan. Systems with broad
stratiform radar echoes are extremely rare climatologically in this
region (Figure 6(e)).
The climatological 500 hPa flow (Figure 1(b)) over the
region is very dry and ordinarily arrives downslope from the
west and provides a capping inversion for low-level moist air.
This cap suppresses convection, except when relatively intense
clouds characterized on radar by DCCs can break through the
inversion (Sawyer, 1947; Houze et al., 2007). The dry environment
prevents these intense convective cells from developing upscale
to mesoscale proportions; thus, they do not produce much net
rainfall. However, this typical westerly upper-level flow was not
present during the three flood seasons in Pakistan considered
here but rather was replaced by the strong easterly flow described
above (Figure 4(c), (f) and (i)). As a result, the character of storms
responsible for the floods differed strongly from the climatology.
Importantly, the large water vapour content of the flow from
the east was conducive for the convection to grow to mesoscale
proportions and thus produce great amounts of rainfall.
Figure 6(b), (d) and (f) shows the occurrence of each of the
three radar echo types for the three flood years. A summary of
the number of TRMM-identified radar echoes for each year in
the full area and Pakistan regions is presented in Tables 2 and
c 2014 Royal Meteorological Society


3, respectively. Comparing these patterns to the climatological
patterns in Figure 6(a), (c) and (e) shows that the greatest
departure from climatology in radar echo type is in the occurrence
of the WCC echoes over the Sindh region. This type of radar
echo is extremely rare in the multiyear climatology, but occurred
frequently during the flood episodes. WCC echoes are an indication that the convection was organizing onto the mesoscale in a
way that does not ordinarily occur in this region. Because of their
larger areal coverage, mesoscale convective systems containing
WCCs produce more rainfall than other convective cloud systems. In addition, they typically develop stratiform echo regions
in conjunction with their WCCs (Houze, 2004). Some of these
stratiform regions accompanying convective echoes exceeded the
size threshold of BSR echoes, as can be seen from Figure 6(f).
The occurrence of mesoscale convective systems with WCCs
and BSRs in the Sindh area was connected with the midlevel
anomalous easterly jet across the region noted in the previous
subsection. The moisture influx of this jet fuelled the mesoscale
systems by providing a deep layer of moisture not usually
present in the more typical westerly midlevel flow into the
region. Moreover, as we will illustrate in the next subsection,
the midlevel jet evidently organized mesoscale convective systems
into squall line mesoscale systems of the type described by Zipser
(1969, 1977), Houze (1977) and many others (see the review of
Houze, 2004). Ordinarily, such squall lines are absent over the
northern part of the subcontinent in the monsoon season, when
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Figure 6. Geographical distribution of the probability of finding (a), (b) a DCC; (c), (d) a WCC; and (e), (f) a BSR during the climatological monsoon season from
1998–2009 (JJAS; left column) and the full flooding periods from 2010–2012 defined in Table 1 (right column). The data in all panels are derived from TRMM PR
data. The symbols in (b), (d) and (f) represent the TRMM-identified storm types in each respective year: 2010 (blue triangle), 2011 (red circle) and 2012 (green
square).

the shear is usually very weak (Houze et al., 2007). The northern
subcontinent usually lies between upper-level westerlies to the
north and easterlies to the south. When midlatitude westerlies
dip southward, eastward-moving squall lines can occur near the
Himalayas (Houze et al., 2007). In the case of the floods in Pakistan
in 2010–2012, the midlevel flow developed an anomalous easterly
jet described in section 4.2 and the mesoscale convective systems
moving over the Sindh region took the form of westwardpropagating squall lines. As the propagating systems reached
Pakistan, the interaction between the southward movement of
the midlatitude jet stream and the easterly deep tropospheric
midlevel flow resulted in flooding in Pakistan.
Large amounts of convective rainfall are associated with
mesoscale systems with BSRs because the rain of these systems
extends over such wide areas. However, as is clear from
Figure 6(e), the climatological probability of finding a storm
with a broad stratiform radar echo in Pakistan is minimal. Houze
et al. (2011) and Figure 6(f) showed that the TRMM PR detected
storms containing BSRs in late July during the onset of the 2010
flood in northern Pakistan. In that article, they did not discuss
events in southern Pakistan, but in that year as well as 2011 and
2012, the TRMM PR showed storms containing broad stratiform
echoes occurring in the arid lowlands of southeast Pakistan
and western India in association with westward-propagating
c 2014 Royal Meteorological Society


mesoscale systems of the squall line type. These systems occurred
throughout a corridor corresponding to the location of the
midlevel easterly jet. This alignment suggests that the storms
containing broad stratiform rain areas were associated with the
systems propagating as squall line systems toward the west. Other
studies have shown the importance of propagating mesoscale
convective squall line systems with trailing stratiform regions in
producing flash floods (Schumacher and Johnson, 2005). Such
a storm produced the Leh, India flash flood in the Himalayas
in 2010 (Rasmussen and Houze, 2012; Kumar et al., 2014). We
will see in the next subsection that storms of this type were
responsible for or contributed to the flooding in the Sindh region
during all three of the flood seasons considered herein.
5.2. Storms with WCC echoes seen by TRMM in the 2010–2012
flood events
For further examination of the details of the mesoscale
organization, structure and propagation of precipitating systems
during the three years of flooding, we have selected three of the
WCC cases observed by TRMM PR in southern Pakistan. The
Meteosat-7 satellite observed these systems and Figure 7 shows
infrared (IR) satellite images every six hours leading up to the
time of the TRMM-identified WCCs presented in Figure 8. All
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Figure 7. Sequence of Meteosat-7 infrared satellite brightness temperature (K) for the TRMM-identified WCCs during each year of flooding in 6 h increments:
(a)–(c) 0600–1800 UTC, 31 July 2010; (d)–(f) 1600 UTC, 11 September 2011–0400 UTC, 12 September 2011; (g)–(i) 2000 UTC, 5 September 2012–0800 UTC, 5
September 2012. Panels (c), (f) and (i) are the closest time to the TRMM PR overpass detailed in Figure 8.

three cases show precipitating systems propagating westward into
southern Pakistan; however, differences among the three years
are apparent. During the 2010 monsoon season, a larger number
of systems were moving westward into Pakistan, which likely
contributed to the long duration and unprecedented nature
of the 2010 flood. Strong enhancement along the foothills of
the Sulaiman Range in central Pakistan (Figure 2(a)) is seen in
Figure 7(b) and (c). The 2011 and 2012 cases show less widespread
outbreaks of convection, but nevertheless organized convectivescale to mesoscale precipitating systems were moving westward
under the influence of the midlevel 700 hPa jet that coincided
with the location of these storms. The Meteosat-7 IR images for
the 2012 case (Figure 7(g)–(i)) are consistent with the observed
zonally oriented pattern of radar echo occurrence across central
India noted in Figure 6(d) and (f), related to the quasi-stationary
pressure patterns and eastward-component flow present during
the flooding events.
While geostationary satellite images are useful for diagnosing
the general motion and the relative depth and intensity of
cloud structures, the TRMM PR enables a detailed view of the
three-dimensional structure of precipitating systems. Figure 8
shows TRMM PR data for each of the WCC cases shown in
Figure 7. All three of these storms were moving westward
c 2014 Royal Meteorological Society


(Figure 7) and all three exhibited leading convective echoes and
trailing stratiform regions in both the horizontal and vertical
cross-sections (Figure 8). Such mesoscale system structure was
found to be rare in Pakistan and India by Houze et al. (2007).
Usually a midlevel jet is needed to support such systems (Smull
and Houze, 1987) and in this case the easterly jet across the
subcontinent evidently supplied that support.
6. Predictability of large-scale conditions favouring storms
producing floods
An important question is whether the types of floods that
occurred in Pakistan in 2010–2012 are predictable. Forecasting
specific mesoscale storm systems is probably not possible at
this time; however, it is possible to forecast with considerable
accuracy the large-scale environments conducive to the types of
mesoscale storm systems that produce flooding in South Asia.
Webster et al. (2011) examined the predictability of the flooding
episodes in northern Pakistan by using the 15 day ECMWF EPS
forecast product to determine the predictability of the various
precipitation episodes into the region. The ECMWF EPS system
demonstrated excellent predictability of the large-scale flow
patterns that both preceded and supported the occurrence of the
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Figure 8. Examples of storms containing WCCs during each year of flooding. (a), (c) and (e) Reflectivity from the TRMM PR in dBZ at 4 km overlaid on the Meteosat-7
infrared satellite brightness temperatures (K). The white lines indicate the TRMM PR swath and the red line indicates the location of the vertical cross-section from
left to right. (b), (d) and (f) Vertical cross-sections of TRMM PR data in dBZ.

storms leading to the 2010 floods in northern Pakistan (Webster
et al., 2011, Galarneau et al., 2012). Building on this system,
a similar result was found for both the 2011 and 2012 floods
in South Asia (Shrestha et al., 2014). The fact that comparable
synoptic conditions, storm types and anomalous moisture in
Pakistan were present during all three years considered in this
study suggests that the conditions favouring flood events have a
degree of predictability that could be useful in future monsoon
seasons. We have used the Webster et al. (2011) methodology to
investigate the regional predictability of these conditions with the
ECMWF EPS input detailed in section 2.2. Calibrated reforecasts
were created for each full flood period in three boxes A–C
covering Pakistan and India, as shown in Figure 9. These boxes
encompass the individual regional patterns of rainfall during the
flooding episodes shown in Figure 5. We used TRMM 3B42
merged-satellite rainfall data for each of the three boxes for the
same time period as the ECMWF EPS system to compare to the
rainfall amount and duration.
6.1.

Figure 9. Geographical regions used for the ECMWF EPS analysis, with
topography shaded in grey.

2010

The Pakistan floods of 2010 were especially pronounced in the
northern region, represented by Box A (Figure 10(a)), and their
occurrence is consistent with the results from Webster et al.
(2011), which were computed for a smaller region than Box A
in this study. From the beginning of July 2010, significant largescale influxes of moisture were captured by the ECMWF EPS
system, such that they corresponded to the precipitation seen
in the TRMM precipitation data. As discussed by Houze et al.
(2011) and Webster et al. (2011), enhanced rainfall leading to
floods in northern Pakistan began around 27 July 2010 and was
forecast with more than 60% confidence ∼12 days in advance
(Figure 10(a)). The heavy precipitation in Box A beginning on
27 July 2010 was captured by the forecasting system eight days
in advance with ∼100% probability of exceedance of the extreme
rainfall threshold described in section 2.2. During the month of
August, the large-scale influxes of moisture and precipitation in
Box A became less coherent as lesser rain amounts occurred, but
nevertheless continuous precipitation was reported by the TRMM
c 2014 Royal Meteorological Society


3B42 data and the ECMWF EPS system produced somewhat less
certain forecasts (Figure 10(a)).
Southern Pakistan, represented by Box B in Figure 9, also
received significant precipitation during the 2010 floods, as
shown in Figure 10(b). The precipitation periods in this region
were relatively short-duration events, with heavy precipitation
that was likely related to passage of the westward-propagating
mesoscale convective systems described in section 5 and shown in
Figures 7 and 8. The blue diamond in Figure 10(b) indicates the
time of the TRMM PR case detailed in Figures 7(a)–(c) and 8(a)
and (b) that was shown to be a westward-propagating mesoscale
system with leading convection and trailing stratiform elements.
While the ECMWF EPS system appears to reproduce some of the
severity of the rainfall 10–12 days in advance, the forecast skill
decreases for lead days 10–4, with most of the ensemble members
indicating precipitation below the extreme rainfall threshold.
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Figure 10. Forecast lead-time diagrams for the probability of the ECMWF EPS system predicting rainfall exceeding the observed JJAS climatology plus 1.5 standard
deviations for each region shown in Figure 9. (a)–(c) Analysis for the flooding events in 2010. The black line represents the observed TRMM 3B42 V7 precipitation
(mm day−1 ) averaged for the same region and time period. The blue diamond corresponds to the time of the TRMM overpass in Figure 8 (a) and (b).

However, starting at lead day 4, the forecast estimates accurately
that the rainfall will be well above the exceedance threshold.
The variability of the forecast skill is most likely associated with
the difficulties of the model in capturing some of the mesoscale
systems in this region, which are of the highly mobile propagating
type and are formed in one region and move into another
rapidly. The behaviour of the more stationary terrain-locked
events in the northern region is expected to be more predictable.
Results for Box C (Figure 10(c)) indicate that moisture advection
into southern Pakistan played a large role, since the two most
predictable episodes (late July and early August) directly preceded
the large-scale moisture influxes seen in Box B (Figure 10(b)).
This result is consistent with propagating mesoscale systems
forming to the east of Box C and then moving westward into the
region from the east. This mesoscale behaviour makes it difficult
to achieve high predictability from the predicted large-scale
c 2014 Royal Meteorological Society


moisture influx alone. However, the predicted large-scale wind
shear would indicate the likelihood of rapidly propagating
squall systems. The moisture influx prediction would indicate
the formation region, while the shear would indicate how the
flooding would likely be downstream of the formation region.
Later episodes of precipitation in Box C likely did not propagate
westward into southern Pakistan, since very few precipitation
episodes occurred in Box B after mid-August. Future research
into the synoptic versus mesoscale controls on predictability for
flooding events in Pakistan can provide insight into this aspect,
but it is beyond the scope of the present study.
These results combined with those of previous sections of
this article suggest that an understanding of the types of storm
systems that typically occur over the subcontinent compared
with those that are observed could be used successfully in
conjunction with the ECMWF EPS system not only to predict
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Figure 11. Same as in Figure 10, but for the flooding events in 2011. The blue diamond corresponds to the time of the TRMM overpass in Figure 8 (c) and (d).

major precipitation periods in the region, but to gain insight into
the combinations of mesoscale systems and forcing mechanisms
that can contribute significant precipitation to the region. In
instances when the precipitation was due to the westwardpropagating mesoscale systems with less synoptic or orographic
control, the degree of predictability decreased. Thus, observations
of synoptic conditions and mesoscale structures can be used to
refine the details of the large-scale predictability in flood zones.
6.2.

2011

The rainfall episodes in 2011 were associated with relatively
weaker synoptic conditions (Figure 4(d)–(f)) and the flooding
was a lower impact case in northern Pakistan (Figure 5(c) and (d)).
c 2014 Royal Meteorological Society


In agreement with the observations, the forecast shows a lower
probability of extreme rainfall, compared to 2010 within Box A (cf.
Figures 10(a) and 11(a)). However, if the exceedance threshold
is set to a lower value (e.g. climatological observed mean +0.75
standard deviation), a coherent propagation of the rainfall with a
reasonable lead time is apparent (not shown).
In 2011, the major flooding primarily occurred in the Sindh
province of Pakistan, located in Box B, and the severity of the
rainfall was successfully forecast (Figure 11). The 500 hPa flow
was more zonally oriented than in the 2010 case (Figure 4(f)),
which broadly explains the different region of significant flooding
in 2011. The ECMWF EPS system skilfully predicted large-scale
moisture influx corresponding to the timing of flood events in
the region of Box B, which encompassed the most heavily flooded
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region during the monsoon season of 2011 (Figure 11(b)).
The system predicted 50% probability of substantial rainfall
(above the exceedance threshold) 9–14 days before the event.
As in Figure 10(b), the TRMM PR case from 2011 described
in Figures 7(d)–(f) and 8(c) and (d) is highlighted with a blue
diamond and is located within a reasonably well predicted
precipitation period, although the forecast at 5–6 lead days
seems to underestimate the severity of the event slightly, with
only ∼50% of the ensemble members above the exceedance
threshold. However, all the ensemble members captured all of the
following peak events. Given that this flood event was observed
to be produced by a westward-propagating mesoscale system, it
can be expected that the mesoscale nature and organization of
the precipitating elements would have resulted in a wider spread
of the ensemble and thus a less predictable signal.
In contrast to Boxes A and B, where precipitation systems
tend to be locked to large topographic features, the forecast
skill in Box C seems to be lower in general and could be
related to the rapidly propagating nature of the mesoscale storms;
the mesoscale systems form in this region but move westward
before producing their maximum precipitation. However, when
the exceedance threshold is lowered (e.g. observed mean +1
standard deviation or less), the system better captures the
propagation of the rainfall (not shown). The magnitudes are
generally underestimated in the ensemble, leading to an overall
lower probability of exceeding a large precipitation threshold.
As seen in the 2010 case, the mesoscale factors appear to have
slightly reduced the predictability based on large-scale moisture
influx alone. Moreover, the statistical correction of the forecast is
conducted using total precipitation fields, rather than separating
the signal into convective and stratiform rain. Thus, given the
distribution of the stratiform and convective rain in Box C
(Figures 6(a), (c) and (e)), a q-to-q correction separating the
precipitation based on its mesoscale nature could lead to better
rainfall estimates for the region. However, this is a topic for a
future study. A greater understanding of storm formation and
organization over west central India is needed to improve forecasts
in this region in the future.
6.3.

2012

Major flooding in the Sindh Province (Box B) occurred again
in 2012. During the flooding period, a remarkably distinct
episode of precipitation corresponded well to the ECMWF
EPS forecast of large-scale moisture influx in both timing and
intensity (Figure 12(b)) in early September. This forecast showed
∼50% probability of extreme rain 12 days in advance and
∼100% probability of extreme rain 6 days out. Additionally,
the TRMM PR case detailed in Figures 7(g)–(i) and 8(e) and (f)
is embedded within the heavy precipitation event (indicated by
the blue diamond) and was also demonstrated to be a westwardmoving system with leading convection and trailing stratiform.
Compared to the analyzed system in 2011, this event had much
greater predictability, which could be related to synoptic forcing
differences for each event. Similar to Figure 11, the relatively
well-forecast precipitation period in Box C (Figure 12(c)) directly
precedes the larger event in Box B, again indicating westwardmoving precipitating systems and moisture advection. Although
the 2012 flooding event was primarily reported in Box B, the
predictability of larger precipitation periods that resulted in
precipitation in Boxes A and C was relatively well forecast during
this period, while the smaller episodes tended to be missed
(Figure 12(a) and (c)).
6.4.

Synthesis

From the ECMWF EPS system’s predictability of all three years of
floods, it appears that the major precipitation periods that resulted
in flooding in Pakistan for various regions were well anticipated
by the global forecast of moist environmental conditions over
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fairly small river basin zones. However, not all of the well-forecast
moisture influxes resulted in flooding (e.g. Figure 11(a)), since
the magnitude of the predicted rain sometimes underestimated
the observed rain. The large-scale forecasts provide an essential
necessary condition to produce storms leading to major floods.
However, the presence of anomalous moisture advected by largescale features alone cannot produce flooding on the scales
observed in Pakistan. In notable flash-flood cases around the
world, the mesoscale details of the precipitating systems have been
found to be necessary to explain localized and heavy precipitation
(e.g. Maddox et al., 1978; Caracena et al., 1979; Rasmussen and
Houze, 2012; Kumar et al., 2014). Additionally, the multiscale
predictability from case to case can vary as a result in part of the
mesoscale structures of the precipitation cloud systems that form
within the particular type of predicted large-scale environment.
Mobile propagating mesoscale systems introduce a less easily
predictable response to large-scale moisture influx. The possible
occurrence of propagating mesoscale systems, however, can be
indicated by the forecast of large-scale shear. Moreover, it is
important to identify conditions for less predictable events, as
these factors could be taken into account by local forecasters
when presented with guidance based on the forecast of largescale moisture influx to a region. The use of the EPS system
enables the identification of cases where the ensemble spread is
wider and thus is associated with higher uncertainty, as opposed
to a unique deterministic solution. In addition, the duration,
intensity and character of the precipitation delivered by various
types of mesoscale systems, both propagating and stationary, are
important criteria for flood prediction (Doswell et al., 1996).
In the case of floods emanating from the northern mountainous
region of Pakistan, we have seen that stationary, terrain-locked
mesoscale systems with BSRs enhanced by upslope flow fixed
to the terrain over a vulnerable river basin contributed to the
flooding in late July 2010 (Houze et al., 2011). In that case,
the moisture flux by itself provides a good predictor of flood
conditions. In the flatlands of southern Pakistan examined in
the present study, the large-scale flow promoted both moist
conditions and an easterly jet, favouring squall lines with trailing
stratiform regions that are known to be conducive to flooding
(Schumacher and Johnson, 2005). Thus, flood forecast tools such
as the ECMWF EPS system are useful in determining regions
susceptible to flooding through large-scale moisture advection,
but the mesoscale storm characteristics indicated by the largescale shear can determine whether a precipitation episode is
an ordinary event or a historic flood. In addition, land-surface
conditions, both natural and related to human land use, are
factors that determine whether a given moisture flux episode
will lead to flooding. A combination of large-scale and mesoscale
meteorological knowledge, combined with information on local
land-surface conditions, can be used along with the large-scale
moisture forecasts to reduce false alarms and better predict future
floods. Shrestha et al. (2014) have coupled the meteorological
input variables from ECMWF EPS using a similar rainfall
correction methodology to a macroscale hydrologic model. Their
results show skilful inflow forecasts up to 10 days in advance at the
Tarbela Dam (located in Box A of Figure 9) when compared with
both observed and reconstructed inflow for the years 2010–2012.
However, verification at other locations was challenging due to
the lack of in situ inflow data.
On a related note, active periods of the monsoon and positive
MISO events do not always result in flooding in Pakistan, although
the historic floods of 2010 occurred during an active phase of
the South Asian monsoon (Wang et al., 2011; Webster et al.,
2011). During each of the 2010, 2011, and 2012 flood seasons,
close midlevel cyclonic circulation centres were centred over
southern Pakistan and west central India. This type of synopticscale pattern results in advection of moisture from the Arabian
Sea into the subcontinent, along with the easterly jet bringing
moist Bay of Bengal air into Pakistan and northern India. The
cyclonic circulations centred over west central India were likely
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Figure 12. Same as in Figure 10, but for the flooding events in 2012. The blue diamond corresponds to the time of the TRMM overpass in Figure 8 (e) and (f).

due to a transient synoptic-scale disturbance superimposed on
the larger-scale MISO active-phase circulation over the northern
subcontinent. As noted by Houze et al. (2011) and Rasmussen
and Houze (2012), such mid-tropospheric monsoon troughs
or cyclones are likely the type discussed by Krishnamurti and
Hawkins (1970), Mak (1975), Carr (1977), Goswami et al.
(1980) and Das et al. (2007). During the 2010–2012 floods,
such low-pressure systems were present over southern Pakistan
and west central India and tended to be relatively stationary
over the flooded regions during the subperiods in all three
years (Figure 4(b), (e) and (h)). Thus, although the broadscale midlevel cyclonic flow likely had its origin in the MISO, the
unusually far westward extent and centring of cyclonic circulation
over the west coastal region must have involved synoptic-scale
processes superimposed on the MISO. A multiscale analysis of
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both the precipitating systems and their environs is crucial for
understanding extreme precipitation events during the summer
monsoon in Pakistan, as has been detailed in this study. However,
to understand the complex monsoon dynamics and potential
interactions between the MISO and circumglobal wave trains that
result in anomalous flooding in Pakistan, additional research and
modelling efforts are required that are beyond the scope of this
article.
7. Rossby wave train flood precursor
Although anomalous floods occurred during the monsoon
season over three consecutive years in Pakistan, the character of
the storms and regions affected differed from year to year. From
a forecasting perspective, identifying unifying characteristics that
Q. J. R. Meteorol. Soc. 141: 1259–1276 (2015)
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could be utilized for future flood prediction that indicate precursors to flooding events could be useful. As discussed in section 4.1
and shown in Figure 3, anomalous 500 hPa geopotential heights
and surface temperatures were realized over Eastern Europe and
western Russia for each year of flooding. Some previous studies
have detailed a teleconnection between the Eurasian wave train
and precipitation in the South Asian monsoon (Ding and Wang,
2005, 2007; Saeed et al., 2011; Schubert et al., 2011). Lau and
Kim (2012) first related this pattern to the 2010 Pakistan flood
conditions and our study has shown that this signature was
present during all three years of floods. However, from a forecasting perspective, this information alone would not necessarily
provide adequate warnings for the affected populations.
To investigate the potential predictability perspective of the
large-scale synoptic patterns, 500 hPa geopotential height anomalies were calculated for the Eurasian continent during one week
prior to the full flood periods in each of the three years and are
presented in Figure 13. Again echoing the findings of Lau and
Kim (2012) and others, during the week preceding the flood onset
for each year, a zonal Rossby wave train pattern was observed
from Europe through Russia and appeared to emanate from the
western European blocking pattern. While differences between
the years existed, including stronger or weaker geopotential
height anomalies, the relative locations of the height anomalies
were surprisingly consistent, especially given the differences in
the resulting floods and storm types detailed in previous sections.
Particularly important for the moisture advection from the
Bay of Bengal into Pakistan that eventually fuelled the floods
was the quasi-stationary 500 hPa high situated on the Tibetan
Plateau for the duration of each flood (Figure 3(c), (f) and (i)).
One week prior to the flooding events, Figure 13 shows that
these 500 hPa anomalies were already present in the region and
the quasi-stationary circulations associated with these patterns
helped advect warm moist air from the Bay of Bengal across the
subcontinent into Pakistan, providing the necessary moisture
that eventually led to the floods. However, in addition to the
large-scale synoptic perspective, the anomalous easterly midlevel
jet across central India and southern Pakistan played a key role in
aggregating convective elements into more coherent mesoscale
precipitating systems that led to heavier and longer-lived precipitation episodes in Pakistan. Thus, although precursors to flooding
in Pakistan existed prior to each flooding event, the precise
location of the large-scale flow features determined whether the
mesoscale storm systems producing the flooding were terrainlocked stationary mesoscale systems with large stratiform regions
or propagating squall systems with large trailing stratiform
regions. The largely predictable synoptic-scale flow over the subcontinent varied slightly from year to year, enough to determine
the occurrence of different types of mesoscale organization of the
convection and hence different characteristics of the flood events.
Further investigation of the dynamical relationship between the
Rossby wave train induced from the European blocking pattern
and Pakistan floods is beyond the scope of this study. However,
it is clear from a predictability standpoint that the recognition of
such a forecast pattern during the monsoon season in South Asia
can aid local flood forecasting.
8. Conclusions
Three consecutive years of anomalous flooding have recently
occurred in Pakistan. Our multiscale investigation demonstrates
the following:
(1) striking similarities among the three years of floods, from
the hemispheric large-scale synoptic conditions down to
the mesoscale storm structures;
(2) large-scale flow patterns that were generally predictable by
global modelling;
(3) predicted anomalies in the large-scale flow that could be
associated with equally anomalous mesoscale storm types;
and
c 2014 Royal Meteorological Society


Figure 13. NCEP–NCAR reanalysis daily 500 hPa geopotential height anomaly
(m) composites for days prior to the flooding events: (a) 18–24 July 2010,
(b) 20–31 July 2011 and (c) 25–31 July 2012. The topography is shaded in grey.

(4) mesoscale storm structures viewed by the TRMM PR that
revealed westward-propagating MCSs organized along the
anomalous easterly midlevel jet across South Asia in all
three flood years.
These findings suggest that for this region, and possibly others
where flood warnings or other information are not always readily
available, the ability to identify hazardous situations can be
maximized by combining knowledge of the climatology of storm
types seen by radar with a global ensemble of model forecasts.
An examination of the reanalysis data for the 2010–2012
floods indicates a noticeably similar synoptic blocking signature
and warm surface temperature anomalies in Eastern Europe
during the flooding period of all three years. This pattern helped
to establish quasi-stationary synoptic conditions over South Asia.
Strong departures from the climatological synoptic patterns,
including high geopotential heights over the Himalayas and
Tibetan Plateau and westward-propagating midlevel monsoon
disturbances over central India, enabled conditions favouring
propagating mesoscale convective systems with leading convective
lines and trailing stratiform regions. The favourable conditions for
this storm type included deep tropospheric moisture advection
from the Bay of Bengal and Arabian Sea into Pakistan during
each year of flooding. However, even with the strong similarities
of the synoptic-scale environment during the three flood years,
Q. J. R. Meteorol. Soc. 141: 1259–1276 (2015)
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the specific locations and manifestations of the storm systems
differed, indicating that slight differences in the large-scale flow
can lead to variations in the mesoscale response and thus to
variations in the flooding pattern. In 2010, the large-scale flow
favoured stationary mesoscale storms tied to the topography,
over the Indus headwaters. In 2011 and 2012, the large-scale
moisture influx combined with wind shear, favouring squall
line development. These storm characteristics could have been
anticipated from the large-scale environment flow forecasts.
To provide an analysis of the mesoscale elements that resulted in
floods in Pakistan, analysis of data from the TRMM PR provided
radar echo climatologies that indicated the typical locations and
character of storms in the entire subcontinent. These climatologies
show that BSRs of radar echo are typically absent in Pakistan.
In most years, storms exhibiting only deep isolated and WCCs
form in the northern part of the country. However, analyses
of TRMM-observed radar echo types performed for only the
monsoon seasons of 2010–2012 showed that, in those years
when floods occurred, northern Pakistan experienced convective
systems characterized by all three echo types, which are associated
with both large precipitation areas and deep convective cells.
During the 2010 floods, the stationary mesoscale storm systems
seen by the TRMM PR over northern Pakistan represented
an especially strong departure from the storm climatology
in that region, but could have been anticipated by the fact
that the forecast flow pattern had large-scale environment
characteristics more normally seen over northeastern India
and Bangladesh, where systems with large stratiform regions
occur regularly. Additionally, the broader propagating squall
line mesoscale systems found in central to southern Pakistan
during all three years of floods could have been anticipated from
the climatologically anomalous easterly midlevel jets that were
forecast to flow across central India into Pakistan for long periods
of time during the period in which the floods occurred. This type
of jet, combined with the forecast influx of moisture, favours
larger mesoscale storm systems conducive to producing large
amounts of precipitation. The manifestation of the convection
as propagating squall line systems was verified in all three years
by the temporal coverage of geostationary satellite data and the
vertical structure of radar echoes seen by the TRMM PR during
overpasses of the storms in all three years.
The ability to forecast the environments favouring the
mesoscale storm types that produced the catastrophic floods
in Pakistan in 2010, 2011 and 2012 out to 12–14 days in advance
was shown by the statistically adjusted ECMWF EPS reforecasts.
The forecast system most accurately detected the more widespread
high-precipitation events, with somewhat lower predictability of
smaller-area events, likely associated with the model resolution.
However, the high degree of predictability with long lead times
for all three flooding events supports the hypothesis that similar
synoptic processes likely occurred during each event. The largescale model results should be viewed as flagging the potential for
certain types of mesoscale storm organization, owing to largescale moisture influx and wind shear. In this regard, large-scale
precursor features, such as the Rossby wave trains seen in the
global model forecasts, may be an important aid in identifying
future flooding events. Enhanced knowledge of historic
climatologies based on TRMM satellite data, in combination with
advanced large-scale prediction tools like those used here and in
Webster et al. (2011), can inform forecasters and help to provide
warnings in vulnerable regions around the world (Webster, 2013).
Our understanding of the global distribution of various types
of precipitating systems has greatly improved with the launch
of spaceborne radars and we are now more aware of the
climatological occurrence of such storms in remote regions of
the world. When uncharacteristic storms occur in regions that
do not typically experience them, the potential for dangerous
high-impact events becomes a risk for the population of the
affected regions. Specific storm climatological information, in
combination with a sophisticated forecast system such as global
c 2014 Royal Meteorological Society
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ensemble prediction systems, can provide crucial information to
remote regions that would otherwise have no warning of flooding
events. The comprehensive multiscale examination of three years
of anomalous flooding events in Pakistan has illuminated
the importance of both large-scale and mesoscale details of
the meteorological environment and precipitating systems that
resulted in significant floods and provides a framework that could
be used in the Global Precipitation Measurement (GPM) satellite
era in other remote regions of the world.
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