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Recent Changes in Monsoon Climate

Changes in monsoon rains over the course of the twentieth century have played an
important role in exacerbating crises in agricultural production. These changes
have taken place at the same time as a number of major changes in agricultural and
social policies that include the “Green Revolution” and collectivized farming in
China. Compared to the data we reviewed in earlier chapters, the historic weather
station data collected over the course of the twentieth century allow us to better
understand the nature, location, and amplitude of changes in rainfall and tempera-
ture. These changes have also taken place at the same time as large damming
projects have been carried out in China, Southeast, and South Asia, which have
impacted the rivers we described in previous chapters. Because of the huge amount
of data available for the recent past, we only briefly discuss China and focus our
discussion in this chapter on one region, monsoonal South Asia, to describe the
impact that changes in the monsoon may have had on farming.

6.1 Transformations in Farming during the Twentieth Century

During the mid-twentieth century, transformations in farming technology began to
be made that completely changed the face of the methods and scale of farming we
reviewed in Chapters 3, 4, and 5. In Communist China, these changes took place in
the form of collectivized farming. In India, these took the form of a “Green
Revolution.” Both of these movements shared a desire to increase agricultural
productivity: one that has often come at the expense of human life, agricultural
biodiversity, and resilience to changing climatic conditions.

6.1.1 Collective Farming in China

Following the establishment of the People’s Republic of China in 1949, several
major initiatives fundamentally changed farming systems in north and south
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China. In order to more rapidly move the country from an agrarian economy to
Communism, agricultural collectivization was gradually rolled out between
1949 and 1958 by establishing increasingly larger numbers of agricultural
co-operatives and collective farming associations or communes (Becker, 1998;
Yang, 2012). In 1958, Mao decided to accelerate efforts in the countryside by
rolling out the “Great Leap Forward.” One of the central ideas behind the Great
Leap Forward was to allow the industrialization of China to take place along-
side its agricultural development. Much like the “Green Revolution” we discuss
subsequently, it aimed to mechanize and simplify traditional agricultural prac-
tices into a vision of modernity premised on achieving high productivity of
a few key grain crops (Scott, 1998; Shapiro, 2001). On the communes, a number
of radical and controversial agricultural innovations were promoted at Mao’s
behest. Many of the policies implemented by the Great Leap Forward did huge
damage to the agricultural biodiversity of China that we reviewed in previous
chapters.

Policies implemented included the popularization of new breeds and seeds that
were adopted en masse, which replaced the myriad of landrace crops that Chinese
farmers had developed over millennia (Chun, 1961). These new seeds focused
primarily on the adoption of grain crops such as rice, wheat, and maize. Multi-
cropping, something we saw was commonly practiced in parts of China, was also
pushed to its limits, however, unlike in earlier times, less crop rotation was
practiced. Some areas like the Chengdu Plain are reported to have been forced to
attempt up to three crops of rice in a single year, leading to soil exhaustion and
nutrient depletion. Several other policies aimed at increasing production did real
damage to crop yields overall. One of these policies, close planting, pushed the idea
that plants could be planted so close that children would actually be able to walk
across the top of a wheat field (Hsu, 1982; Shapiro, 2001). However, in reality many
of the crops planted in this manner died through lack of sun exposure and competi-
tion. Much of biodiversity housed in tree plots that surrounded agricultural farms
and that provided sources of fruit, nuts, and wood for housing and shade, were also
lost during this period of time, as these were cut down to fuel the backyard steel
furnaces that Mao hoped would allow China to surpass the steel production of the
United Kingdom. Ironically, these backyard furnaces were envisioned to allow
China to manufacture tractors to plow fields.

The “kill a sparrow campaign” initiated as part of the Great Leap Forward also
impacted the insect and animal biodiversity that was crucial to the functioning of
the whole ecosystem models of farming that had developed over millennia in
China. This campaign aimed to eliminate rats, mosquitos, sparrows, and flies.
Farmers were encouraged to set up nets, use traps and pellets to kill these species,
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in particular, sparrows. The sudden dearth of sparrows led to a massive locust
swarm in 1958, further reducing agricultural production (Shapiro, 2001).

In addition to these major changes creating disruption in farming systems, Mao
had political motivations to demonstrate that China was capable of returning loans
to the USSR and aimed to do so in the form of grain export. Local government
officials were encouraged and sometimes arm twisted into “launching satellites” or
making wildly inflated promises of how much their county or village was able to
produce. When harvest time came, many villages saw their entire year’s production
requisitioned as a result, with nothing left for them to eat. However, between 1958
and 1960, China actually continued to be a substantial net exporter of grain, and
Ashton et al. (1992; 1984) estimate that the grain export would have been sufficient
to feed 16million people. Yang Jisheng (2012) uncovered that some 22million tons
of grain were held in public granaries at the height of the famine which were
sequestered for export.

On the social level, the final death knell was dealt by the policies implemented in
the agricultural communes, which ended up removing risk-buffering strategies that
farmers had developed. Traditional Chinese farmers relied on a wide range of
techniques, such as investment in handicrafts for alternative sources of revenue
or cultivating a wide range of vegetable and other “cash” and “catch” crops, as well
as rearing domestic animals to provide sources of protein and eggs. Alongside
stockpiling grain and even creating stores of preserved food, these practices were
labelled as “rightist” or “capitalist.”As the original agricultural biodiversity of their
plots was destroyed by only allowing them to cultivate grain, and as all other types
of food growing or animal rearing were taken outside of private hands andmoved to
the communal level, many families simply had no food to fall back onto once their
grain was requisitioned. Movement of farmers was also restricted by the imple-
mentation of the “Hukou” system, which meant that when starvation hit, farmers
were not allowed to leave their county to seek food elsewhere (Shapiro, 2001; Yang,
2012). By the end of the Great Leap Forward, an estimated at least 23 million on the
low end (Peng, 1987) to 55 million people on the high end (Yu, 2005) had died from
starvation (Yang, 2012), making this one of the largest famines that has ever been
experienced in human history.

Government officials sought to place much of the blame for this calamity on
a series of droughts and floods of the Yellow River that took place between 1959
and 1960 (Ashton et al., 1992); however, a closer look at the data shows that the
area of China that suffered floods and drought during the 1950s and 1960s was
substantially smaller than those that took place in the 1990s (Wang et al., 2011a;
Zhang et al., 2016). While droughts and flooding in 1959 did not help the already
tenuous situation, the fact that China has weathered much worse in the decades that
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followed suggests that the policies implemented are largely to blame for loss of life.
This is a lesson that humanity should heed: humans are least able to survive
episodes of climatic disruption when unjust or draconian policies are enacted.

During the Cultural Revolution (1966–1976), farmers were returned some
degree of autonomy. However, the focus on increasing agricultural productivity
and the area under cultivation led to an unprecedented deforestation across much of
China, particularly its western margins (Shapiro, 2001), leading to an acceleration
of erosional processes that continues to operate to this day (Hsu, 1982). Following
Mao’s death and market liberalization under Deng Xiaoping, agrarian reforms that
have taken place in China since have allowed farmers to regain substantial auton-
omy and allowed rural economies to flourish (Hsu, 1982). However, as is the case
elsewhere in the world, Chinese agricultural systems have been under pressure to
become major producers of uniform varieties of grain leading to a degradation in
agricultural biodiversity. The introduction of high yielding rice varieties, such as
hybrid rice (or za jiao), has led to a substantial decrease in the biodiversity of rice
landraces planted in China (Gao, 2003). Some crops that were traditionally capable
of tolerating drought and high temperatures such, as the millets we reviewed in
Chapter 5 are being replaced by wheat and the area under which they are cultivated
has dropped substantially (Diao, 2017) For instance, Diao (2017) reports that the
area under which foxtail millet was cultivated shrank from 10,000 kha in 1949 to
less than 1,000 kha in 2014 (Figure 6.1).

This genetic erosion represents a great threat to humanity in dealing with the
challenges faced by a changing climate as we may be forever deprived of varieties
that may contain useful traits such as pest resistance and heat tolerance.
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Figure 6.1 Cultivation area, yield, and production of foxtail millet in China,
1949–2014. Redrawn from Diao (2017).
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6.1.2 The Green Revolution in South Asia

During the mid-twentieth century, growing population levels around the world led
scholars like Paul Ehrlich to argue that large portions of the world’s population
would starve to death by the mid-1970s, unless population levels were brought
under control and unless food production was greatly increased. Channeling earlier
ideas by the British demographer Malthus, he predicted that by 1985, 1.5 billion
people would die in the greatest famine known to man (Ehrlich, 1968).

During the 1950s, the hype around the potential for future famines led both
government agencies and private foundations (such as the Ford and Rockefeller
foundations) as well as researchers in agronomy to undertake what they said was
a series of necessary transformations in the agricultural sector, a “Green
Revolution” designed to increase agricultural production and to replace former
farming methods. The father of the Green Revolution, dwarf-wheat breeder
Norman Borlaug, won the Nobel peace prize in 1970 and was credited for saving
over one billion people from starvation.

Rolled out between 1950 and the late 1960s, the Green Revolution involved
several key initiatives that changed the face of farming in the areas where this
technology was introduced. These included the mechanization of agriculture
through an increased use of plowing, seeding, irrigation, and harvesting machines.
The use of cheap nitrogenous fertilizers, pesticides, and herbicides; the develop-
ment of high yielding dwarf cereals; and investments in irrigation and the devel-
opment of agricultural research centers around the world (mostly funded by the US
Government).

Green Revolution agriculture aimed to transform the agricultural sector by
carrying out agricultural initiatives that were taught (and sold) to farmers as
a package. Farmers should invest in (or be given) tractors, the right seeds to plant
(height of dwarf cereals are designed to be harvested with the tractors), and
purchase doses of the right fertilizers and pesticides from the government, non-
governmental agencies, or larger corporations.

India, in particular, became a key focus of US efforts to roll out the Green
Revolution, both at home and abroad. To see the origins of this in South Asia, we
need to start somewhat earlier, in the 1950s. Begun by President Eisenhower, the
“Food for Peace” or PL480 program in 1954 created a new scenario in Indian
farming, which involved the United States transforming the large amount of
surplus grain created on its heavily subsidized farms into “humanitarian grain”
sent to India (Stone, 2002). For the United States, this made sure that there was
not an oversupply of wheat on the US market that could lead to a commodity
crash. In India, however, this had more devastating effects. As Stone (2002)
recounts following Perkins (1997): “The huge supplies of American grain that
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flowed into India during the 1950s and early 1960s accomplished the function
intended by Nehru’s government, to keep Indian grain prices down. In fact,
prices were so low that Indian domestic production stagnated. Indian farmers
simply could not compete against grain sold at a loss by the American govern-
ment, so they stopped trying and Indian production failed to rise fast enough to
meet increasing domestic demand.”

A drought in 1966 further exacerbated this situation, increasing demand for
wheat imports from the United States. However, President Johnson refused to
commit supplies until an agreement to roll out the Green Revolution was signed
between India and the United States (Shiva, 2016).

The Intensive Agricultural Development Program (IADP) in 1960–1961,
funded by the Ford Foundation in India, attempted to respond to this slack in
demand (ironically created by US imports), by introducing the first Green
Revolution wheat to India in 1968 and sought to replace the organic small-
scale forms of agriculture that we reviewed and that had been developed in
India over the past millennia into a form similar to that employed in the United
States: one based on monocultures, industrial fertilizers, and pesticides. As Shiva
(2016) notes, this fundamentally transformed farming from a model based on
internal inputs available to farmers, to a form of farming where they were forced
to participate in global market economies where they needed to acquire non-
renewable resources.

While the “Great Leap Forward” and the “Green Revolution” could not be more
different ideologically, they share a number of key characteristics that has served to
lower the resilience of farming systems in Asia. These characteristics include:
(1) a focus on increasing productivity throughmonocultures of crops which reduces
agricultural biodiversity; (2) a lack of regard for traditional knowledge associated
with farming systems, particularly practices that are critical in maintaining soil
fertility and combatting erosion such as crop rotation or planting borders of trees;
(3) both systems have eroded farmer autonomy and decreased their resilience by
making them dependent either on government systems for food (or ability to control
the food they grow) or financially on aid or on fertilizers and seeds from large
multinational companies. We review further, with a focus on South Asia, how
changes in precipitation, typhoon strength, and river load, intersected with these
new agricultural policies to create impacts on farming systems.

6.2 Precipitation Changes in the Twentieth Century

Although there are a lot of data in geological and oceanographic proxy records to
indicate changes in the intensity of the summer monsoon over the past few
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thousands of years, the best documented changes in climate span the more recent
past when detailed historical weather observations are available. There is little
doubt that the Earth’s climate has been changing over the last several centuries, as
indeed it has continuously through geologic time. Whether or not the more recent
changes are driven by anthropogenic processes remains a controversial topic, at
least in wider society, but what is less controversial is that changes have been taking
place and that these have influenced those regions that lie under the influence of the
Asian summer monsoon. The recent global climatic synthesis put together by IPCC
Working Group 5 (Stocker et al., 2013) (Figure 6.2) considered three different
compilations of changes in precipitation worldwide since the start of the twentieth
century. The studies differ in their data sources and in how they extrapolate and
interpret these data over the period considered. We show the GPCC model as an
example. In each case the intention of the compilation was to show long-term
regional changes, spanning several years, rather than anything shorter term that
could be related to weather fluctuations. The duration is also long enough to have
smoothed out the effects of shorter-term fluctuations, such as the El Nino-Southern
Oscillation (ENSO) or the Indian Ocean Dipole.

The reconstructions show changes spanning 1901 to 2010 (Figure 6.2A), and
although some regions appear to have become wetter over the twentieth century,

Trend (mm yr-1 per decade)

GPCC 1901-2010 GPCC 1951-2010

-100 -50 -25 -10 -5 -2.5 0 2.5 5 10 25 50 100

Precipitation change since 1901 and 1951

A) B)

Figure 6.2 (A) Map of observed precipitation change over land from 1901 to 2010
and (B) 1951 to 2010 from the Global Precipitation Climatology Centre (GPCC)
data set. Trends in annual accumulation have been calculated only for those grid
boxes with greater than 70 percent complete records and more than 20 percent data
availability in first and last decile of the period. White areas indicate incomplete or
missing data. Black plus signs (+) indicate grid boxes where trends are significant
(i.e., a trend of zero lies outside the 90 percent confidence interval). Figure
modified from TFE 1, Figure 2 of Stocker et al. (2013), published by Cambridge
University Press with permission of IPCC.

192 Recent Changes in Monsoon Climate

https://doi.org/10.1017/9781139342889.006 Published online by Cambridge University Press

https://doi.org/10.1017/9781139342889.006


most notably North America and parts of Europe, it is also clear that there is
a drying trend throughout much of Southeast Asia, especially in southern China.
Southern India in contrast appears to have become wetter during the past century.
When considering the last half of the twentieth century and the start of the twenty-
first century, up until 2010, the reconstructions show some divergence. The Climate
Research Unit (CRU) model shows very little change in South Asia since 1951, but
instead a trend to drying in East Asia. The other two reconstructions considered by
the IPCC also point to a dominant drying trend across monsoonal Asia, being
locally quite intense in eastern Asia, as well as strong wettening of the climate in
southern India (Figure 6.2B). Much of the change in the twentieth century has
occurred since 1951. The speeding up of change as the pace of industrial develop-
ment increased is consistent with the proposition that human activities may be a key
force controlling monsoon intensity.

6.2.1 Climate Modelling

Reconstructing changes in monsoon intensity before the start of the twentieth
century is hampered by a relative lack of meteorological measurements, with
a few notable exceptions. Even those that do occur rarely go back prior to the
beginning of the nineteenth century so that climate modeling has to be employed to
reconstruct and understand changes in climate prior to that time. An example of
such reconstructions based on climate modeling focused on the change of land use
between 1700 and 1850 (Takata et al., 2009). This was a time that largely predated
the Industrial Revolution and when the anthropogenic emission of CO2 was still
rather moderate. Nonetheless, it was still a time of rapid economic development,
especially in the Indian subcontinent where commercial agriculture had accelerated
as a result of the growing influence of the English East India Company over
a diminished Moghul Empire (Fisher, 2016; Lawson, 2014). In particular, this
was a time when plantations were established and expanded. Furthermore, in
China there was a rapid increase in the population as a result of an expansion in
the economy under the Qing Dynasty (Ramankutty and Foley, 1999). Together
these two influences resulted in important changes in the extent of forest coverage,
as opposed to agricultural farmland across the core region of the Asian monsoon.
Critically, this was also a time when there were no particularly strong variations in
ocean or solar activity, and also no major volcanic episodes (Gao et al., 2008) that
might have disturbed monsoon intensity, as they have been known to do at other
times (Bourassa et al., 2012). Removing the forest in order to increase cultivation of
farmland resulted in an increase of surface albedo. At the same time, there was an
increase in surface winds caused by the reduction of forest, and reduced
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precipitation across much of the area. Deforestation then generated a positive
feedback with reduced soil moisture, so that local evaporation also decreased,
further reducing precipitation across the region (Figure 6.3).

Climate modeling predicts that the reduction in precipitation during the second
half of the twentieth century was particularly localized in southwestern China
and parts of Indochina, as well as being focused over the Deccan Plateau area of
western India (Bollasina et al., 2011). That this prediction has some validity has
been borne out by study of ice core records in the Himalaya. At two locations,
Dasuopu in the central Himalaya (Duan et al., 2004) and at Mount Everest
(Kaspari et al., 2008), ice cores have been used to show a substantial increase
in snow accumulation between 1500 and the mid-1800s (Figure 5.13), which is
negatively correlated with summer monsoon intensity. These predict that summer
monsoon precipitation in the region reduced by as much as around 20 percent
during that period, which is indicative of an early form of anthropogenic climate
forcing that is unrelated to industrial greenhouse gases but is nonetheless linked
to changes in land use.

6.2.2 Changes in Fluvial Discharge

Changes in precipitation might be expected to cause variations in the discharge
from rivers across Asia. However, the situation is more complicated than might
initially be assumed, that is, that higher precipitation results in greater water
discharge. In a study of global river systems, Milliman et al. (2008) compiled
data from a number of major rivers worldwide and showed that there has been
a common pattern of reduced discharge from rivers across much of Asia since 1951.
These workers used a compilation of rainfall data between 1951 and 2003, similar
to those shown by the Stocker et al. (2013) study, and, in particular, emphasized the
existence of a strong drying effect across northern India, much of Southeast Asia,
and northern China, with a more moderate drying being seen in southern China. Not
surprisingly, this climatic trend resulted in a substantial decrease in discharge from
rivers including the Indus and those in peninsular India by more than 30 percent at
that time (Figure 6.4A). At the same time, strong reductions are seen in northern
China in the Yellow River, while the Pearl River in southern China and the
Brahmaputra show modest increases. Although Milliman et al. (2008) predicted
a sharp decrease in the Yangtze, gauging data from that river suggests that it has
been variable but relatively constant over decadal periods, reflecting the fact that it
is located between regions with opposing temporal trends (Figure 6.4B).

Clearly, major fluctuations in discharge would have implications for agricul-
tural production in regions that are dependent on water supply from these rivers.
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Figure 6.3 June–August mean changes between 1700 and 1850. (A) Surface wind
speed (colors, in m s–1) and 850 hPa wind (vectors, with unit vector 2 m s–1).
(B) Precipitation (colors, in mm day–1) and vertically integrated vapor flux (vec-
tors, with unit vector 7 x 10 kg m–1 s–1). Modified from Takata et al. (2009).
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The situation is more complicated than might first be assumed because the
discharge to the ocean is also influenced by the construction of dams, as well
as the spread of agricultural irrigation. Damming has reduced sediment flux to
the ocean in many such systems, independent of the rainfall variation (Gupta
et al., 2012; Kondolf et al., 2014). Especially in southwest Asia, the damming of
the major waterways is closely linked to the spread of irrigation-based farming,
most notably along the Indus River, which has the largest man-made irrigation
system in the world.

Gauging data from the Indus shows a steady reduction in discharge to the ocean
since the mid-1960s (Figure 6.4A), but not all of this, by any means, is linked to
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Figure 6.4 (A) History of reducing discharge in the main Indus River below the
Kotri Barrage, Hyderabad (Memon, 2004). Chart shows the progressive loss of
flow to the lower basin as a result of intensified agriculture in the Punjab. (B) Mean
precipitation over the Yangtze catchment and discharge at Datong, near the mouth
of the river since 1951 (Yang et al., 2015).
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a weakening of the summer monsoon rainfall by the same extent. This is because
much of the water in the Indus is derived from snowmelt, which in turn is delivered
to the region via the winter westerly jet (Karim and Veizer, 2002). The Indus and to
a lesser extent the Brahmaputra are also supplied by melt from rapidly shrinking
glaciers whose long-term decline has serious implications for the water budget in
the heavily populated downstream areas. (Immerzeel et al., 2010). By 2000, water
discharge from the Indus into the Arabian Sea had reduced to the extent that it was
volumetrically negligible, principally because it was being used upstream to sustain
agriculture in the Punjab region (Inam et al., 2007; Kidwai et al., 2019). This has
serious consequences for agriculture in the region of the delta because lack of flow
allowed saltwater intrusion into that region and the salinization and loss of once
highly productive farmland, as well as the demise of the mangrove swamps that
used to characterize the coast region (Kidwai et al., 2019).

6.2.3 Recent Precipitation in China

Across central China the temporal trend in runoff and discharge to the ocean is less
clear. Figure 6.4B shows that over the last 50 years of the twentieth-century
discharge from the Yangtze was quite variable and largely followed precipitation
variability within the drainage basin itself. In this case there is no long-term decline
like that observed in Pakistan and, in fact, since the mid-1980s there has been
a gradual modest increase into the start of the twenty-first century. Discharge from
the Yangtze River to the ocean is now heavily regulated by large-scale damming
projects along the course of the river (Yang et al., 2006b). Over the long term, of
course, the discharge within this and every river system must be dependent on the
precipitation within the catchment, which in Asia is largely driven by the summer
monsoon.

Historical records can be used to reconstruct the development of monsoon
intensity across China. What is clear is that northern and southern China have
behaved quite differently and have often been anti-correlated with one another in
terms of climatic trends. An analysis of the severity of wet and dry periods has been
attempted across different parts of China (Zheng et al., 2006) and, in particular, in
northern China it was possible to cross-check reconstructions of a “dry-wet index”
against reconstructed precipitation for the time period 1736–1950 in the middle and
lower reaches of the Yellow River. The precipitation data were derived from snow
and rainfall records in the archives of the Qing Dynasty (Hao et al., 2008b; Zheng
et al., 2005).

North China shows variability in monsoon precipitation with substantial varia-
tions over timescales of 20–30 years and generally good agreement between the
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dry–wet index and a reconstruction based on Qing Dynasty records (Figure 6.5)
(Hao et al., 2008b). The first half of the twentieth century appears to have been
a period of drying after a peak in moisture in 1910, following by a steep decline in
precipitation until around 1930, after which a moderate increase was observed
(Zheng et al., 2005). At the start of the twentieth century, precipitation appears to
have been quite variable over timescales of a couple of decades. Zheng et al. (2005)
further demonstrated that floods during the twentieth century were of similar
intensity as those seen during earlier historical times but that twentieth-century
droughts have been less severe than previously experienced.

As might be expected, the North China Plain has experienced more frequent and
more intense dry periods than seen in southern or central China, with the most
significant decline in precipitation observed since 1950 (Figure 6.6)(Fan et al.,
2012b; Liu et al., 2005a). In comparison, southern China has seen an increase in
precipitation since 1950, and no significant droughts have affected that area during
the twentieth century. Because the Yangtze River lies in the center of China it is
influenced by both these climatic regions and, therefore, has a more complicated
discharge history than the Yellow or Pearl Rivers. In particular, it is worth noting
that the years during which the great famine took place in the Great Leap Forward,
1959–1961, there was no unprecedented drought in northern or southern China.
Events of similar intensity took place, both before and after this date but did not
result in losses of life on the scale of that of the Great Leap Forward.

Latitudinal changes between different parts of China are best understood when
we consider atmospheric circulation patterns, and, in particular, the migration
history of the westerly jet stream. It has been shown that since around 1960 there
has been a steady decrease in the average temperature of the troposphere over East
Asia that occurs during July and August (Yu et al., 2004). As a result of this cooling
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Plain versus reconstructed precipitation series over the middle and lower reaches of
the Yellow River in 1736–1950. Reproduced with permission from Zheng et al.
(2006).

198 Recent Changes in Monsoon Climate

https://doi.org/10.1017/9781139342889.006 Published online by Cambridge University Press

https://doi.org/10.1017/9781139342889.006


the westerly jet has been moving southward, which in turn has caused a weakening
of the East Asian summer monsoon. The net effect of these changes is to increase
the frequency of drought events in northern China and conversely to increase the
chance of flooding in the south, especially within the Yangtze River Valley. It is this
change in atmospheric circulation patterns since the middle of the twentieth century
that is behind the historical climatic trends (Figures 6.5 and 6.6).

Exactly why the troposphere is cooling over Eastern Asia during the summer is
not entirely apparent, but may be part of a longer-term trend that is different from
the global average warming (Ramaswamy et al., 2001). This trend is particularly
significant in eastern Asia because recent cooling of the lower stratosphere is only
able to transfer this coolness to the troposphere in this region. Such thermal
transfers are related to the presence of the Tibetan Plateau. East Asia is particularly
affected because it lies downstream of convection cycles driven by the presence of
the Tibetan Plateau (Ye, 1981; Yihui, 1992). Although it has been suggested that
greenhouse gas emissions, particularly related to the burning of coal, might be
important in driving the drying trend in northern China since 1950 (Xu, 2001), it is
not clear how that process would have affected high parts of the atmosphere as
identified in the Yu et al. (2004) study. What is clear is the twentieth-century trend
in North China toward a weakening summer monsoon in an area with an increas-
ingly dense population. At the same time, Japanese rainfall has experienced periods
of very strong precipitation that has been associated with increasing heatwaves
(Wang et al., 2019).
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Figure 6.6 Departure of July–August (JA) mean (thin) and 10-year running mean
(thick) 200–300 hPa air temperature averaged in the core East Asian monsoon
region (90°E–130°E, 30°N–45°N). Summer cooling causes the upper-level wes-
terly jet stream over East Asia to shift southward and the East Asian summer
monsoon to weaken (Yu et al., 2004).
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6.3 Evolution of Tropical Cyclones

As well as the seasonal rains of the summer monsoon, tropical cyclones can be
important in delivering moisture, especially to East Asia and the Bay of Bengal, and
are known to have experienced significant degrees of change in the recent historical
past (Wu et al., 2005). Typically typhoons that affect these areas originate in the
Philippine Sea, South China Sea, and theWestern Pacific and track toward theWest
where they make landfall in Hainan, northern Vietnam or southwestern China
(Figure 6.7)(Ho et al., 2004; Wang et al., 2007a). Alternatively, they experience
bending in their trajectories and head more toward the northeast, making their way
toward Japan or out into the North Pacific Ocean.

Records of typhoons that have entered the South China Sea now show that their
trajectories have experienced significant changes over the past 50 years (Leung
et al., 2007). Substantial periodicity in the frequency of typhoons in the South
China Sea has been documented (Figure 6.8). Typhoons reached a maximum
between 1988 and 1993, but this peak was followed by a significant fall in numbers.
The decline has been most noteworthy in Category 4–5 typhoons, and it has been
noted that the point of origin also shifted toward the west through time. Between
1961 and 1990 the stronger Category 4–5 typhoons averaged 1.9 events per year in
the South China Sea, whereas since the mid-1990s this average dropped to only 0.2.
Very few typhoons that originate east of 120°E now affect the South China Sea, but
instead are displaced toward the north and head toward the Japanese islands
(Grossman et al., 2015; Grossman et al., 2016).

The larger question is what is causing the change in the track of the typhoons, the
answer to which clearly has significant societal implications, given their destruc-
tive character and ability to deliver large quantities of rainfall over short periods of
time. It has been suggested that changes in the course of the typhoons in the
Western Pacific are related to the cooling of the troposphere over the past two
decades, as noted earlier. For example, Wu et al. (2005) hypothesized that it is this
cooling trend, which results in large-scale reorganization of atmospheric circula-
tion and, in particular, realignment of the cyclonic steering flows. Figure 6.9A
shows the spatial distribution of tropical cyclones during the typhoon season,
which coincides with the summer monsoon. This compilation spans the years
1970–2006 and highlights the fact that historically the northern South China Sea
was the place for the highest occurrence of tropical cyclones in East Asia (Tu et al.,
2009). Another zone of high occurrence stretches from the northern Philippines
toward Japan, reflecting the traces shown for 2011 (Figure 6.7). There has been
a long-term decline in cyclone occurrence in the northern South China Sea,
especially since the late 1990s, as a result of cyclones tending to be steered toward
the north after that time (cf. Figure 6.8). Those typhoons that do affect the northern
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South China Sea have originated more within that basin in the recent past rather
than coming from the Pacific Ocean. Tu et al. (2009) showed the difference in the
occurrence of tropical cyclones between 1970–1999 and 2000–2006 (Figure 6.9B).
This plot clearly shows the reduction in typhoon activity in the South China Sea,
but a sharp increase in the East China Sea and those areas extending toward Japan.
In 2019, Japan was struck by “Super-typhoon” Hagibis, which caused nine billion
dollars worth of damage and killed 89 people in the Kanto region of central Japan
(Cappucci and Freedman, 2019). There is a separate area of increasing high
typhoon intensity in the Western Pacific, although this does not impact human
settlements. If this recent trend in typhoon steering continues then this will have
significant implications for the many populous areas along the eastern Chinese
coast and those in southern Japan and Korea.

Rainfall in southern China has been increasing over the latter part of the
twentieth century and tropical cyclones have a part to play in this. In their
study of cyclone intensity and rainfall across the southern China area, Kim
et al. (2012) argued that when looking at the total summer rainfall, and in
particular the early part of the summer, that tropical cyclones were not

Typhoon tracks 2011

Figure 6.7 Map of tracks of typhoons affecting the western Pacific in 2011.
Numbers denote the date of the month that the storm occupied this location at
0000 UTC. Blue – Tropical Depression (Class 2), mid gray – Tropical Storm
(Class 3), light gray – Severe Tropical Storm (Class 4), Dark gray – Typhoon
(Class 5). Downloaded from Digital Typhoon website (Kitamoto, 2011).

6.3 Evolution of Tropical Cyclones 201

https://doi.org/10.1017/9781139342889.006 Published online by Cambridge University Press

https://doi.org/10.1017/9781139342889.006


important in driving the longer-term rainfall trends. However, precipitation
linked to typhoons tends to become much more important in August toward
the end of the regular monsoon season. The impact of cyclones has been most
dramatic along the southern coast of China. There is evidence that these have
been intensifying in the more recent past. Kim et al. (2012) considered two
time periods, 1981–1992 and 1993–2002. Although both times showed sig-
nificant increases in monthly summer rainfall, it was apparent that only
a small fraction of the precipitation was related to tropical cyclones during
1981–1992, but that since that time typhoon rainfall had become much more
important, especially along the southernmost coast. Some of this extra rainfall
has been related to increased influence of typhoons that formed over the South
China Sea late in the summer season (Wang et al., 2007a), as opposed to in
the open Pacific where the majority of East Asian typhoons have their origins
(Joint Typhoon Warning Center, 2002). Although total rainfall has increased in
southern China because of the typhoons originating within the South China
Sea in June and July, this is balanced by the synchronous reduction in cyclone
activity over that same period in southern China area, as a result of large-scale
atmospheric changes across the region, as discussed earlier.
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Figure 6.8. Annual number of typhoons occurring in the South China Sea based on
Hong Kong Observatory (HKO), Regional Specialized Meteorological Centre
(RSMC) Tokyo, and Joint Typhoon Warning Centre (JTWC) best tracks, respec-
tively. Modified from Leung et al. (2007).

202 Recent Changes in Monsoon Climate

https://doi.org/10.1017/9781139342889.006 Published online by Cambridge University Press

https://doi.org/10.1017/9781139342889.006


6.4 Rainfall in South Asia

A simplified image of the variability in recent rainfall in South Asia can be derived
by consideration of the All India summer monsoon Rainfall Index (AIRI)
(Parthasarathy et al., 1992) (Figure 6.10). This is a useful general indicator of the
strength of monsoon rain across India but lacks the resolution to be able to define
regional variations and, in particular, those aspects related to the dynamics of the
monsoon because it focuses entirely on rainfall and not on wind speed or atmo-
spheric pressure differences. The AIRI itself is an area average of 29 different
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subdivisional rainfall measurements, which themselves are an average of all the
stations in a given district. This approach demonstrated that when looking at the
largest scale there were stronger than normal monsoons during the 1880s,
1915–1925 and 1930–1945, while rainfall was substantially less than average at
1899–1905, in the 1960s and around the turn of the twenty-first century (Zhou et al.,
2010)(Figure 6.10). Such trends are slightly out of phase compared to the recon-
struction for China (Figure 6.5). Looking at the entire subcontinent it is generally
argued that there has been an overall decrease in summer monsoon precipitation of
the past 50 years (Dash et al., 2009; Joseph and Simon, 2005), Although whether
this is true across all of South Asia is not apparent when looking only at the AIRI.

A more detailed regional breakdown of rainfall trends in the latter part of the
twentieth century was provided by Lau and Kim (2010), who divided up the
country into five different sectors and plotted total annual rainfall for each of
these since 1960 (Figure 6.11). They further refined their analysis by dividing the
early and later parts of the summer monsoon season so that changes in the onset of
the monsoon could be identified. There are some common trends that apply to much
of the Indian subcontinent, yet regional differences emerge. Since 1960 there
appears to be a strengthening of rainfall during the May–June season, but the
degree of strengthening varies from region to region and is strongest in the
Central Northeast and Northwest, with almost no change seen in the Northeast,
West Central, or Peninsular areas (Figure 6.11A). In contrast, there has been
a decrease in intensity during the latter part of the monsoon season, although the
degree of change is much more modest than that seen in the early phase (Lau and
Kim, 2010). Most regions were fairly constant in their rainfall until 2006, with the
clearest decrease in intensity being in the West Central and Peninsular areas. It is
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Figure 6.10 The observed June–August (JJA) mean all Indian monsoon rainfall
index (AIRI) given as anomalies (in mm/day, w.r.t 1961–1990). Thick solid lines
represent data smoothed with a 10-year filter. From Zhou et al. (2010).
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noteworthy that changes from year to year were of much greater magnitude than
these long-term trends stretching over more than 40 years, which reflects the fact
that monsoon intensity has historically been tied to variations in the ENSO phe-
nomenon (Azad and Rajeevan, 2016; Krishnaswamy et al., 2015) and to a lesser
extent the Indian Ocean Dipole (Kumar et al., 2006).

Lau and Kim (2010) argue that the drying trend in South Asia during the late
twentieth century was not caused by global warming, but was instead associated
with an increase of aerosols in the atmosphere, especially in industrial parts of
northern India. It is well understood that black carbon and dust may have strong
impact on the intensity of monsoon rainfall and wind speed through increasing
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Kim (2010).
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absorption of the heat in the troposphere (Padma Kumari et al., 2007; Ramanathan
et al., 2005). High aerosol concentrations have the potential to decrease monsoon
strength because they block solar radiation from reaching the ground and thus
weaken the generation of the low-pressure system that draws moist air inland from
the ocean.

It should, however, be recognized that there is a link between atmospheric
aerosols, especially desert-derived dust and ENSO with El Niño conditions linked
to lower aerosol concentrations across northern India (Kim et al., 2016).
Conversely, when aerosols are abundant this is associated with more moisture
transport and heavier precipitation in northern India during April–May followed
by reduced rainfall later in the season across all of South Asia. Monsoon strength
and aerosols have been linked by the “elevated heat pump” hypothesis, which
argues that accumulation of dust and black carbon over the Indo-Gangetic Plain and
the foothills of the Himalaya during the pre-monsoon season results in intensified
warming in the middle and upper troposphere and subsequently leads to increased
rainfall over northern India in late spring and early summer (Gautam et al., 2009;
Lau and Kim, 2006). This trend is best shown in the Northwest and Central
Northeast regional trends (Figure 6.11). Increased aerosol concentrations in recent
times may also account for why there is a common decrease in the later part of the
monsoon season because if there are more clouds in the atmosphere in the early part
of the monsoon then this increases the blocking of solar radiation from reaching the
ground and results in an earlier reduction in the low-pressure system and thus also
in rainfall. Continued industrialization of northern India would be expected to
accentuate this trend, further driving monsoon summer rainfall down across the
flood plains.

Certainly there is good evidence in the recent past that aerosol emissions have
been rising across northern India, as the region develops economically (Kühn et al.,
2014; Li et al., 2017a). However, it should be remembered that the area has been
affected by particle flux even before industrialization began. Dust has been deliv-
ered from the deserts in Arabia, as well as closer by from the Thar Desert of what is
now western India and southern Pakistan during the summer monsoon when winds
are blowing from the southwest toward the Himalaya (Glennie and Singhvi, 2002;
Singhvi et al., 2010). Dust aerosols transported to northern India may sweep up the
finer black carbon aerosols generated by industry. The black carbon can then form
a coat over the larger dust particles, making them more absorbent and thus
increasing their albedo and ability to cool the surface of the Earth (Ramanathan
and Carmichael, 2008).

Observations made in the New Delhi area show that concentration of aerosols
in the atmosphere has been increasing steadily since around 1980 (Lau and
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Kim, 2010). Atmospheric visibility has decreased since that time, and this is
a measurement directly linked to aerosol concentrations in the lower levels of
the atmosphere. Furthermore, the Aerosol Index estimated from satellite data
over the Indo-Gangetic plain has shown a steady increase over the same time
period (Figure 6.12), consistent with this trend.

The impact that aerosols have had on the Indian Summer Monsoon has also been
addressed through modeling using the U.S. National Oceanic and Atmospheric
Administration (NOAA) Geophysical Fluid Dynamics Laboratory (GFDL) CM3
GCM (Donner et al., 2011), which includes aerosol–cloud interactions and aerosol
indirect effects (Bollasina et al., 2011). This model attempted to simulate the
monsoon since 1860 to 2005 using a series of runs incorporating the different
proposed forcing functions, that is, solar variations, volcanoes, greenhouse gases,
ozone, aerosols, and land use. Although a model run that used all the forcing
functions did a good job of reproducing the observed climate trends (i.e., drying
over northern India and wettening in the south), it was noteworthy that a model
driven only by aerosol-related processes did an equally good job of predicting the
climate change. As a result, it was concluded that it was the rise in aerosol
emissions that has been the primary driver for Indian monsoon intensity changes
over the last century (Bollasina et al., 2011). In contrast, the impact of rising
greenhouse gas concentrations would tend to generate increased rainfall across
the entire area, contrary to the observations.
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Figure 6.12 Time series of Aerosol Index from Total Ozone Mapping
Spectrometer (TOMS), Earth Probe Total Ozone Mapping Spectrometer
(EPTOMS), and Ozone Measuring Instrument (OMI) averaged over the Indo-
Gangetic Plain (70–90°E, 25–35°N), in increasing relative units in the right
ordinate and visibility (solid black line) over New Delhi in decreasing relative
units in the left ordinate, from 1979 to 2007. Missing data in Aerosol Index (AI) are
indicated by symbol “X.” From Lau and Kim (2010).
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A more detailed analysis of twentieth-century Indian summer monsoon devel-
opment is made possible by using empirical orthogonal functions (EOFs). EOFs are
a statistical analytical tool that is similar to principal component analysis and allows
temporal and spatial patterns to be isolated in data. In the study of Mishra et al.
(2012) two such EOFs were defined. EOF1 was chosen to correlate with the All
India Rainfall, as well as with ENSO oscillation strength. Until recently weak
summer monsoon rain were associated with periods of El Niño (Krishnamurthy
and Goswami, 2000; Kumar et al., 1999; Wainer andWebster, 1996). EOF2 instead
looked at the rainfall anomalies of opposite polarity between northern India,
principally the Indo-Gangetic Plain, and those in southern India over the peninsula.
EOF1 mirrors the overall trends in rainfall patterns, with the driest areas during the
twentieth century highlighted in northwest India and the wettest close to the
Ganges–Brahmaputra Delta (Figure 6.13A).

The EOF2 model shows strong spatial variability, with positive values in south-
ern India and negative values over the Indo-Gangetic Plain (Figure 6.13B), which
corresponds to the drying trend since 1950 seen across northern India (Figure
6.13D), accounting for a decrease of 4–5 percent (Ramanathan et al., 2005).
EOF2 is linked to the pattern of sea surface temperature variation in the Indian
Ocean, which in turn correlates with ENSO. This link is consistent with the long-
term drying of the plains being linked to ENSO intensity. The principal component
of EOF2 (PC2) negatively correlates with the negative rainfall anomalies across
northern India, at least since 1950 (Figure 6.13C). In contrast, the positive rainfall
anomalies observed over southern India, in association with a positive polarity of
PC2, are consistent with convergence of low-level wind anomalies over that region.
Summers after the peak of El Niño events are associated with a weakening of the
westerly jet over the northern Indian Ocean, which in turn helps maintain high sea
surface temperature anomalies and so reduces the land–ocean contrast that drives
the monsoon, thus reducing rainfall. However, it is not obvious why the greater
warmth of the northern Indian Ocean during these summers should favor reduced
monsoon rainfall over northern India. Instead, it seems more likely that the linkage
between the ENSO cycle and monsoonal rainfall anomalies in the subsequent
summer is made through the atmosphere (Mishra et al., 2014).

6.5 River Drainage Evolution

6.5.1 The Kosi River

As well as being affected by changing rainfall, past water supply has also been
controlled by reorganization of river systems, especially in the form of drainage
capture and avulsion. A particularly dramatic example of this was seen in 2008 in
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Nepal and India when the Kosi River (Figure 6.13) experienced a major change in
the direction of its flow. The Kosi had long been recognized as a drainage where the
river channel was prone to significant shifts, something that it has in common with
many of the major rivers draining from the Himalaya into the Ganges. Wells and
Dorr (1987) reconstructed the evolving path of the Kosi River based on historical
records and showed a progressive migration from the east toward the west between

Indian Summer Monsoon Rainfall variability from 1900 to 2008

Monsoon rainfall over the Gangetic Plain

Figure 6.13 (A and B) The two leading empirical orthogonal functions (EOFs) of
June–September (JJAS) Indian Summer Monsoon Rainfall variability for the 109-
year period from 1900 to 2007. Shading indicates the rainfall anomalies, expressed
as a percentage of the climatological mean Indian Summer Monsoon Rainfall
(ISMR), observed in association with a PC amplitude of +1 SD. V indicates the
fraction of the domain-integrated variance explained by the two modes. (C) The
standardized PC2 (the time series of the expansion coefficient of EOF2) and
(D) monsoon season rainfall averaged over the Gangetic Plain (21°N to 30°N,
75°E to 89°E) expressed as a percentage of the climatological mean rainfall.
Reproduced and modified from Mishra et al. (2012).
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1736 and 2008 (Figure 6.14). They concluded that the river’s tendency to readjust
the position of its channel between the point at which it leaves the Himalaya and its
confluence with the Ganges was mostly driven by stochastic and autocyclic pro-
cesses involving the reduction in slope along the path of the active channel as
a result of sedimentation along its levees (Bowman, 2019). In doing so, this makes
other drainage pathways more attractive. Although earthquakes might be expected
to have a role in this readjustment very little evidence could be found to show that
that had actually been the case, at least over the study period.

Flooding events, in particular, appear to be times at which a river is susceptible to
readjustment into a new course. The 2008 reorganization of the Kosi River occurred
during a flood that was driven by heavy monsoon rains and that resulted in a breach
within man-made embankments that had been constructed in the Nepalese part of
the river to keep the flow in its previous, quasi-stable configuration. However, once
the embankments had been breached the river rapidly adjusted to a new course,
resulting in flooding of wide areas of Nepal and northern India (Figure 6.14B).
Although this was a natural phenomenon it caused a significant amount of damage
and resulted in the deaths of 250 people in India alone (Coggan, 2008). Almost
three million people had to be evacuated in India, while in Nepal around
53,000 people were affected (UN Office for the Coordination of Humanitarian
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Affairs, 2009). In India more than 340,000 hectares of land were inundated,
destroying large areas of crops (Coggan, 2008). This example demonstrates
the potential large-scale impact of drainage reorganization on modern
settlements.

6.5.2 Damming and Irrigation in the Indus Basin

Western India and what is now Pakistan have some of the driest conditions of any
within monsoonal Asia. Consequently, it is in these regions that the greatest efforts
have had to be made to try andmanage the scarce water resources in order to sustain
the societies developed there. Although some adjustment can be made in terms of
the type of crops that are grown in the region, management of the water resources
and especially the Indus River and its tributaries have been particularly important in
allowing the development of large urban centers. In recent times this has taken the
form of large-scale dam construction that was originally initiated under British
colonial rule to sustain the plantation agriculture (Gilmartin, 2015; Kidwai et al.,
2019). This trend then accelerated after independence in order to sustain additional
growth of the agricultural economywithin the floodplains, particularly under Green
Revolution initiatives.

The first major barrage on the Indus was constructed near the Pakistani city of
Sukkur. This barrage was built during the British Raj from 1923 to 1932 and named
Lloyd Barrage after the then Governor of Bombay Sir George Lloyd (Naqvi, 2012).
After independence, the barrage was renamed after the city and still functions as
a critical part of the water management system in the north of Sindh province.
Sukkur Barrage forms the controlling structure of what is arguably the largest
irrigation system in the world. A network of canals extends over a length of
9,923 km and distributes water over more than 20,000 km², thus allowing advanced
agriculture in what is otherwise a semi-desert region to the west of the dunes of the
Thar Desert (Figure 3.14). A number of other major dams now controls the flux of
water through the Indus system, including the Jinnah Barrage completed in 1946,
the Kotri Barrage at Hyderabad completed in 1955, the Taunsa Barrage in Punjab
completed in 1958, the Guddu barrage in northern Sindh completed in 1962, and the
Chashma Barrage in Punjab, which was completed in 1971.

While these dams have generally been beneficial to agriculture, there have been
negative side effects related to the general improvement in irrigation. Because the
barrages have reduced water flux to the lower reaches of the river they have resulted in
major water shortages in the southern parts of Sindh province and, in particular, in the
delta region (Briscoe et al., 2006; Syvitski et al., 2013). Irrigation channels, whichwere
cut into the delta plain and that were intended to allow exploitation of the region for
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agriculture, are having the reverse effect as seawater has been drawn landward through
these channels causing the farmland that was previously fertile to become salinated,
poisoned, and unusable (Day et al., 2019). The lack of fresh water in the delta region
has also had significant negative effects on the fisheries (Hussain et al., 2010), which
support three quarters of all the people living in that area, presently around 900,000.
Sharp drops in the productivity of the fisheries have resulted from the fact that many of
the species that thrive in the delta and adjacent offshore spend part of their life cycle in
themangrove swamps, which used to typify the coast of the delta. However, the lack of
fresh water has resulted in the loss of significant areas of mangrove swamp, totaling
>70,000 ha during the past 50 years (Rasul et al., 2012; Walsh, 2010).

Nonetheless, the mangroves of the Indus Delta still represent the largest desert
climate mangrove forest in the world. Inam et al. (2007) noted that before 1955 when
the dam was constructed there were no days in which there had been no water flow at
the Kotri Barrage. Between 1960 and 1967, the number of zero-flow days had
increased to as much as 100, while after the construction of the Mangla dam on
the Jhelum River tributary the number of zero flow days had increased to 250 by
1975. This has impacted a natural resource that is both culturally and economically
important to thousands of people. Mangrove swamps are also critical for allowing
humanity to adapt to some of the effects of changing climate. The roots of mangrove
forests help stabilize coastlines by trapping sediment and slowing the movement of
water: factors that are critical in reducing the impacts of storm waves, flooding and
sea level rise. These forests also trap carbon dioxide and globally these biomes avoid
the release of approximately 13 million metric tonnes of carbon (Miteva et al., 2015).

6.5.3 Indus Floods of 2010

Themost dramatic negative consequences of damming were seen in 2010 as a result
of the major flooding in the Indus caused by the unusually strong monsoon of that
summer. The rains in the summer of 2010 were particularly intense because of the
coincidence of a strong La Niña that year in the Pacific Ocean, which caused
stronger rains in South Asia (Khalid et al., 2018). This was also coupled to an
unusual configuration of the jet stream that year, which resulted in it not migrating
in the typical fashion. Rather the jet stream remained in a fixed location driving
continuous rains in South Asia and especially northern Pakistan, while at the same
time delivering heat waves in central Russia (Marshall, 2010). Exactly why the jet
stream became stuck in this spectacular fashion is a point of continuing research,
although initial indicators suggest that this may be related to weakened solar
activity during the winter and spring of that year (Lockwood et al., 2010). The
discharge at Sukkur Barrage increased much more sharply in August 2010
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compared to a typical year, such as 2013 (Figure 6.15). The very sharp increase in
discharge after August 6 and that culminated at a peak around a week later
represented an increase of almost five times compared to normal discharge at this
point in the river.

Satellite images from 2010 help to understand the developing flood that followed
the heavy rains upstream and resulted in large-scale inundation of the regions
around the lower reaches of the Indus River (Figure 6.16). It is noteworthy that
some of the worst flooding was related to the presence of the dams along the river.
The Sukkur Barrage acted as a choke point on the river resulting in widespread
flooding north of that city. River levels rose to such an extent that by August 8,
2010, the Indus burst its banks north of Sukkur, flooding substantial areas to the
west of the main channel. A significant flow of water then moved toward the west
before turning south as shown in Figures 6.16C and 6.16D. The large lake that
formed as a result west of the Indus was present for many months after the flooding.
Economic losses caused by the flooding that year were significant, with 570,000 ha
of cropland being destroyed and more than 2,000 people killed (Singapore Red
Cross, 2010). Around 20 million people are believed to have been displaced from
their homes as a result of the 2010 floods. In the following year, further flooding
resulted in the deaths of a further 434 people and the inundation of 690,000 ha of
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Figure 6.15 Diagram showing the contrasting discharge at Sukkur in Sindh pro-
vince, southern Pakistan between a normal year, 2013 and the floods of 2010.
(www.lbcawb.org/). Data from Left Bank Canals Area Water Board
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arable land (Tariq and van de Giesen, 2012). Many of these losses related to
breaching of the river levees as the result of damming impeding the ready flow of
water through the system. Damage to structures, including road and railways as
well as public buildings, was estimated to exceed US$4 billion (Hicks and Burton,
2010), and wheat crop damages alone were estimated to be over US$500 million.
Total economic impact may have been as much as US$43 billion, which resulted in
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Figure 6.16 A series of satellite images taken by NASA’s Moderate Resolution
Imaging Spectroradiometer (MODIS) on their Aqua satellite. Images use
a combination of infrared and visible light to increase the contrast between water
and land. Water appears in varying shades of blue. Vegetation is green, and bare
ground is pinkish brown. Clouds range in color from pale blue-green to bright
turquoise. The images show the disastrous flooding around the main Indus, the
effect of the damming in focusing where flooding occurred, as well as the effect of
breaching the levees north of Sukkur resulting in flooding of areas west of the river.
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a significant decrease in gross domestic product (GDP) from the forecast growth of
4 percent to a net fall of around 3 percent of GDP (Looney, 2012). These losses
continued for many months and disproportionately affected rural areas (Kirsch
et al., 2012).

It is debatable whether any long-term lessons can be learned from the floods
of 2010. Pakistan is essentially a rather dry country and one in which irrigation
systems are fundamental to allowing agricultural production, because in a -
normal year rainfall is insufficient to supply all the agriculture required to
sustain the high population density. We reviewed the different types of irrigation
systems that have been used in this region throughout history. Indeed, flooding
has been seen in Europe as well in the past decade when rainfall overwhelms
normal flood defenses, for example, on the Elbe and Danube in 2013 (Alfieri
et al., 2016). Nonetheless, year 2010 showed that the same structures that are
needed under normal circumstances can be very damaging when the monsoon
becomes intense or storm-like and delivers very large quantities of water to the
rivers over short time periods. Those measures that had been put in place did not
significantly reduce the degree of damage in the wake of the 2010 flood (Tariq
and van de Giesen, 2012). Whether other countries could have better coped with
the conditions found in 2010 is questionable, although it is also clear that
insufficient maintenance of the levee systems, coupled with some poor decisions
about when and where to allow the levees to break did result in greater loss of
life and property them might otherwise it been expected (Syvitski and
Brakenridge, 2013). The Federal Flood Commission (FFC), which had been
founded in 1977 following earlier flooding, had been charged with a number of
projects that would have alleviated the severity of flood related damage, but poor
leadership and corruption had contributed to making this body relatively inef-
fective in planning for the type of events seen in 2010 (Mustafa and Wrathall,
2011).

For future purposes, a pressing question is how often such events occur.
Historical records of discharge do not extend far enough in the past to answer
this and do not account for changes in frequency linked to climate change.
However, data from the offshore Indus delta provides a sedimentary record of
flooding activity in the river before around 1950 when the damming of the river
prevented further major floods reaching the ocean (Clift et al., 2014). Sand layers at
the head of the Indus Canyon have been interpreted as annual monsoon flood
discharge proxies, many of which are thin over the past 150 years or so.
However, seven to eight sand layers are somewhat thicker and two are much bigger
than the rest, suggestive of deposition by a significant discharge event. The
frequency of major flooding events thus appears to be on the order of one every

6.5 River Drainage Evolution 215

https://doi.org/10.1017/9781139342889.006 Published online by Cambridge University Press

https://doi.org/10.1017/9781139342889.006


50–100 years. Whether that same rate of large-scale flooding can be extrapolated
into the future is questionable given changes in global temperature that increase
total rainfall and the storminess of the summer monsoon rains (Murakami et al.,
2017).

6.5.4 The Indus Basin Project

Much of the large-scale dam construction in Pakistan has in recent years been
linked to a large-scale initiative known as the “Indus Basin Project” (Wescoat et al.,
2000). The project is encapsulated by a number of large dams, particularly the
Mangla Dam on the Jhelum River and the Tarbela Dam located on the Indus River
close to where the Indus reaches the floodplains. This project represents the
Pakistani response to the “Indus Waters Treaty” that was signed between India
and Pakistan in 1960. The treaty became important in formalizing the distribution
of water resources in western India and Pakistan because of the Pakistani depen-
dence on rivers that originate in India, but provide much of the water resources to
this country (Alam, 2002). In its simplest form, the treaty allows India to use the
eastern tributaries, Ravi, Beas, and Sutlej rivers before their entrance into Pakistan,
whereas the western tributaries, Indus, Jhelum, and Chenab rivers are reserved for
use by Pakistan (Sahni, 2006). Nonetheless, the very existence of an international
border makes a fully coordinated response to changes in course and climate hard to
achieve.

Tarbela Dam, in particular, is noteworthy in being the largest earth-filled dam in
the world and as measured by its potential volume is the second-largest dam
structure worldwide (Ahmad et al., 1993). This structure was completed in 1974
and is an important source of hydroelectricity, as well as water resources in northern
Pakistan. One potential complexity of placing a dam across the mainstream of the
Indus at the point where it leaves the mountain front is that the river is heavily laden
with sediment, reflecting the erosive nature of the mountains north in the gorge, as
well as the high stream power operating in the steep slopes upstream of the dam
(Ahmed et al., 2018). Surveys of the reservoir show that the northern end of the lake
formed behind the dam is marked by a major delta (Tate and Farquharson, 2000).
Because of the sediment load of the Indus the reservoir has been filling with
sediment since the start of operations (Figure 6.17)(Palmieri et al., 2001). What is
evident is that the reservoir filled rapidly after the initial blocking of the river and
constructed a significant delta within the reservoir before 1979. The cross section
shows the operational limits of the reservoir and illustrates that by 1999much of the
usable space behind the dam had been filled by sediment. This meant that at
minimum levels there was very little open water left behind the barrage. Initial
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specifications for the dam suggested that the reservoir would be full of sediment by
around 2030, which would render it unusable, but the actual infilling was initially
much faster than expected. However, since 1999 the rate of additional sediment
storage within the reservoir has fallen substantially so that only small amounts of
additional material have been added to the delta since that time. As a result,
predictions now suggest that Tarbela Dam will be serviceable as an economic and
water control structure at least until 2060 at present rates (White, 2005), although
exactly why this decrease has happened is debated (Khan and Tingsanchali, 2009).
Despite the potential complexities it is abundantly clear that damming will continue
to play a central role in water management for arid countries such as Pakistan
regardless of future variations in monsoon precipitation.

Whether competition for water rights remains peaceful remains to be seen, as
disputes certainly exist. For example, the Wular Barrage project involves the
construction by India of a barrier on the Jhelum River downstream of Wular
Lake in Kashmir (Figure 6.18). The purpose of this barrier, apart from power
generation and provision of water supplies, is to make the river navigable during
the dry period between late October and mid-February. The barrier has geostrategic
importance because of its location close to the Line of Control (Condon et al.,
2009). Moreover, the Jhelum River rises in the Kashmir Valley and is supplied by
Wular Lake, which is located about 25 km north of Srinagar at about 1581 m above
sea level. For Pakistan the strategic importance is that its control provides India
with the means to exert pressure on Pakistan because a dam on that site has the
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markedly in the recent past. Redrawn from the original by Khawaja and Sanchez
(2009).
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potential to disrupt the entire system of the “Triple Canals Project,” a long-lived
system of waterways developed under colonial rule that transfers water from the
Jhelum to the Ravi in order to allow sufficient water to flow and maintain the
navigational access to the Ravi and associated canals (Shakir et al., 2010; Zawahri,
2009). Because theMangla Dam in Pakistan is also fed by the Jhelum, its long-term
viability would also potentially be at stake. The Pakistani government fears that the
control of the water flow by India to the construction of the Wular Barrage could
deal a crippling blow to the agricultural economy of Pakistan.

6.6 Damming on the Yangtze

East Asia, too, has experienced major problems over the past century related to
monsoon variability. Major floods affected the Yangtze River valley in 1954 and
1956, as well as in 1959 (Yu et al., 2009b), which was partly used as a natural
explanation for the devastation caused by the Great Leap Forward that started in
that year. The floods in 1954 particularly struck Hubei Province and killed about
33,000 people (Yin and Li, 2001a). However, the area of China that suffered from
flooding during the Great Leap Forward was considerably smaller than those in
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decades to come (Zhang et al., 2016). Monsoon-related flooding reached its worst
level in 40 years in the summer of 1998 (Zong and Chen, 2000). At that time, the
Yangtze (Changjiang) experienced massive flooding of parts of its middle reaches,
resulting in 3,704 dead, 15 million homeless and $26 billion in economic loss.
Other sources report a total loss of 4150 people, and 180million people having been
affected (Spignesi, 2004). An area of 25 million acres (100,000 km2) had to be
evacuated, with 13.3 million houses damaged and/or destroyed. Although the
rainfall was high, the degree of flooding was disproportionate in comparison.
Human activities made the damage much worse than previously experienced
because of large-scale reclamation of lakes and fluvial islands in the middle basin
of the Yangtze (Zong and Chen, 2000). This process substantially reduced the
floodwater storage and drainage capacity resulting in more ready overspilling from
the main channel. Furthermore, deforestation in the upper catchment has acceler-
ated soil erosion (Chen et al., 2001; Yin and Li, 2001b), resulting in a large amount
of sediment being deposited in reservoirs whose storage capacity was thus reduced.
Between 1970 and 2001 areas experiencing very rapid erosion have doubled in size
(Yin and Li, 2001b), reducing capacity further. This deforestation is likely due to
efforts aimed at increasing cultivated land during the Great Leap Forward and the
Cultural Revolution, as well as the large amounts of forest and tree cutting that took
place during Mao’s efforts to construct backyard furnaces (Shapiro, 2001).
Moreover, strengthening flood defenses to protect people living on the floodplain,
largely in the form of levees, has raised the water level and encouraged silting up of
the main channel during floods so that when large rainfall events occur there is
breaching and overspilling to a much greater degree than had historically been the
case. All these processes happened in the context of higher summer rainfall in the
middle Yangtze basin after 1960, largely in the form of storms that rapidly cause
river levels to rise, and likely driven by higher temperatures (Jiang et al., 2007).
Gauging data from the lower reaches shows that the frequency of flooding has
increased since the 1950s and that peak discharge has also increased since the 1860s
(Yu et al., 2009a).

Not surprisingly, the Chinese government has taken action to prevent further
damaging losses, principally in the form of damming to generate storage capacity,
which has the additional benefit of providing power generation capacity. In 1919,
the first president of the Republic of China, Sun Yat Sen, declared the intention to
build a large dam across the Yangtze, yet little of substance happened on the project
until the 1980s. At that time planning began for a large dam in the Three Gorges,
a proposal that was controversial because of the famous natural beauty of the
region, high biodiversity, and significant number of people that would have to be
relocated to allow for the reservoir, totaling 632 km2 when the reservoir is full
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(Jackson and Sleigh, 2000). Nonetheless, construction finally began in 1994 with
the main wall of the dam finished in 2009 and the last of generator turbines coming
online in 2012 (Huang and Yan, 2009). The Three Gorges Dam is one of the largest
on Earth, with a length of 2,335 m. The top of the dam is 185 m above sea level and
181 m above the rock foundation. The reservoir itself now extends 660 km
upstream of the dam wall. Total costs exceeded $24 billion, which is expected to
take 10 years to recoup from power generation.

Although the dam does bring many benefits, it has been noted that there are
significant risks and costs associated with this as well. There are some increased
hazards related to potential landsliding from the steep gorge sides into the reservoir
(Cojean and Caï, 2011) and some suggestion that filling the reservoir has increased
the seismic activity of faults in this region some of which pose a direct threat to the
dam itself (Stone, 2008; Zhang et al., 2017). Because of the construction of the
reservoir much of the sediment coming from the upper reaches is now trapped
behind the dam and eventually this is beginning to fill the reservoir, much as seen in
the Tarbela, the Pakistani example discussed earlier. After completion around
60 percent of the sediment reaching the reservoir from the upper reaches has
been trapped (Xu and Milliman, 2009). Moreover, the river downstream of the
Three Gorges, as well as associated lakes, are now starved of sediment (Zhou et al.,
2016), and this also carries some risks in terms of increased flooding risk should the
dam be unable to control the water flux. The flood plains of the lower reaches of the
river were previously built up and strengthened by the continual arrival of silty
material, whose flux is now strongly reduced. For coastal cities such as Shanghai
this is potentially a serious problem because the land beneath them continues to
subside, while at the same time the region is experiencing modest rates of sea level
increase (Liu et al., 2007a; Zhongyuan and Stanley, 1998). This is causing large-
scale loss of wetlands (Yang et al., 2006a), which are both economic resources and
as we reviewed earlier, also traps of carbon, while helping enhance coastal resi-
lience to changing climate. Furthermore, the low sediment load of the Yangtze
downstream of the dam has resulted in the river incising and eroding its own
channel, causing large-scale export of sediment from the river (Dai and Liu, 2013).

6.7 Sediment in the Yellow River

The delta coast of the Yellow River is prone to rapid progradation that is then
modulated by the activity of tides and waves at the coast. Figure 6.19 shows how
the water and sediment load in the modern Yellow River varies along its entire
course. The amount of water entering the river increases sharply in its uppermost
regions as a result of precipitation against the northern edge of the Tibetan Plateau,
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where orographic rainfall is focused. However, at the same time sediment loads in
the river remain relatively modest as a result of the flow passing over strong
bedrock units in the absence of very high stream power. Downstream of Lanzhou
the river enters a relatively arid region and the amount of water reduces as the flow
is used for agricultural purposes, while very little is added from local runoff.
However, as the river moves around its northernmost bend within the region of
the Chinese Loess Plateau, the amount of sediment rises sharply as silt from the
Loess Plateau is reworked into the river (Nie et al., 2015). This process has been
exacerbated by farming practices breaking up the soil and liberatingmore sediment,
which is responsible for giving the river its name. Recent evidence suggests that
humans had already begun this process in the deep past (Kidder et al., 2012; Zhuang
and Kidder, 2014). At the same time there is a moderate increase in the amount of
water discharge, which then remains relatively constant in the lower reaches.
Sediment flux also falls within the lower reaches as a result of sedimentation
especially upstream of Huayuankou (Ren and Shi, 1986). This reflects the fact
that the river is close to its maximum carrying capacity and that as the regional
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slope shallows entering the lower reaches the river is able to deposit sediment
within the floodplains as it loses stream power.

Although the sediment load of the Yellow River is famously high, it is note-
worthy that it has dropped in recent years. Wang et al. (2007b) showed that in the
short period between 2000 and 2005 CE the load fell to only 14 percent of the
previous 1.08 Gt/year. This change was largely a function of human activities,
especially the installation of dams and reservoirs in the upper reaches, as well as
improvements in soil conservation. Furthermore, the carrying capacity has
decreased 30 percent since the 1950s as result of weakened precipitation (Xu,
2018) and the removal of water from the river in the lower reaches for agricultural
uses.While the older sediments of the Loess Plateau continue to be the source of the
vast majority of the sediment to the delta, as demonstrated by isotopic fingerprint-
ing of ancient particulate organic carbon (Tao et al., 2015), erosion from this source
fell from the 1970s to 1990s because of better terracing, as well the construction of
dams and reservoirs. Further reductions were achieved by large-scale vegetation
restoration projects that were initiated in the 1990s (Wang et al., 2015). Reducing
soil erosion and loss in the Loess Plateau is critical to maintaining its use as
a productive agricultural area. Furthermore, silting of the lower reaches results in
build-up of the levees along the river. Unless the river course is allowed to avulse
this can result in significant elevation of the river above the flood plains and cause
major disruption if these were to be broken during a flooding event, as shown by the
example from Pakistan in 2010.

6.8 Impacts on Farming Systems in South Asia

Below, we use the example of the South Asian data to examine how changes in the
monsoon and policy have intersected to produce changes in agricultural economies
in South Asia. Agriculture provides work and livelihood for around 70 percent of the
population of South Asia, as well as accounting for around 24 percent of the GDP and
16 percent of export earnings (Gadgil and Gadgil, 2006). Understanding how
changes in the mean state of climate may have impacted the agricultural sector is
thus essential. The influence of climate, has, however, to be understood in context of
a number of transformations in agricultural practice that took place at the same time,
which we reviewed earlier. The “Green Revolution” (late 1960s to 1970s): a series of
agricultural innovations that focused on introducing dwarf crops of wheat and maize,
expanding the use of chemical fertilizers, and introducing new methods of irrigation,
substantially changed the dynamics of farming in India starting in the mid-late 1960s.

While the “Green Revolution” has been widely touted in the popular media as
savings millions from starvation, due to its supposed increases in yield a recent
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analysis of production data suggests that these measures actually did little to
increase overall yield. For instance, Stone (2019) re-analyzed production data
from India and found that “Total food-grain production, which had been growing
at 2.8% annually, slowed to a 1.9% growth rate during the Green Revolution years,
a 32% drop.” Rather he argues that there has been a steady linear rise in grain
production with no signs of a revolution in food production (Stone, 2019). Rather,
as we discuss subsequently, these innovations in technology had devastating effects
on farmer alienation and displacement as well as on erosion.

First, we look at some of the impacts that changing precipitation may have had
on farming. Farming is heavily dependent on the delivery of moisture at the right
intensity and time in order to allow crops to thrive. In particular, soil moisture is
a key variable that is affected not only by monsoon intensity but also by the timing
of moisture delivery, air and ground temperatures, as well as the nature of the
groundcover that controls evaporation.

6.8.1 Modelling the Indian Monsoon

The trends in monsoon precipitation described earlier, coupled with a general
warming trend through the twentieth century, have affected growing conditions.
Drought indices (e.g., Palmer Drought Severity Index (PDSI))(Palmer, 1965) can
be strongly influenced by how climate models treat evapo-transpiration methods
and this can result in overestimation of the extent and intensity of droughts if not
properly accounted for. The intensified hydrological cycle associated with
a warmer planet causes more precipitation so that predicting moisture in soils can
be complex and recent studies have argued that twenty-first-century climate may be
more prone to drought than the past century has been (Dai, 2013). Soil moisture
estimated from land surface modeling can used as an alternative to observed and
remotely sensed soil moisture values, which have been widely applied in drought
prediction (Mishra and Singh, 2010; Sheffield et al., 2004).

Mishra et al. (2014) performed a land surface modeling study of India for the
period 1950–2007. The model was based on daily precipitation data with a 0.25°
spatial resolution that were gridded to provide regional coverage. The land cover
issue was dealt with using a Variable Infiltration Capacity (VIC) model that
simulates energy and water fluxes within each grid cell (Liang et al., 1996). In
this model, multiple vegetation types can be represented in the same grid cell using
a mosaic scheme. Land cover classes are represented using an estimate of the root
fraction, canopy resistance, and leaf area to determine their influence in governing
evaporation. The study particularly examined conditions during the two major
growing seasons, the Kharif (planted in the spring and harvested during and after
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the monsoon) and the Rabi (October to April). As described in Chapter 3, theKharif
season (rice, millets, maize, cotton, sunflower, and soybean) are more monsoon
dependent and we focus on those results here.

Modeling of the period 1950–2008 showed that precipitation has significantly
declined during the May–June (Kharif sowing) period in northeastern India, and in
the southern peninsular India, as outlined earlier (Figure 6.20A). However, at the
same time, temperatures decreased over the Indo-Gangetic Plain but rose in south-
ern India and in the far northwest, again consistent with observations from the
aerosols, as described earlier (Figure 6.20D and E). The net result of this was higher
soil moisture in the northeast, western Ghats, and Kashmir, but lower soil moisture
in western India since 1950 (Figure 6.20G and H). When the same approach was
applied to the winter Rabi season significant declines in soil moisture were found in
western India and the Indo-Gangetic Plains . In contrast, some regions in southern
India showed significant increases between 1950 and 2008 (Mishra et al., 2014),
underlining the divergence of twentieth-century climatic change across the
subcontinent.

6.8.2 Impacts of Droughts

This environmental model was effective at identifying the timing of three major
droughts since 1950, that is, in 1972, 1987, and 2002. The drought of 2009
postdated that study period and could not be considered, although in that year
All-India rainfall average for the monsoon season was reduced 23 percent com-
pared to the long-term average, one of the most serious in recent times (Neena et al.,
2011). The 1987 drought affected both growing seasons, but especially the mon-
soonal Kharif, and was particularly damaging, affecting 285 million people
(Weisman, 1987). In 2002 the average rainfall deficit reached 21 percent and is
recorded as the third most severe since the start of the twentieth century, only being
eclipsed by 1972 and 1917 (Bhat, 2006). Conditions were especially bad in western
India. Food grain production dipped by 29 million tonnes to 183 million tonnes,
compared to 212 million tonnes in 2001 (Gadgil and Gadgil, 2006). Production of
rice fell drastically to 75.72 million tonnes (2002–2003), as against 93.08 million
tonnes during the previous year (Government of India, Ministry of Agriculture).
The impact of the drought of 2002–2003 on hydroelectric power generation led to
a decline of 13.9 percent (Panwar et al., 2011; Sarkar, 2011), with even more
modest drought years resulting in around 5 percent loss of output (van Vliet
et al., 2016). All of these effects had a major impact on the Indian GDP.

Figure 6.21 shows that in the modern era, grain production fell by as much as
20 percent in dry years and rose by almost 10 percent in wet years (Gadgil and
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Gadgil, 2006). The link between grain production and monsoon strength is not
entirely linear and shows some scatter, but there is a clear tendency to improving
yield with heavier rains. After the onset of the green revolution, improvements in
yield dropped sharply in years of higher than average precipitation, so than
a 15 percent increase in rainfall generated <1 percent improvement in yield in
1983, while in 1975 a slightly smaller additional rainfall caused >7 percent better

Changes in precipitation, temperature and soil moisture since 1950.

Precipitation

Temperature

Soil moisture

Figure 6.20 Changes (trend slope multiplied by total number of years) in precipi-
tation, temperature, and model simulated total column soil moisture during the
SummerMonsoon (Kharif sowing) season for the period of 1950–2007. (A, D, and G)
Mean seasonal precipitation, temperature, and model simulated total column soil
moisture for the retrospective base period (1961–1990), (B, E, and H). Change in
precipitation (percent), air temperature (°C), and total column soil moisture (percent)
between 1950 and 2008, (C, F, and I) all India averaged seasonal anomalies of
precipitation (percent), air temperature (°C), and total column soil moisture (percent)
during the period of 1950–2007. Stippling indicates statistically significant changes at
5 percent level. In (C, F, and I), changes were estimated for all India averaged
anomalies of precipitation, air temperature, and simulated total column soil moisture.
Anomalies for precipitation, temperature, and soil moisture were estimated with
respect to mean of the retrospective base period (1961–1990). Black arrows indicate
years of extreme drought. Figure modified from Mishra et al. (2014).
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yield. However, in years of weaker than normal monsoon these new farming
methods had much less effect, with the driest years still resulting in yields almost
10 percent below normal (Gadgil and Gadgil, 2006). The technology of the Green
Revolution has thus not proved more resilient to changes in rainfall than the
traditional systems of farming that were used prior to its introduction.

6.8.3 Rainfall Control on Agricultural Production

Attempts to estimate the impact of a weakening in the monsoon suggests that
a 10 percent decrease in summer rainfall it would be worth more than 2 percent
reduction in GDP and that would rise to more than 5 percent if the monsoon was
20 percent weaker than usual (Gadgil and Gadgil, 2006; Gadgil and Rupa Kumar,
2006; Krishna Kumar et al., 2004). Unfortunately, production does not rise to the
same degree in the event that monsoon rains are heavier than normal, although
generally speakingmoremonsoon rain tends to increase production, with 10 percent
extra rainfall resulting in slightly more than 1 percent increase in Indian GDP
(Gadgil and Gadgil, 2006). This is not surprising because during a drought water is
a limiting resource, but this is not the case in normal or surplus rainfall years.
Variations in monsoon precipitation not surprisingly impact the summer Kharif
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Figure 6.21 Plot showing the relationship between monsoonal rainfall and
food production in India. IFGP is negative for all droughts (with values up
to –20 percent) and positive for ISMR anomaly larger than 10 percent (with
values up to +10 percent). Numbers represent years in the twentieth century.
Reproduced with permission from Gadgil and Gadgil (2006).
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crop much more than they do the winter Rabi (Prasanna, 2014). Since monsoon
rainfall has generally become less frequent but more intense during the twentieth
century this has had a negative impact on agricultural output. Auffhammer et al.
(2012) estimated that yield fell by 1.7 percent as a result and a further 4 percent
were lost due to warmer nights and weaker rainfall at the end of the Kharif growing
season. This study concluded that these losses reduced by one fifth the increases
gained from improved farming technology.

There is no simple linear relationship between monsoonal rainfall and agricultural
productivity because not all plants are equally susceptible to damage by dry condi-
tions, and growing conditions are also very important. Agricultural practices are also
influential, as shown when we compare regular farms and intensively cultivated
research stations where pesticides and fertilizers are used to enhance production.
What is clear is that during years of heavy rainfall crops of all varieties cultivated by
research stations tend to generate much higher yields, whereas in normal fields there
is little additional benefit when rainfall is greater than normal (Figure 6.22)
(Sivakumar et al., 1983). This is because of the consistent use of fertilizers in research
stations compared to farms, where fertilizers are often not used when the monsoon is
strong and despite the fact that the soil has become increasing depleted as a result of
intensive cultivation over long periods of time. Regardless of growing conditions
yields for all crops are at a minimum during years of weakest monsoon rains.

Of course, increases in agricultural yield of key commodity crops like wheat, rice
and maize have been due not to changes in the monsoon alone but to focus on
exclusively cultivating these crops to the detriment of some of the other crops, such
as millets and smaller grains (Pingali, 2012)(Figure 6.23A). In order to better
quantify the impact that climate change has had on yield it is better to try to subtract
the influence of changes in yield due to the introduction of dwarf varieties and
chemical fertilizers from the raw data in order to isolate the effects of weak and
strong monsoon years (Lobell and Field, 2007). Clearly there is significant variation
in crop yields over the past 60 years and many of these changes are related to
abnormal monsoon years. Mishra et al. (2014) employed this approach to estimate
the degree of correlation between crop yields and precipitation. They also considered
the influence of soil moisture anomalies and the areal extent of drought-stricken
regions during the summer monsoon planting and harvesting season since 1950.
Precipitation and soil moisture anomalies showed positive correlations with crop
yields (Figure 6.23C and D), while drought intensity, as defined from the degree of
soil moisture, is negatively correlated, as might be expected (Figure 6.23E).

Care needs to be exercised when trying to understand how changes in precipita-
tion affect crop yields compared to rising temperatures. Uncertainties linked to
temperature are higher largely because there continues to be greater uncertainties
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related to future temperature prediction, compared to precipitation. This is
a reflection of the fact that precipitation has shown greater variability in the
documented past and therefore the impacts are better known (Stocker et al.,
2013). Lobell and Burke (2008) analyzed data concerning potential climate change
from 94 combinations of crops and different regions, especially in areas where the
population density is high, including South and East Asia. They concluded that
uncertainties linked to temperature variability were a greater source of uncertainty
when assessing the impact of climate change than those linked to changes in
precipitation in most areas. That is not to say that they considered precipitation to
be unimportant. In particular, in South Asia they noted that millets had experienced
decreases in yield on the order of 10 percent as a result of changes in precipitation
that were only one standard deviation in magnitude compared to the long-term
average. In this respect, millet, a traditionally rain-fed crop, is recognized to be
particularly sensitive to precipitation (Eyshi Rezaei et al., 2014). Not surprisingly,
rice in South Asia and wheat in West Asia, as well as to a lesser extent soybean in
China (Chen et al., 2016b), also showed sensitivity to changes in precipitation, as
well as high degrees of uncertainty concerning their future response to changes in
monsoon intensity.
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Figure 6.22 Relationship between rainfall during the monsoon and the yield of
maize, sorghum and millet in 15 dryland locations in India (Gadgil and Gadgil,
2006). Data show that yields are higher in well managed agricultural stations in wet
years because of the application of fertilizer and pesticides compared to farmer
fields.
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Reduced rainfall during weak monsoon years has been associated with times of
famine in India. Modeling the changing soil moisture linked to lower rainfall has
resulted in the identification of seven major drought periods (1876–1882,
1895–1900, 1908–1924, 1937–1945, 1982–1990, 1997–2004, and 2011–2015)
(Mishra et al., 2019). The five largest famines in India prior to 1900 (1873–1874,
1876, 1877, 1896–1897, 1899) correlate with times of high soil aridity, with the
most deadly droughts being associated with times of strong El Niño. After 1900,
and especially since Indian independence, soil drought conditions did not generally
result in widespread famine as a result of better government policy in handling food
distribution. The famine of 1943 stands out as being caused primarily by British
colonial policy during World War II rather than because of monsoon weakness.

6.8.4 Impacts of the Green Revolution

Despite being heralded as saving the world from overpopulation, it is increasingly
realized that the technology and policies of the Green Revolution itself has had
impacts on smallholder farmers that may be more far reaching than changes in the
monsoon (Shiva, 2016; Siegel, 2018; Stone, 2019; Subramanian, 2015). For
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Figure 6.23 (A) Total food grain yields in India between 1950 and 2008, (B) first
difference of total food grain yields, (C–E) correlation between total food grain
yields and precipitation anomaly (percent), temperature anomaly (°C), and areal
extent of soil moisture drought during Summer Monsoon season (KHARIF_SOW).
Figure reproduced from Mishra et al.(2014).
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instance, in the Thar Desert, Gagné (2013) describes how deep plowing and
deforestation associated with the Green Revolution have created an erosional crisis.
Green Revolution consultants encouraged farmers in the area to cut down trees that
had grown in the area for hundreds of years in order to widen fields to accommodate
the tractors designed to mechanize and improve yield; however, this turned many
once fertile fields to sand. Unfortunately, the architects of the Green Revolution did
not realize that the roots of these trees played an important role in maintaining soil
cohesion and preventing erosion and desertification, but also maintained soil
moisture (Gagné 2013). An ecological and erosional crisis has since characterized
the area.

The traditional forms of farming we reviewed in Chapter 3 used complex
methods of crop rotation, involving planting nitrogen-fixing legumes, such as
alfalfa, lentils, chickpeas, and a variety of locally domesticated beans including
mung beans. In addition to promoting erosion, the Green Revolution’s focus on
monoculture farming meant that soil fertility was severely damaged throughout
India as farmers were told to no longer plant essential nitrogen-fixing crops in order
to focus on increasing the yield of a very narrow array of crops (Shiva, 2016). For
instance, Shiva (2016) notes that the area in which wheat has grown doubled during
the years of the Green Revolution, whereas the area in which nitrogen-fixing
legumes were cultivated was reduced by half (Shiva, 2016).

The varieties of crops promoted by the Green Revolution also require that
farmers be able to afford and apply synthetic fertilizers in order to ensure their
growth. The introduction of this program targeted the largest, wealthiest farms who
could afford to invest in the chemical fertilizers that were necessary to ensure that
the dwarf crops introduced could grow properly. This left many smaller farms
behind and struggling to be competitive (Siegel, 2018; Subramanian, 2015).

One of the key conclusions we have learned is that farmers throughout history
have dealt with uncertain climatic conditions through increasing the diversity of
species and cultivars planted. The Green Revolution focus on crops like maize,
cotton, and rice, which have value as international commodities, has eroded crop
biodiversity in the region, thus weakening the response of South Asian farmers to
variation inKharif rainfall. Maize, cotton, and rice, particularly those types bred for
the Green Revolution, have substantial water requirements, and assume that water
can be regularly supplied, making the need for monsoon rain all the more critical.
One the other hand, the millets we reviewed in Chapter 3, while not commonly
traded on the commodity market, are far more tolerant of drought and low water
conditions. As Stone (2002) notes: “The grain in the overflowing granaries is from
Green Revolution plants highly dependent on irrigation; since 1950 the percentage
of the wheat crop under irrigation has risen from 34% to 86% and that of the rice
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crop from 32% to 51%.” This trend comes at the expense of most sustainable crops.
Figure 6.24 compares long-term patterns in production of the more heavily irrigated
crops (rice and wheat) with those in the production of the drought-tolerant crops of
pearl millet and sorghum, which had for millennia played a major role in Indian
subsistence.

6.9 Synthesis and Summary

Monsoon intensity has changed significantly over the past 100 years across mon-
soonal Asia and continued global warming is considered likely to accelerate this
trend. Observational and modeling results now demonstrate that northern and
western India and Pakistan have experienced drying over the last half of the
twentieth century, as has northern China. Rainfall has fallen around 15 percent
over the past 100 years across the North China and Indo-Gangetic plains. In
contrast, southern India and southern China have experienced stronger summer
monsoons, that increased by similar amounts. In South Asia at least some of this
drying is the result of increased atmospheric pollution and the concentration of
aerosols. This has resulted in significantly decreased runoff from rivers into the
ocean, most notably in the already arid Indus basin and an earlier and weaker end to
the monsoon rain season. In East Asia the westerly jet has migrated southward
causing drying in northern China, but more risk of flooding to the south of the
country. At the same time atmospheric reorganization has pushed the pathways of
typhoons away from southern China and toward the northeast, increasing the
impact along the eastern coast of China, Korea, and southern Japan. Rainfall in
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Figure 6.24 Per capita crop production in India, 1950–1999. Data from Indian
Ministry of Agriculture (www.agricoop.nic.in). Redrawn from Stone (2002).
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southern China has been maintained and even increased along the coast as a result
of more typhoons being sourced within the South China Sea itself. In southernmost
China, a lot of the increased rainfall is related to these locally sourced typhoons and
is less useful for agriculture, coming in large volumes over short time periods.

Change of land use across India, especially deforestation, does not mean that
changes in precipitation immediately result in reduced soil moisture and thus in an
agricultural drought, although there is evidence that this has more strongly affected
the northern Indian plains, western India and Pakistan than other parts of the
subcontinent. There are positive links between monsoon rainfall and agricultural
yield, but more recently changing practices mean that years of extra rain did not
result in much additional yield, only that dry years can result in >15 percent
reduction in food production. This is particularly the case for Green Revolution
crops.

Although total production has increased with the population, the size of the
budget nowmeans that China and India can only partly make good any climatically
induced deficits through importing food. While the Green Revolution in South Asia
and collective agriculture in China could not have been two more different move-
ments philosophically, these farming policies both lowered the resilience of farmers
in Asia to changing climatic conditions by reducing the biodiversity available on
farms and by promoting the planting of water intensive varieties of crops. These
policies have also exacerbated human impacts on the landscape, such as tree
cutting, in an attempt to mechanize farming mobilized top soil accelerating erosion
and damaging soil fertility in already fragile ecosystems. Rather than improving the
situation under a changing climate, these measures have failed to take into account
the millennia of traditional knowledge on farming and landscape management that
have made smallholder farmers resilient to changes in their rivers, rainfall, and
temperature. Finally, the lessons of these two agricultural experiments have taught
us that the greatest damage is done when farmers lose their autonomy and are
unable to apply the expert knowledge they possess to manage their land. In
the recent and well-documented history we review in this chapter, changes in the
monsoon have had less of impact on human welfare than the decisions people (and
particularly higher-level organizations such as governments) have made about
farming. Changes in the monsoon can, however, add the final nail in the coffin to
low resilience systems.
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