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Preface

Climate is one among the triggering factors for drought and the geographical
location of its occurrence coincides with earth’s climatic classification. Experts
provide varied definitions according to viewpoints based on selective
parameters. Drought events that were reported from various parts of the
world and their intensity are widespread. Forecasting of drought is general
but it is looked from different perspectives by different experts. The first
chapter of this book illustrates the abovesaid aspects. Understanding of the
precipitation, cloud, weather, monsoon, tropical conditions, different type of
weather forecasting, rainfall measurement and methods of analysis which
offer greater insight of the drought initiation and preparedness activities, is
given in Chapter 2 on Meteorology. Surface water from river, lake and ponds
(natural or man-made) and ground water from hard and soft rock aquifer are
the sources for supplementary irrigation when there is no rainfall. The quantum
of water availability for supplementary irrigation from a source and its
sustainability prior to decision making have been dealt in the third chapter.
Crop growth and production depends on the suitability of crops for available
soil type, seed quality, water and micro level humidity/temperature condition
that favours the growth of pests. Chapter 4, Agriculture, discusses soil moisture
holding capacity of the soil and crop water requirement for planning purposes.

Studies have shown that initiation of drought has certain relationship with
the inducing parameters of a given test site. Threshold values of those
parameters with reference to meteorology, hydrology, agriculture, socio-
economics and environment and their classification were indicative of the
forthcoming events. These indicators are being used for declaration processes
across the globe. Analytical methods (statistical/mathematical) are extensively
used in identifying the indicators. Some of the significant methods are
discussed in the next chapter, Drought Indices. Remote sensing data offer
information about the object without touching it with the help of
electromagnetic spectrum. Sensors from air-borne and satellite-borne platform
provide enormous information about the land cover features on a regular
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basis. Data collection platforms, and visual interpretation digital image
enhancement techniques that are being used for assessment of drought
indicative parameters are discussed in Chapter 6 on Satellite Remote Sensing.
Integrated analysis of observational data needs to be brought into a common
domain prior to analysis. Chapter 7 elaborates creation of spatial data base
from the conventional to recent collection modes and their analysis aspects
under title Spatial Data and Geographical Information System. Creation of
information base from the historical events and adopted management
techniques is an important aspect in the knowledge based decision making
and scenario creation at sites.

Risk from the drought events are not only due to lack of resources, crop
production, people, livestock and economy but also social network.
Information on drought vulnerability on micro and macro levels is effectively
used in management of resources. Vulnerability Assessment, Chapter 8,
highlights the vulnerability and risk assessment of various sectors.
Vulnerability of revenue villages under a given rainfall scenario offer
preparedness exercise. An overview of the drought affected countries in
tropical and non-tropical regions, their natural resources and on-going
management practices, collated from other sources is presented as Resources,
Drought Events and Management Profile of Countries as last chapter of the
book. In order to meet the natural hazard events, the available resources
need to be effectively utilized.

It was possible to provide desired information at one place only with the
support from Indian Meteorological Department; Central Water Commission;
Indian Council of Agriculture Research; Central Research Institute for Dry
Land Agriculture, Hyderabad; Central Arid Zone Research Institute, Jodhpur;
Census of India; National Bureau of Soil Survey and Land Use Planning,
Nagpur; Geological Survey of India; Ground Water Survey Board; drought
monitoring centres and Indian Space Research Organization located in India
and International Water Management Institute; UNEP/GRID; UNOSAT;
Bureau of Meteorology, National Land and Water Resources, Government of
Australia; Bangladesh Agricultural Research Council; Environment Canada;
Alberta Agriculture, Food and Rural Development, Canada; China
Meteorology Agency (CMA); National Oceanic and Atmospheric
Administration (NOAA); US Department of Agriculture (USDA); US
Geological Survey (USGS); National Drought Mitigation Center and others
whose help is acknowledged.

Encouragement and support extended by my colleagues at Indian Institute
of Technology Bombay is acknowledged. Mr. Ajay More, Mr. Amit Kumar
Jena, Mr. Agastheeswaran, Mr. Rajat Kumar Panda, Mrs. Sangita Mishra and
Mr. Edwin Jebamani’s (IIT Bombay) help in the GIS and remote sensing
data analysis is acknowledged herewith. My interactions with Prof. M.S.
Swaminathan, Chennai; Dr. Balaji, ICRISAT, Hyderabad; Dr. Ramakrishna,
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CRIDA, Hyderabad; Dr. K.D. Sharma, NIH, Roorkee; Dr. Prakash, DMC,
Bangalore; Dr. R.S. Rao, CAZRI, Jodhpur and others from government
departments, institutions and persons from the drought affected villages,
have made me realize that observations from the sites along with the
monitoring tools are the only effective ways in combating drought.

Trust this book would make a difference in the decision making in drought
related activities.

June 2009
Mumbai, India R. Nagarajan
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Introduction

One third of the world’s population lives in areas with water shortages and
1.1 billion people lack access to safe drinking water. Globally, drought (7.5%)
is the second-most geographically extensive hazard after floods (11%) of the
earth’s land area. The percentage of area affected by serious drought has
doubled from the 1970s to the early 2000. Europe and Asia, Canada, Western
and Southern Africa, and Eastern Australia experienced widespread drought.
Mega-droughts hit the Yucatan Peninsula and Petén Basin areas with particular
ferocity, because of thin tropical soils, which decline in fertility and become
unworkable when deprived of forest cover; regular seasonal drought, drying
up surface water; the absence of ground water; the rarity of lakes, especially
in the Yucatan Peninsula; the absence of river systems, such as in the Petén
Basin; tropical vegetation which requires regular monsoon rain, and heavy
dependence upon water-based intensive agricultural techniques, particularly
in the Classic period. Rising global temperatures appear to be a major factor
provoking more frequent and intense droughts in sub-tropical areas of Asia
and Africa. It is reported that the Northern Hemisphere has recorded an
increase of 1°C in the past 1000 years and the fluctuation is quite rapid
during 1850 and 2000 and the upward trend still persists. The climate models
predict a global warming of about 1.4°C-5.8°C between 1990 and 2100 and
the sea level to rise by 9 to 88 cm. With increase in global temperatures the
world is likely to experience more hot days and heat waves and fewer frost
days and cold spells.

The pattern of earth’s temperature as recorded from balloon and satellite
measurements tend to exceed during the past few decades indicating the
pattern of green house warming. Even a small rise in temperature is likely
to be accompanied by many other changes in cloud cover and wind pattern.
Even though periods of extreme dry/wetness and cold/hot conditions are a
normal phenomenon within the dynamic climate condition, their severity
and duration are expected to increase. The period of unusual dryness (i.e.
drought) is a normal feature of climate and weather system in semi-arid and
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arid regions of the tropics of the world and it covers more than one-third of
the land surface vulnerable to drought and desertification. Much of the earth
surface has become desert since the dawn of the civilization and more areas
are in the process of desertification. The existing 18, 16 and 6 million km?
area of degraded lands in Africa, Asia and Australia respectively are on the
increase due to rainfall variation and human activities. The variability in
rainfall is significant in the tropical areas (Fig. 1.1). Mid-continental areas
of US grain belt, vast sections of mid-latitude Asia, sub-Saharan Africa and
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Fig. 1.1: Variability of rainfall on global area.
Courtesy: FAO

parts of Australia are expected to experience drier and hotter conditions. The
site-based variation exceeding 60%, with heat stress, shifting monsoons and
drier soil, reduce yields by as much as one-third in the tropics and subtropics
irrespective of crops with maximum heat tolerance.

1.1 Climate Classification

Koppen’s climate classification system (1918) is based on annual and monthly
averages of temperature and precipitation. There are five climatic types: 4
— Tropical moist climate — all months are warm and no real winter season;
B — Dry climate — deficient precipitation and potential evaporation and
transpiration exceed precipitation; C — Moist mid latitude climates with mild
winters — warm-to-hot summers with mild winters. The average coldest
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month is below 18°C and above —3°C; D — Moist mid-latitude climates with
severe winters — warm summers and cold winters. Average temperature of
warmest month exceeds 10°C and coldest monthly average below —3°C; and
E — Polar climates — extremely cold winters and summers. Average warmest
temperature is below 10°C and there is no summer season.

Thornthwaite’s classification system has introduced the temperature and
precipitation measurements related to natural vegetation and climate. It
emphasizes the importance of precipitation and evaporation on plant growth.
Dry climate is divided based on their degree of dryness — arid (BW) or
Steppe/semi-arid (BS). Semi-arid regions are located on the margins of the
arid regions receiving average rainfall that varies from 20 to 40 cm and also
called as steppe. UNESCO’s (1979) aridity classification is based on Penman’s
approach i.e. ratio of annual precipitation and mean annual potential
evaporation wherein ratio < 0.03 is hyper-aridity; 0.03-0.20 for arid zone
and 0.20-0.50 for semiarid zone; dry sub-humid 0.5 to 0.65; moist sub-
humid 0.65 to 1.0 and humid >1.0. It varies with the purpose of the
classification and may relate to features of earth’s surface — geomorphology,
pedology or natural vegetation which are the effects/resultant of climate.
Semi-arid regions are those receiving moderate rainfall. Humidity and
precipitation over the humid areas are very high.

1.2 Drought, Famine and Desertification

Drought is a period of drier-than-normal conditions that results in water-
related problems. It is the period when rainfall is less than normal for several
weeks, months or years, the flow of streams and rivers declines and water
levels in lakes and reservoirs descent and the depth to water in wells increase.
If dry weather persists and water-supply problem develops, the dry period
can become a drought. The first evidence of drought usually is seen in
rainfall records. Within a short period of time, the amount of moisture in
soils can begin to decrease. Water levels in wells may or may not reflect a
shortage of rainfall for a year or more after a drought begins (Fig. 1.2). Light
to moderate shower will provide a cosmetic relief and soaking rain alleviate
drought and provides some relief to drought areas. Water enters the soil to
recharge ground water, which in turn sustains vegetation and feeds streams
during periods when it is not raining. Multiple soaking rains break the drought.
Famine results from a sequence of processes (natural or man induced) and
events that reduces the food availability or food entitlements and causes
widespread and substantially increased morbidity and mortality. It has occurred
periodically in the history of ancient civilization in India, Egypt, Western
Asia, China, Greece and Rome and also in other parts. Significant reported
major famines in the world are shown in Table 1.1.
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Table 1.1: Droughts/famines/food shortages during 1900-1998

Year Global South Asia

Events Killed Affected Events Killed Affected
1998 34 3875 24942285 1 2541 -
1997 18 930 7236100 1 100 -
1996 8 - 8485590 2 32 -
1995 14 - 30230904 1 558 -
1994 9 - 15515000 1 161 -
1993 12 - 16331507 1 - 1175000
1992 29 2571 39444103 - - -
1991 20 2632 27418282 2 1023 250
1990 14 - 19253160 - - -
1989 10 5437 17632000 2 - 5806000
1988 22 - 12377500 2 450 200
1987 19 1427 317155767 5 510 302200010
1986 4 84 1499000 - - -
1985 18 100000 12016000 1 103 -
1984 35 458230 33546800 - - -
1983 55 520 162919729 3 - 121800000
1982 29 280 118057180 2 - 102000000
1981 20 - 5146180 1 - -
1980 25 15 27418000 3 50 3500000
1979 13 18 205529000 8 687 200002000
1978 15 63 13574953 1 150 -
1977 21 - 9571400 1 - 250000
1976 10 - - - - -
1975 15 - 625000 1 14 -
1974 18 281500 1062000 1 - -
1973 18 162500 110916665 3 - 101500000
1972 19 662500 102996665 3 - 100235000
1971 17 - 5930665 2 - 120000
1970 4 - 10225000 - - -
1969 14 200 2174204 1 - 48000
1968 9 - 3914217 - - -
1967 10 500600 1984427 2 500000 -
1966 9 508000 50360000 1 500000 50000000
1965 7 502000 51966000 2 500100 50000000
1964 9 50 2896000 5 - 1591000
1900-63 139 14581000 25282000 11 4651745 -
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South East Asia West Asia
Events Killed Affected Events Killed  Affected
6 220 6020000 1 52 -
2 860 180000 - - -
1 - 2500000 - - -
1 - 2500000 1 808000
2 - - - - -
3 128 1139103 - - -
4 132 2754282 1 - -
1 - 730000 - - -
5 - - - - -
1 84 1000 - - -
1 230 2000 - - -
1 - 200000 - - -
1 280 - - - -
2 63 17953 - - -
1 - 3500000 2 - -
- - - 2 - -
- - - 1 - -
1 - 3500000 - - -
1 - - - - -
- - - 2 - 2520000
- - - 1 - -
1 8000 204000 - - -

(Contd.)



6 / Drought Assessment

(Contd.)

Year

East Asia

India

Events

Killed

Affected

Events

Killed

Affected

1998
1997
1996
1995
1994
1993
1992
1991
1990
1989
1988
1987
1986
1985
1984
1983
1982
1981
1980
1979
1978
1977
1976
1975
1974
1973
1972
1971
1970
1969
1968
1967
1966
1965
1964
1900-63

—_ N = N = N = N — —

[N T S U NG Y S G U

16

104

2000
40

2840

3500000

1860180
11060000
6690000
5800000
12000000
5000000
500000
49000000

6000000

2800000
1905944

20000000

W N

—_— — —

Y B )

2541

599
150

500000
500000
500100

2751051

1

1175000

200
300000000

100000000
100000000

200000000

100000000
100000000

50000000
50000000
666000
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South Africa

North Africa

Events Killed Affected Events Killed  Affected
- - - 1 - 2600000
- - 2 22 110000

4 - 839700 1 32 -
1 - 45000 - - -
2 - 150000 - - -
5 - 770000 1 - 550000
- - 1 - 8600000

1 - 35000 1 - 600000
1 - 1320000 - - -
2 - 2640000 1 - -
2 - 1871000 1 - 3450000
2 - 1498000 - - -
1 - 880000 - - -
3 - 1537300 3 150000 8400000
4 500 273180 5 - 1040000
3 - 273180 1 - -
1 - 273180 2 - -
1 - - 1 - -
- - - 1 - 31400
- - - 1 - -
- - - 1 - 137000
1 - 87600 - - -
2 - 264000 - - -
- - - 1 - -
1 - 60000 - - -
1 - 5000 - - -

Source: EM-DAT: The OFDA/CRED International Disaster Database, Universite

Catholique de Louvain, Brussels, Belgium.
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Fig. 1.2: Propagation of drought — rainfall to groundwater level.
(Source: Chagnon, 1987)

Desertification is the diminution or destruction of the biological potential
of the land that can lead ultimately to desert-like conditions. It is an aspect
of the widespread deterioration of ecosystem which diminishes or destroys
the biological potential at a time when the increased productivity is needed.
It is the means of conversion of a fertile or non-deserted land towards a dry
infertile or deserted land (UNCOD, 1977). There is an acceleration of
desertification in Africa-south of the Sudan-Sahelian region, in Andean South
America and in parts of South Asia. There is a little change in China, but
it is largely restricted in USA, China, India and USSR. Land degradation
means reduction or loss, in arid, semi-arid and dry sub-humid areas, of the
biological or economic productivity and complexity of rain-fed cropland,
irrigated cropland, or range, pasture, forest and woodlands resulting from
land uses or from a process or combination of processes, including processes
arising from human activities and habitation patterns, such as (i) soil erosion
caused by wind and/or water, (ii) deterioration of the physical, chemical and
biological or economic properties of soil and (iii) long-term loss of natural
vegetation (UNCCD). Drought, famine and desertification hazards were
reported from some parts of the world at regular intervals. The observed
temperature variation exceeds 50°C as in Thar deserts that spreads in Pakistan
and India. The rainfall ranges between 25 and 200 mm/year in the desert
areas which are expanding slowly.
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Classification of Drought

A drought, unlike a flood, has no universal definition. To arrive at one, let
us define four elements: space - river basin, region, country, hemisphere;
time — month, season, year; meteorological — mean temperature and
precipitation amount during a time period at a point in space; and hydrologic
— runoff volume, mean groundwater level, and mean soil moisture during a
time period at a point in space. There are several definitions in conveying
the situation to the people involved by experts. Drought is defined as: “a
period of dry weather”; “a condition when precipitation is insufficient to
meet established human needs”; “comparison of normal precipitation months
and years”; “a prolonged dry weather causing hydrologic imbalance™; “a
time-space-duration distributions of percent of normal precipitation”; an index
based upon hydrologic accounting (precipitation, evapo-transpiration, time
and its relation to normal) 50 to 75% of normal summer rain; shortage of
soil moisture in root zones of crops; potential shortage of water engendered
by interaction between a climate event; and the adequacy of the safe yield
of a system in relation to the demand level. The water deficit could happen
even during flood, when the excess flow is non-usable in nature for
consumption or utilization as a result of many complex factors acting and
interacting within the environment. This interaction is such that drought
often has no distinct start or end. Hence, there is a need for observable/
measurable indicators in realizing about the process.

Meteorological droughts are by definition region-specific, as the levels of
precipitation and duration of dryness must be compared with the regional
norms. Even within regions, considerable variations in atmospheric conditions
result in deficiencies of precipitation, and there is a wide range of time
scales over which a meteorological drought can occur. Meteorological drought
is measured in terms of seasons, years, or decades of deficient precipitation.
The duration of drought has a large impact on soil moisture and stream-flow,
water supply in streams, shallow groundwater tables, and small lakes and
reservoirs. Hydrological drought is generally defined on a watershed or river
basin scale and measures the effects of periods of deficient precipitation on
surface or subsurface water supply, such as stream flow, and on reservoir,
lake and groundwater levels. Although all droughts originate with a deficiency
of precipitation, hydrological drought refers to deficiencies in water supply
caused by rainfall deficiencies over the watershed or river basin. Hydrological
droughts generally lag behind meteorological and agricultural droughts, as it
takes longer for precipitation deficiencies to show up in components of the
hydrological system. When precipitation is below average for a long period
of time, this is evidenced in declining surface and subsurface water levels,
which may vary considerably, based on differing water uses.

Agricultural drought is complex in that its impacts depend on the
magnitude, duration and timing of the drought, as well as on the responses
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of the region’s soils, plants and animals to water stress. Insufficient topsoil
moisture due to drought at planting may hinder germination, leading to low
plant population per hectare (ha) and a reduction of final yield. A drought
occurring in the later stage of crop development can destroy or deplete crop
yields. Alternatively, the actual impact of drought on agricultural crops depends
on the biological characteristics of the crops, stage of growth, and the physical
and biological properties of the soil. Socio-economic drought occurs when
water supply is insufficient to meet human and environmental needs, and
emerges when a meteorological, hydrological, or agricultural drought adversely
affects the supply and demand of economic goods.

Drought is grouped into: Permanent — characteristics of the driest climate,
and drought vegetation are found and the agriculture is possible only by
irrigation; Seasonal — planting dates and the crop duration should be
synchronized with rainy season and residual moisture storage (arid and semi-
arid regions); Contingent — irregular occurrence and there is no regular
season of occurrence and invisible occurs even when there is frequent rainfall
and occurs in humid region by Thornthwaite (1947). The chronically drought
affected areas are identified by its meteorological data, revenue remission
information, frequency of famine or scarcity and availability of irrigation.
An absolute drought is a period of at least 15 consecutive days to none of
which is credited 0.01 inches of rain or more. A partial drought is a period
of at least 29 consecutive days, the mean daily rainfall of which does not
exceed 0.01 inches and a dry spell is a period of at least 15 consecutive days
to none of which is credited 0.04 inches or more. There is no definition that
is either practical or adequate.

Short-term droughts are defined as periods with significantly below-normal-
precipitation amounts for periods of months and are called meteorological
droughts, because weather observations are used to define their start and end
points and their severity. A variety of precipitation-deficit thresholds are
defined based on the statistics of precipitation of a location from weather
observations. Short-term droughts involve agriculture and domestic water
use. A shortage of precipitation (meteorological drought) leads to a shortage
of plant available soil moisture (agricultural drought). It also impacts natural
environments, and, depending on the intensity of drought, is also responsible
for increased wildfire hazards. The most pressing concerns for water managers
are: (a) the short-term drought may mark the beginning of a long-term
drought or the intensification of an existing long-term drought that may
impact water supplies; or (b) the short-term drought may increase demand
for water usage from systems that may not be designed for extensive lawn-
irrigation and pool-maintenance requirements. In the latter case, short-term
drought is more important as it relates to water system capacity as opposed
to water resource capacity. Long-term droughts are defined as extended
periods of below-normal precipitation lasting many months or even years.
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It is often referred to as hydrologic droughts, since long dry periods with
significant precipitation deficits lead to measurable reductions in lake, stream,
and groundwater levels compared to seasonal normals. They are capable of
directly impacting the water supplies of small community water systems and
other cascading effects on energy production, manufacturing, etc. The long
mega droughts are highly unusual but quite real possibilities. Maps and
tables of the percent of normal precipitation expected during droughts at
selected return periods and durations are useful. The return period or frequency
analysis assigns a degree of likelihood to the precipitation deficit. A 100-
year return period value is the amount of precipitation expected once in
every 100 years on average. The actual time interval between two droughts
of such magnitude will vary because what is really expressed in a 100-year
return period is the amount of precipitation with a 1% chance of occurring
in any given year. Frequency of droughts in the Aisa-Pacific region is listed
in Table 1.2.

Table 1.2: Frequency of Drought (1950-80) in the Asia-Pacific Region

Country Drought Years

Pakistan 1958, 1965, 1966, 1967, 1968, 1975, 1979

India 1950, 1951, 1952, 1958, 1963, 1965, 1966, 1968, 1972, 1974, 1979
Nepal 1964, 1974, 1977, 1979

Bangladesh 1950, 1957, 1959, 1965, 1972, 1974, 1979

Myanmar 1954, 1957, 1960, 1963, 1966, 1972, 1977

Sri Lanka 1961, 1966, 1967, 1975, 1976, 1977, 1979

Thailand 1952, 1953, 1954, 1955, 1958, 1966, 1967, 1968, 1972, 1974, 1976,
1977, 1978, 1979

Malaysia 1958, 1959, 1961, 1963, 1972, 1973, 1974, 1975, 1976, 1977, 1978

Indonesia 1961, 1962, 1963, 1964, 1966, 1967, 1968, 1972, 1973, 1976, 1977,
1979

Vietnam 1957, 1963, 1966, 1976, 1977, 1979, 1980

Cambodia 1954, 1955, 1958, 1963, 1968, 1960, 1972, 1974, 1976, 1977, 1979

Laos 1954, 1976, 1979, 1980

Philippines 1957, 1958, 1968, 1969, 1972, 1977, 1978

Source: Steyaert et al., 1981.

The said definitions are generic in their description of the phenomenon
and define boundaries of the drought concept. But an operational definition
identifies the precise characteristics and thresholds that define the onset,
continuation and termination of drought episodes considering all the aspects
(more than one index) required. Region-specific situation and status of drought
is required in assessing the vulnerability. This will assist policy makers in
taking the appropriate policy decisions. [rrigation drought reflects a
disturbance in the normal irrigation practices due to a water scarcity in the
water sources allocated to irrigation (Backeberg and Viljoen, 2003). This
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aspect helps in evaluating economic impacts for policy makers. Agriculture
drought types: (1) Early season — delayed onset, prolonged dry spells after
onset, (2) Mid-season — inadequate soil moisture between two rain events,
and (3) Late season — early cessation of rains or insufficient rains. It links
various characteristics of meteorological drought to agriculture impacts,
precipitation shortage, differences between actual and potential evapo-
transpiration, soil water deficits, reduced ground water or reservoir levels
etc. Hydrological drought is associated with shortfalls on surface or subsurface
water availability (stream flow, reservoir and lake levels, ground water) on
a watershed or river basin scale. Hydrologic droughts, therefore, are capable
of directly impacting the water supplies of small community water systems.
Socio-economic drought is defined as the supply and demand of water,
forage, food grains and hydroelectric power.

Drought severity and recurrence are reported mostly from arid regions
and partly some sections of semi-arid regions in India. Some of the physical
indicators include rainfall, effective soil moisture, surface water availability,
depth to groundwater, etc. Biological/Agricultural indicators comprise
Vegetation cover and composition, Crop and fodder yield, Condition of
domestic animals, Pest incidence, etc. and Social indicators are mostly impact
indicators and include Food and feed availability, Land use conditions,
Livelihood shifts, Migration of population, etc. However, the indicators that
measure the rainfall that meets the requirements of water needs for crop
production and drinking water (human and livestock) and availability of
stored water in reservoir and ground water are only considered. As the
perception of drought varies geographically across settlements, lack of proper
assessment and warning systems lead to confusion or delay in reaching
affected people/region, the indicators need to address the perception demands
of the people at village, tehsil/mandal, district, state and country level. This
should be based on data analysis and monitoring tools. In the absence of
effective and informative indicators that are being followed, the Government
spend significant amount in relief and rehabilitation. Maximum impact of
drought is on the rain-fed medium and small farmers, followed by livestock
raisers. Marginal farmers and weaker sections of the society get their relief
offered by the governments and are addict to this relief which has eroded
their traditional wisdom of drought understanding and conservation and
management methods.

In drought-prone environments, the risk features are: High co-efficient of
annual rainfall variation is found in areas that receive 350 mm to 800 mm.
Significant rainfall variation is also observed over short distances. In the absence
of irrigation or moisture conservation limits the crops grow from 60 to 180
days in a year. In association with low fertility and other soil characteristics,
the paucity of moisture puts serious limits on the overall regenerative capacity
of nature. Farmer's strategy in managing risk — Anticipation (historical
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experiences) of rainfall variability (ex-ante or risk management strategies)
and response to drought (ex-post or crisis response) initiatives prior to climatic
events. Social adjustments — Elaborate community-based, two-tier traditional
irrigation institutions in the tank-based irrigation systems, one at enforcing
and the other at the executive level for equal distribution of water. Collective
decision to switch over to planting less water-consuming crops is required.
The people living in drought-prone areas have learned to live with the
hardships of drought. The observed positive and negative aspects in farmer’s
coping strategy against drought-induced problems are: Positive aspects include
adoption of improved crop varieties; growing crops in non-traditional seasons;
tapping of surface and ground water sources to provide life-saving irrigation
of crops; and employment of non-farming activities in managing the shortfall
of income and Negative aspects are increased population and pressure on
land and other resources; increased high-yield crop instability (sensitive to
rainfall variation) during drought; traditional strategies losing its efficacy;
change from diversified crop system to mono-crop cultivation; abrupt
reduction in income causing serious distress to farmers; and weakening of
socio-economic institutions.

1.3 Factors Responsible

The factors attributed to drought initiation are: (1) ocean-atmosphere system,
sea surface temperature anomalies, high temperature of the soil during drought
and the increase in fine particles in the air, the high albedo in dry areas, (2)
solar-weather relationship, and (3) monsoon mechanism and impairment of
this mechanism (Rodier and Beran, 1979). Sahelain droughts are caused by
(1) southward shift of Saharan trough leading to weak pressure gradient and
a weak Inter Tropical Convergence (ITC), (2) progressive degradation of
vegetation and increase in albedo, and (3) extra-tropical factors such as
Westerlies etc. Precursors to the subsidence have to be understood in terms
of atmospheric general circulation, which in turn are conditioned by
abnormalities at the land and sea surface. There are many possible large-
scale features of the general circulation, which are responsible for a given
drought varying according to geographical circumstances. In tropical regions,
such as India where rain is due to convergence, the migration or weakening
of the inter-tropical convergence zone brings drought. These departures are
in turn explained by anomalous behaviour in large-scale features of the
circulation such as the St Helena (Sahel and Brazilian Nodest) or the
Mascarene (India) highs. In higher latitudes, an upper level high-pressure
system can block low-pressure systems. The 1976 drought in Europe has
been ascribed to such a blocking high. Drought in India is correlated to
irregular monsoon rainfall in space and time. It is attributed to weakening of
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Mascarene cell in the Southern Hemisphere so that ITCZ is weakened to
penetrate the Indian peninsula. The pressure at South Georgia Island (54°S
and 36°W) correlates well with drought in India. In addition to high albedo,
the local reduction of thermal gradient that sustains the early jet contributes
to drought events. The various factors that are responsible for the drought
events are shown in Fig. 1.3.

RADIATION

ALY

o
comvective cloudsy, ﬁ
weR ) = e
SENSIBLE /.,./-—»,_ @ layer clouds SENSIBLE
HEAT ; HEAT
—_—
o evapolranspiration precipitation
| sublimation sublimation
boreal forest
seasonal :';:: fiopSENSible heat
blowing 4 e evapolranspiration -
i } i ] net radiation I evapotranspiration
5 ’ 1 ) evaporation
. e h wetland agricultural
R - G o ; ‘\w’{‘idlnlErnssjqn crops ! RIVER
. SRS T / - i ) DISCHARGE
(== Sl waler table - - i
“"""-——\-._____‘_\__\ K . . aquitard
" ground water - e ‘——___“‘-—.‘____a_qirffr_._-______-u______..-
. R équitard . :
Fig. 1.3: Factors responsible for the drought events.
Precipitation

A decreased frequency of precipitation is the climatological factor that causes
drought. The strongest drought signals are recognized during the season
when the substantial precipitation expected failed to fall. The severe droughts
in Great Plains (1890, 1910, 1930 and 1950) were associated with a lack of
precipitation during the spring and summer, which normally are the wettest
seasons (Borchert, 1971). The difference between normal precipitation and
deficient precipitation commonly depends on precipitation from few storms.
The 1930-60 records of Upper Colorado River basin show that about 50%
of the annual precipitation results from only 25% of the storms. Therefore
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the lack of few large storms during a season can be sufficient to cause
drought (Karl and Young, 1987). A period of below-normal rainfall does not
necessarily result in drought conditions. Some rain returns to the air as water
vapour when its evaporates from ground. Plant roots draw some of the
moisture from soil and return it to the air through a process called transpiration.
A single thunderstorm will provide some benefits as the shower, but it also
causes loss of life and property if it is severe. Soaking rains are the best
medicine to alleviate drought. It will provide lasting relief from drought
conditions, but such multiple rains over several months may be required to
break a drought and return conditions to do within the normal range. The
amount of precipitation varies from year to year but over a period of years,
the average amount is fairly constant in most of the regions. Normally, the
average precipitation in desert is less than three inches per year and coastal
areas receive more than 150 inches of average yearly rainfall. Even if total
amount of rainfall for a year is about average, the rainfall shortages can
occur during a period when moisture is critically needed for plant growth.
Plants can die when there is no rain or only a very small amount of rainfall.

Temperature

Multi-year droughts are generally associated with higher than normal surface-
air temperatures. 1986 drought in southeastern US had associated with
surface-air temperature so much higher than normal that year with warmest
July in 20™ century (Karl and Young, 1987). 1962-65 drought in North East
of USA is a major drought that was associated with lower than normal
surface-air temperatures in all seasons. Measurements by Kunkel (1989)
during the 1988 drought show that the enhancement of the Bowen ratio
following drying out of the soil was itself capable of causing a rise in air
temperature of 2°C. The precipitation below the average and the increase in
temperature is as high as 0.5°C. The temperature difference is higher than
the global variation. The deficit precipitation is observed to be continuous
phenomenon from 1970 to 1994. However, there appears to be a slight
improvement during 1998-99.

Wind Velocity and Evapo-transpiration

The most significant component of the hydrologic budget is evapo-
transpiration. It varies regionally and seasonally. It varies according to weather
and wind condition. It continues to deplete the limited remaining water
supplies in lakes and streams and soil. About 67%, 29%, 2% and 2% is
transmitted back through evapo-transpiration, surfacewater outflow,
groundwater outflow and consumptive use of the rainfall respectively (USGS,
1990). It is not affected by solar radiation, surface area of open bodies of
water, wind speed, density and type of vegetative cover, availability of soil
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moisture, root depth, reflective land-surface characteristics and season of the
year. The maximum mean annual wind velocities average more than
14 miles/hour in central US and eight miles/hour in west coast and in
mountainous parts of central US. Coniferous forest and alfalfa fields reflect
only 25% of solar energy, thus retaining substantial thermal energy to promote
transpiration; in contrast deserts reflect as much as 50% of the solar energy
depending on the density of vegetation. The estimated mean annual evapo-
transpiration ranges from maximum of 45 inches per year in Puerto Rico to
minimum of 7.6 inches in Alaska. Daily fluctuations in evapo-transpiration
also occur. On clear days, the rate of transpiration increases rapidly in the
morning and reaches a maximum usually in early afternoon or mid-afternoon.
The contour levels show the amount of evaporation/evapo-transpiration in
mm. The midday warmth can cause closure of plant stomata that results in
a decrease in transpiration.

Atmospheric Circulation

There has always been a deep curiosity about whether drought is repetitive
or not. Solar variation has been indexed using sunspot numbers and magnetic
polarity. Labitzke and Van Loon (1989) had discovered very high levels of
correlation between solar flux and upper atmosphere response, which in turn
is linked to surface phenomena. Ananthakrishnan et al. (1984) investigated
the rainfall-sunspot links of India data sets and found that years of deficit
can occur at any point in the sunspot cycle. Simple correlation and probability
analyses indicated that some weak non-random features might be present.
The El Nino phenomenon has been implicated in recent years in many
adverse occurrences of flood and drought in South American continent.
ENSO or El Nino refers to warm events in central and eastern equatorial
Pacific. It is well publicized as an oceanic phenomenon and is also experienced
during one part of the independently observed southern oscillation. El Nino
events are found to occur when the sea surface temperature in the eastern
equatorial Pacific was more than 1°C above average and the change from the
previous year exceeded 2.5°C. The southern oscillation is indexed by the
normalized pressure difference between Tahiti and Darwin. When the annual
hydrograph of the Amazon with El Nino events are superimposed, two notable
drought periods 1925/26 and 1982/83 do coincide with El Nino events, but
other important droughts do not coincide (1941 and 1957). Farmer and
Wigely (1985) found that 22 out of 25 years of drought events coincide with
reduced rainfall due to El Nino.

Drought is associated with persistent or persistently recurring atmospheric
circulation patterns. Drought in southeast US is generally associated with
frequent recurrence of high-pressure (anticyclone) circulation. Daily circulation
patterns associated with a drought (such as anti-cyclonic circulation of the
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preceding example) are not notably different from daily circulation patterns
that occur during non-drought periods. Three-dimensional depictions of the
atmospheric circulation patterns at a single instant (synopsis maps at several
constant pressure levels) do not have features that are unique to droughts.
Winter drought of 1975-76 in California is due to descending air beneath an
abnormally strong winter-season ridge in the western US. The large upper
level anticyclone that occurred during summers of 1952-54 produced
widespread downward movement of air that inhibited precipitation throughout
much of US.

Hemispheric Nature

A climatic perspective on drought is global or at least hemispheric; perspective
that includes interactions between the atmosphere and its ocean and land
boundaries. The causes of a drought cannot be restricted to the atmosphere
above the area affected by a drought only. Day-to-day changes in precipitation,
temperature, wind and so forth are defined as weather and not climate.
Weather is not predictable even in principle for periods longer than about
two weeks (Thiele and Schiffer, 1985). As a consequence of this limit on
predictability the cause of drought when discovered will not define the actual
sequence of dry and wet days during drought. Anomalies in surface boundary
conditions commonly have been cited as being principal factor in causing
and maintaining a drought. Although this approach avoids the question of
what caused the boundary anomaly. It provides an important clue to understand
the global aspects of drought producing processes. Voice and Hunt (1984)
used a global general circulation model to study the dynamics of droughts
as a response to specified tropical SST anomalies. The extensive SST
anomalies for Australia illustrates that some of the mechanism are important
in describing atmospheric and ocean relations. The experiment shows that
SST anomaly has changed the evaporation rate. Then it began to perturb the
atmospheric circulation because of their effect on precipitation i.e. because
of latent heating of the atmosphere. The significant perturbations of the
atmospheric circulation occurred over distant parts of the globe and produced
areas of both increased and decreased precipitation. The beginning of a
drought is difficult to determine but the end of a drought can occur as
gradually as it began—9-10 years or more.

1.4 Effects of Drought

Drought historically has caused direct and indirect economic, social and
environmental problems throughout the world. Even though some of them
are unavoidable and others can be tackled. Drought induced economic losses
include those resulting from impaired dairy and meat, crop, timber and
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fishery productions; lack of power; decline in agriculture-dependent industries;
increased unemployment in agriculture and other related industries; strain on
financial institutions and increased cost for transport of water and development
of new sources. Studies on drought need to take into consideration the entire
spectrum of human settlement. Socio-cultural (migration, occupational
diversification, shifting settlements, disintegration of joint households, social
losses, changes in social values, non-functioning of the socio-cultural
institutions, disturbance in inter-caste relations), Socio-economic problems
(loss of crop and livestock, production, pests, diseases and poor crop growth,
livestock mortality, set back of occupational castes economy, distress sale of
land and livestock, personal assets, increased indebtedness, scarcity of water,
grass, fodder) and Bio-physical problems (removal of vegetation, overgrazing,
wind erosion, predominant barren lands, shifting dunes, silting of village
water ponds, over-exploitation of ground water) are encountered during
drought. The requirement of the weaker segments constituting majority of
the population was not fulfilled.

An evaluation of alternatives and the empirical study of decision-making
and policy options are needed. Perception of the drought hazard varied
according to (1) degree of aridity, (2) amount of drought experience, (3)
personality differences, (4) age of the respondent, (5) educational level and
(6) type of occupation. Perception of the drought effect/risk varied according
to the type of occupation followed. The farmers (65%) of pastoral tract
predominantly engaged in livestock rearing dependent on rainfall are generally
less perceptive of the risk. These livestock breeders perceive the risk somewhat
less serious than whose main emphasis is on agriculture only. Cultivators in
rain fed and irrigated areas perceive the drought risks faster as their main
occupation of cultivation is chiefly dependent upon rainfall. They perceive
more seriousness of the consequences of drought

Social

During the drought period, irrespective of caste stratification in India, people
work in common endeavour to save themselves on one hand and to create
productive assets for the community on the other. It has brought together the
landless farmers, the small marginal and bigger farmers despite their
stratification level. It has also brought flexibility in the food habits of the
people who made use of jowar, corn, milo, barley, gram, and tumba switch
over to mateera seeds during acute droughts (Bharara, 1982). Social losses
had occurred due to weakening of family solidarity, increasing conflicts,
tensions and frequent distress coupled with the fear of dacoits, theft and
social insecurity of the people in isolated settlements. Resource use depletion
pertaining to scarce water, grass and fodder had increased tensions and
conflicts among the agro-pastor lists. The wind erosion has completely blocked
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the approaching roads, but dwelling houses of Meghwals (groups in Rajasthan)
had also been buried by sand deposition. 20% of the village’s agriculture
lands in Rajasthan had also been spoiled by wind erosion. Silting of village
water ponds, by sand took place and 20-25 badas (fodder storage enclosures)
of Meghwal, Jat and Rajput were blown away by wind during the last severe
drought years.

Environment

Land use is affected by drought. If there is no rainfall at the time of sowing,
land may not be sown at all and current fallow land may increase; crop
intensity (gross sown area divided by net sown area) declines; and whatever
area is sown may not be harvested because the production is so meagre that
it cannot be used as fodder. Local vegetation and shrubs like khejri (fuel
wood), bhanwarli (tanning industry), kumbhat (curd churner), and phog (coal
conversion) were cut and sold by non-agro-pastoral community during drought
periods. There is only a slight decline in crop intensity from 1.05 in a good
year to 1.07 in drought from small farmers of pastoral and rain-fed tracts.
These farmers prefer to work in scarcity relief centres (attitude change)
(remunerative) rather than agriculture. The primary effect of drought on soil
is the increased sheet erosion due to loss of plant roots and wind. The
erosion of farm soil causes long-term loss in farm production even after the
drought is over. Wildfires or man-made removal of vegetation enhances the
potential for sheet erosion and soil removal. Soil is baked from these fires
making them impermeable. Low level of water in rivers and lakes increases
turbidity and salinity affecting fish habitat. Groundwater levels drop and
spring flow decreases. Deeper aquifers may not be affected immediately.
Wetlands may become dry until moisture returns. The decreased pressure on
the primary and secondary water systems could create potential cross-
connection and potential illness. Soil moisture can decrease, killing even the
deeper plant root systems. Reservoir draws down and low stream flow affects
recreation. 4ir becomes dry, warm and dusty, further desiccating the soil and
increasing evaporation bodies of water. Respiratory ailments increase. Winds
enhance sheet erosion from dried soils. Dust storms decrease visibility. Lack
of precipitation and humidity increases concentration of dust and pollutants
in air. Eco-systems depending on soil moisture or the presence of open water
becomes damaged. Wetland and riparian animal and plant life are displaced
or die. Dangerous animals may migrate to human settlement areas and become
man eaters. Stressed vegetation and wildlife are more vulnerable to disease.

Agriculture

Significant effects felt by all the rain-fed crops are vulnerable to adverse
effect as the entire area sown was damaged during drought years. During
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moderate drought year bajra (40.34%), moth (38.36%), sesamum (34.49%),
moong (30%) and jowar (8.62%) were damaged in Rajasthan. Maize, rice,
groundnut, pulses and sesamum production is decreased by 17, 16, 15, 11
and 8% during kharif; wheat, barley, gram and oil seeds decreased by 28, 15,
24 and 30% in rabbi crop during drought years. The mean annual production
per ha of these had decreased significantly viz. Jawar, sesamum, bajra; small
millet, cotton, maize and gram had decreased by about 78, 56, 64, 51, 30,
13 and 6% respectively. Drought leads to increase in area under culturable
fallow and degenerated lands. Increase in fallow lands reduced net area
sown from 58.71% to 47.53%. Livestock raising-cum-agriculture and
agriculture-cum-livestock rearing were the most adversely affected having
the highest extent of livestock mortality. Mortality of cattle, buffaloes, sheep
and goats were 50, 24, 41 and 17% respectively.

1.5 Drought Forecasting

The scientific knowledge and historical data provide a basis for developing
descriptive models of droughts. Under the assumption that the climate is
stationary from year to year, the prior distribution provides a drought forecast
for every year in an infinite series and to some extent it is identical for every
year. A skillful forecasting is the aggregation of the prior distribution with
present observations of various hydro-meteorological variables collected by
the monitoring system. Application of likelihood function, on the observations,
conveys any predictive information they contain about the immediate future.
The skill of the forecast is demonstrated when the posterior distribution for
a given period differs from the prior distribution. The forecast lead time is
the instant up to which the hydro-meteorologic variables for preparing the
forecast have been observed. The forecast period coincides with the time
period over which the anticipated condition is defined. The lead time of the
forecast is the time interval lapsed from the forecast time to the end of the
forecast period (Fig. 1.4). For example, a forecast prepared on 1 January of
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Fig. 1.4: Integration of descriptive model, monitoring system and
forecasting system.
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the runoff volume from 1 April through 30 September has a lead time of
nine months.

Forecast performance and comparison: For a fixed lead time, the
performance of a forecast may be gauged on an interval scale bounded by
the performance of a naive forecast (specifying the prior distribution of the
state) and the performance of a perfect forecast (specifying the actual value
of the state). Performance measures characterize two attributes of forecasts:
statistical quality and economic value. Popular measures of statistical quality
are skill scores; they are independent of the use of forecasts. On the other
hand, the economic value depends upon the decision problem in which
forecasts are employed and is a function of both the lead time and statistical
quality of forecasts. Two kinds of limits of the forecasts are to be kept in
mind: The theoretical limit of predictability is imposed by the status of the
hydro-meteorological sciences. To extend this limit, new knowledge about
drought-causing processes must be gained and present theories must be
expanded. The operational limit of predictability, naturally shorter than the
theoretical one, stems from the level of technology and resources employed
by a forecast service. Too sparse measurements of the atmosphere, too slow
computers, or too little manpower are just a few examples of the limiting
factors. Matching the operational and theoretical limits of predictability may
seem an ideal goal (Krzysztofowicz, 1991). In order to interface with decision
making on drought, it is necessary to examine the ultimate purpose of drought
forecasts which is to provide information for decision making. It is essential
that our normative needs of decision processes should be identified. A few
exemplary questions: How should forecast uncertainty be expressed in order
to provide a basis for rational decisions? What should be the lead time of
forecasts for strategic planning and operational decisions? What is the optimal
frequency of updating forecasts for adaptive (sequential) decision strategies?
Naturally, the answers to these and other questions will vary across decision
problems as they are the most sensitive — economically and otherwise.

Traditional Knowledge

Indigenous knowledge is acquired by observation of specific natural and
social phenomena connected with the experience of supernatural power that
influence life. Meteorological phenomena about the natural calamities
(physical and social) are well understood by villagers to aid in drought
predictions. They were developed out of the previous generation’s experiences
and observations. Belief in relationships between rainfall and natural elements
like wind, wind direction, cloud and month, zodiac period (nakshtra), date
(tithi) day and month, nakshatra (celestial stars) wind-heat and wind clame
omen, moon-stars and their movements, etc. comprise climatic indicators of
drought prediction. They may be classified into two categories (Mishra et
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al., 2002): (1) Observational Methods — Atmospheric changes; bio-indicators;
chemical changes; physical changes; cloud forms and other sky features. (2)
Theoretical Methods or Astrological Factors or Planetary Factors —
Computation of planetary positions and conjunctions of planets and stars,
etc.; study of solar ingress and particular dates of months; study of Nakshatra
Chakras; study of Nadi Chakras, study of Dashatapa Siddhanta. Stars are
known as Nakshatras; Constellation of stars: Rohini — Taurus; Mirigshirsha
— Gemini; Ardra — Alpha orionies (astronomical name). (Ref: http://
www.findyourfate.com).

Raman (1960) identified general atmospheric situations in India, as
indicators of a healthy conception of the “ethereal embryo” of rain as: Gentle
and agreeable wind from the north, northeast and east; Clear sky; Soft, white
deep halo around the moon or the sun; Dark coloured sky — as dark as
crow’s egg; Sky overcast with huge, bright dense clouds; Needle shaped or
sword shaped clouds; Blood red clouds; Rainbow in the morning or in the
evening; Low rumblings of thunder; Lightning; Appearance of a “mock
sun”; and Planets and stars shining in full form and with soft light. The
following are the local beliefs regarding drought based on meteorological
observations: (1) If the sky acquires a faint yellow colour, then there is less
hope of rain; (2) If crow coloured clouds are observed throughout the day
and night sky remains clear, drought is indicated; (3) If the velocity of wind
is not high during Mrigshirsha constellation and high heat is not experienced
during Rohini constellation a drought can be expected to follow; (4) If it
does not rain Ardra (star) and no winds occur in Mrigshirsha, then drought
would occur; (5) If the winds blow from east during the month of Shravan
and from South-west during Bhadrapad, a severe drought could be expected;
(6) Occurrence of wind with velocity on fifth day of the first fortnight of
shravan month is indicative of severe drought; and (7) Occurrence of rain in
the presence of sunshine is an indicator of poor rainfall in the near future.

Trees such as khejri (Prosopis cineraria), neem (Azadirachta indica),
bordi (zizyphus nummularia); shrubs — aakra (Calotropis procere), kair
(Capparis decidus), phog (Calligonum polygonoides), kheemo (Leptadenia
pyrotechnica) and grasses sewan (Lasiurus sindicus) and mussa (Tephorosia
purpurea) are the major species whose vegetation behaviour is taken to
predict droughts. Pisharoty (1993) reported that the tree Amaltas or golden
shower tree (cassia fistuala) is an unique indicator of rain. It bears bunches
of golden yellow flowers in abundance about 45 days before the onset of
monsoon. Kanani et al. (1999) observed that some of the behaviour of birds
and animals are correlated to rains: (1) sparrow bathing in dust (good rain);
(2) Chameleon climbs the tree and assumes black-white-red colour (immediate
rain); (3) frogs start singing in initial days of Jyestha (May); (4) peacocks
cry frequently (rain in a day or two); (5) Titodi or Lapwing bird lay eggs in
the night on river beds (heavy rain); (6) camels keep facing northeast direction,
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goat does not browse and crow scratches in nets (immediate rain) and (7)
Bapaiya bird sing early in the morning and snake climbs on the tree. When
the jackal howls during the day, a great famine is certain. The she-camel
knows beforehand and runs to and fro. She stamps her feet and does not sit
when rain is to come. When sparrow bathes in the dust the rain will come,
when it bathes in water, the rain will go. The validity of the local indicators
was compared with actual nature of drought calculated on the basis of rainfall
and crop maturity. About 61% and 39% respondents said that the predictions
have come true in 55% and untrue in 45% cases.

Paleo-climatology is the study of the past climate that existed prior to
humans began collecting instrumental measurements of weather. It uses natural
environmental records to infer the past conditions. Records of rainfall or
other indicators that reflect drought such as changes in lake salinity (changes
in lake-dwelling species), vegetation or evidence of blowing sand are
preserved in tree-rings (300 years), buried in the sediments of sand dunes
and lakes. The tree-rings in a tree that is sensitive to drought provide a
record of drought each year of the tree’s growth. They provide information
beyond the 100-year record provided by instruments. A more long-term look
at the past droughts indicates that 20th century droughts do not represent the
possible range of drought variability. Archaeological investigation has
identified evidence of irrigation in Mesopotamia and Egypt as far back as
the 6th millennium BCE, when barley was grown in areas where the natural
rainfall was insufficient to support such a crop. In the Zana Valley of the
Andes Mountains in Peru, archaeologists found remains of three irrigation
canals radiocarbon dated from the 4th millennium BCE, the 3rd millennium
BCE and the 9th century CE. These canals are the earliest record of irrigation
in the New World. Traces of a canal possibly dating from the 5th millennium
BCE were found under the 4th millennium canal. Sophisticated irrigation
and storage systems were developed by the Indus Valley civilization in
Pakistan and North India, including the reservoirs at Girnar in 3000 BCE
and an early canal irrigation system from circa 2600 BCE. Large scale
agriculture was practiced and an extensive network of canals was used for
the purpose of irrigation. There is evidence of the ancient Egyptian pharaoh
Amenembhet III in the twelfth dynasty (about 1800 BCE) using the natural
lake of the Faiyum Oasis as a reservoir to store surpluses of water for use
during the dry seasons, as the lake swelled annually caused by the flooding
of the Nile.

The Qanats, developed in ancient Persia in about 800 BCE, are among the
oldest known irrigation methods still in use today. They are now found in
Asia, the middleeast and north Africa. The system comprises a network of
vertical wells and gently sloping tunnels driven into the sides of cliffs and
steep hills to tap ground water. The Noria, a water wheel with clay pots
around the rim powered by the flow of the stream (or by animals where the



24 / Drought Assessment

water source was still) was first brought into use at about this time by
Roman settlers in North Africa. By 150 BCE the pots were fitted with valves
to allow smoother filling as they were forced into the water. The irrigation
works of ancient Sri Lanka, the earliest dating from about 300 BCE, in the
reign of King Pandukabhaya and under continuous development for the next
thousand years, were one of the most complex irrigation systems of the
ancient world. In addition to underground canals, the Sinhalese were the first
to build completely artificial reservoirs to store water. The system was
extensively restored and further extended during the reign of King Parakrama
Bahu (1153-1186 CE). The oldest known hydraulic engineers of China were
Sunshu Ao (6th century BCE) of the Spring and Autumn Period and Ximen
Bao (5th century BCE) of the Warring States period, both of whom worked
on large irrigation projects. In the Szechwan region belonging to the State
of Qin of ancient China, the Dujiangyan Irrigation System was built in 256
BCE to irrigate an enormous area of farmland that today still supplies water.
By the 1st century CE, during the Han Dynasty, the Chinese also used chain
pumps that lifted water from lower elevation to higher elevation. These were
powered by manual foot pedal, hydraulic waterwheels, or rotating mechanical
wheels pulled by oxen. The water was used for public works of providing
water for urban residential quarters and palace gardens, but mostly for
irrigation of farmland canals and channels in the fields. In fifteenth century
Korea, the world’s first water gauge — woo ryang gyae (Korean), was
discovered in 1441 CE by Jang Young Sil, a Korean engineer of the Choson
Dynasty, under the active direction of the King Se Jong. It was installed in
irrigation tanks as part of a nationwide system to measure and collect rainfall
for agricultural applications. With this instrument, planners and farmers could
make better use of the information gathered in the survey.

By the middle of the 20th century, the advent of diesel and electric motors
led for the first time to systems that could pump ground water out of major
aquifers faster than it was recharged. This can lead to permanent loss of
aquifer capacity, decreased water quality, ground subsidence, and other
problems. The future of food production in such areas as the North China
Plain, the Punjab, and the Great Plains of the US is threatened. At the global
scale 2,788,000 km? (689 million acres) of agricultural land was equipped
with irrigation infrastructure around the year 2000. About 68% of the area
equipped for irrigation is located in Asia, 17% in America, 9% in Europe,
5% in Africa and 1% in Oceania. The largest contiguous areas of high
irrigation density are found in North India and Pakistan along the rivers
Ganges and Indus, in the Hai He, Huang He and Yangtze basins in China,
along the Nile River in Egypt and Sudan, in the Mississippi-Missouri river
basin and in parts of California. Smaller irrigation areas are spread across
almost all populated parts of the world.
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Recurring or long-term drought can bring about desertification. Recurring
droughts in the Horn of Africa have created grave ecological catastrophes,
prompting massive food shortages, still recurring. To the north-west of the
Horn, the Darfur conflict in neighbouring Sudan, also affecting Chad, was
fuelled by decades of drought. Combination of drought, desertification and
overpopulation are among the causes of the Darfur conflict, because the
Arab Baggara nomads searching for water have to take their livestock further
south, to land mainly occupied by non-Arab farming peoples. Approximately
2.4 billion people live in the drainage basin of the Himalayan rivers. India,
China, Pakistan, Bangladesh, Nepal and Myanmar could experience floods
followed by droughts in coming decades. The west coast of North America,
which gets much of its water from glaciers in mountain ranges such as the
Rocky Mountains and Sierra Nevada, also would be affected. As a drought
persists, the conditions surrounding it gradually worsen and its impact on the
local population gradually increases. Kazakhstan was recently awarded a
large amount of money by the World Bank to restore water that had been
diverted to other nations from the Aral Sea under Soviet rule. Similar
circumstances also placed their largest lake, Balkhash, at risk of completely
drying out.

Drought prediction and monitoring require information from: water
management and agricultural applications; assessment of the current
understanding of drought predictability and status of drought prediction efforts;
identification of key model uncertainties that need to be reduced in order to
accelerate progress on drought simulation and prediction; developing a
prioritized list of observations that are critical for drought monitoring and
model initialization, validation and development; and developing a plan for
model experimentation in coordination with the drought monitoring and
applications communities. As the weather plays an important role in the on-
set and cessation of drought, information of cloud types and rainfall and
temperature is discussed in the next chapter.
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Meteorology

The climate system as a whole is an extremely complex mix of different sub-
systems all interacting with each other on a wide range of time and space
scales, e.g. the atmosphere, oceans, ice masses and the biosphere. The potential
for variability from year to year and decade to decade, therefore, is very
high. Given this high level of ‘internal’ variability, the significance or even
the reality of possible external influences from sunspots, phases of the moon
and so on, remains highly questionable on time scales shorter than millennia.
The multi-disciplinary approach of the problem requires appreciation level
knowledge of the rainfall processes that involve many of the countries
disseminate rainfall, temperature and forecast information of the day in print
(newspapers), visual (television) and audio (radio) media, internet (web site)
and SMS (Short Message Services through mobile telephone). The people
whose activities are related to weather such as farmers, agriculturists, farm
extension workers and others anxiously wait for information with a view to
prepare themselves on a regular basis. The cloud information is taken from
the satellite images (coarse ground resolution), temperature and rainfall
(installation points) and their forecast is based along with other weather-
related parameters. Hence, there is a need to understand the cloud and their
rainfall probability in deciding whether to irrigate now or wait for a day and
the necessary resources to be arranged at field level. It is expected that
people including meteorologists could appreciate the processes and the drought
indices that they are using. This section outlines about the monsoon system,
clouds, cloud pattern observation from satellites and rainfall measurement,
so that non-agro-meteorologist could understand the rainfall processes and
take a knowledge-based decision.

2.1 Weather

Surface wind circulation — climate belts: Atmospheric motion is driven by
the uneven horizontal distribution of net incoming radiation and this uneven
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distribution is due to its latitudinal dependence. Oceans respond to this
imbalance by attempting to move heat from the tropics and subtropics. The
most outstanding feature about this distribution is its zonally banded structure;
that is, it has the pattern of east-west elongated features aligned along latitude
circles. The characteristic wind belts are: Trade wind belts — In the tropics,
on both sides of the equator, lies a wide region where winds blow from east
to west (easterlies) with a slight equator side tilt. This region is named as
trade wind belt, because of the steadiness of the air flow. Inter-tropical
Convergence Zone (ITCZ) — The trade winds from the northern and southern
hemispheres converge into a narrow belt close to the equator and referred to
as ITCZ. The convergence of the trade winds results in rising motion of the
colliding air masses (to obey the law of mass continuity). This region is also
known as the doldrums, where the weather is generally cloudy and periods
of light winds are frequently interrupted by squalls and hard rains, making
for a troubled and uncertain sea voyage. Mid-latitude westerlies — North and
south of the trade wind belt (in the northern and southern hemispheres,
respectively) lie regions where winds tend to blow from west to east
(westerlies), and are therefore referred to as the westerly wind belts. Here
the winds are highly variable and unsteady, especially during winters. This
fact is not seen in our charts, clearly demonstrating that it is not enough to
look at the mean. In these regions, during winter-time, mid-latitude storms
and their frontal systems travel from west to east bringing frequent changes
in weather. Subtropics — Between the trade wind regions lie in the subtropics,
regions of divergence and subsidence, where sunny weather with little clouds
and no rain prevails. These latitudes were referred to as the horse latitudes
because winding up in these latitudes meant serious delays in the voyage.
Polar easterlies — Poleward from the westerly wind belt, winds with a
generally easterly component prevail. The air here is cold, dry and stable,
especially during winter, and is accompanied by subsidence from above.
Polar front — The convergence zone between polar easterlies and mid-latitude
westerlies is referred to as the polar front. It separates the cold (and dry)
polar air, and the relatively warm (and more humid) mid-latitude air. The
polar front can be thought of as the average expression of the transient
frontal systems that move along with mid-latitude cyclones.

The seasons in the tropics are dominated by the movement of the tropical
rain belt, which oscillates from the northern to the southern tropics over the
course of the year, thus causing the dry season and the wet season in turn.
Temperate or tepid latitudes of the globe lie between the tropics and the
polar circles. The changes in these regions between spring, summer, autumn
and winter are generally mild, rather than extreme hot or cold and have very
unpredictable weather. Within these borders there are many climate types,
which are generally grouped into two categories: maritime (stable temperature
because of oceans) and continental (warmer summers and colder winters).
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Heat loss and reception are aided by extensive land mass. Subtropical climatic
region is adjacent to the tropics, usually between 20° and 35° latitude in both
hemispheres but occasionally found at slightly higher latitudes. A subtropical
region should have at least eight months with a mean temperature of 10°C
or above. Rainfall patterns vary widely throughout the subtropics including
hot deserts, savannas, monsoon forests, humid forests and the warmer parts
of the Mediterranean climate zone. The Torrid Zone includes most of Africa,
southern India, southern Asia, Indonesia, New Guinea, northern Australia,
southern Mexico, Central America and northern South America. In the
Temperate Zones, the sun is never directly overhead, and the climate is mild,
generally ranging from warm to cool. The four annual seasons — spring,
summer, autumn and winter — occur in these areas. The North Temperate
Zone includes Great Britain, Europe, northern Asia, North America and
northern Mexico. The South Temperate Zone includes southern Australia,
New Zealand, southern South America and South Africa. The Frigid Zones,
or polar regions, experience the midnight sun and the polar night for part of
the year — the edge of the zone experiences one day at the solstice when the
sun doesn’t rise or set for 24 hours, while in the centre of the zone (the pole),
the day is literally one year long, with six months of daylight and six months
of night. They are the coldest parts of the earth, and are covered with ice and
snow. The North Frigid Zone (the Arctic) includes northern Canada and
Alaska, Greenland, northern Scandinavia, northern Russia, and the Arctic
ice. The South Frigid Zone (the Antarctic) is filled by the continent of
Antarctica; the next closest mainland is the southern tip of Chile and Argentina,
followed by New Zealand.

Climate is usually defined by what is expected or “normal”, which
climatologists traditionally interpret as the 30-year mean by understanding
the concept of variability. Weather is the condition of the atmosphere over
a brief period of time (one day or week). Climate represents the composite
of day-to-day weather over a longer period of time. It is a set of all phenomena
in a given atmosphere at a given time and includes interactions with the
hydrosphere. It refers to the activity of these phenomena over short periods
(hours or days) and the term climate, which refers to the average atmospheric
conditions over longer periods of time. Weather most often results from
temperature differences from one place to another. On large scales, temperature
differences occur because areas closer to the equator receive more energy
per unit area from the Sun than do regions closer to the poles. On local
scales, temperature differences can occur because different surfaces (such as
oceans, forests, ice sheets, or man-made objects) have differing physical
characteristics such as reflectivity, roughness, or moisture content. Wind,
cloud, rain, snow, fog and dust storms are some of the common weather
phenomenon that we observe on the earth and occur in the troposphere (the
lower part of the atmosphere) and do extend into stratosphere. Small changes
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on one part of the system can grow and create large impacts leading to large
effects on the entire system. It is one among many factors for not being able
to predict accurately the weather more than few days in advance. Weather
of the land surface is influenced by sun and ocean as the sun heats up ocean
waters for a period of time, water can evaporate. Once evaporated into the
air, the moisture can spread throughout nearby land, thus making it cooler.
Important weather belts on the northern and southern hemispheres and
locations of frequently reported hurricane, typhoon and cyclone spots (in
asterisk) are shown in Fig. 2.1.
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Fig. 2.1: Weather belts on the northern and southern hemispheres and
hurricane and cyclone spots.

Surface temperature differences cause pressure differences. A hot surface
heats the air above it and the air expands, lowering the air pressure. The
resulting horizontal pressure gradient accelerates the air from high to low
pressure, creating wind. Earth’s rotation causes curvature of the flow via the
Coriolis’ effect. The simple systems thus formed can then display emergent
behaviour to produce more complex systems and thus other weather
phenomena. The strong temperature contrast between polar and tropical air
gives rise to the jet stream. Most of the weather systems in the mid-latitudes
are caused by instabilities of the jet stream flow. Weather systems in the
tropics are caused by different processes, such as monsoons or organized
thunderstorm systems. Over thousands to hundreds of thousands of years,
changes in Earth’s orbital parameters affect the amount and distribution of
solar energy received by the Earth and influence in long-term. As the Earth’s
axis is tilted relatively to its orbital plane, sunlight is incident at different
angles at different times of the year. In June the northern hemisphere is tilted
towards the sun, so at any given northern hemisphere latitude sunlight falls
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more directly on that spot than in December (effect of sun angle on climate)
and this effect causes seasons.

2.2 Tropical Activity

Tropical atmosphere is the heat engine driving many of the synoptic-scale
weather systems in the middle and higher altitudes. The transfer of energy
in the form of latent and sensible heat, water and water vapour from low to
middle latitudes vented from even quite modest tropical weather systems at
high levels in the form of cloud bands that is observed daily on geostationary
satellite images. Convection at the small and meso-scale is the prime force
which pumps the tropical atmosphere. The smallest convectional process
(greatest surface heating accompanied by an almost parallel movement of
the cellular convectional system) which are not a part of largest and better
organized synoptic features are, therefore, not only mostly day-time
phenomena — particularly over the continental areas — but they are also
subject to pronounced seasonal variations in their location of occurrence.
Tropical activity in general consists of large air masses several hundred
miles across with low pressure at the centre and with winds blowing around
the centre (Fig. 2.2) in either a clockwise direction (southern hemisphere) or
counterclockwise (northern hemisphere). Precipitation arises when a warm
front is formed by an advancing mass of warm air, which moves up an
inclined surface of retreating cold air and is chilled in the process of being
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Fig. 2.2: Tropical activity and air mass circulation.
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lifted up resulting in rainfall. The Great Sandy Desert has nearly all its rain
from monsoonal thunderstorms or the occasional tropical cyclone rain
depression. Due to the high rates of evaporation in deserts, this area remains
an arid environment with vast stretches of sand. Other areas of the world
which see these rare precipitation events in deserts are northwest Mexico,
the southwestern United States, and southwest Asia. In North America, the
Sonoran and Chihuahuan deserts have received some tropical rainfall in the
last 10 years. Tropical activity is rare in all deserts, but whatever rain does
arrive there is important to the existence of the delicate ecosystem.

Monsoon

Monsoon is a seasonal prevailing wind which lasts for several months.
Monsoon is an Arabic word indicating season that relates specifically to a
substantial change in wind direction, often through 180°, which brings with
it a very distinctive change in weather type and precipitation amount. This
term was first used in English in India, Bangladesh, Pakistan, and neighbouring
countries to refer to the big seasonal winds blowing from the Indian Ocean
and Arabian Sea in the southwest bringing heavy rainfall to the region. In
hydrology, monsoon rainfall is considered to be that which occurs in any
region that receives the majority of its rain during a particular season. This
allows other regions of the world such as North America, South America,
Sub-Saharan Africa, Australia and East Asia to qualify as monsoon regions.
In terms of total precipitation and total area covered, the monsoons affecting
the Indian subcontinent dwarf the North American monsoon. The South
Asian monsoon affects a larger number of people due to the high density of
population in this part of the world. The definition includes major wind
systems that change direction seasonally. Most summer monsoons have a
dominant westerly component and a strong tendency to ascend and produce
copious amounts of rain (because of the condensation of water vapour in the
rising air). The intensity and duration, however, are not uniform from year
to year. Winter monsoons, by contrast, have a dominant easterly component
and a strong tendency to diverge, subside, and cause drought.

Monsoons are caused by the larger amplitude of the seasonal cycle of
land temperature compared to that of nearby oceans. This differential warming
happens because heat in the ocean is mixed vertically through a “mixed
layer” that may be fifty metres deep. The specific heat capacity of the layer
participating in the seasonal cycle is much larger over the oceans than over
land, with the consequence that the air over the land warms faster and
reaches a higher temperature than the air over the ocean. The hot air over
the land tends to rise, creating an area of low pressure. This creates a steady
wind blowing towards the land, bringing the moist near-surface air over the
oceans with it. Rainfall is caused by the moist ocean air being lifted upwards



34 / Drought Assessment

by mountains, surface heating, convergence at the surface, divergence aloft,
or from storm-produced outflows at the surface. However as the lifting
occurs, the air cools due to expansion in lower pressure, which in turn
produces condensation.

In winter, the land cools off quickly, but the ocean keeps the heat longer.
The hot air over the ocean rises, creating a low pressure area and a breeze
from land to ocean while a large area of drying high pressure is formed over
the land, increased by winter-time cooling. Monsoons are similar to sea and
land breezes, a term usually referring to the localized, diurnal (daily) cycle
of circulation near coastlines everywhere, but they are much larger in scale,
stronger and seasonal. As monsoons have become better understood, the
term monsoon has been broadened to include almost all of the phenomena
associated with the annual weather cycle within the tropical and subtropical
land regions of the earth. It is understood that in the geological past, monsoon
systems must have always accompanied the formation of super-continents
such as Pangaea, with their extreme continental climates. Northeast Monsoon
(Southern Asia and Australia) — In Southern Asia, the northeastern monsoons
take place from December to early March. The temperature over central Asia
is less than 25°C as it is the northern hemisphere winter, therefore creating
a zone of high pressure there. The jet stream in this region splits into the
southern subtropical jet and the polar jet. The subtropical flow directs
northeasterly winds to blow across southern Asia, creating dry air streams
which produce clear skies over India. Meanwhile, a low pressure system
develops over South-East Asia and Australasia and winds are directed towards
Australia known as a monsoon trough.

The climate in India is broadly described as tropical monsoon type. The
four seasons are: winter (January-February), a hot summer period (March-
May), a rainy south-western monsoon period (June-September) and a
north-eastern monsoon period (October-December). In addition, a number of
micro-climatic patterns occur. The Kashmir valley and some other higher
altitude regions experience a typical temperate climate, while still higher
areas, such as Ladakh, Lahul and Spiti, have a typical cold-arid desert climate.
India‘s climate is formed by the north-east monsoon (winter monsoon) winds
which blow from land to sea and the south-west monsoon (summer monsoon)
winds which blow from sea to land after crossing the Indian Ocean, the
Arabian sea and the Bay of Bengal. Most rainfall in India is caused by the
south-west monsoon. The southwestern summer monsoons occur from June
through September. The Great Indian Desert (Thar Desert) and adjoining
areas of the northern and central Indian subcontinent heat up considerably
during the hot summers. This causes a low pressure area over the northern
and central Indian subcontinent. To fill this void, the moisture-laden winds
from the Indian Ocean rush in to the subcontinent. These winds, rich in
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moisture, are drawn towards the Himalayas, creating winds blowing storm
clouds towards the subcontinent. However the Himalayas act like a high
wall and do not allow the winds to pass into Central Asia, forcing them to
rise. With the gain in altitude of the clouds, the temperature drops and
precipitation occurs. Some areas of the subcontinent receive up to 10,000
mm of rain.

A delay of a few days in the arrival of the monsoon can, and does, badly
affect the economy, as evidenced in the numerous droughts in India in the
90s. June 1 is regarded as the date of onset of the monsoon in India, which
is the average date on which the monsoon strikes Kerala over the years.

North-East Monsoon (Retreating Monsoon) — Around September, with
the sun fast retreating south, the northern land mass of the Indian subcontinent
begins to cool off rapidly. With this air pressure begins to build over northern
India. The Indian Ocean and its surrounding atmosphere still holds its heat.
This causes the cold wind to sweep down from the Himalayas and Indo-
Gangetic Plain towards the vast spans of the Indian Ocean south of the
Deccan peninsula. This is known as the North-East Monsoon or Retreating
Monsoon. While travelling towards the Indian Ocean, the dry cold wind
picks up some moisture from the Bay of Bengal and pours it over peninsular
India. Cities like Chennai, which gets less rain from the South-West Monsoon
receives rain from the Retreating Monsoon. About 50-60% of the rain received
by the state of Tamil Nadu is from the North-East Monsoon. It is worth
noting that North-East Monsoon (or the Retreating Monsoon) is not able to
bring as much rain as the South-West Monsoon.

North American Monsoon (NAM) occurs from late June or early July into
September, originating over Mexico and spreading into the southwest United
States by mid-July. It affects Mexico along the Sierra Madre Occidental as
well as Arizona, New Mexico, Nevada, Utah, Colorado, West Texas, and
California. It pushes as far west as the Peninsular Ranges and Transverse
Ranges of southern California but rarely reaches the coastal strip (a wall of
desert thunderstorms only a half-hour’s drive away is a common summer
sight from the sunny skies along the coast during the monsoon). The North
American monsoon is known to many as the Summer, Southwest, Mexican
or Arizona monsoon. It is also sometimes called the Desert Monsoon as a
large part of the affected area is desert. African Monsoon of western sub-
Saharan Africa is the result of the seasonal shifts of the Inter-tropical
Convergence Zone and the great seasonal temperature differences between
the Sahara and the equatorial Atlantic Ocean. It migrates northward from the
equatorial Atlantic in February, reaches western Africa on June 22, then
moves back to the south by October 15. The dry, northeasterly trade winds,
and their more extreme form, the harmattan, are interrupted by the northern
shift in the ITCZ and resultant southerly, rain-bearing winds during the
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summer. The semiarid Sahel and Sudan depend upon this pattern for most
of their precipitation. South American Monsoon: Much of Brazil experiences
seasonal wind patterns that bring a summer maximum to precipitation. Rio
de Janeiro is infamous for flooding as a result of monsoon rains.

Precipitation processes involve: (1) Pre-monsoonal convectional storms
and squall lines, produced by the release of potential instability and with the
first heating of the lower layers of the atmosphere at a time when dry, cool
air dominates above; (2) Storms produced at the leading edge of the moist
air from the Indian Ocean — Inter-tropical front; (3) Pronounced orographic
effect in certain areas triggering thunderstorms by the release of circulation
associated with temporary invasions of the northern temperate westerlies
(Pant, 1981) which tends to weaken the monsoon circulation and reduce
precipitation activity and with the formation and movement of monsoon
depressions from the Bay of Bengal steered northwestwards by the upper
airflow; (4) Short-term changes in the sea surface temperature of the Arabian
Sea/Indian Ocean areas are apparently indicators of overall monsoon rainfall
(Pisharoty, 1981). Further, the moist oceanic airflow is extremely shallow
and is often overlain by dry, subsident air, which inhibits any pronounced
convectional cloud or precipitation; and (5) The surface position of the
migrating monsoon trough is strongly influenced by continental heating in
the summer months bringing moist southwesterlies.

2.3 Precipitation Type

Stratiform or dynamic precipitation occurs as a consequence of slow ascent
of air in synoptic systems, such as along cold fronts, and in advance of warm
fronts. Convection rain or showery precipitation occurs from convective
clouds, e.g., cumulonimbus or cumulus congestus. It falls as showers with
rapidly changing intensity. Convective precipitation falls over a certain area
for a relatively short time, as convective clouds have limited horizontal
extent. Most precipitation in the tropics appears to be convective; however,
it has been suggested that stratiform precipitation also occurs. Graupel and
hail always indicate convection. In mid-latitudes, convective precipitation is
associated with cold fronts (often behind the front), squall lines, and warm
fronts with significant available moisture. Orographic precipitation occurs
on the windward side of mountains and is caused by the rising air motion
of a large-scale flow of moist air across the mountain ridge, resulting in
adiabatic cooling and condensation.

In mountainous parts of the world subjected to relatively consistent winds
(for example, the trade winds), a more moist climate usually prevails on the
windward side of a mountain than on the leeward (downwind) side. Moisture
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is removed by orographic lift, leaving drier air on the descending (generally
warming), leeward side where a rain shadow is observed. Orographic
precipitation is well known on oceanic islands, such as the Hawaiian Islands,
where much of the rainfall received on an island is on the windward side,
and the leeward side tends to be quite dry, almost desert-like, by comparison.
This phenomenon results in substantial local gradients of average rainfall,
with coastal areas receiving on the order of 500 to 750 mm per year (20 to
30 inches), and interior uplands receiving over 2.5 m per year (100 inches).
Leeward coastal areas are especially dry 500 mm per year (20 inches) at
Waikiki, and the tops of moderately high uplands are especially wet — ~12
m per year (~475 inches) at Wai’ale’ale on Kaua’i. In South America, the
Andes mountain range blocks most of the Atlantic moisture that arrives in
that continent, resulting in a desert-like climate on the Pacific coast of Peru
and northern Chile, since the cold Humboldt Current ensures that the air off
the Pacific is dry as well. On the leeward side of the Andes is the Atacama
Desert of Chile. It is also blocked from moisture by mountains to its west
as well. Not coincidentally, it is the driest place on earth. The Sierra Nevada
range creates the same effect in North America forming the Great Basin
desert, Mojave Desert and Sonoran Desert.

2.4 Weather Forecast

Weather forecasts are made by collecting data that describe the current state
of the atmosphere (particularly the temperature, humidity and wind) and
using physically-based mathematical models to determine how the atmosphere
is expected to change in the future. The chaotic nature of the atmosphere
means that perfect forecasts are impossible, and that forecasts become less
accurate as the range of the forecast increases. It is carried out from
information collected from network of observation stations. During mid 1950s,
all weather maps and charts were plotted by hand and analyzed by individuals
based on certain developed thumb rules for different systems. The present-
day forecasts use modern electronic computers that could handle large
quantities of data. Meteorologists interpret the weather patterns and final
chart is referred to as an analysis. The routine daily forecasting of weather
by the computer is known as numerical weather prediction. As the weather
variables are constantly changing, meteorologists have devised atmospheric
models that describe the present state of the atmosphere. These mathematical
equations describe how atmospheric temperature, pressure, winds and moisture
will change with time. They do not fully represent the real atmosphere but
retain the important aspects of atmospheric behaviour.
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Forecast question Use of forecast chart

Cloudy or clear On the 700-mb forecast chart, the 70% relative humidity
line usually encloses areas that are likely to have clouds.

Will it rain On the 700-mb forecast chart, the 90% relative humidity

line often encloses areas where precipitation is likely. If
upward velocities are present, the chance of measurable
precipitation is enhanced.

Will it rain or snow  On the 850-mb forecast chart, snow is likely north of the
—5°C (23°F) isotherm whereas rain is likely south of this line.

Advanced Weather Interactive Processing System (AWIPS) is a computer
module that handles charts and maps in forecast. It has data communication,
storage, processing and display capabilities (including graphical overlay).
Forecast models predict the weather reasonably well 4 to 6 days into the
future. Their accuracy tends to a better job at predicting temperature and jet-
stream patterns than precipitation. Two distinct approaches have been adopted
for generating predictions for seasonal rainfall. In the traditional approach,
empirical models based on analysis of historical data of the variability of
monsoon and its relation to a variety of atmospheric and oceanic variables
over different parts of the world prior to the summer monsoon season are
used. In the second approach predictions are generated by physical models
based on the equations governing the physics of the atmosphere from an
initial state prior to the season. The empirical models used operationally by
Indian Meteorology Department (IMD) since 1932, based on the relationship
of the monsoon rainfall to atmospheric/oceanic conditions over different
parts of the globe, have not produced any satisfactory results. Atmospheric
and coupled models in predicting the Indian monsoon rainfall are also not
satisfactory and the problem is particularly acute as these models fail to
predict the extremes such as drought and excess rainfall seasons (Sulochana
Gadgil et al., 2005).

Methods

Persistence forecast predicts that future weather will be the same as present
weather. It is most accurate for time periods of several hours and become
less accurate after that. Steady-state or Trend method considers that surface
weather system tends to move in the same direction and at approximately the
same speed as they have been moving, provided no evidence exists to indicate
otherwise. We could extrapolate and predict when the front would pass
through your area — three hours or so. Analogue method relies on that existing
features on a weather chart strongly resemble features that produced certain
weather conditions in the past. As the forecaster relies on the “looks familiar”
pattern on the weather chart, it is also called as pattern recognition method.
The weather situation may appear similar but not exactly the same with



Meteorology / 39

sufficient differences in variables. Statistical forecast are made routinely of
weather elements based on the past performance of computers — MOS (Model
Output Statistics). Forecast calling for rain @ 60% indicate that any random
place in the forecast area will receive measurable rainfall. Probability forecast
uses 30 years of data and gives the likelihood of rain or snow in terms of
probability.

Percent probability Forecast wording for Forest wording for

of precipitation steady precipitation showery precipitation
20% Slight chance of precipitation =~ Widely scattered showers
30-50% Chances of precipitation Scattered showers
60-70% Precipitation likely Numerous showers

> 80% Precipitation (rain or snow) Showers

Weather prediction employs the analogue method. Weather patterns are
categorized into similar groups or types using such criteria as the position
or the subtropical highs, the upper-level flow and the prevailing storm track.

Forecast Types

National meteorological departments/organizations continuously monitor
atmosphere, cloud, temperature and pressure conditions of the atmosphere
and forecast the rainfall or snow or high winds etc. They indicate the
anticipated conditions within hours to days. Weather forecast issued from
Indian Meteorological Department and National Center for Medium Range
Weather Forecasting (NCMRWF) as Farmers weather bulletin, Agro
meteorological Advisory Bulletin (Short range forecast — 24 to 48 hrs) for
operational decisions. Farm operations with optimal costs and reduced
expenditure related to planting, watering, pest control, harvesting, storage
and marketing. It contains expected cloudiness, probability of rain and rainfall,
dew duration and intensity and range of high and low temperature. Weather
forecast for up to a few hours (usually not more than six hours) is called
very-short-range forecast or nowcast. It is done using subjective interpretations
of surface observations, satellite imagery and Doppler radar information,
when weather systems are moved along by the steady state or trend. Weather
forecasts that range from six hours to few days (generally 2.5 days or 60
hours) are called short-range forecasts. Satellite imagery, Doppler radar,
surface weather maps, upper-air winds and pattern recognition are incorporated
in this. As forecast period extends beyond about 12 hours, the forecasters
tend to weigh the forecast heavily on computer drawn progs and statistical
information such as Model Output Statistics (MOS).

Medium range forecast are issued prior to 3 to 10 days for planning
agriculture operations. A medium-range forecast extends from 3 to 8.5 days
(200 hours) into future based only on computer-derived products (Progs and
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MOS). A forecast that extends beyond three days is often called extended
forecast. Long range forecast — 11 days to season — contains information
on seasonal rainfall in advance in deciding cropping pattern, food and fodder
storage, reservoir regulations etc. They extend beyond 8.5 days (200 hours).
Computer Prognostic charts (charts showing expected or forecasted conditions
such as pressure pattern, frontal positions, contour height pattern and so on)
available for upto 16 days into the future are not accurate in predicting
temperature and precipitation and offers broad-scale weather features. The
operational models utilize power regression methods using parameters —
Arabian Sea surface temperature, Eurasian snow cover, Northwest Europe
mean temperature, Nino 3 SST, South Indian Ocean SST Index, East Asia
pressure, Europe pressure gradient and 50 hpa wind pattern. Probabilistic
models estimate rainfall in categories: Deficient (<90% of LPA); Below
normal (90-98% of LPA); Near normal (98-102% LPA); Above normal (102-
110% of LPA); and Excess (>110% of LPA). Average weather conditions for
particular month or season is given by outlook, which are overview of average
precipitation and temperature pattern assuming a normal condition. It is
based on the projected average upper-air flow and the surface weather
conditions that the type of flow will create. There is no clear-cut method in
determining the forecast accuracy. Irrespective of the complexity and ever-
changing nature of the atmosphere, forecast made for between 12 and 24 hrs
are quite accurate, 2 and 5 days are fairly good and beyond seven days,
accuracy drops down due to chaotic nature of atmosphere. Long-term mean
rainfall gives a general picture of the water potential for crop production in
spite of the substantial year-to-year variation in rainfall. Rainfall probability
of occurrence is important in assessing the long-term suitability of crop
cultivators and crop management strategies. Advances in medium-term
weather forecasting offers hope in within-season adjustments (Meinke et al.,
2001). A period of only a few weeks without precipitation may lead to
agriculture productivity. Assessing drought severity requires a measure of
effective rainfall in relation to soil moisture and plant condition, rather than
just summing rainfall deficiencies (Wilhite and Glantz, 1985).

Forecasts go awry due to: (1) Computer models idealize the real atmosphere
by making certain assumptions about the atmosphere, (2) Most of the models
are not global in their coverage and errors are likely to creep along the
model boundary, (3) Irrespective of weather observations, there are still
regions where the observations are sparse in higher altitude areas, (4) Most
of the computer models cannot adequately interpret factors that influence
surface weather such as interactions of water, ice, surface frictions and local
terrain on weather system, (5) MMS5 model (developed by National Center
for Atmospheric Research and Pennsylvania university) has a grid space as
low as 4 km, while others miss those information, (6) Computer models that
forecast for large areas do not predict local weather conditions such as
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temperature, winds and precipitation, (7) Unpredictable atmospheric
fluctuations (chaos) go unrepresented in the models, and (8) Ensemble
forecasting technique used in medium-range forecasts tweak a bit of the
initial conditions of observation leading to deviations over a repeated run, etc.

2.5 Clouds

Without clouds there would be no rain or snow. It is a visible aggregate of
tiny water droplets or ice crystals suspended in the air. It can be thick or thin,
big or little; they exist in a seemingly endless variety of forms. Figure 2.3
shows the cloud types and the temperature at different elevation in the

High clouds
12 kl'l'l Composed primarily of
Ice.
; Appears white on IR imagery.

Cumulonimbus appears as
bright white patches. Associated

with thunder storm activity.

Cirrus cloud appears as bright
white streaks.

\ Middle cloud
Appear in lighter shade on IR

\ images.
Altocumulus have mottied
texture
Altostratus appeasr as sheet
like. They are sandwiched
\ between low & high clouds.

Distinct level identification

6km

2km \ : ﬂﬁ;ugluuds

é} @ \ Lowest clouds are stratus and
fog

On IR image t appears as dark

.w 40 -m 0 mp c shades and lack texture.

Fig. 2.3: Cloud types and the temperature at different levels.

atmosphere. They are classified into basic types and their approximate base
height at tropical region are shown below:

High clouds Middle clouds Low clouds Clouds with vertical
(6000-18000 m) (2000-8000 m) (0 — 2500m) development
Cirrus (Ci) Altostratus (As)  Stratus (St) Cumulus (Cu)

Cirrostratus (Cs)  Altocumulus (Ac) Stratocumulus (Sc) Cumulonimbus (Cb)
Cirrocumulus (Cc) Nimbostratus (Ns)
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Cloud Identification

High clouds appear white, except near sunrise and sunset. Components of
the sun lights are reflected from the underside of the clouds. They are
composed of exclusively ice crystals and are also thin. Cirrus (Ci) clouds are
thin, wispy clouds blown by high winds into long streamers called Mare’s
trail and looks like a white feathery patch with a faint wisp of a tail at one
end. Cirrocumulus clouds seen less frequently are small rounded white puffs
that may occur individually or in long rows. It has a rippling appearance.
Cirrostratus clouds are thin, sheet like high clouds and moon and sun can
be seen through them. The ice crystals in these clouds refract the light
passing through them. Thick cirrostratus clouds give the sky a glary white
appearance and frequently form ahead of an advancing storm; hence they are
used to predict rain or snow within 12 to 24 years, especially if they are
followed by middle type clouds. Middle clouds are composed of water droplets
and when temperature becomes low enough-some ice crystals. Altocumulus
clouds are composed mostly of water droplets and rarely more than 1 km
thick. They appear as gray, puffy masses, sometimes rolled out in parallel
waves or bands. Little castle appearance indicates the presence of rising air
at cloud level. The appearance of these clouds on a warm humid summer
morning often portends thunderstorm by evening. Alfostratus is a gray or
blue-gray cloud composed of ice crystals and water droplets. It covers the
entire sky extending over 100s of square kilometres. Gray colour, height and
dimness of the sun are clues to identify altostratus. It forms ahead of storms
having widespread and relatively continuous precipitation. If precipitation
falls from altostratus, its base usually lowers. If the precipitation reaches the
ground, the cloud is then classified as Nimbostratus. Intensity of precipitation
is light or moderate and never heavy and only showery.

Low clouds are composed of water droplets and ice particles and snow in
cold weather. Nimbostratus is usually darker gray than thick altostratus and
you cannot see the sun or moon through this layer because rain will evaporate
and mix with the air in this region. As the clouds drift rapidly with the wind,
they form irregular shreds with a ragged appearance and are called as stratus
fractures or scud. Stratocumulus are low lumpy clouds that appear in rows
in patches or as round masses with blue sky visible between the individual
cloud elements. Precipitation rarely falls from this clouds, showery
precipitation may occur in winter if the cloud element develops vertically
into much large cloud and their tops grow colder than about —5°C. Stratus
is a uniform grayish cloud that often covers the entire sky and resembles a
fog that does not reach the ground. No precipitation falls from the stratus,
but sometimes it is accompanied by a light mist or drizzle. Clouds with
vertical development: The pufty cumulus cloud takes on a variety of shapes
but often it looks like a piece of floating cotton with sharp outlines and a flat
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base appears as white to light gray. The top of the cloud appears to be in the
form of rounded towers denoting the limit of rising air and not very high.
Cumulus clouds that show only slight vertical growth are called cumulus
humilis and are associated with fair weather. Ragged edge cumulus clouds
are smaller than cumulus humilis, scatter across the sky and are called
cumulus fractus. Cumulus congestus or towering cumulus resembles like a
cauliflower indicating larger and vertically developed. As they grow vertically,
they develop into a giant cumulonimbus — a thunderstorm cloud. It can occur
as an isolated cloud or as part of a line or wall of clouds. Tremendous
amount of energy released by the condensation of water vapour within a
cumulonimbus result in the development of violent up and downdrafts which
may exceed 70 knots. Lightning, thunder and even violent tornadoes are
associated with the cumulusnimbus. Occasionally soft pearly looking clouds
seen above troposphere above 30 km are called nacreous clouds. They appear
to be composed of water either in solid or liquid (super cooled) form.
Summary of the clouds observed from the ground is shown in Fig. 2.4 (a and
b). Eye-observations of the current weather situation including estimation of
cloud parameters (cloud amount, cloud depth, cloud type, cloud-base height)
are performed 3-hourly at the main automatic climate stations, 4-hourly at

Name: Cumulus
Altitude: < 2 km

Composition: Water M
Temperature: 5° to 15° C J/_J\/'(

Name: Fog

Altitude: < 5000 ft.
Composition: Water
Temperature: 10° to 20° C

Name: Stratus

Altitude: < 2 km
Composition: Water
Temperature: 5° to 15° C

—

Fig. 2.4(a): Cloud types and their identifiable shapes.
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Name: Cirrus

Altitude: < 6 km
Composition: Ice crystals
Temperature: -50° to -60° C

2=

Name: Cumulus congestus
Altitude: 6 km

Composition: Water
Temperature: -10° to -20° C

Name: Cumulonimbus
o~
Altitude: 12 km
Composition: Water and ice
Temperature: -50° to -60° C
———yy 4

Fig. 2.4(b): Cloud types and their identifiable shapes.

the aero stations and 6-hourly at all other climate stations of the Swiss
Meteorological Institute (SMI). It is important to note that these observations
are sometimes done by different persons at the same station so that the
subjectivity of the estimated values is not only between stations but also
within the time series of one station.

Cloud Observation

Weather predictions can be made by observing the sky using little weather
wisdom. Little practice will be able to make fairly good short-range local
weather forecasts by interpreting the messages written in the weather elements.
Movements of clouds at different levels can assist us in predicting change
in the temperature of the air above you and the stability of air mass. By
observing the movement of cloud mass on successive satellite images, the
forecaster can predict its arrival time and hence, when rainfall will begin.
Descriptions of sky conditions are defined by the fraction of sky covered by
cloud. Description of the sky by meteorologists is given below:
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Description ASOS Human Meaning
Clear (CLR or SKC) 0 to 5% 0 No clouds
Few >5 to <25% 0 to 2/8 Few clouds
Scattered (SCT) > 25% to < 50% 3/8 to 4/8 Partly cloud
Broken (BKN) > 50 to 87% 5/8 to 7/8 Mostly clouds
Overcast (OVC) > 87 to 100% 8/8 Sky is covered by clouds
Sky obscured - - Sky hidden by surface

based phenomena such as
fog, blowing snow,
smoking and so forth
rather than cloud cover

ASOS — Automated Surface Observation System

In addition to the human and Automated Surface Observation System
(ASOS), weather observations are carried out by geostationary weather
satellites. They orbit the equator at the same rate the earth spins and remains
at nearly 36,000 km above a fixed spot on the surface. They use a real time
data system to transmit images to the ground receiving stations. Successive
cloud information can be put into a time-lapse movie sequence to show the
cloud movement, dissipation or development associated with weather fronts
and storms. Wind directions and speed at various levels may also be
approximated by this data. Polar orbiting satellites (above 850 km) have the
advantage of photographing clouds directly beneath them and provide sharp
features. Geostationary images are slightly distorted because of the low
angle at which the satellite sees this region. In Conventional synoptic method,
forecasting tools like trend, persistence, climatology, and analogue of weather
systems are popularly employed. Each of these methods makes use of some
basic assumptions for extrapolating the weather into the future. The forecaster
blends these extrapolations with his own experience and the location specific
weather quirks like topography, land sea distributions etc. Weather charts
prepared by the meteorological departments are extensively used by pilots of
air lines, crop watch groups and agriculture extension groups. Legend
information related to weather symbols (Fig. 2.5), clouds and coverage (Fig.
2.6) and wind speed (Fig. 2.7) are important.

2.6 Cloud Mapping - Satellite

The first weather satellite, Vanguard 2, was launched on 17 February 1959.
It was designed to measure cloud cover and resistance, but a poor axis of
rotation kept it from collecting a notable amount of useful data. The first
weather satellite to be considered a success was TIROS-1, launched by
NASA on 1 April 1960. TIROS operated for 78 days. TIROS-1, used television
cameras to photograph clouds. Successive satellites used radiometers that
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o rain __; cirrus O clear sky
1

@ @ continuous slight rain / cirro-cumulus q) /8 covered

... eontinuous heavy rain / cirro-stratus o %
([ ]

* snow ﬁ nimbo-stratus O %
E.E sleet =f"%ee  strato-cumulus O 1‘&
K thunderstorm /Q\ cumulus Q %
v shower W alto-cumulus 0 %
f E hail é alto-stratus o }ﬁ
= fog - Stratus . %
} ’\ cumulo-nimbus -

Fig. 2.5: Weather symbols and their use.

can observe clouds during both day and night by detecting radiation that
emanates from the top of the clouds. Several geostationary meteorological
spacecrafts are in operation. The United States has two in operation: GOES-
11 and GOES-12. GOES-12 is designated GOES-East, over the Amazon
River and provides the U.S. weather information. GOES-11 is GOES-West
over the eastern Pacific Ocean. Geostationary Operational Environmental
Satellites (GOES) have the capacity to obtain cloud images and also vertical
profiles of atmospheric temperature and moisture by detecting emitted
radiation from atmospheric gauges — water vapour. Imager radiometers provide
best digital picture and sounder gives more accurate profile of temperature
and moisture at different levels in atmosphere than the earlier ones. The
Japanese have one in operation; MTSAT-1R over the mid Pacific at 140°E.
The Europeans have Meteosat-8 (3.5°W) and Meteosat-9 (0°) over the Atlantic
Ocean and have Meteosat-6 (63°E) and Meteosat-7 (57.5°E) over the Indian
Ocean. The Russians operate the GOMS over the equator south of Moscow.
India also operates geostationary satellites which carry instruments for
meteorological purposes. China operates the Feng-Yun geostationary satellites,
FY-2C at 105°E and FY-2D at 86.5°E.
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Cloud
Abbreviation

Description
{Abridged from 1.M.0. Codel
Fi ol .

HIGH CLOUDS
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obs sozt
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-
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==
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g
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ment, generally towering,

with or without ether Cu or
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i |
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Fig. 2.6: Weather chart legend on clouds and coverage.
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The United States has the NOAA series of polar ® ——
orbiting meteorological satellites, presently NOAA
17 and NOAA 18 as primary spacecrafts, NOAA 15 A | 5 KNOTS
and NOAA 16 as secondary spacecrafts, NOAA 14
in standby, and NOAA 12. Europe has the Metop- e | R
A satellite and Russia, the Meteor and RESURS \.__ |15 KNOTS
series of satellites. China and India have polar
orbiting satellites as well. NOAA’s polar orbiting NL__ | 20 kNOTS
satellites pass over the poles at approximately 850 N 50 KNOTS

km. They follow nearly fixed orbits while the earth
rotates beneath them. The swaths are usually about  Fig. 2.7: Weather chart
2600 km wide, and by completing 14 orbits a day  legend on wind speed.
one satellite can provide a complete cover of the

globe twice every 24 hours. The area scanned by each pass (swath) is nearly
adjacent at the equator on consecutive passes and polewards the passes
progressively overlap. The radiometer points continuously at the earth (Earth
Stabilized) and images are built up by a mirror on the satellite scanning from
side to side at right angles to the orbit path. High Resolution Picture
Transmission (HRPT) data is transmitted continuously and can be picked up
at reception sites within range of the satellite. Reduced resolution Global
Area Coverage (GAC) data is stored for later transition to NOAA. China
launched Feng Yun-1D (FY-1D) on 15 May 2002. FY-1D is a polar-orbiting
satellite, which means that during its orbit around the earth it (almost)
overpasses the North and South poles. On board the satellite is an instrument
called a Multi-channel Visible and Infrared Scan Radiometer (MVISR) which
has 10 channels. Four of these channels are in the visible region of the
electromagnetic spectrum, three in the near infrared, one in the short infrared
and two in the long infrared. The spatial resolution of the instrument is 1.2
km. The Bureau of Meteorology receives FY-1D data around six times per
day. This is enough data to provide a complete coverage of Australia once
per day. China launched its latest geostationary meteorological satellite, Feng
Yun-2B (FY-2B), on 25 June 2000 via a Long March-3 rocket from the
Xichang Launching Centre, Sichuan Province, China. The satellite is located
above the equator at 36,000 km altitude at longitude 105° East and commenced
transmissions in January 2001. The satellite provides hourly full-disk images
of the Earth in visible and infrared wavelengths.

Geostationary satellites such as MTSAT-1R (MTSAT-1R is operated by
the Japan Meteorological Agency) orbit around the earth over the equator at
a height of approximately 36,000 km. They complete one orbit every 24
hours so that their period is synchronised with that of the earth’s rotation
about its own axis. They therefore remain over the same location on the
equator (stabilized by spinning rapidly). With this system images are built
up by scanning with a mirror that is tilted in small successive steps from the
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north pole to south pole at a rate such that on each rotation of the satellite
an adjacent strip of the earth is scanned. It takes 25 minutes to scan the full
earth’s disk. This builds a picture 10,000 pixels square for the visible images
(1.25 km resolution) and 2500 pixels square (5 km resolution) for the infrared
and water vapour images. The imagery is used in real time analysis and
forecasting (for example, displaying the imagery directly in hourly loops)
and the radiances information for global and meso-scale Numerical Weather
Prediction (NWP) models. The current (real time) MTSAT-1R data and
previous GMS and GOES-9 data are archived in Mcldas format. Mcldas
stores the data as individual area files (Visible — approximately 450 Mbytes;
Infrared Channel 4, Infrared Channel 5, Near Infrared Channel 2 and Infrared
Channel 3 (Water Vapour) — approximately 30 Mbytes each) at full resolution.
The GMSS5 data was also archived in ASDA format as a 110 Mbyte file in
a format as close to the original format as practicable.

Satellite imagery provides potential solution to the monitoring of large-
scale systems such as super cell thunderstorms, depressions, cyclones, or
meso-scale convective complex, particularly those in remote areas where
there are sparse number of weather stations. The movement and patterns of
clouds, observed from satellite images, can be used to indicate the instability
of the weather. Moreover, useful information about rain clouds can be derived
or inferred: cloud depth, cloud droplet size from visible (VIS) channels,
cloud top temperature and height from infrared (IR) channels, and cloud
phase from water vapour (WV) channels. Polar-orbiting satellites provide
total precipitable water or cloud liquid water data at microwave (MW)
wavelengths, which are precipitation-sensitive. We can practically relate
rainfall to those satellite images by their appearance — brightness, texture,
area, shape, organization and shadow of cloud — and motion of clouds provide
information on rain movement. Each cloud type produces different amounts
and types of rain e.g. stratiform clouds, which have small vertical velocities,
produce low rain rates but widespread (~100 km) whereas convective clouds
which have intermittently strong vertical velocities (> 1 m/s) give high rain
rates (>5 mm/h) and intensity. Thus, the significant process of rain estimation
is to select image features that can distinguish these two groups of clouds
and then determine the relationship between these features and rain rate. Due
to the high correlation between cloud motion and how rain moves, cloud
motion vectors can be added to predict rainfall. In operational process,
atmospheric motion vector (AMV) can be derived using cross-correlation
techniques, which search for the best match of an object-of-interest in the
target area. However the result is a displacement, not the velocity in 3D
space. To obtain the velocity, optical flow techniques which apply a fluid
dynamics constraint to the search can be used. In addition, the spiral movement
equation can be added to improve the motion vectors.
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Observation is typically made in the electromagnetic spectrum — Visible
and infrared portions. Some of these channels include Visible and Near
Infrared: 0.6 pm-1.6 pm; for recording cloud cover during the day; Infrared:
3.9 um-7.3 pm (water vapour), 8.7 um-13.4 pm (thermal imaging). Additional
channels in the ultraviolet (100-400 nm) to microwave regions (0.15 to 6.0
cm) are also available. Kalpana satellite (also known as INSAT) images
showing cloud coverage over India and adjoining areas are shown in Figs
2.8 (Visible band), 2.9 (IR), 2.10 (Water vapour), 2.11 (colour composite)
and 2.12 (wind direction). The objective of image interpretation is to detect
and identify features such as clouds or other obscuring or radiating phenomena
on the image and determine the physical mechanisms that produce or sustain
those features. Radiance measurements are taken along each scan line at
time steps which produce a series of elements along that scan. They are
referred as pixel element. The resolution of meteorological satellite instruments
is at the rate of one km. Visible band (0.4-0.7 pum) in GOES offers the
highest spatial resolution information on land, clouds and oceans. In the
infra red channel (10-12.5 um), the atmosphere is relatively transparent to
radiation upwelling from the earth’s surface. IR radiation can be related to
the temperature of the emitting body and because the troposphere generally
cools with height. This helps us to interpret the atmospheric process occurring
within the scene: normally the image processing activities. It is said that
greater the radiance brighter the pixel. Larger the radiance from an element,

Fig. 2.8: Kalpana climate satellite image showing global
environs in visible band.
(Courtesy: Indian Meteorology Department)
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Fig. 2.9(a): Kalpana climate satellite image showing
globe and its environs in IR band.

Fig. 2.9(b): Kalpana climate satellite image showing India and
its environs in IR band.
(Courtesy: Indian Meteorology Department)
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Fig. 2.10(a): Kalpana climate satellite image showing globe
and its environs in water vapour band.

Fig. 2.10(b): Kalpana climate satellite image showing India
and its environs in water vapour band.
(Courtesy: Indian Meteorology Department)
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Fig. 2.11(a): Kalpana climate satellite image showing globe and
its environs in colour composite.

Fig. 2.11(b): Kalpana climate satellite image showing India and
its environs in colour composite.
(Courtesy: Indian Meteorology Department)



54 / Drought Assessment

ZE. ﬁ--.@ O ek = R 3 MR B0 ____Eioo ___E EL10 __
| | *I i i i
P | I [} | 1
AR

'
- L — 3 : l i " :
L . ? o y . 1

e e ek es s e k- "- .....

I | [}
ST RN T TTTERG T ERG T ELOD T ELiD ~ T &0

B T .

Ef ESO E

Fig. 2.12: Cloud motion vector (CMV).
(Courtesy: Indian Meteorology Department)

darker the pixel in IR images. Clouds which are usually colder than the
surface appear white whereas warmer ground or ocean surface appears darker
than clouds as in visible image. Water vapour imagery is centered at 6.7 pm
and the radiation comes from the middle levels of the troposphere. In the
brighter areas, the satellite measures less radiance than in the dark area.
Lesser radiance means either that the atmosphere is colder at the same level
as in the dark area or that there is more water vapour present in the bright
area so that the satellite senses a higher and therefore colder level. The
relative humidity is likely to be higher in bright areas than in dark areas.
Bright and dark areas also indicate rising and sinking motions respectively.
A summary of the cloud identification parameters from satellite visible images
is shown in Table 2.1.
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Rainfall Estimation

The advantage of remote sensing systems for weather studies is: (1) High
resolution in time and space can be achieved; (2) Spectrum of turbulence
and momentum of flux can be measured directly; (3) Integration of given
parameter along a line or over an area or through a volume is readily obtained;
(4) Scanning of atmosphere in 2 or 3 dimensions is possible; and 5. Sensor
is in remote place (Barret and Curtis, 1982). Table 2.2 summarizes the
instrumentation that are used in the orbital satellite based rainfall analysis.
Regional and international meteorological bureaus rely on the analysis and
interpretation of cloud images in both the visible and IR regions. It is generally
accepted that the cloud type classification from images is easier in the visible
than the IR. However, IR images are advantageous in that they are available
for night as well as day, and because of their contents relating to target
emission rather than reflections is physically more meaningful revealing the
temperatures of radiating surfaces. Where cloud is absent, land and sea
surface temperatures can be evaluated; where cloud is present evaluations
can be made of the heights of cloud tops above the ground. An idealized
schematic of the Meteosat imagery one-dimensional histogram analysis
concept and two-dimensional histogram for visible and IR radiance observed
by Meteosat is shown in (colour composite) Fig. 2.13. The cloud analysis is
used in the preparation of neph-analysis (cloud chart). It describes the cloud

Table 2.2: Instrumentation on-board satellite for cloud identification

Instrument  Channels  Resolution Swath Instrumental Climate
micrometer (km) width (km) observations parameter
AVHRR/3 0.58-0.68 um 1 3000 Visible and Sea surface
0.725-1.0 IR image temperature,
1.53-1.73 Snow cover,
3.55-3.93 albedo, clouds,
10.3-11.3 vegetation cover,
11.5-12.5 ice sheets
TOVS 20 channels 30 1000 Multi-spectral, Temperature and
HIRS IR radiation = humidity profiles
SSuU 3 channels 147 1450 Selective Stratosphere
668 cm’! absorption of temperature
CO, profiles
MSU 4 channels 100 1700 Passive Temperature
5.5 mm microwave profiles
radiance
ERBSI 2.50 100 3000 Visible and Earth radiation
0.2-0.5 87 IR wide field budget
and scanner
SBUV 12 channels 165 Nadir Ultraviolet Ozone profile,
0.255-0.344 only backscatter total ozone
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Fig. 2.13: Metcosat image showing the cloud pattern over
Africa and adjoining areas.
(Courtesy: Indian Meteorology Department)

type, the degrees of cloud cover, indication of the structure of the cloud
fields, cyclone vertex (interpreted) and jet streams in addition to boundary
lines for ice and snow as well as clouds. Climatalogist with sufficient
knowledge of the ground information and cloud pattern quantifies the amount
of rainfall and its spatial distribution and also the movement of cyclone
storms.

The mapping of rainfall (rain-rate and distribution) using satellite image
is carried by mapping boundaries of areas likely to be affected by rain,
mapping rainfall totals accumulated through unit period of time, assessing
intense rainfall events, assessing the climatology of rainfall distribution and
forecasting of rainfall. They relate indirectly to rainfall as measured on the
ground. Cloud indexing method is an extension of classical synoptic
meteorology. Rainfall climatology method offers limited support of general
crop information services in NOAA. It brings out the relationship between
climatologically average rainfall and the long-term average contribution made
to it by synoptic weather systems. Life-history method assumes that significant
precipitation falls from convective clouds that can be distinguished by images.
The rainfall is estimated from cloud performance and the life cycle. Bi-
spectral method analyses the visible and infrared image to map the extent
and distribution of precipitation with reference to ground data. It assumes
that heaviest precipitation falls from clouds that are bright and cold.
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Passive microwave methods use radiometer data (19.35 and 37.9 GHz)
NIMBUS satellites to predict rainfall over oceans. Rainfall maps based on
both conventional and satellite are more realistic in spatial detail than maps
based on gauge data alone. Clouds with a cloud-top temperature of less than
a threshold value of c-40°C are likely to be rain bearing rather than those
with high cloud-top temperatures in tropical areas. The threshold temperature
associated with rain-bearing clouds and the quantity of rain they deposit vary
temporally and spatially. Thresholds of —50°C in summer and —60°C in the
winter for areas north or of —40°C all year round for regions between West
Africa and Sahara deserts were established by Tropical Applications in
Meteorology of Satellite and other (TAMSAT) program of FAO. Global
Precipitation Climatology Project has aided Precipitation Inter comparison
and Algorithm Inter comparison projects towards global satellite precipitation
monitoring. Rainfall estimation from passive microwave satellite data promises
to become the single-most important method for climatological purposes
over most of the global surface in the near future. Further they found that
the rainfall estimates are lower than the observed ones, in tropical regions.

Information retrieval from optical sensor procedures mainly focus on the
tropics where precipitation is generally linked with deep convective clouds
that can be easily identified in the infrared and/or water vapour channels
(Levizzani et al., 2001; Levizzani, 2003), microwave sensors aboard of polar
orbiting satellites (low earth orbit, LEO) can principally be used to delineate
stratiform raining cloud regions with homogenous cloud-top temperature
spatial distributions.

A new technique for the identification of precipitating clouds has been
presented that delineates raining from non-raining cloud regions by means
of the cloud effective droplet radius and the corresponding cloud optical
thickness. The delineation rely on the principle that precipitating clouds
must have large enough droplets and a large enough vertical extent to enable
sufficient droplet growth and prevent rain droplets from evaporation beneath
the cloud base, which in turn has an influence on the required droplet size
again. The function for the computation of an auto-adaptive threshold value
of the effective radius with respect to the optical thickness is based on a
comparison between the rainfall area detected by ground-based radar and
corresponding cloud property distributions that have been retrieved using the
fast computing SACURA technique. The retrievals were made using satellite
measurements of the top-of-atmosphere reflectance at wavelengths 0.66 and
1.6 um. Cloud-patch-based approaches estimate rainfall based on the cloud
coverage under a specified temperature threshold (such as 253 K). The
Griftith—Woodley Technique (Griffith et al., 1978; Woodley et al., 1980)
tracked a cloud through its lifetime and found threshold. The total rain
volume of the cloud patch is determined based on the ratios of satellite cloud
area to its maximum coverage. The Convective-Stratiform Technique (Adler
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and Negri, 1988) is another example of the cloud-patch-based approach. It
screens convective cells based on the local minimum of infrared temperature
and assigns different rainfall amounts to convective and stratiform components
separately. Pixel rain rates are proportionally distributed starting from the
coldest pixel to higher-temperature pixels. Xu et al. (1999a) approach
determines different temperature thresholds by separating the rain/no-rain
pixels in a cloud patch using SSM/I microwave rainfall estimates.

With respect to the use of information, both pixel and local-texture-based
approaches only utilize limited attributes of the cloud patches. Rain rates
retrieved from these methods tend to be non-unique and may be insufficient
to identify the relationships between cloud types and surface rain rates.
Cloud-patch-based approaches, on the other hand, attempt to include more
information from the cloud images and are likely to provide a more reliable
rainfall retrieval system than do the pixel-based approaches. Therefore,
successful characterization of cloud patches can be one step toward better
estimation of rainfall. However, developing a desirable cloud-patch-based
algorithm depends on many factors, including: (1) How effectively the cloud
image may be separated into distinct cloud systems or cells; (2) How our
knowledge of the cloud systems may be converted into a set of measurable
numerical feature vectors, in terms of patch temperature, size, and texture;
(3) How these feature vectors may be effectively clustered into a set of
separable cloud-patch “classes” or “groups”; and (4) How the cloud-patch
groups are associated with the rainfall distributions under the cloud coverage.

The PERSIANN CCS model estimates the rainfall using information from
satellite data. Its structural and functional (Fig. 2.14) improvements are: (1)
A cloud segmentation procedure that is designed to preprocess IR imagery

Persiannces model

®
¢S
(a) Cloud Segmentation (b) Feature Extraction  (¢) Cloud Classification  (d) Rainfall Mapping

Fig. 2.14: Estimation of rainfall using satellite data and rain gauge information.
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into a large number of separated cloud patches through an incremental
temperature threshold algorithm; (2) A feature extraction scheme that retrieves
both local pixel temperature textures and regional cloud-patch features instead
of only local pixel features as in PERSIANN; (3) A cloud classification
algorithm (SOFM) that clusters cloud patches into 400 (20 % 20 matrix)
groups, based on the cloud-patch features extracted from 230-, 235-, and
253-K temperature levels, respectively; and (4) A cloud-rainfall fitting scheme
that calibrates different 7h—R functions for each classified cloud cluster
instead of a single mapping function in PERSIANN. Coldness features of
cloud patch — (1) Minimum temperature of a cloud patch (7" min); (2) Mean
temperature of a cloud patch (7" mean); Geometric features: (3) Cloud-patch
area (AREA); (4) Cloud-patch shape index (SI); Texture features (referring
to the brightness temperature texture): (5) Std dev of cloud-patch temperature
(STD); (6) Mean value of local standard deviation of cloud temperature
(MSTD5); (7) Std dev of local std dev of cloud 76 (STD5) std; (8) Gradient
of cloud-top brightness temperature (TOPG); and (9) Gray-image texture
(maximum angular second moment) are extracted from the cloud patches
and used in the rainfall estimation.

Visible and Infra Red data-based techniques have led to the development
of cloud indexing approach, thresholding approach and life cycle approach
in rainfall estimation (Liu Quanwei, 1996). Cloud indexing techniques
identifies different types of rain clouds and estimates the rainfall from the
number and the duration of clouds or their area. Satellite cloud images are
ascribed indices relating to cloud cover and the probability and intensity of
associated rain. Earthsat method provides input to crop yield models and
commodity forecasting systems. It uses a regression approach to estimate 6-
hour precipitation from temperature and empirical information for the major
crop growing regions of the world. Bristol method uses an empirical
relationship between satellite determined cloud indices, climatic indices
dependent on the mean monthly rainfall and 12-hour rainfall totals. It has
shown to be most flexible and yielded the first results in support of operational
monitoring program. Thresholding techniques consider that all clouds with
low upper-surface temperature are likely to be rain clouds. It is based on
cloud-top brightness and cloud-top temperatures. Cloud brightness technique
assumes that the precipitating clouds are often brighter than others. Hence,
automatic brightness thresholding can be used to map rainfall from visible
images of satellite and calibrated using rain gauge and/or radar observations.
It uses daytime visible and thermal IR image pairs to establish rain or no-
rain thresholds. Cloud temperature from thermal IR imagery is analyzed to
identify potential rain clouds.

Life-cycle methods consider the rates of changes in individual convective
colours or in clusters of convective clouds. It is designed to provide rain
estimates from any type of convectional clouds by taking into objective
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consideration of the growth or dissipation of individual clouds with time. It
recognizes that convective clouds exhibit different rainfall intensities during
their growth and dissipation cycle. Woodley-Griffith technique (Griffith et
al., 1978) uses an empirically derived relationship between calibrated ground
positioned radar echoes and geostationary satellite imagery of cloud areas.
A time-cycle relationship between the radar echo area and the cloud area is
developed for discrete time intervals during the lifetime of the cloud. Scofield
(1986) has developed a series of seven convective and five extratropical
cloud categories that can be used to help meteorologists improve their
estimates of heavy precipitation across a range of different weather situation.
Looping technique graphically displays the life cycle of synoptic and
mesoscale meteorological features on a successive satellite imagery. An image
loop is created by rapidly displaying a series of images to create a sense of
movement (a time series of images). It is useful for quantifying the movement
of features such as hurricanes, frontal systems or large thunderstorm
complexes; identify features that are moving; and identify features that have
unique spectral signature.

Microwave radiation with wavelengths of the order of 1 mm to 5 cm
results in strong interaction between the raindrops and the radiation.
Electrically Scanning Microwave Radiometers (ESMR-5 19.35 GHZ)
measures the naturally emitted microwave radiation from the surface of
earth and water content of the atmosphere. It provides maps of instantaneous
precipitation intensities. Grody et al. (1984) developed an algorithm based
on the difference in measured brightness and temperature at two frequencies.
The relationship between emissions and frequency decreases for most surfaces
but increases for dry snow, old sea ice and in the presence of scattering
caused by raindrops and it is found to enhance the precipitation effects and
minimize the surface emissivity. Passive microwave data is less frequently
available over space and time. So, combination of visible, infrared and passive
microwave data was developed by Barrett et al. (1988). It is found that they
could locate the leading and trailing edges of rain areas, confirm the extent
of rain areas, if no visible/IR data were available, local heavy-rain areas
where cumulonimbus cells are located within stratiform clouds and located
areas of rain that could not be normally identified. Based on the success of
rainfall estimation, Tropical Rainfall Measurement Mission (TRMM) with
both passive and active sensors onboard satellite has been formulated (Simpson
and Theon, 1991). It contains multichannel dual polarized passive microwave
radiometer with 14 GHZ rain radar and six-channel visible/IR instruments.
The orbit elevation would be at 350 km having swath width of 220 km for
radar and 600 km for others, to obtain high resolution of 24 km, 4 km and
2 km at nadir for passive microwave 19 channels, the radar and visible/IR
respectively.
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Application

The main advantage of the geostationary over polar satellites is the high
temporal resolution of their data. The disadvantage is their limited spatial
resolution, which is a consequence of their distance from earth. Also distortion
at high latitudes limits useful information to the belt between 70° N and
70° S. Information on cloud thickness and height can be deduced from
satellite photographs. In visible region, reflected sunlight from the cloud’s
upper surface has brighter shades due to its higher albedo (reflectivity). It is
difficult to distinguish between the high, moderate and low clouds. In Infra-
red region, warm objects radiate more energy than cold objects, and high
temperature regions can be artificially made to appear darker on infrared
images. Tops of low clouds are warmer than those of high clouds i.e. warm
low clouds are dark and cold high clouds light. The elongated bands of
clouds mark the position of an approaching weather front. Cloud image
enhancement: image processing like that of land cover pattern on the surface
are used in classification. In regions where there are no clouds, it is difficult
to observe the movement of the air. Water vapour sensors profile the
distribution of atmospheric water vapour in the middle and upper troposphere.
Successive images would show swirling patterns of moisture clearly, wet
and dry regions as well as middle tropospheric swirling wind patterns and
jet streams. The thermal or infrared images recorded by sensors called scanning
radiometers enable a trained analyst to determine cloud heights and types, to
calculate land and surface water temperatures, and to locate ocean surface
features. These infrared pictures depict ocean eddies or vortices and map
currents such as the Gulf Stream which are valuable to the shipping industry.
Solar Radiation: Daily surface solar exposure is estimated using a physical
model of radiative transfer within the atmosphere, visible spectrum satellite
data and other ancillary data. This model is based on a two-band developed
for data from GMS-5. Cloud and Water Vapour Motion Vector Winds: It
generates, on an hourly basis, high spatial and temporal resolution cloud and
water vapour motion vectors using geostationary satellite data. The data is
assimilated into the Numerical Weather Prediction (NWP) models
operationally in real time. Impact has also been made using these winds in
local NWP models for tropical cyclone forecasting. Low Cloud/Fog Detection:
Algorithms using AVHRR Channels 3 and 4 in particular are used to detect
fog or low cloud especially at night or before sunrise because contrast
enhanced visible imagery is only useable when scenes are sunlight illuminated.
Fog and low clouds are important in aviation weather services.

Tropical Rainfall Measuring Mission (TRMM) satellite obtains sea surface
temperatures with a microwave scanner that penetrates into clouds and
atmospheric particles. Satellites measure radiation from the earth’s surface
and atmosphere giving us information about the earth-atmosphere energy
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balance. The Infrared radiation measurements obtained by an atmospheric
sounder are transformed into vertical profiles of temperature and moisture
and used in forecast models. ENVISAT altimeter data from the European
Space Agency (ESA) and Quik SCAT scatterometer data from NOAA
NESDIS via the GTS network (or internet) is used to supplement the
conventional data with surface wind speeds for input into the global and
regional Numerical Weather Prediction (NWP) models.

2.7 Precipitation

Precipitation begins forming when warm, moist air rises. As the air cools,
water vapour begins to condense on condensation nuclei, forming clouds.
After the water droplets grow large enough, two processes can occur to form
precipitation. Coalescence occurs when water droplets fuse to create larger
water droplets, or when water droplets freeze onto an ice crystal. Air resistance
typically causes the water droplets in a cloud to remain stationary. When air
turbulence occurs, water droplets collide, producing larger droplets. As these
larger water droplets descend, coalescence continues, so that drops become
heavy enough to overcome air resistance and fall as rain. Coalescence
generally happens most often in clouds above freezing. Bergeron process
occurs when ice crystals acquire water molecules from nearby super-cooled
water droplets. As these ice crystals gain enough mass, they begin to fall.
This generally requires more mass than coalescence when occurring between
the crystal and neighbouring water droplets. This process is temperature
dependent, as super-cooled water droplets only exist in a cloud that is below
freezing. In addition, because of the great temperature difference between
cloud and ground level, these ice crystals may melt as they fall and become
rain. Cloud droplets are very small, much too small to fall as rain. The
smaller the cloud droplet, the greater its curvature and the more likely it will
evaporate. Cloud droplets form on cloud condensation nuclei. Hydroscopic
nuclei such as salt allow condensation to begin when the relative humidity
is less than 100 percent. Cloud droplets in above freezing air can grow larger
as faster-falling, bigger droplets collide and coalesce with smaller droplets
in their path. In the ice-crystal (Bergeron) process of rain formation, both ice
crystals and liquid cloud droplets must coexist at below freezing temperatures.
The difference in saturation vapour pressure between liquid and ice causes
water vapour to diffuse from the liquid droplets (which shrink) toward the
ice crystals (which grow). Most of the rain that falls over middle latitudes
results from melted snow formed from ice-crystal (Bergeron) process. Cloud
seeding with silver iodide can only be effective in coaxing precipitation from
clouds if the cloud is super cooled and the proper ratio of cloud droplets to
ice crystals exists.
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Falling raindrops and snowflakes may be altered by atmospheric conditions
encountered beneath the cloud and transformed into other forms of
precipitation that can profoundly influence our environment. Rain is a falling
drop of liquid water having a diameter equal to or greater than 0.5 mm. Fine
uniform drop of water whose diameter is less than 0.5 mm is called as
drizzle. The rain falling from a cloud never reaches the surface because of
the low humidity that causes rapid evaporation. The drops become smaller
and their rate of fall decreases and appears to hang in the air as a rain
streamer. These evaporating streaks of precipitation are called virga. Raindrops
may also fall from a cloud and not reach the ground, if they encounter
rapidly rising air. Large raindrops have a terminal velocity of about 9 m/sec.
If the updraft weakens or changes direction and becomes a downdraft, the
suspended drops will fall to the ground as sudden rain shower. Showers
falling from cumuliform clouds are usually brief and sporadic as cloud moves
overhead and then drift on by. If the shower is excessively heavy, it is
termed as cloudburst. Continuous rain falls from layers of cloud that covers
a large area and has smaller vertical air currents. It is important to know the
interval of time over which rain falls. The intensity of rain is the amount that
falls in a given period — light (0.01 to 0.10 inches/hr); moderate (0.11 to 0.30
inches/hr) and heavy (> 0.30 inches/hr).

Spot Measurement and Observation

The standard way of measuring rainfall or snowfall is the standard rain
gauge, which can be found in 4-inch/100 mm plastic and 8-inch/200 mm
metal varieties. The inner cylinder is filled by 25 mm/one inch of rain, with
overflow flowing into the outer cylinder. Plastic gauges will have markings
on the inner cylinder down to 0.25 mm/0.01" resolution, while metal gauges
will require use of a stick designed with the appropriate 0.25 mm/0.01"
markings. After the inner cylinder is filled, the amount inside it is discarded,
then filled with the remaining rainfall in the outer cylinder until all the fluid
in the outer cylinder is gone, adding to the overall total until the outer
cylinder is empty. These gauges are winterized by removing the funnel and
inner cylinder and allowing the snow/freezing rain to collect inside the outer
cylinder. Once the snowfall/ice is finished accumulating, or as you approach
300 mm/12", one can either bring it inside to melt, or use luke warm water
to fill the inner cylinder with in order to melt the frozen precipitation in the
outer cylinder, keeping track of the warm fluid added, which is subsequently
subtracted from the overall total once all the ice/snow is melted. Other types
of gauges include the popular wedge gauge (the cheapest rain gauge and
most fragile), the tipping bucket rain gauge (Fig. 2.15), and the weighing
rain gauge. The wedge and tipping bucket gauges will have problems with
snow. Attempts to compensate for snow/ice by warming the tipping bucket
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Splash guard

Splash guard

Fig. 2.15: Tipping bucket rain gauge.

meet with limited success, since snow may sublimate if the gauge is kept
much above freezing. Weighing gauges with antifreeze should do fine with
snow, but again, the funnel needs to be removed before the event begins. For
those looking to measure rainfall most inexpensively, a can that is cylindrical
with straight sides will act as a rain gauge if left out in the open, but its
accuracy will depend on what ruler you use to measure the rain. Stand alone
total weather stations measure and record the weather related parameters of
a place using data loggers and recorders using uninterrupted power packs.
Successful efforts are made by people in transmitting to the nearest data
gathering centre using wireless networks.

Various networks exist across the United States and elsewhere where the
rainfall measurements can be uploaded through the internet, such as
CoCoRAHS or GLOBE. An important use of precipitation data is for
forecasting of river flows and river water quality using hydrological transport
models such as SWMM, SHE or the DSSAM model. Much of our knowledge
concerning precipitation processes has been inferred from observations and
by the use of instruments which measure precipitation amount and intensity.
Simplest and oldest method of assessing precipitation amount is by the use
of gauges, imitated by the milk bottle and kitchen funnel. This technique still
provides the bulk of the world’s daily or monthly precipitation statistics.
Precise and accurate rainfall measurement is possible with the minimum of
skill of the observer. The precipitation collected in such a gauge is measured
either volumetrically or in terms of precipitation depth. Calibration of the
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collecting vessel exactly equals the collecting diameter of the funnel. The
problem of this measurement is more complex if solid forms of precipitation
are to be measured or if evaporation losses are to be taken into account.
Conventionally this sort of manual measurement is made at monthly, weekly
or daily intervals (generally at 9.00 local standard time). Sources of error in
this method of measurement are: design of instrument and also observer; site
and location errors (intrusion into and interference with the surrounding
environment, turbulence effect due to surrounding trees and buildings, splash-
in from the surrounding land surface) and in assessing how representative
gauge catch is statistically of the true precipitation. The simple depth gauge
uses the funnel and bottle pattern where water is collected by a funnel of
known diameter and stored for later measurement in a collecting bottle
beneath. Water is transferred from the collecting bottle to measuring cylinder,
so that estimates of rainfall may be made to the nearest 0.1 mm. Pluviographs,
the tipping bucket recorder, measures the time of rainfall occurrence and
intensity, mostly in the form of the rate of accumulation rainfall over time
on a chart. It is prone to freezing damage which can be relatively costly to
repair. Natural siphon recorder mechanism is used to empty the collecting
vessel once it is full. A horizontal trace on the chart indicates no change in
the level of water in the chamber and thus no rainfall. During periods of
rainfall, the slope of the trace indicates the rainfall intensity. These are
mechanical rather than electrical or electronic, since they date from the
‘clockwork and ink’ phase of instrumentation in meteorology. In tilting siphon
recorder rain gauge the mechanism is causing the chamber to tilt in order to
siphon (time taken 10 to 20 sec) its contents (generally 5 mm rainfall). This
mechanism takes some time to adjust so that it operates effectively.

Areal Representation and Network Design

Analysis of precipitation variation through time and over space yields
relationship between short-term precipitation intensities and long-term totals.
They exhibit a site or area-dependency that could be used in understanding
the nature and magnitude of the meteorological processes producing the
precipitation. Precipitation is highly variable over time and space scale.
While considering more than one rain gauges in run-off analysis, the distance
between the stations are considered. It is assumed that the influence of the
station will be 50% of the horizontal distance. Based on the recorded rainfall
amount, isohyetal (line connecting equal rainfall amount) map (Fig. 2.16)
showing the distribution is prepared on national or watershed level. Hence,
it is important to identify Precipitation climatology of a location incorporating
seasonal and daily precipitation occurrence that highlights the precipitation-
producing processes of area. This process is governed by global geographical
variation, marked seasonal and monthly variations. This would ascertain the
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Fig. 2.16: Annual rainfall (isohyet) of India.
Source: Central Ground Water Board, 1989

general nature of precipitation in terms of normal expectations in amount,
intensity and distribution through the year or day in isolating any long-term
trends or oscillations through time. System signature highlights the character
of precipitation amount (intensity) through time within a typical or even
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particular precipitation event — temporal frontal depression or a small rain
shower.

2.8 Precipitation Climatology

Annual variation describes the year-to-year variation in total amount. Such
trends have an impact over time spans of the order of decades and arguably
due to the impact of man’s global industrial activities (greenhouse effect),
global warming, local causes, etc. Continued changes in annual precipitation
receipt beyond decadal periods indicate pronounced regional climate change.
Intra-annual variation describes the seasonal and monthly variations in
precipitation in year and departures from the means in individual years.
Changes in regional atmospheric circulation govern the process by which
precipitation produced is reflected by the short-term character of precipitation
events in time and space. Annual rainfall analysis (Fig. 2.17) indicates the
trend of rainfall in an area (coarse information) while monthly rainfall (Fig.
2.18) indicates the distribution of rain during the crop growing season
(moderate). Daily or weekly rainfall analysis (Fig. 2.19) indicates the support
from rainfall between the crop watering periods of the previous years. It is
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Fig. 2.17: Annual rainfall analysis of rain gauge station with means for 10 years.
Source: Indian Meteorological Department/Revenue Department, Maharashtra
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Fig. 2.18: Monthly rainfall analysis of rain gauge station.
Source: Indian Meteorological Department/Revenue Department, Maharashtra

also closely tied to seasonal circulation and insolation changes associated
with passage of the zenithal sun between two tropics in June and December.
Quantitative indices that indicate seasonal variability are estimated by: (1)
statistical approach describing the arrival and departure of the rain, and (2)
empirical approach based on monthly rainfalls, expressed as proportions of
the annual mean to derive an overall index of rainfall seasonality. Seasonality
index (SI) is calculated as

n=12 _

SI=1/RY X, —R/12I

n=1
where R is the mean or total annual rainfall and X, is the mean or actual
monthly rainfall for month #.

In regions where rainfall is strongly seasonal, the time of onset and end
of the rainy season or seasons will be of considerable importance, since it
determines the extent of the growing season. Benoit (1977) has used the date
on which accumulated rainfall exceeds and remains greater than half the
potential evapotranspiration for the remainder of the growing season provided
that no dry spell longer than five days occurs immediately after this date.
Daily variation shows a considerable variation from zero to more than 1500
mm. Daily precipitation magnitude are “rain days” on which at least 0.25
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mm has fallen or wet days when more than 1.0 mm occurs (UK Meteorological
Office). In most of the tropical areas, rainfall occurs as a result of convectional
processes or as the result of mobile synoptic-scale features such as tropical
depressions or cyclones. The magnitude of precipitation developed during a
day depends on the degree of atmospheric instability and moisture supply, so
that rainfalls are highly variable from day to day in tropical areas. In non-
tropical areas, large scale atmospheric circulation and air masses govern the
convection and by highly mobile temperature depression make for an even
lesser predictable daily precipitation climatology.

Formation of monsoon clouds and their movement determines the rainfall
in tropical monsoon areas like India. Any delay in their advancement upsets
the agriculture preparations. On-set and advancement of South West monsoon
over India is shown in Fig. 2.20. This is considered as one among the
indicators of drought. In temperate regions during the summer months,
convectional processes predominate and may produce a distinct diurinal
variation in precipitation. Atmospheric and insolation conditions promote the
establishment of sufficient daytime convection which produces showers and
storms. The main deficiency of analyses based on rainfall alone is that plant
production is related to the ‘use’ of water and only indirectly to its ‘supply’.
Water use may be greater than rainfall in situations where there is depletion
of soil water or less than normal rainfall, when there is runoff or infiltration
below the root zone. Other deficiencies of simple rainfall analyses are that
interception losses are ignored, and all rainfall, irrespective of the season in
which it falls or the amount in a particular storm, is erroneously considered
to be of equal value. Furthermore these analyses ignore the soil as a storage
buffer.

2.9 Rainfall Reliability Wizard

A new computer-based tool, the Rainfall Reliability Wizard, has been
developed by Laughlin et al. (2003) for rapid spatial assessments of rainfall
reliability. It employs conditional statistical methods to analyze rainfall
reliability using over 100 years of gridded monthly rainfall data across
Australia. The available functions of the wizard are shown below. The
resolution of the grid rainfall data is the major limiting factor of the accuracy
of the spatial and temporal analyses provided by the Wizard. The 25 km
grids presently available are often too coarse when an analysis is required for
a small region with localised orographic rainfall variability (Clark et al.,
2000).
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Functions of the Rainfall Reliability Wizard (Laughlin et al., 2003)

Function Description
Historical analysis
1. Mean User defines a “season”, say June to October, and

2. Percentile

3. Inter-season reliability

4. Inter-season reliability

5. Intra-season reliability

6. Intra-season reliability

7. Event analysis

the system generates a map (or grid ASCII for
export) showing the approximate mean (average)
rainfall in millimetres for that season. The mean is
always based on all years of record (currently,
nearly 102). Standard calendar seasons can be
selected using buttons or any contiguous months
up to 12.

User defines a “season”, as well as a percentile,
say 25, and the system generates a map showing
the approximate rainfall in millimetres
corresponding to the 25th percentile on a pixel-
by-pixel basis.

User defines a “season”, say June to October, as
well as a target in millimetres for that season,
Absolute say 250. System generates a map showing
the proportion of years that the target has been
exceeded. An answer of 0.4 would imply that in
approximately 40 years out of 100, 250 mm is
exceeded in June to October.

As for 3 but where the target is expressed as a
proportion of the (seasonal) mean. The system
relative calculates the seasonal mean for each pixel
and then the proportion of years the target has
been exceeded on a pixel-by-pixel basis.

User defines a season and a target in millimetres
for each month of the season, say 50 in June,
absolute 70 in July and 90 in August. System
generates a map showing the approximate
proportion of years that the targets have been
exceeded in all months. An answer of 0.4, for
example, would imply that in approximately 40
years out of 100 the targets (50, 70, 90) have (all)
been exceeded.

As for 5 but where monthly targets are expressed
as proportion of the monthly means. System
calculate the proportion of years the targets has
been exceeded, again, on a pixel-by-pixel basis.

Event analysis

User defines an event, say June to October 1990
and the system generates a map showing the

(Contd.)
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(Contd.)

approximate rainfall in mm that fell during the
event, in this case June to October 1990.

8. Event analysis percentile User defines an event, and the system generates a
map showing the event’s rainfall expressed as
Percentile x percentiles, where 1 is the lowest
(driest) and 100 the highest (wettest) on record.

9. Multiple events The system is able to handle single events of up
to 5 years, as well as multiple events, say three
seasons in a row where targets have been exceeded.
In addition, non-contiguous events (e.g. June, July,
August, September, October, November) and
multiple non-contiguous events are also possible.
Absolute and relative (to the mean) options are
available within each function.

Hence, it is necessary to identify the climatic conditions such as presence
or absence of monsoon and its reliability in terms of rainfall and arrival
consistency, rainfall and temperature variation, aridity/humidity conditions,
wind conditions etc., in deriving at the meteorological drought. This could
be based on the time-series analysis, cloud pattern as portrayed by the satellite
(global/regional scale) or ground-based observations and rainfall relationship
and rainfall that falls on the ground takes different routes in reaching the
surface and sub-surface storage systems. Understanding of the hydrological
processes that are used in drought analyses is given in detail in the next
chapter.
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Water Resources

Rainfall contributes to an estimated 65% of global food production, while
water for irrigation provides the remaining 35% for the 17% of total agriculture
area of the world. Rainfall alone is not sufficient to grow crops and the food
production in rain-fed areas as its daily/monthly/annual variation is significant.
Failing rains result in droughts and water/crop yield deficits, while the
excessive rains cause flooding and crop losses. It is estimated that on an
average, 45% of water is used by the crop, with an estimated 15% lost in
the water conveyance system, 15% in the field channels and 25% in inefficient
field applications (FAO, 1994). Most of the water loss (40%) occurs at farm
and field level that has a direct effect on crop production due to inadequate
water supplies causing water stress or excessive water and resulting in reduced
growth and leaching of plant nutrients. Water scarcity is expressed as the
ratio between water demand or withdrawal and water availability. A threshold
of 0.4 of water demand/availability ratio is often taken as indicator for
Severe Water Scarcity. Overview of the methods and their utility in the
drought assessment scenario is highlighted in this chapter.

3.1 Water Scarcity

Water scarcity may be the most underestimated resource issue facing the
world today and the world water demand has increased three-fold over the
last half-century and signs of water scarcity have become common.
Historically, water shortages were local. Water-scarce countries or regions
often satisfy the growing needs of cities and industry by diverting water
from irrigation and importing grain to offset the resulting loss of production.
70% of world water use, including all the water diverted from rivers and
pumped from underground, is used for irrigation, 20% is used by industry,
and 10% goes to residences. Irrespective of over-pumping from its aquifers,
China is developing a grain deficit.
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Drying Rivers and Lakes

Some of the more widespread indicators are rivers running dry, wells going
dry, and lakes disappearing. Among the rivers that run dry for part of the
year are the Colorado in the United States, the Amu Darya in Central Asia,
and the Yellow in China. China’s Hai and Huai rivers have the same problem
from time to time, and the flow of the Indus River — Pakistan’s lifeline — is
sometimes reduced to a trickle when it enters the Arabian Sea. The Colorado
River, the largest in the southwestern United States, now rarely makes it to
the sea. As the demand for water increased over the years, diversions from
the river have risen to where they now routinely drain it dry. A similar
situation exists in Asia, where the Amu Darya — one of the two rivers
feeding the Aral Sea — now is dry for part of each year. With the sharp
decline in the amount of water delivered to the Aral Sea by the Amu Darya,
the sea has begun to shrink. There is a risk that the Aral could one day
disappear entirely, existing only on old maps. China’s Yellow River, the
northernmost of its two major rivers, first time ran dry for a few weeks in
1972. Since 1985, it has failed to make it to the Yellow Sea for part of
almost every year. Sometimes the river does not even reach Shandong, the
last province it flows through en route to the sea. As water tables have fallen,
springs have dried up and some rivers have disappeared entirely. China’s
Fen River, the major watercourse in Shanxi Province, which once flowed
through the capital of Taiyuan and merged with the Yellow, no longer exists.
Another sign of water scarcity is disappearing lakes. In Central Africa, Lake
Chad has shrunk by some 95 percent over the last four decades. Reduced
rainfall, higher temperatures, and some diversion of water from the streams
that feed Lake Chad for irrigation are contributing to its demise. In China,
almost 1000 lakes have disappeared in Hebei Province alone.

Falling Water Table

Water tables are falling in several of the world’s key farming regions, including
under the North China Plain, which produces nearly one third of China’s
grain harvest; in the Punjab, which is India’s breadbasket; and in the U.S.
southern Great Plains, a leading grain-producing region. North Africa and
the Middle East, Algeria, Egypt, Iran, and Morocco are being forced into the
world market for 40 percent or more of their grain supply due to water
shortage. We are consuming water that belongs to future generations. In
some places, the fall of water tables is dramatic. Nature of aquifer depletion
in select countries is shown in Table 3.1. Some of the micro level revenue
units of different states in India are grouped based on their groundwater
withdrawal (Table 3.2). Iran is facing widespread water shortages. In the
northeast, Chenaran Plain — a fertile agricultural region to the east of Mashad,
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one of Iran’s largest and fastest-growing cities — is fast losing its water
supply. Wells drawing from the water table below the plain are used for
irrigation and to supply water to Mashad. Falling water tables in parts of
eastern Iran have caused many wells to go dry. Some villages have been
evacuated because there is no longer any accessible water. Iran is one of the
first countries to face the prospect of water refugees — people displaced by
the depletion of water supplies. In Yemen water tables are falling everywhere
by two metres or more a year. The capital Sana’a’s extraction exceeds recharge

Table 3.1: Aquifer depletion status in select countries

Country Region

Description of Depletion

China North China Plain
(Michael Ma, 2001)

United States Southern Great Plains
of America
(Postel et al., 1999)

Pakistan Punjab
(Tushaar Shah et al.,
2000)

India Punjab, Haryana,

(Tushaar Shah Rajasthan, Andhra

et al., 2000) Pradesh, Maharashtra,
Tamil, Nadu, and other
states

Iran Chenaran Plain,

(Hamid Taravati, northeastern Iran

2002)

Yemen Entire country

(Christoper Ward,

2001)

Mexico (Tushaar State of Guanajuato

Shah et al., 2000)

Water table falling by 2-3 metres
per year under much of the Plain.
As pumping costs rise, farmers are
abandoning irrigation.

Irrigation is heavily dependent on
water from Ogallala aquifer,
largely a fossil aquifer. Irrigated
area in Texas, Oklahoma, and
Kansas is shrinking as aquifer is
depleted.

Water table is falling under the
Punjab and in the provinces of
Baluchistan and North West
Frontier.

Water tables falling by 1-3 metres
per year in some parts. In some
states exatraction is double the
recharge. In the Punjab, India’s
breadbasket water table falling by
nearly 1 metre per year.

Water table was falling by 2.8
metres per year but in 2001
drought and drilling of new wells
to supply nearby city of Mashad
dropped it by 8 metres.

Water table falling by 2 metres
per year throughout country and
6 metres a year in Sana’a basin.
Nation’s capital, Sana’a, could run
out of water by end of this decade.

In this agricultural state, the water
table is falling by 1.8-3.3 metres
per year.
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Table 3.2: Groundwater exploitation level status water resources of
Mandal/Block/Tehsil/watershed of India

State Total Mandal/Block/  No. Mandals/Blocks/Tehsil/Watershed

Tehsil/Watershed Over exploited Dark/Critical

No. % No. %

Andhra Pradesh 1157 118 10.20 79 6.83
Bihar 394 6 1.52 14 3.55
Delhi 6 3 50.00 1 16.67
Gujarat 180 41 22.78 19 10.56
Haryana 111 30 27.03 13 11.71
Karnataka 175 7 4.00 9 5.14
Kerala 151 3 1.99 6 3.97
Madhya Pradesh 312 2 0.64 1 0.32
Maharashtra 2316 154 6.65 72 3.11
Rajasthan 237 86 36.29 80 33.76
Tamilnadu 385 138 35.84 37 9.61
Uttar Pradesh 819 2 0.24 20 2.44
West Bengal 275 0 0.00 61 22.18
Daman & Diu 2 1 50.00 1 50.00

Source: Planning Commission, Govt. of India

by a factor of five, dropping the water table by six metres a year and wells
drilled to a depth of two kilometres failed to find any water. In the absence
of new supplies, the Yemeni capital will run out of water by the end of this
decade. Egypt is entirely dependent on the Nile River and it is reduced to
a trickle as it enters the Mediterranean. In Mexico, the demand for water has
outstripped supply in many states. Mexico City’s water problems are
legendary. In the agricultural state of Guanajuato, the water table is falling
by 1.8-3.3 metres a year.

Climate Variation

Water resources are highly sensitive to climate variability and change. Not
only socio-economic aspects of society will be affected by changes in water
availability, but also government policies in its response. The often inordinate
‘demands’ for irrigation water, especially where it is subsidized, can be
reduced by better recharge and conveyance practices, drip or sprinkler
application of water, better timing of irrigations, and improvements in crop
management including genetic changes and better knowledge of true water
needs. Many technological practices can reduce the impact of drought
(Rosenberg, 1986). Many water-demand reductions have been proven in
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such semi-arid lands as Israel and Australia: water harvesting, better on-site
retention, and so on. In order to meet the ever increase in demand, water
harvesting planning and management is required for arid and semi-arid zones
where the present difficulties are due to the limited amount of rainfall and
their inherent degree of variability associated with it. In temperate climates,
the standard deviation of annual rainfall is about 10-20 percent for 13 years
out of 20 years of data analysis. In arid and semi-arid climates the ratio of
maximum to minimum annual amounts is much greater. It becomes
increasingly skewed with increasing aridity. With mean annual rainfalls of
200-300 mm the rainfall in 19 years out of 20 typically ranges from 40 to
200 percent of the mean and for 100 mm/year, 30 to 350 percent of the
mean. At more arid locations it is not uncommon to experience several
consecutive years with no rainfall.

3.2 Critical Issues in Water Resources

In the arid and semi-arid regions, rainfall variability, individually or per
chance annual, seasonal and sub-seasonal periodicities, affect the livelihood
system of farmers leading to severe drought conditions. As a coping
mechanism farmers diversify crop system (primary production system), rely
on secondary production system (livestock) and tertiary production systems
(non-farm occupations) that are less sensitive to rainfall fluctuations. Where
climatic change might increase rainfall and raise the level of groundwater,
hydraulic management can be applied, as in the Netherlands and Finland.
The critical issues are: (1) Spatial and temporal variation in precipitation —
Given the large potential demand for water resources of the country, a holistic
local, regional and national level management strategy is desired; (2) Change
in global climate — Global climate change caused by progressive warming
trend is likely to contribute in the changing rainfall pattern; (3) Appropriate
management regime based on agro-climatic and basin wide approach is
desired as they affect the utility of water resources in farming system and
involvement of multiple stake holders; (4) Declining role of traditional water
management structures and institutions — Tank irrigation is cost effective and
also managed predominantly by the users themselves; (5) Disparity in
irrigation spread across regions could be attempted using agro-climatic
classification as basis of development; (6) Projection of future water demand
needs to be situated within a decision framework that is guided by the
principles of sustainability development; (7) 75 to 80% of irrigated production
is contributed by ground water. Progressive decline in groundwater table
has forced farmers for enhanced investment and forced to abandon the
wells that are of very poor yield of water; (8) Community participation



82 / Drought Assessment

(ground water company) in the groundwater use could reduce over-exploitation
by fixing appropriate cropping pattern; and (9) Poor water efficiency is also
one of the main reasons for over-exploitation of ground water.

Human Activities

Unintentional human activities (land use) modify the natural hydrologic
system. It may also intervene in the natural hydrologic processes: precipitation,
infiltration, storage and movement of soil moisture, surface and subsurface
runoff, recharge of ground water and evapotranspiration. The various factors
that may affect system are highlighted here. Land factors such as morphology,
soil, and plant cover factors determine the storage of water on the surface
or in the soil, percolation to ground water, evaporation, and runoff. Their
role is particularly significant over short periods of time in humid areas;
their effects in arid and semi-arid lands are long-lasting. In arid and semi-
arid areas the impact of land factors on evaporation can exceed those of
climatic variation. Soil temperature and moisture quickly respond to a change
in atmospheric circulation. The quantity of plant-available water that can be
held in the root zone of most crops is of the order of 100 mm, which in the
growing season can sustain crop growth only for a short time; moisture
stress begins to reduce photosynthetic production after less than a week of
dry weather. Farmers understand the role of the soil-moisture and of the
spacing between rainstorms in semi-arid region and are aware that increase
in the number of stress days would have an immediate impact on crop yield.
Stream flow has a relatively short turnover period and is a major source of
fresh water. For small catchments or low flows, the variability of surface
flow is amplified, because runoff is a residual of precipitation and evaporation,
and its variability surpasses the variability of precipitation, particularly in
areas with little runoff. Groundwater — Longer and sustained periods of
climatic fluctuations affect first the shallow groundwater resource. Domestic
wells and the base flow in small streams used for stand-by irrigation go dry
leading to lowering of pumps. Further, longer fluctuations have an impact on
deep aquifers, reducing water pressure, permitting compaction and resulting in
land subsidence. Over-pumping gives an indication of the impact of prolonged
drought or reductions in aquifer recharge. Groundwater storage, a useful
cushion over short fluctuations in climate, is vulnerable to long fluctuations.

3.3 Hydrological Process

The development and successful application of hydrological models for semi-
arid and arid regions are seriously hampered by: (1) high degree of spatial
and temporal variation in hydrometeorological variables and resulting stream
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flow; (2) lack of adequately long or continuous records of rainfall
(hydrometeorological variables) and stream flow; (3) lack of information on
land use changes and their water utilization; and (4) lack of quantitative
understanding of the mechanisms of some critical hydrological process
(channel transmission loss and surface groundwater interactions). Major water
supplies and large storages involving large drainage basins are rarely required
in arid/semi-arid regions. The accuracy of arid/semi-arid stream flow data is
generally low as a result of: (1) isolation of most of the monitoring station
and low population density; (2) high variability of rain and irregular occurrence
of stream flow; (3) lack of suitable natural control sections in stream with
moveable beds and high cost of artificial controls; and (4) harsh climatological
and physical conditions. Stream channels in arid zone are dry for a large
percentage of time and when runoff does occur, a large portion of the flow
is absorbed by the bed and banks. Such channel losses can be sufficient to
cause the stream to disappear altogether before reaching its ultimate outlet.
Estimation of peak flows and water levels is derived on probabilistic basis
if sufficient data are available. Simulation of events by way of missing
records of synthesization is hardly required. Analysis of recorded events is
often involved in model calibration. The vegetation condition vary depending
on the amount of rainfall over a preceding period that can vary from few
months to several years. Evaporation and transpiration in arid regions
commonly account for at least 95% of the precipitation. Evaporation from
dry soil assumes greater importance relative to transpiration from plants.
Soil water storage will be empty at the beginning of a regime of storm
events and will often decrease the impact of errors in estimating soil water
losses between storms.

Rainfall-runoff

When rain falls, the first few drops of water are intercepted by the leaves and
stems of the vegetation growth and referred as interception storage. As the
rain continues, water reaching the ground surface infiltrates into the soil
until it reaches a stage where the rate of rainfall (intensity) exceeds the
infiltration capacity of the soil. Schematic diagram showing the rainfall-
runoff relation is shown in Fig. 3.1. Surface puddles, ditches, and other
depressions are filled (depression storage) prior, to runoff generation. The
infiltration capacity of the soil depends on its texture and structure, as well
as on the antecedent soil moisture content (previous rainfall or dry season).
The initial capacity (of a dry soil) is high but, as the storm continues, it
decreases until it reaches a steady value termed as final infiltration rate. The
process of runoff generation continues as long as the rainfall intensity exceeds
the actual infiltration capacity of the soil but it stops as soon as the rate of
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Fig. 3.1: Land surface rainfall-runoff models.

rainfall drops below the actual rate of infiltration. The following aspects of
arid and semi-arid regions need greater attention in the run-off estimation:
(1) Rainfall tends to be more variable in space and time. Long periods may
cause changes in the vegetation and structure of the soil especially on the
surface that may have an appreciable effect on infiltration and runoff
production; (2) Base flow is absent and channel transmission losses are of
critical importance; (3) Model parameters need to be changed for a prolonged
wet or dry sequence; (4) There is a relative absence of organic matter and
litter on the surface; (5) Plant cover is sparse and consists mainly of xerophytes
and ephermeral grasses and small leafy plants; (6) Water table is typically
below strata beds and is disconnected from surface drainage system; and (7)
A temporary saturated hydraulic connection may occur in flood events.
Rainfall run-off estimation must take into account the transmission loss
which varies from point to point along a channel and with the degree of
saturation of the alluvium in the channel prior to runoff events. Partial-area
run off takes place due to differences in infiltration capacity and areas
producing run-off in valley bottom and along stream channels. Lower
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infiltration capacities are caused due to coarser, more compact rock rubble
in gullies in one area and fine material washed into valley bottoms by
previous events. Short-time ponding results in the rapid onset of runoff after
the start of rain and the production of runoff with small depths of rains.
Cordery et al. (2000) found runoff whenever it was 16 mm of rain in a storm
event or when there was more than 5 mm in an hour in Western South
Wales. Appreciable recharge of aquifers from general infiltration occurs
only in extreme events in most of the arid and semi-arid regions. Significant
contributions to subsurface water may result from transmission losses. The
water may remain in the alluvium beneath the channel or may move into
more widespread connected aquifers. Hydrographs in arid and semi-arid
regions tend to be flashy with short time bases and steep rising and falling
limbs. Times of rise are often very short. Hence steepness of the hydrographs
and their general characteristics should be considered. Threshold rainfall
represents the initial losses due to interception and depression storage as
well as to meet the initially high infiltration losses that depend on the physical
characteristics. In areas where the land is very regularly shaped and having
sparse vegetation, the threshold rainfall will be in the range of 3 mm and
exceeds to 12 mm where the prevailing soils have a high infiltration capacity.
Design rainfall is defined as the total amount of rain during the cropping
season at or above which the catchment area will provide sufficient runoff
to satisfy the crop water requirements and it is determined by means of a
statistical probability analysis. If the actual rainfall in the cropping season is
below the design rainfall, there will be moisture stress in the plants; if the
actual rainfall exceeds the design rainfall, there will be surplus runoff which
may result in damage to the structures.

3.4 Water Requirement

Precipitation provides part of the water crops need to satisfy their transpiration
requirements. The soil, acting as a buffer, stores part of the precipitation
water and returns it to the crops in times of deficit. In humid climates, this
mechanism is sufficient to ensure satisfactory growth in rain-fed agriculture.
In arid climates or during extended dry seasons, irrigation is necessary to
compensate for the evaporation deficit due to insufficient or erratic
precipitation. Net water requirements in irrigation are defined as the volume
of water needed to compensate for the deficit between potential
evapotranspiration and effective precipitation over the growing period of the
crop. It varies considerably with climatic conditions, seasons, crops and soil
types. For a given month, the crop water balance can be expressed as:
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IWR = K¢ x ETy — P — AS

where IWR is net irrigation water requirement needed to satisfy crop water
demand; Kc — coefficient varying with crop type and growth stage; ET}, —
reference evapotranspiration, depending on climatic factors; P — precipitation;
and AS is change in soil moisture from previous month.

In the specific case of paddy rice irrigation, additional water is needed for
flooding to facilitate land preparation and for plant protection. In that case,
irrigation water requirements are the sum of rainfall deficit and the water
needed to flood paddy fields.

3.5 Water Balance under Natural Conditions

The estimation of the water balance for an average year is based on three
digital geo-referenced data sets for precipitation, reference evapotranspiration
and soil moisture storage properties. The computation of water balance is
carried out by a model with a 10 km or less spatial resolution (depending
upon the data availability) of grid-cells and in monthly time steps. The
results consist of annual values by grid-cell for actual evapotranspiration,
runoff and water stored as soil moisture. For each grid cell, actual
evapotranspiration (Eta) is assumed to be equal to the reference
evapotranspiration (Eto), calculated for each cell with the Penman-Monteith
method in those periods of the year when precipitation exceeds reference
evapotranspiration or when there is enough water stored in the soil to allow
maximum evapotranspiration. In drier periods of the year, lack of water
reduces actual evapotranspiration to an extent depending on the available
soil moisture. Evapotranspiration in open water areas and wetlands is
considered to be equal to reference evapotranspiration throughout the whole
calculation period. For each grid cell, runoff is calculated as the part of the
precipitation that does not evaporate and cannot be stored in the soil. Runoff
is always positive except for areas identified as open water or wetland,
where actual evapotranspiration can exceed precipitation. The method is
calibrated by comparing calculated values for water resources per country
(i.e. the difference between precipitation and actual evapotranspiration) with
data on water resources for each country obtained from AQUASTAT country
surveys. In addition, the discharges of major rivers given in the literature
have been compared with the calculated runoff for the drainage basin of
these rivers. Where the calculated runoff values did not match the values
available in the literature, correction factors have been applied to one or
more of the basic input data on precipitation, reference evapotranspiration,
soil moisture storage and open water.
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3.6 Irrigation Water

The impact of irrigation on water resources requires an estimate of the
volume of water extracted from rivers, lakes and aquifers for irrigation
purposes. It normally far exceeds the consumptive use of irrigation because
of water lost in its distribution from its source to the crops. The ratio between
the estimated irrigation water requirements and the actual irrigation water
withdrawal is often referred to as “irrigation efficiency”. It also implies that
the water is being wasted when the efficiency is low. The unused water can
be used further down-stream in the irrigation scheme; it can flow back to the
river or it can contribute to the recharge of aquifers. Hence, “water requirement
ratio (WRR)” will be used to indicate the ratio between irrigation water
requirements (IWR) and the amount of water withdrawn (AW W) for irrigation.

WRRr = IWRt/AWWr

where suffix r is for the region; WRR — the water requirement ratio for the
region; IWR — the total irrigation water requirement for the countries in the
region; and AWW — the total agricultural water withdrawal for the region.
Libya and Saudi Arabia are using volumes of water for irrigation which were
several times larger than their annual water resources. China is facing
severe water shortage in the north while the south still has abundant water
resources.

Annualized irrigated areas (A1A) are computed based on, first, determined
cropping seasonality or intensity (single crop, double crop, continuous crop)
and then multiplying the full pixel areas (FPAs) of the various seasons with
irrigated area fractions (IAFs) for that season. This will give us the sub-pixel
areas (SPAs), which are actual areas irrigated for the season. By adding
SPAs of season 1, season 2, and “continuous” we will get AIA. Seasonal
irrigated areas (SIA) is the sum of areas irrigated during season 1 (June-
October), season 2 (November-February), and continuous (crops such as
sugarcane or plantation crops such as orchards) which leads to AIA. The SIA
is equivalent to “net seasonal” (e.g., khariff, rabi) irrigated areas reported in
some national statistics. Total area available for irrigation (TAAI) is the
sum of areas actually irrigated in a season (e.g., season 1) and the area left
fallow (but equipped for irrigation) during the same season (e.g., season 1).
It includes (a) irrigated areas at the time when the imagery was taken
(e.g., season 1), and (b) fallow areas at the time when the imagery was
taken (e.g., season 1). Note that the fallow areas are also equipped for
irrigation, but are not irrigated during the season in consideration (e.g.,
season 1). China (31.5%) and India (27.5%) lead irrigated areas of the
world. The next leading irrigated area countries (as a percentage of the
global annualized sum of 480 Mha) are USA (5%), Russia (3.5%) and
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Pakistan (3.3%) followed by nine countries (Argentina, Australia, Bangladesh,
Kazakhstan, Myanmar, Thailand, Turkey, Uzbekistan and Vietnam) between
1 and 2%. Irrigation intensity — The irrigation intensity is obtained by dividing
the AIA with TAAI The global irrigation intensity is 117%. China and India
are 141% and 132% respectively. The irrigation intensities of USA, Russia,
and Pakistan are 117%, 129%, and 123%, respectively. Irrigation source —
Globally, 61% of all irrigation is from surface water and 39% from ground
water and/or conjunctive use. In India there is 38% surface water irrigation
and 62% groundwater and/or conjunctive use irrigation. Crop characteristics
— Crop calendar, cropping intensity and crop dominance for every irrigated
area class.

3.7 Ground Water

70% of drinking water supplies of the European Union and 80% of rural
water supplies in Sub-Saharan Africa depend on ground water. In India
ground water supplies about 80% of rural population and 70% of Indian
agricultural production is supported by ground water. Over-exploitation of
ground water and related activities such as resource depletion, quality
deterioration, drying up of wetlands and lean season flows in streams and
rivers are critical issues in several countries including Mexico, China
(especially the North China plains), the United States, Spain, Iran and Jordan.
These countries have tried a variety of strategies to control groundwater
overdraft by farmers. Mexico’s new water law made groundwater a national
property. China, which does not have private ownership rights on farmland,
has always treated groundwater as national property. In the United States,
groundwater regulation is a state subject but started 50 years earlier in some
states. Urban groundwater depletion has been dealt with effectively in many
countries. However, in no country has regulation of groundwater use for
agriculture been very effective. In China, the new water law mandates that
tube well owners in villages have to get a water withdrawal permit and pay
a fee. China has 4.5 million agricultural tube wells; so enforcing the permits
is administratively difficult. But Mexico has only 90,000 agricultural tube
wells; and even there the government has found it impossible so far to
enforce a system of concessions on private tube wells.

Regulating groundwater draft from 20 million agricultural wells through
administrative and legislative means in India would be difficult. Usually
surfacewater transported from a distance is offered as a substitute for ground
water. During the past decade, many cities in North China have been able
to ease pressure on urban aquifers by first developing a captive surface water
reservoir to supply the cities, followed by a campaign to decommission
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urban tube wells. In the United States too, California, Arizona and many
other states in the western part of the country have been able to ease pressure
on groundwater only by organising long distance transport of new surface
water and supplying it to farmers and towns. In Mexico, recognizing the
impossibility of enforcing groundwater quotas on farmers, the government
has begun using pricing and supply of electricity as an indirect lever to
regulate pumping of ground water. Farmers have to pay a penal charge for
power they use for pumping water beyond their stipulated quota of
groundwater draft and appear to be working in select places. Linking of
north and southern rivers in India is a step in this direction.

Aquifer

Rocks with moderate to high permeability allow considerable flow of ground
water and are called aquifers (water-bearers). Aquifers can occur at various
depths. Those closer to the surface are more likely to be exploited for water
supply and irrigation. Rates of groundwater flow depend on the composition
of the rock containing the ground water (the aquifer). Schematic diagram
showing the groundwater aquifer and their nomenclature is shown in Fig.
3.2. Permeable rocks such as sands, gravels and some types of limestone
allow rapid water flow but impermeable layers such as clay can limit the
flow rate — to less than a metre per year. Rocks such as clays, shales, silts
and unfractured crystalline rocks are aquicludes — their permeability is so
low that they form barriers to groundwater movement. An unconfined aquifer
is one where the upper boundary of the groundwater body is the water table
and the ground water is fed by recharge from the unsaturated zone.
Alternatively, a confined aquifer is one where the aquifer is overlain by an
aquiclude and so there is no water table: the water cannot find its own level
but is forced to stay below the overlying layer. If more water is extracted
from an aquifer than is recharged, the water table is lowered and subsidence
of the land can follow as the previously saturated ground dries and shrinks.
On the other hand, when deep-rooted vegetation is removed and/or irrigation
is used, the water table can rise and dissolved salts and minerals are brought
to the surface and left there when the water evaporates, causing the problem
known as dry land salinity. In some areas, the rising water table brings
dissolved salts to the surface, causing salinity problems. Draining wet, low-
lying land for housing or agriculture destroys wetlands and moves water
from one place to another, for example to drainage sumps, other wetlands or
rivers and excessive use of shallow groundwater can lower the water table
and dry out wetlands some distance away from the bores. Lowered water
tables can damage native vegetation and wetland ecology.
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Fig. 3.2: Schematic diagram showing the groundwater
aquifer and their nomenclature.

Unconfined aquifers are sometimes also called water table or phreatic
aquifers, because their upper boundary is the water table or phreatic surface.
Typically the shallowest aquifer at a given location is unconfined, meaning
it does not have a confining layer between it and the surface. Unconfined
aquifers usually receive recharge water directly from the surface, from
precipitation or from a body of surface water (e.g., a river, stream, or lake)
which is in hydraulic connection with it. Confined aquifers have the water
table above their upper boundary (an aquitard or aquiclude), and are typically
found below unconfined aquifers. Confined aquifers have very low storativity
values (much less than 0.01, and as little as 107), which means that the
aquifer is storing water using the mechanisms of aquifer matrix expansion
and the compressibility of water, which typically are both quite small
quantities. Unconfined aquifers have storativities (typically then called specific
yield) greater than 0.01 (1% of bulk volume); they release water from storage
by the mechanism of actually draining the pores of the aquifer, releasing
relatively large amounts of water (upto the drainable porosity of the aquifer
material, or the minimum volumetric water content). The term “perched”
refers to ground water accumulating above a low-permeability unit or strata,
such as a clay layer. The difference between perched and unconfined aquifers
is their size (perched is smaller).

Ground water can be found at nearly every point in the earth’s shallow
subsurface. They do not necessarily contain fresh water. In a saturated zone
or phreatic zone (e.g., aquifers, aquitards, etc.) all available spaces are filled
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with water, while in an unsaturated zone (also called the aeration), there still
exists pockets of air with some water that can be replaced by water. Saturated
means the pressure head of the water is greater than atmospheric pressure (it
has a gauge pressure > 0). The definition of the water table is surface where
the pressure head is equal to atmospheric pressure (where gauge pressure = 0).
Unsaturated conditions occur above the water table where the pressure head
is negative (absolute pressure can never be negative, but gauge pressure can)
and the water which incompletely fills the pores of the aquifer material is
under suction. The water content in the unsaturated zone is held in place by
surface adhesive forces and it rises above the water table (the zero gauge
pressure isobar) by capillary action to saturate a small zone above the phreatic
surface (the capillary fringe) at less than atmospheric pressure. This is termed
tension saturation and is not the same as saturation on a water content basis.
Water content in a capillary fringe decreases with increasing distance from
the phreatic surface. The capillary head depends on soil pore size. In sandy
soils with larger pores the head will be less than in clay soils with very small
pores. The normal capillary rise in a clayey soil is less than 1.80 m (six feet)
but can range between 0.3 and 10 m (1 and 30 ft). The capillary rise of water
in a small diameter tube is the same physical process. The water table is the
level to which water will rise in a large diameter pipe (e.g. a well) which
goes down into the aquifer and is open to the atmosphere.

An aquitard is a zone within the earth that restricts the flow of ground
water from one aquifer to another. An aquitard can sometimes, if completely
impermeable, be called an aquiclude or aquifuge. Aquitards comprise layers
of either clay or non-porous rock with low hydraulic conductivity. In
mountainous areas (or near rivers in mountainous areas), the main aquifers
are typically unconsolidated alluvium. They are typically composed of mostly
horizontal layers of materials deposited by water processes (rivers and
streams), which in cross-section (looking at a two-dimensional slice of the
aquifer) appear to be layers of alternating coarse and fine materials. Coarse
materials, because of the high energy needed to move them, tend to be found
nearer the source (mountain fronts or rivers), while the fine-grained material
will make it farther from the source (to the flatter parts of the basin or over
bank areas — sometimes called the pressure area). Since there are less fine-
grained deposits near the source, this is a place where aquifers are often
unconfined (sometimes called the fore bay area), or in hydraulic
communication with the land surface. Parts of the Atlas Mountains in North
Africa, the Lebanon and Ante-Lebanon ranges of Syria, Israel and Lebanon,
the Jebel Akhdar (Oman) in Oman, parts of the Sierra Nevada and
neighbouring ranges in the United States’ South West, have shallow aquifers
which are exploited for their water. Libya and Israel’s population growth
along the coast has led to over-population which has caused the lowering of
water table, contamination of the ground water with saline intrusions.
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Classification

A map-based aquifer classification system has been developed to support
groundwater management to support the water management programmes
towards groundwater allocation, planning and protection. Aquifers are
categorized based on their current level of use and vulnerability to
contamination and a ranking to indicate the relative importance of an aquifer.
The level of development of an aquifer is assessed by demand verses the
aquifer’s yield or productivity — high (i), moderate (ii) and low (iii)
vulnerability. The classification component is as follows:

Agquifer classification

Development sub-class
I II 111
Light
(demand is low relative
to productivity)

Heavy Moderate
(demand is high relative (demand is moderate
to productivity) relative to productivity)

Vulnerability sub-class

A B C
High Moderate Low
(highly vulnerable to (moderately vulnerable to (not very vulnerable to
contamination from contamination from contamination from
surface sources) surface sources) surface sources)

Aquifer class

I II
A TA — heavily developed ITA — moderately
and high vulnerable developed, high
aquifer vulnerability aquifer
B IB — heavily developed, 1IB — moderately
moderate vulnerable developed, moderate
aquifer vulnerability aquifer
C IC — heavily developed, IIC — moderately
low vulnerability aquifer developed, low

111

IIIA — lightly
developed, high
vulnerability aquifer
HIB — lightly
developed, moderate
vulnerability aquifer
IIIC — lightly
developed, low

vulnerability aquifer vulnerability aquifer

A numerical ranking value is determined by summing the point values for
each of the following hydro-geologic and water use criteria — productivity,
size, vulnerability, demand, type of use, quality concerns and quantity
concerns. All the criteria have arbitrarily been assigned equal weight. Values
range from minimum of 1 to maximum of 3 except for quality and quantity.
Possible ranking scores range from low of 5 to a high of 21; the higher the
ranking score, the greater the aquifers’s priority. An inventory database
containing the attributes of each aquifer is built as aquifer and are identified
and classified.
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Ranking component

Criteria Point values Rationale
1 2 3
Productivity = Low Moderate High Abundance of resource
Vulnerability Low Moderate High Potential for water
quality degradation
Size <5 sq. 5-25 sq. > 25 sq. Regionality of the
km km km resources
Demand Low Moderate High Level of reliance on the
resource supply
Type of use  Non- Drinking Multiple/ Variability/diversity of
drinking  water drinking the resource for supply
water water
Quality Isolated Local Regional Actual concerns
Quantity Isolated Local Regional Actual concerns
Vulnerability

Aquifers are vulnerable to natural hazards and human impacts: Shallow
uppermost unconfined aquifers mainly in unconsolidated fluvial and glacial
deposits overlain by permeable unsaturated zone of low thickness (less than
10 m), characterized by young groundwater and single flow system and
interface with surface water. Deeper unconfined aquifers in consolidated
rocks (particularly sandstones) of regional extent, overlain by permeable
unsaturated zone of variable thickness, consist usually of a number of laterally
and vertically interconnected groundwater flow systems of appreciable dual
porosity and permeability. Ground water in karstic aquifers with carbonate
rocks flow in conduits, large open fissures and openings along bedding
plates; typically with high groundwater flow velocities (hundreds of metres
per day) and secondary permeability; springs are important phenomena of
groundwater karstic regime. Coastal aquifers — in natural conditions seawater
intrusion into coastal aquifers is controlled by tidal fluctuations, stream flow
changes, gradient and volume of groundwater flow towards the seashore and
geological environment. Groundwater pumping influences significantly on
ground water-sea water interface. The following types of aquifers are resistant
to natural hazards and human impacts: Deep confined aquifers or aquifer
systems mostly in sedimentary rocks overlain by thick low permeable or
impermeable unsaturated zone with entirely modern recharge which may last
hundreds or thousands of years. Deep confined aquifers are overlain by thick
low permeable or impermeable unsaturated zone. Ground water originated in
geological past and is not part of the recent hydrological cycle. Low intensity
of groundwater circulation, very limited aquifer replenishment and very large
aquifer storage are typical characteristics of non-renewable groundwater
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resources. A possible limited criterion for non-renewable ground water could
be that the average annual aquifer renewal is less than 0.1% of the aquifer
storage — the average renewal period would be at least 1000 years (Margat,
2006). Connate water is entrapped in the sediments of low permeability at
the time of their deposition.

Rapid increase in the use of ground water, for irrigation, has contributed
significantly to agricultural and overall economic development. The present
global groundwater withdrawal rate is of 600-700 km>/year. In arid and
semi-arid regions, ground water is the most important safest source of drinking
water and the world strongly depends on it. In many arid and hard-rock
zones, increases in overdraft areas and associated water-quality problems are
emerging. Groundwater mining also occurs at the local level in several other
countries of the Near East, South and East Asia, Central America and in the
Caribbean. When the rains stop and surface water resources dry up, ground
water becomes the only water source available for drinking and irrigation
purposes. As a result boreholes and open dug wells that were previously
utilized within a sustainable level are over-used at a time of diminished
recharge leading to drop in water level. The extent of aquifer depletion
(regional or local) is controlled by aquifer’s permeability. Changes in recharge
will result from changes in effective rainfall as well as change in the timing
of the rainfall season. Indirect impacts on groundwater resources also arise
from patterns.

Groundwater Exploitation Status Indicators

Groundwater indicators based on monitoring and assessment programmes
support sustainable management of groundwater resources. The following
groundwater indicators are proposed for global, national or aquifer levels by
Vrba and Zaporozec (1994). Ground water is often overlooked in drought
analysis, even though there is an increasing demand and reliance on ground
water growing from population, agriculture and industrial requirements. The
information currently available to managers, planners and stakeholders is
primarily in raw data form (well records, water chemistry etc.) or isolated
studies in specific areas. Recharge activities and much more work is needed
to depict its effects on a spatial and temporal variability on local and regional
scales and to be evaluated at regular intervals.

1. Renewable groundwater resources per capita indicates the water
consumption per capita. Trends with respect to social development and
economic growth. Available renewable ground water resources
(m? per year).

GW Renewable Recharge = (Recharge + Seepage — Base flow + inflow)
— (inflow + artificial recharge)
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2. Groundwater abstraction ratio is used in creation of water stress scenarios.
It is critical to determine the recharge as realistically and accurately as
possible. Attention should be paid to time used for recharge calculation,
particularly for arid and semi-arid regions, where heavy event rainfall may
be more meaningful than weaker but regular rainfall.

Total groundwater abstraction/Groundwater recharge x 100%

Scenario 1 — Abstraction < recharge (< 90%),
Scenario 2 — Abstraction = recharge (100%),
Scenario 3 — Abstraction > recharge (>100%).

Groundwater recharge is defined as an addition of water to a groundwater
reservoir. Total abstraction includes total withdrawal of water through wells,
boreholes, springs and other ways for the purposes of public water supply
and agriculture, industrial and other usages.

3. Total groundwater abstraction/exploitable groundwater resources helps
in linking the total volume of ground water that can be abstracted annually
to groundwater recharge estimates and recognize possible over abstraction.

Total groundwater abstraction/Exploitable groundwater recharge x 100%

4. Groundwater as a percentage of total use of drinking water expresses the
present state and trends of surface water and ground water use for drinking
and other purpose. In arid and semi-arid zones, ground water is the most
significant and safe source of drinking water. It plays a fundamental role in
the social development of rural areas.

5. Groundwater depletion indicates how much water can be withdrawn from
a groundwater body without producing an undesired impact on ground water
(excessive depletion of river base flow, ecological impacts in wetlands,
irreversible changes to biotopes, subsidence in unconsolidated sediments and
intrusion of water of poor quality). Declines in the groundwater hydraulic
head reflected in the increase of pumping costs, decreasing well production
and make groundwater use economically and socially unfeasible.

6. Groundwater level declines and groundwater storage is depleted due to
exploitation. It has to be evaluated with reference to natural and seasonal
fluctuation from the influence of climatic conditions and aquifer
characteristics. Regional groundwater level declines due to high density of
production wells (detect a consistent and gradual downward trend of water
level from a well monitoring network or compare the levels with two different
periods), change of base flow due to groundwater depletion (presence of
phreatic vegetation or wetlands suffer notable changes), land subsidence and
change of groundwater quality characteristics (change in age and origin of
ground water at specific locations).
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> Area with groundwater depletion
problem/>. Area of studied aquifers x 100

Sum of area with groundwater depletion problem (observed regional water
level decline due to exploitation). Sum of area of studied aquifers means the
total area subject to consideration.

Potential groundwater depletion problem can be identified when regional
aquifer level declines are associated to: (a) areas with a high density of
production wells (loss of production well yields indicates groundwater
depletion in areas with a high density of wells); (b) change of base flow —
drastic reduction of groundwater flux and loss of base flow is associated
with groundwater depletion (indirect evidence is pheratic vegetations or
wetlands suffer notable changes); (c) change of groundwater quality
characteristics — changes in age and origin of groundwater specific locations
in the aquifer along with physical-chemical properties of water; and (d) land
subsidence — groundwater exploitation from thick unconsolidated aquifer-
aquitard systems suffer from significant land subsidence indicating an
unsustainable groundwater exploitation.

7. Total exploitable non-renewable groundwater resources/annual abstraction
of non-renewable groundwater resources records the stress and that indicates
the lifetime of non-renewable (fossil) groundwater resources that have no
present-day recharge or very low recharge.

Total exploitable non-renewable groundwater resources (m’)/annual
abstraction of non-renewable groundwater resources (m>/area).

It is an effective quantification that could be used for the management of
groundwater resources development and as an early warning of
overexploitation. Ground resources evaluation is calculated from
hydrogeological, geophysical and isotope hydrological investigations and
abstraction is calculated as a mean value over a significant range of years.

8. Groundwater vulnerability is a relative, non-measurable, dimensionless
property that reports the natural (or intrinsic) vulnerability as a function of
hydrogeological factors — the characteristics of the aquifer and the overlying
unsaturated geological material and the soil (recharge, soil and unsaturated
zone properties, groundwater level below ground and saturated zone hydraulic
conductivity). Groundwater vulnerability (net recharge, soil properties,
unsaturated lithology and thickness, groundwater level below ground, aquifer
media and aquifer hydraulic conductivity in addition to topographic slope)
is a relative non-measurable dimensionless property. GOD empirical system
for the rapid assessment of aquifer vulnerability includes evaluation of G:
groundwater occurrence, O: overall aquifer class and D: depth to groundwater
table. It is divided into five classes from negligible (deep confined aquifer)
to extreme (shallow water table aquifers).
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9. Groundwater quality informs the present status and trends in space and
time of water quality related to naturally occurring and anthropogenic
contamination.

Y. Area of aquifer with groundwater natural-quality problem/
Y. Area of studied aquifers x 100% = Natural quality

Y. Area with increment of concentration for specific parameters/
Y. Area of studied aquifers x 100% = Anthropogenic problem

Natural quality problems are associated with chemical water composition
(WHO) related to iron, chloride, chromium, selenium and other inorganic
species. Anthropogenic problems are estimated from diffuse source
contamination problems due to agriculture activities and urban on-site
sanitation etc.). Physical-chemical parameters such as electrical conductivity,
nitrate and chloride along with '® O, 2H, '* C and '> N indicate the dynamic
process of groundwater quality change due to natural and human impacts.
Constraints related to extrapolation of groundwater quality from wells at
regional scale include: (a) Deep wells generally mix water of different levels
that may have different origins and composition; (b) Irregular distribution of
wells in an area causes difficulties for identifying groundwater contamination
in the whole aquifer; and (c) Problems due to poor construction and
maintenance of wells cause well contamination which is not necessarily due
to aquifer contamination.

10. The fotal annual abstraction of ground water means the total withdrawal
of water from a given aquifer by means of well, bore holes and other
artificial ways for the purpose of domestic water supply and irrigation. The
annual abstraction should be calculated as a mean value over a significant
range of years. This could change from year to year. Two main criteria
which define non-renewable groundwater resources are: (a) mean annual
recharge should be less than 0.1% of stored volume and (b) exploitation of
the groundwater concerned should not have a significant impact on
neighbouring renewable systems or recharged groundwater bodies. Non-
renewable groundwater systems are located in arid regions of Northern
America, Arabian Peninsula and Australia and under permafrost conditions
of Western Siberia.

11. Groundwater quality with respect to drinking water standards, irrigation
requirements, industrial use and others forms an indicator. It makes it possible
to identify and to foresee the outcome of processes leading to groundwater
contamination.

12. Dependence of agricultural population on ground water is an important
indicator in arid and semi-arid regions as it signifies the livelihood and
household home support of rural people.
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The precision of this information depends on the reliability of the
information and data gathering. It is appreciated well by preparedness and
mitigation and public if it is made in the quickest possible time. Groundwater
level monitoring activities carried out are being used in preparing this index.
Representative water wells for each region will be used for monitoring
groundwater levels. The monthly levels are compared with values equivalent
to the 25th, 10th, and 5th percentiles of historical records. Groundwater
levels in confined aquifers are responsive to pumping stresses at distances
far removed from pumping centres. No baseline exists for measuring changes
in water levels for confined systems. Therefore percentile frequencies are
not available for wells in these systems. Evaluation of drought impacts in
these systems will have to be analyzed as a departure from the long-term
downward trend in water levels. Withdrawals exceeding 20% of renewable
water supply has been used as an indicator of water stress in initiating water
resource legislation and management.

The aquifer classification maps provide land use planners with groundwater
information that can both support planning processes and help protect and
sustain the resource. It is possible that there are areas within the moderately
vulnerable aquifer that are highly vulnerable. Highly vulnerable aquifers (4)
require planners to consider activities that minimize the risk of contamination
(e.g., zoning for a park rather than for industry) or to require safeguards to
protect the resource or preventive measures and more stringent standards for
operation. Moderately vulnerable aquifers (B) may or may not be suitable
for land uses that pose a high risk of groundwater contamination. No zoning
change for a higher risk use over a B aquifer should be considered until the
level of vulnerability for that specific site has been assessed. Low-vulnerable
aquifers (C) are more likely to be considered for land uses that are high risk
to groundwater than A and B. The definition of an aquifer’s level of
development is based on a combination of supply and demand factors. The
aquifer’s productivity, the demand placed on it, and the areal extent (size) of
the aquifer are used in assessing the impact of increased water withdrawal
on the aquifer for the proposed land uses. Heavily developed aquifers (I)
indicate the existing high demands on the groundwater resource and it is to
be assessed to determine whether new wells could be constructed without
affecting the ability of existing wells to withdraw water. Moderately developed
aquifers should be able to support more groundwater withdrawals than heavily
developed aquifers. Lightly developed aquifers shall be able to accommodate
greater demand on their water supplies than either of the previous two
categories of aquifer development.
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3.8 Water Recharge

Recharge from direct precipitation and by induced infiltration of surface
water involves the vertical movement of water under the influence of vertical
head differentials. The quantity of vertical movement varies from place to
place and it is controlled by the vertical permeability and thickness of the
deposits through which infiltration occurs, the head differential between
sources of water and the aquifer, and the area through which leakage occurs.
Shallow, surficial aquifers (sand-and-gravel and bedrock) do not have water
stored in overlying deposits from which they can draw during times of
drought. Therefore, water levels in such aquifers are more sensitive to climate
conditions and will decline in response to dry weather. Available drawdown
in wells (the difference between the non-pumping water level and the
allowable pumping level, such as the top of the well screen or the pump
intake) will be correspondingly reduced. The situation can be exacerbated
further by the effects of well interference; water demand often increases
during drought, causing wells to be operated at higher pumping rates and/
or for longer periods and increasing the drawdown at neighbouring wells.

The amount of water that infiltrates into the soil varies with the degree
of land slope, the amount and type of vegetation, soil type and rock type,
and whether the soil is already saturated by water. The regolith is the layer
of loose unconsolidated material, including soils, sediments, and rock
fragments, that overlies bedrock and forms the surface of the land. Ground
water is recharged through infiltration from precipitation and through leakage
from the bottom of some rivers and lakes. In some cases it is ground water
which provides the water for wetlands. In general, shallow groundwater flow
is towards nearby rivers or springs, where it seeps to the surface to form
stream flow, but deeper ground water may flow beneath catchments to form
regional flow systems. The distribution of groundwater recharge is also uneven
vertically, enhanced by differing hydraulic properties of the aquifer system.
Recharge occurs in desert regions though highly irregular in time and space,
and at very low rates (<5 mm/a); in semi-arid and tropical regions with
major annual fluctuations and a range from less than 30 mm/a to some 150
mm/a; in humid regions at an average of less than 300 mm/a; and even
through permafrost, albeit minimal. Numerical modelling for typical sequences
of hydraulic conductivities in aquifer systems shows that on an average
more than 85% of the recharged groundwater discharges through near-surface
(active recharge zone), and less than 15% through deep aquifers (passive
recharge zone). Both of these generalised recharge zones in turn overly
connate water and are encountered in all continents, climate zones and rock
types. Ground water in the active recharge zone is young (<50 years), quite
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susceptible to contaminants and reaches steady state conditions fairly rapidly
if extraction does not exceed groundwater recharge. In the passive recharge
zone, ground water is always older (>100 years), the longer time scales
ensuring better protection against contaminants, provided that groundwater
management takes account of depth related groundwater recharge; otherwise
a transient hydraulic response may last decades or hundreds of years. This
delayed mass transfer can be monitored through early warning systems. In
the passive recharge zone, ground water could be more mineralised (higher
ionic concentration) than in the active recharge zone, and sometimes is
characterized by rare dissolved elements (e.g. arsenic, iodine, fluoride),
because of high mean turn-over times, resulting in slower leaching than in
the active recharge zone.

3.9 Sustainability of Water

Indicators of water sustainability are: (1) Water availability — proportion and
volume of water derived from ground water, surface water and reclaimed
water resources; and frequency and duration of water shortages. (2) Water
usage - daily and total municipal water usage by sector; municipal household
water consumption patterns; authorised versus actual groundwater abstraction;
and number of water trading licences issued, and volume of water traded. (3)
Supply water quality — conserve and enhance public health; human health
criteria exceedances. (4) Water disposal - proportion of municipal population
served by treated wastewater; percentage and amount of effluent disinfected
— by disposal and reuse of treated wastewater; volume of sludge from
wastewater treatment plant disposed or reused; and volume of storm water
treated and discharged to receiving waters or reused. (5) Receiving water
quality — conserve and enhance aquatic ecosystems and associated
environments; guideline trigger levels reached in inland waters; and pollutant
loadings to marine environments from storm water and wastewater pipes and
drains, which exceed environmental health regulations. (6) Flow implications:
Conserve and manage water resources; ratio of groundwater abstraction to
groundwater recharge; and river discontinuity. (7) Satisfy economic and
institutional constraints - expenditure on water supply; expenditure on
wastewater treatment and disposal; cost of water supply and disposal under
conventional versus ‘greener’ urban water systems; and investment ratio in
‘greener’ wastewater, storm water and groundwater management practices,
as a proportion of total wastewater, storm water and groundwater expenditure.
(8) Social and political expectations - already listed within indicators 1-7.
(9) Promote reuse, recycling and sustainable water use proportion of grey
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water, storm water and black water recycled/reused; proportion of wastewater
reused (before/after). (10) Reaching wastewater treatment plant — composite
indicator: management effort; and number of people involved in community
water monitoring programmes.

3.10 Groundwater Supply Systems

Community groundwater supplies are derived from a wide variety of aquifer
types. Shallow (<100 ft) and deep sand-and-gravel (unconsolidated) aquifers
and shallow and deep bedrock (consolidated) aquifers. Sand-and-gravel
aquifers are the result of glacial deposition or are found as alluvial deposits
within the valleys of modern river systems. Sand-and-gravel aquifers may be
less than 10 to several hundred feet thick. They may occur at the land
surface (surficial aquifers) or be buried beneath 100 feet or more of glacial
overburden or fine-grained alluvium. Surficial aquifers typically are
unconfined and water levels in wells completed in these aquifers reflect
water table conditions. Because of their direct connection to land surface,
recharge to these aquifers is dependent upon infiltrating precipitation, and,
therefore, these aquifers are susceptible to drought. Deeper sand-and-gravel
aquifers, confined beneath deposits of finer-grained materials, largely depend
upon recharge as slow leakage from overlying deposits, and thus are less
sensitive to drought as long as the overlying source beds can furnish water
to the underlying aquifer systems.

Yields of wells in sand-and-gravel aquifers are highly variable, from ten
gallons per minute (gpm) or less to over 1000 gpm. Well yields are dependent
upon the water-transmitting ability of the formation, which is largely a function
of pore size and pore interconnectedness. Extremely large well yields (1000+
gpm) are common in thick, very coarse-sized, deposits. Where deposits are
thin or composed of fine sands, well yields may not exceed 10 gpm. Sand-
and-gravel aquifers probably provide the greatest proportion of water to
small communities, principally because they can be tapped economically
and are capable of supplying adequate amounts of water for the typically
smaller demands of communities less than 10,000 population. Bedrock
aquifers also occur and like sand-and-gravel aquifers, are highly variable in
their ability to yield water to wells. Yields of crystalline and carbonate
bedrock aquifers depend on fracture density and secondary porosity developed
along fractures. Bedrock aquifers range in type from fractured crystalline
rocks to carbonate rocks of limestone or dolomite to sandstones. Surficial
bedrock aquifers, just like their sand-and-gravel counterparts, are susceptible
to drought.
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3.11 Crop Yield and Groundwater Abstraction

Crop yield and quality are strongly linked to water supply at key growth
stages. In areas that have historically had an adequate soil water supply,
without recourse to irrigation, there is a risk that as water abstraction rates
increase and water levels fall, agricultural yields may decrease and
organizations with responsibility for water abstraction may find themselves
facing claims for compensation. Other work considering abstraction in relation
to soil moisture work has sought to assess the scale of irrigation practices
and to spatially quantify the volume of water abstractions or developed maps
of soil moisture based on purely biophysical, climatic data. However, soil
water and aquifers depend inherently on the underlying geology and for
arable crops, the depth of the rooting profile.

Water level at the open dug well and bore wells are being monitored by
agencies and are used in the preparation of water level contours that represent
the pre- and post-monsoon conditions. It is observed that return flow from
the agriculture plots contribute to the water level in a well. Water level
information from these wells could be expressed on a map and used along
with soil moisture in understanding the drought situation, based on the depth
to water below ground level and the crop root system and five classes of
agronomy constraints leading to water stress. Permeability information
representing the soil, hard soil and weathered rocks would influence water
recharge movements. Four risk classes could be defined with the help from
expert knowledge of agricultural practice in terms of their depth in mbgl as
follows: Class 1: Water table shallower than 1.5 mbgl; Possible impact on
wetland habitats and agricultural crops abstracting soil moisture to a maximum
depth of 1.5 mbgl, e.g. potatoes, onions, carrots, vegetable brassicas, peas,
beans and established grassland on mineral soils. Class 2: Water table between
1.5 and 2.5 mbgl: No impact on vegetation or crops in Class 1. Possible
impact on deeper rooting agricultural crops abstracting soil moisture to a
maximum depth of 2.5 mbgl, e.g. cereals, oilseed rape, maize, sugar beet
and perhaps grassland growing on peaty soils. Class 3: Water table between
2.5 and 4.0 mbgl: No impact on vegetation or crops in Classes 1 or 2.
Possible impact on established trees. Class 4: Water table deeper than 4.0
mbgl: Lowering of water table by groundwater abstraction from the sandstone
aquifer will not impact significantly upon soil moisture availability to any
vegetation. The rationale for the selection of these criteria was to create a
Soil Moisture Vulnerability map that represented the worst-case scenario,
that is one where the water table is represented as close to the surface as it
is ever likely to be.

Crop Water Budgeting (CWB) is a critical component of the Participatory
Hydrological Monitoring (PHM) activity. It is considered as final step in the
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chain of PHM aiming at sustainable groundwater management by the farmers
themselves. Groundwater balance sheet for individual revenue villages is
drawn based on: the quantity of total water requirement (human livestock
and irrigation); water expected from surface storages (river, canal, reservoir
and lakes); anticipated groundwater draft for Oct-April and recharge from
rainfall for rest of the monsoon year; groundwater available for usage at the
beginning of rabi season; groundwater available for the rest of the current
monsoon year and projected groundwater balance at the end of current
monsoon year, in understanding the quantity of water either deficit or surplus.
This analysis portrays the demands from different sectors and supply and
self water effective regulation methods under a given situation and also take
collective decision regarding the change of crops and methods of irrigation
or any other changes in their respective habitations. Deficit or surplus
information under a given rainfall and crop area conditions could portray a
scenario that would aid in the resource identification and preparedness.

3.12 Stream Flow Analysis

The streams are classified according to their stream flow type that expresses
the consistency in flow, which depends on the hydrological system of its
catchment and the height of the groundwater table relative to the streambed.
Stream flow can either be perennial, when water in the stream is continuously
flowing and never dries up, intermittent, in a channel which at drier times
of year may have some reaches with flowing water interspersed with other
reaches in which the water flows below the surface, when the flow ceases
during the dry season, or ephemeral, when flow occurs only directly after a
rainfall event (Mosley and McKerchar, 1993). Sometimes confusion exists
about how to classify streams, which do not fall dry regularly for a longer
period each year during the dry season, but only in some years for several
days. The stream flow characterization at different climate zones is described
(Fig. 3.3).

Class Af: Tropical - This is a very warm and humid region with relatively
high precipitation and temperature values throughout the year. Rain events
are usually caused by convection and therefore they are quite strong and
occur frequently throughout the year. At higher altitudes there is a second
precipitation maximum in July and August (Golden Gate Weather Service,
2003). Class BW: Dry desert - The desert climate is characterized by a
permanent negative water balance, meaning that evapotranspiration amounts
exceed precipitation during the whole year. Rain events occur only a few
times per year or not at all, each event lasting only for a couple of days.
Class BS: Dry steppe - In this region the annual evaporation also exceeds
the annual precipitation, but the year consists of a dry as well as a wet
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Fig. 3.3: Stream flow characteristics of ephemeral rivers.

season and therefore the negative water balance is not consistent throughout
the year. Class Cw: Temperate, winter dry — This climate is characterised by
a distinct annual cycle of temperature, resulting in winter and summer seasons.
Precipitation is relatively low during the winter and high during the summer.
The mean annual precipitation amount varies considerably between regions
within the Cw climate zone from less than 200 mm/a to more than 10,000
mm/a in the monsoon influenced regions. In most regions it can also happen
that in some months during the winter it does not rain at all. Class Cs:
Temperate, summer dry - The Cs-climate has mostly the same features as the
Cw-climate except that the dry period occurs in the summer and the wet
period in the winter.

Class Cf: Temperate, no dry season — The Cf-climate is also characterised
by a distinct annual cycle of temperature, resulting in a winter and a summer
season and similar temperature ranges as in the Cw-climate, but here
precipitation occurs during the whole year. Throughout the year precipitation
is mostly caused by eastwards migrating anticyclones, which leads to no
distinct dry season, while a precipitation maximum still occurs during the
winter months. For the three catchments on the northern hemisphere (Ray,
Lambourn, Lindenborg) this maximum is extended into the autumn and lasts
from September to December while a clear minimum occurs during the
spring (Frich et al., 1997; Miihr, 2003). For the two catchments on the
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southern hemisphere, both in New Zealand, the precipitation maximum lasts
from May to August which is the winter and early spring on the southern
hemisphere. The two New Zealand catchments also belong to a mountain
range which receives high amounts of mean annual precipitation (around
2000 mm), much more than the three catchments of the northern hemisphere.
There the mean annual precipitation lies around 650-800 mm.

Class Df: Cold, no dry season - The average temperature of the warmest
month in the cold climate region is >10 °C and that of the coldest month is
< -3 °C. Precipitation occurs all year around with at least 30 mm in the driest
month and little difference between the driest and the wettest months compared
to other climate regions. Mean monthly precipitation is the highest from
June to October. In the winter months precipitation falls as snow and does
not contribute to the discharge of a stream until the snowmelt in spring or
early summer. Then it might cause high discharge peaks and even serious
flood events. Some rivers in these regions freeze completely during some
time in the winter or they freeze over on the surface. When precipitation and
water in the catchment get stored in the form of snow and ice, streams
experience a continuous low flow period in the winter.

Evaluation of applicability of the MA (n-day)-filter as pooling procedure
for streams with different streamflow types

Stream flow type Evaluation

Perennial The MA (n-day)-filter can be optimised and used for all
perennial streams and drought duration and deficit volumes
can be compared. The method here has not been tested in
detail, but it can be expected that a moving average interval
of n =10 days provides good results for non-flashy streams
as suggested by Tallaksen et al. (1997) and as observed
for Lindenborg. For the only flashy perennial stream in
the global data set a MA(15-day)-filter could be

recommended.

Perennial - For the summer season the MA (n-day)-filter can be used

seasonal in the same way as for perennial streams without frost
influence. Important is how the summer droughts are
selected.

Intermittent The MA (n-day)-filter has not been tested for intermittent

streams. The suggestion is that during the wet season it
can be used as for perennial streams and that during the
dry season pooling is not necessary.

Ephemeral Pooling is not relevant.

MA: Moving Average

A streamflow drought is said to be a period during which the discharge
is below normal or, in a demand oriented study, a period during which the
discharge is insufficient. It is characterized through low flow values and a
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clear differentiation between droughts and low flow periods has to be made.
The term ‘Jow flow period’ usually refers to the regime of a stream, which
represents the average annual cycle of the stream flow, and the terms ‘low
flow period’ and ‘high flow period’ are used to describe the normal annual
fluctuations of stream flow linked to the annual cycle of the regional climate.
Depending on the climate, the regime of a stream can show one or more low
flow and high flow periods. The equatorial climate for example is marked
by two rainy and two dry seasons and streamflow regimes have two
corresponding high flow and low flow periods (McMahon and Diaz Arenas,
1982), while a monsoon climate causes only one low flow and one high flow
period.

Droughts on the other hand are not necessarily a seasonal characteristic
of a stream flow regime. They are prolonged periods with unusually low
stream flow, which do not have to occur each year. For example in a
Mediterranean region the summer months June till October could be the low
flow period of a stream, but only in dry and hot summers the stream would
experience droughts. So there can be years passing without the occurrence
of any drought events and there can be years when one or several droughts
occur. But there exist also droughts which last only a few days and droughts
which last several months, several seasons or several years. Often a period
of unusually low stream flow has to last a defined minimal period of time
to be considered a drought. Depending on the climate of a catchment only
periods of below normal discharge compared to the low flow part of the
regime are considered to be droughts, whereas deviations from the high flow
part are rather called ‘streamflow deficiency’ or ‘stream flow anomaly’ (Hisdal,
2001). This is usually the case for a catchment in a temperate climate region,
where a stream flow deficiency compared to the high flow part of the regime
usually have no severe consequences. In a semi-arid region on the other
hand, one is used and prepared to long periods of low or even no streamflow
during the dry season and the interest of water management engineers lies
in the water quantities of the wet season. In a semi-arid region a drought
study might therefore also be focusing on the high flow season and streamflow
deficiencies in the high flow season can either be considered as droughts
themselves or as the cause of a subsequent drought during the dry season.
Drought studies have been based on many different concepts (Hisdal et al.,
2004).

One way is to study droughts on the basis of low flow characteristics such
as a time series of the annual minimum n-day discharge, AM(n-day) or a
percentile from the flow duration curve (FDC) (Section 2.2), which describes
the low flow part of the regime. To study droughts, extremes of the low flow
characteristics are chosen. These approaches identify and characterise droughts
only according to one of their statistical properties, which is their magnitude
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expressed through the discharge (Tallaksen et al., 1997). They do not
necessarily look at the discharge as a time depending process or they look
only at a predefined period of it, e.g. n days.

The second way of studying droughts is to look at the discharge series as
a time depending process and to identify the complete period of a drought
event, from its first day to the last one. In this way a series of drought events
can be derived from the discharge series and the drought events can be
described and quantified by a number of different properties, so called deficit
characteristics, such as drought duration. One possibility to define drought
events is as “the longest periods which are necessary to yield a specified
small percentage (1-10%) of the mean annual runoff” (Smakhtin, 2001). The
most commonly applied ones, introduce the use of a threshold or truncation
level, Q,. A discharge value is chosen as threshold level and in the most
basic form of this concept a stream is defined to be in a drought situation
at times when the discharge is below the threshold level. The threshold level
element is used in the so-called threshold level method as well as in the
Sequent Peak Algori