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ABSTRACT

In the present study, an attempt has been made for applying the Palmer method in
drought analysis in the Northwest (NW) region of Bangladesh. Palmer Drought
Severity Index (PDSI} actually uses a supply and demand model for the amount of
moisture in the soil. The method defined drought period as an interval of time during
which the actual moisture supply at a given place falls short of the climatically

expected or appropriate moisture supply.

In the study the PDSI was calculated on monthly basis as per original formulation by
Palmer, though a shorter timescale is more appropriate for irrigation scheduling in
Bangladesh. The drought analysis by the method showed that all of the stations of
NW region experienced some degrees of drought conditions. The method quantified
the average occurrence of drought in the region in 34 percent of the study time from
1972 to 2002. The available literature shows that the average occurrence of drought is
once in 2.5 years. The method identified the most common drought QCCUTENCES in
years like 1972-73, 1975-76, 1976-77, 1978-79, 1979-80, 1982-83, 1992-93, 1994-95,
1999 and 2001-2002 in selected fifteen stations in the region. Thus the method couid
identify the historical drought occurrences of Bangladesh like the year 1975, 1979,
1981-82, 1984, 1989, 1992-93 and 1994-95. The occurrences of extreme drought
conditions were observed only in 3.6 percent of total time. In the study, the Palmer
method has identified the month of October rather than November or December as the
beginning of highest percentage of drought spells in the region. The method could
identify Kharif droughts during the period from June/July to October. The method has
identified the month of April rather than May or June as the ending of highest

percentage of drought spells in the region.

The suitability of the application of the Palmer method as a drought analyzing tool in
NW region of Bangladesh has been assessed in the study by comparing the resulits of
this method with those obtained from two other methods: 1) the Standard Precipitation
Index (SPI) method and ii) the Herbst method. The comparison was made in terms of
several drought features such as the onset and termination of drought, duration and

severity. The SPI is a standardized transform of the probability of the observed
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precipitation. The method used half-monthly observed rainfall data to analyze drought
on the monthly time scale. The Herbst method quantified droughts on a half-monthly
time scale using different drought parameters such as mean half-monthly rainfall,
weighting factors, carry over, mean half monthly deficit etc. The method has no
drought severity scale rather provides relative measures of droughts. The average
occurrence of drought was in 22.3 percent and 22 percent of study time in the SPI and
the Herbst methods respectively. These two methods have also identified the same
drought years in NW region as in the Palmer method in the present study. The highest
percentage of beginning of drought spells occur in the months of March and
November respectively in the SP] and Herbst methods while the highest percentage of
ending of drought spell occurs in the month of April in the SPI method and in
May/June in the Herbst method.

While applying Palmer method in drought analysis of NW region of Bangladesh,
some limitations were noticed in addition to those already identified by many
researchers. Despite these limitations, the performance of the method in comparison
with the SPI and Herbst methods seems realistic in NW region of Bangladesh in terms
of drought occurrences and severity. But a more detailed study is recommended for
quantitative assessment of the influence of soil moisture on drought occurrences in
Bangladesh. The Palmer method can be used extensively for monitoring drought
conditions and for making operational water management decisions in Bangladesh

after some modifications to the method.




Chapter 1
INTRODUCTION §.¥

1.1 General

The climatic environment of uncertainty is one of the major threats in water
resources management. Drought as environmental phenomenon is an integral part of
climatic variability. Droughts are regional events and their occurrences are governed
by regional climatic parameters like precipitation, evapotranspiration, temperature etc.
So the characteristics and consequences of drought vary with respect to climatic
regimes around the world. Despite this, analysis of drought events is very crucial for

managing water resources in a sustainable manner.

Drought means various things to various people depending on their specific
interest (Palmer, 1965). To the farmer drought means a shortage of moisture in the
root zone of crops. To the hydrologist drought means below average water levels in
the streams, lakes, reservoirs and the like. To the economist, drought means a
shortage which affects the established economy (Palmer, 1965). Wilhite and Glanz
(1985) recognized four types of drought, 1) meteorological, 2) hydrological, 3)
agricultural and 4) socio-economic. Meteorological droughts are deemed to occur
when rainfall is below the range of values considered as normal (Panu and Sharma,
2002). Linsley et al. {(1975) considered hydrological drought as a period during which
stream flows are inadequate to supply established uses under a given water
management system. Agricultural drought is said to exist when soil moisture is
depleted - so that yield of plants is reduced considerably. Meteorological and
hydrological droughts are the subject of numerous researches since all other types of
drought occur as a result of these two types. If one is interested in determining the
causes of drought events, attention should be focused on precipitation occurrence; if
one is interested in determining the effects and impacts of drought events, attention

should be focused on agricultural production (Draucup et al., 1980).

Droughts may be classified as i) permanent drought, ii) seasonal drought, 111)

contingent drought and iv) invisible drought (Thornthwaite, 1947). Permanent
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drought occurs in desert areas where rainfall never equals water requirements in any
season. Seasonal drought occurs in regions that have weli-defined rainy and dry
seasons. These droughts occur each year and result from large scale seasonal
circulation changes. Contingent drought results from irregular and non-uniform
distribution of rainfall. This drought occurs in sub-humid and humid arcas as a result
of non-occurrence of rain over a significant period. Invisible drought is not casily
recognizable. It may occur at any time when moisture supply fails to satisfy water
demands of plants. The last three types of droughts are likely to occur in Bangladesh
(DMB, 1998).

1.2 Background of the study

The National Water Management Plan (NWMP) considers occurrences of drought
as a major water deficiency related issue in northwest region of Bangladesh
(WARPO, 2001). Inadequate water availability due to less rainfall than normal
resulting reduced groundwater recharge, inferior ecosystem maintenance and
subsequent low-grade cropping and household works is termed as drought in respect
of Bangladesh. National Water Plan (NWP, 1991) described that uneven and
inadequate rainfall can greatly reduce crop production. They defined droughts as very
Severe, severe, moderate and slight according to yield loss. Average occurrence of
drought in the country is once in 2.5 years (Adnan, 1993; Ericksen et al., 1993;
Hossain, 1990). Between 1960 and 1991, nineteen droughts have been occurred in
Bangladesh (Mirza and Paul, 1992). World Bank (2000) identified very severe
droughts occurred in 1951, 1961, 1975, 1979, 1981-82, 1984 and 1989. The year
1994-95 was also a severe drought year in Bangladesh (Rahman, 1995, Sajjan, 1998).
The 1994-95 drought was felt very severely among the farmers because of scarcity of
irrigation water in the dry season for the recently introduced HYV paddy in the
region. The same intensity of drought in the far past was not of such concern when
there was no irrigation demand for HYV paddy, particularly in the dry season.
Droughts severely affect the crop output of Bangladesh. Saleh et al. (1996) studied
that droughts affect crops in the most at two stages of the crop season in a rainfed
lowland rice system — i) prior to transplantation and ii) at the beginning of ripening

period. Karim et al. (1990) identified two critical drought periods — (i) Rabi and pre-
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Kharif droughts (January — May) due to cumulative effect of dry days, higher
temperatures and Jow soil-moisture availability, and (ii) Kharif droughts (June/July —
October) due to sub-humid and dry condition in the highland and medium high land
areas. Apart from loss to agriculture, droughts have significant effects on land
degradation, livestock population, employment and health. Past droughts have
typically affected about 47 percent area of the country and 53 percent of the

population (Task Force, 1991). Climate change issue aiso would bring Bangladesh at

higher risk due to droughts (World Bank, 2000).

Most of the research activities of Bangladesh emphasized on floods rather than
droughts. This may be due to the fact that droughts have silent impact to the society
while floods have immediate adverse effects (Bhutyan et al., 2002). National Water
Policy (NWPo) gives emphasize on drought monitoring and contingency plans for
regions experiencing recurrent seasonal shortage of water. The drought early warning
system required by NWPq has two basic components: a data collection and reporting

system and an analysis system (NWPo, 2000).

In order to assess the impacts of drought it is necessary to detect several drought
features such as the onset of drought, duration and severity (Dalezious et al., 2000).
There is an extensive literature for the quantitative assessment of droughts including
indices, models and water balance simulations (Palmer, 1965; Alley, 1985; Karl et al.,
1987; Prout et al., 1986; Lana and Burgueno, 1998; Femandez and Vergara, 1998;
Stah! and Demuth, 1999). In Bangladesh, Karim et al. (1990), Alam (1994), Saleh et
al. (1996), Datta (1997), Sajjan (1998), Bhattacharyya (1999), BARC (2001) and
many others studied drought using different approaches. The Palmer Drought Severity
Index (PDSI) has not yet used in Bangladesh for quantification of drought. The PDSI
was world-wide used in many research studies, namely, Karl (1986), Kothavala
(1997), Piechota and Dracup (1999). It was also applied on an operational basis in the
United States (Lohani and Loganathan, 1997). There are also successful applications
of the PDSI in Canada (Louie, 1986), Argentina (Scian and Dounari, 1997), Hungary
(Szinell et al., 1998), Australia (Kothavala, 1999) and Greece (Dalezios et al., 2000).
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In this research, an attempt was made to assess the suitability of widely accepted

Palmer method for analyzing drought in Bangladesh.

1.3 Objectives of the study
The present study has been carried out with a possible outcome of developing an
effective method of drought analysis in Bangladesh. The Palmer method is a widely
accepted drought analyzing tool. In this study the applicability of the Palmer method
in drought analysis of Bangladesh has been examined and compared with other
methods to see its performance. Thus the specific objectives of this research are:
1. To identify the onset and termination of drought spelis by the Palmer method.
2. To determine the duration of drought spells, their severity and frequency of
occurrences by the Palmer method.
3. To compare the results of the Palmer method with two other drought analyzing
methods: i) Herbst et al. (1966) and ii) McKee et al. (1993).
4. To recommend the suitability of the Palmer method in drought analysis of

Bangladesh.

1.4 Organization of the thesis

The thesis has been organized in eight chapters. Introductory aspects like
background of the study, objectives of the study etc. are discussed in chapter one.
Chapter two contains the available literature related to drought studies carried out in
Bangladesh and also in other countries. Chapter three deals with the study area and
data collected for the study. Chapter four describes the Palmer (1965) method while
chapter five describes details of the other two drought analyzing methods used in the
study namely the Standard Precipitation Index (SP1) method (Mckee et al., 1993) and
the method of Herbst et al. (1966). The findings of the Palmer method such as
occurrences of drought, their duration, severity etc. are presented in chapter six. The
Palmer method is compared with two other methods in chapter seven 1o see its
performance as a drought analyzing tool in Bangladesh. Conclusions are drawn and

some recommendations are made in chapter eight.




Chapter 2
LITERATURE REVIEW

2.1 General

The lack of precise and objective definition of drought is one of the principal
obstacles to the investigation of drought (Yevjevich, 1967). This often leads to
confusion among decision makers about what constitutes a drought. Drought may
occur in high as well as low rainfall areas. Drought is a creeping hazard since it
develops slowly and has a prolonged duration (Smith, 2000). Its impacts are different
in different regions even if all the natural conditions are the same. So drought is
considered as a relative term. Generally drought refers to a deficiency of adequate
water from established sources to meet the need of users. The availability of water
depends largely on rainfall. That is why occurrence of rainfall is considered as the
best single index of drought. Drought can be characterized by specifying minimum
water needs for a particular purpose. If the minimum water need for a given period of
time is met by rainfall of a given amount ‘X’, drought may be said to occur whenever
the rainfall during that time interval is less than ‘X’ and the severity of drought is
related to the rainfall by which the amount is less than the requirement (Gibbs and
Maher, 1967). In the following sections, the available literature on different methods

of drought analysis is briefly described.

2.2 Methods of drought analysis

Every water user has its own concept of drought. Various methods of drought
analysis relevant to specific water uses or to specific disciplines have been classified.
Statistical tools are usually applied for hydrological and meteorological drought
analysis. Horn (1989) applied the theory of runs to streamflow sequences in ldhao
which permitted the assignment of return periods to historical drought events based on
statistical characteristics of the streamflow record. Agricultural droughts are viewed
as the effect arising from the hydrological and meteorological droughts. Several
researchers around the world are interested in analysis of drought in terms of duration,

magnitude and severity. Analyses based on hydrological, agricultural and
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meteorological domains developed for identification of drought are presented in the

following sub-sections.

2.2.1 Meteorological drought analysis

Palmer (1965) developed an index known as Palmer Drought Severity Index
(PDSI) for quantifying severity of the effects of meteorological drought. The PDSI is
widely used in many drought studies. Scale of PDSI runs from “mild” to “moderate™
to “severe” to “extreme”. The normal range of PDSI values are from —0.5 to +0.5.
Any PDSI value above +4.0 or below —4.0 falls into the “extreme” categories of wet
spell or drought. Palmer described the severity of a drought effect is proportional to
the relative change in climatic parameters. It defined drought period as an interval of
time during which the actual moisture supply at a given place falls short of the
climatically expected or appropriate moisture supply. Palmer considered the severity
of drought as a function of both the duration and magnitude of the moisture
deficiency. A given PDSI value represents not only the current conditions, but also
recent past conditions to a certain extent. Thus it reflects the progression of the trends,
whether it is a drought or a wet spell. Since PDSI identifies wet spells in addition to
drought spells, it is also called as Palmer Severity Index (PSI). Palmer (1968)
developed another index known as Crop Moisture Index (CMI) to evaluate moisture
conditions. While PDSI evaluates long-term meteorological dry and wet spells, CMI
evaluates week-to-week crop conditions. CMI is based on the mean temperature and
total precipitation for each week within a climatic division, as well as CMI value from

the previous week.

Alley (1985) investigates the relationships between PDSI for climatic divisions
and streamflow and groundwater conditions within each division. In his paper the
PDSI for climatic divisions in New Jersy has been compared to the occurrence within
each climatic division of streamflows in their lower quartile for the month
(streamflow index) and groundwater levels in the lower quartile for the month
(groundwater index). Herbst et al. (1966) developed a technique for the evaluation of
drought based on monthly rainfall data. In this method it is possible to determine the

duration and intensity of droughts. A drought index is calculated which enables to
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ascertain the intensity of drought of a station. A modification to Herbst et al. (1966)
method is suggested by Datta (1997) using fortnightly rainfall data of north-western
region of Bangladesh.

Brutsaert et al. (1972) presented a method to find out the availability of moisture
as it relates to drought. He covered a broad area of the topics and provided a variety of
examples of contemporary recent attempts for solving drought related problems.
Lowing (1987) defined a climatic drought as the difference between potential
evapotranspiration and precipitation. This type of drought analysis is more relevant
for supplementary irrigation project design. He also studied low flows by taking a
discharge value of x as an arbitrary reference level. He used three parameters to
describe low flow x, which are i) duration, ii) minimum value and iii) overall deficit.
Sharma (1996) developed a model using a Markov (order 1} process. This model
describes the behavior of dry and wet spells using the theory of runs, in combination
with Poisson, geometric and Weibull distributions for occurrences of spells, run
lengths and total rain-sum of a wet spell, respectively. In this regard, the longest
period of dry and wet spells and the corresponding largest rain-sum value can be
deduced by applying the theory of extremes of random number of a random variable
(Todorovic and Woolhiser, 1975). Very few results of investigations on areal drought
coverage are available. Even a descriptive method of areal characteristics of drought
has not been well developed. Little has been done on applying the quantitative
statistical methods on areal coverage. Pinkayan (1966) studied the probability of
occurrence of wet and dry years over a large area. Gibbs and Maher (1967) analyzed
the areal extent of past drought in Australia by classifying the annual precipitation
using the decile range. The distribution of occurrences over a long term precipitation
record was divided into tenths of the distribution. Each of these categories was called
deciles. The first decile range and the tenth decile’ range were considered as
abnormally dry or drought and abnormally wet respectively. Delleur et al. (1989) and
Chang et al. (1984) developed a family of statistical models for the simulation of
sequences of dry and wet days. The models are based on the discrete autoregressive-
moving average (DARMA) family of stochastic process, which include the Markov

chain as a particular case.
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Mckee et al. (1993) developed a drought index known as the Standard
Precipitation Index (SPI) to enhance the detection of onset and monitoring of drought.
The SPI is a simpler measure of drought than PDSI and is based solely on the
probability of precipitation for a given time period. A key feature of the SPI is the
flexibility to measure drought at different time scales of interest {1 month, 3 months, 6
months, 12 months, 48 months, etc.). The severity of drought can be compared to the
average condition for a particular station or region. Values range from 2.00 and above
(extremely wet) to -2.00 and less (extremely dry) with near normal conditions ranging

from 0.99 to -0.99.

Chowdhury and Hussain (1983) studied the aridity and drought conditions of
Bangladesh. In that study, the aridity index (Martonne, 1926) was used to find out the
aridity condition while the decile concept of Gibbs and Maher (1967) was used to
investigate drought conditions of Bangladesh. The aridity index was calculated
considering precipitation and temperature data. Disaster Management Bureau of
Bangladesh (DMB, 1998) studied drought conditions using the index developed by
Bhalme and Mooley (1980). Only precipitation data was used for the analysis. The
index values range from greater than +4.0 (extreme wet condition) to less than -4.0

(extreme dry condition) with the normal conditions ranging from 0.99 to -0.99.

Northwest region is considered as drought prone area in Bangladesh specially
Barind Tract. Several studies were carried out for analyzing meteorological drought in
northwest region. Alam (1994) studied the statistical characteristics of climatic
drought in the Teesta Barrage project area. In the study, drought was defined as the
difference between potential evapotranspiration and rainfall. The study calculated 10-
day yearly drought maxima since irrigation requirement is usually applied on 10-day
basis. The Extreme Value Type 1 (EV1) distribution was fitted to 10-day drought
maxima. Sajjan (1998) studied 1994-95 drought characteristics in northwest region.
The persistent behavior of dry and wet spells of rainy seasons was studied using
Markov (order 1) process under the theory of runs. Markov model was seemed to be
promising for determining the drought and wet periods. Bhattacharyya (1999) studied

drought in northwest region in terms of deficiency of crop water requirement. The
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characteristics of surplus and deficiency of crop water requirements in periodic
stochastic process were studied on the basis of theory of runs and direct enumeration
technique. In the present study drought analysis in northwest region would be carried
out by the Palmer method and the results would be compared with the methods

developed by Mckee et al. (1993) and Herbst et al. (1966).

2.2.2 Hydrological drought analysis

Gumbel (1963) defined drought as the smallest annual value of daily streamflow.
By this definition, a drought event occurs exactly once a year. Gooch (1966) used
three components to characterize drought. These are duration, runoff during drought
and net reservoir-surface evaporation during drought. Whipple (1966) applied the
station-year method of regional frequency analysis to multiyear hydrologic droughts.
Yevijevich et al. (1975) determined the joint probability distribution of hydrologic
droughts for two hydrologic time series, concurrently observed at two locations. He
found the relations of characteristics of probability distributions of joint drought
occurrence at two locations and the statistical parameters of the corresponding two
hydrologic time series. He also initiated a methodology of studying droughts of
hydrologic periodic stochastic processes exemplified by monthly time series. Sen
(1976) presented a method to provide simple analytical solutions to various problems
concerning probabilities and statistical properties of wet and dry periods in
streamflow sequences. Droughts are representative of dry periods in a streamflow
sequence during which successive flow values remain less than a given reference
value, xo. Sen (1977) developed a methodology on the basis of random sum of
random variables for determining various run-sum properties of a given hydrologic
process. This paper provides simple analytical solutions to various problems
concerning the amount of water over dry or wet periods in water-resources system
design. Sen (1978) developed a methodology which is referred to as the “autorun
analysis’ to investigate the sequential properties of a hydrologic time series on the
basis of wet and dry spells which are directly related to the run properties. Sen (1980)
developed a drought-generating mechanism from an observed streamflow time series

and formulated simple analytical solutions of the probabilistic behavior of extreme

droughts by making use of Markov process.
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Dracup et al. (1980) performed several statistical tests on streamflow series for the
purpose of analyzing multi-year drought events. The test results and their implications
are discussed in relation with the characterization of high-flow and drought event,
which give an indication of the maximum response of watershed in terms of drought
duration and severity during the period of record. Ahmed (1982) studied the return
period of the Ganges river drought. The study compared the results of drought
frequency analysis by several methods and appraised the relative reliability of these
methods. Four theoretical distributions had been applied to the same set of low flow
data of the Ganges. The distributions used are the Extreme Value Type-I, Pearson
Type-III, Log-Pearson Type-IIl and the Lognormal. He showed that the Log-Pearson
Type-HI distribution fitted the drought data best. Khan (1985) presented a paper on
drought analysis of aquifer recharge using probability distribution. Here the author
applied the commonly used distributions for low flow analysis in case of drought
recharge analysis for the unconfined chalk aquifer of the river Itchen catchment in

Hampshire, United Kingdom.

Mohan and Rangacharya (1988) developed a method to identify the characteristics
of drought by its duration, areal extent and its severity. To identify those parameters
from the available historic/forecasted flow data, a method is proposed following a
modified procedure of Herbst et al. (1966) which was originally suggested for
analysis of drought using rainfall data. This modified methodology is applied to 52
years streamflow series (1930 to 1981) of Bhadra River Karnataka in India. Salazar
(1988) described a potential technique for drought analysis of periodic stochastic
processes. The first alternative in treating the drought of periodic stochastic series is
to remove trends and periodicities in parameters, using either the parametric or
nonparametric method of their removal. The second alternative is to use the supply
less demand series. The third alternative used for analysis is the ‘drought magnitude
and drought duration criteria’. A fourth alternative is based on simultaneous
generation of annual and monthly series by jointly preserving their parameters such as
the variance and serial correlation coefficients among others. Majumder (1988)
carried out drought analysis and synthetic generations on two Indian rivers Damodar

and Cauveri using ARIMA and fast fractional Gaussian noise model (ffGn). The
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quality of generated data regarding preserving the historical basic properties like
mean, variance as well as long term properties like Hurst co-efficient (H) and run
lengths of low flow generation as depicted by drought curve was investigated. Chang
(1990) studied the effect of drought on stream flow characteristics. He defined
drought events as periods of flow below specified truncation levels. For a truncation
level there may be one, several or no drought events. Different truncation levels can
be used to reflect different levels of drought severity. The drought intensity function
was developed to investigate drought severity in the basin. Shen and Tabios (1995)
performed a drought study of the Sacramento River basin using the combined annual
flows of the four major rivers contributing to Sacramento River. The analysis was
based on the theory of runs considering the presence of reservoirs and without

reservoirs.

2.2.3 Agricultural drought analysis

BARC (2001) developed a practical nattonal methodology for drought assessment
in Bangladesh. In the study drought was considered as an imbalance (on the dry side)
between water availability and water demand. The researchers selected precipitation,
water flows, storage of groundwater and surface water and soil moisture as drought
defining components. According to the study, the drought can be caused by one of
these deficits or a-combination: i) lack of precipitation, ii) lack of surface water or
groundwater availability for irrigation purposes and iii) lack of irrigation water due to
failing technical means. The agricultural drought occurred due to lack of rainfall
and/or irrigation water causes reduction of crop yield. The relationship among drought
defining components is shown in Figure 2.1. In 1990, BARC produced two drought
classification maps by using the agro-ecological database (FAO/UNDP, 1988) to
categorize drought situations. In the study, droughts were classified as Kharif drought

and pre-Kharif drought.
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Figure 2.1 Relation among drought defining components (Source: BARC, 2001)

Karim et al. (1990) developed a methodology by using the agroecological data
base at BARC to categorize drought situations and estimate loss of different crop
yields due to drought. Following the delineation of the drought prone areas, a
computerized model of yield reduction of crops has been established. To avoid crop
loss and to increase cropping intensity in the drought prone areas, an irrigation
schedule for different crops has been worked out. Based on available information,
droughts in Bangladesh have been categorized Into two types. One is Kharif and
another is Rabi and Pre-Kharif. Kharif drought was delineated based on the
percentage of sub-humid and dry decades present in each Kharif humid period. The
dry sub-humid decades were defined as a period when precipitation is less than half of
the potential evapotranspiration, while the dry decades were defined as a period when
there is no precipitation. The total number of dry days was derived from the
percentage of decades in each Kharif humid period. Using these parameters and
available soil moisture in the highland and medium highland, Kharif drought prone
areas were classified. Rabi and pre-Kharif drought was classified based on the
cumulative effects of dry days, higher temperature during pre-Kharif season and low
soil moisture storage. Droughts have been again subdivided into several classes

depending on the intensity such as very severe, severe, moderate and slight.
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Hershfield et al. (1972) studied some measures of agricultural drought. The
frequency of dry-day sequences for both precipitation and streamflow is used as a
drought discriminant or as an ‘ndicator of the reliability of precipitation input 1o the
agricultural system in time. The analysis is based on the premise that sequence
lengths, as statistical property of time series, provide useful parameter in drought
investigation. Karim (undated) developed a methodology to quantify the effect of
moisture stress on the yield of a crop which can be used for planning irrigation
project. He calculated stress day (SD), stress day index (SDI), stress index (SI) and
drought yield (YDi) of crops. He showed how crop yield decreases with water stress
in a region. Bidwell (1972) studied the methodology for analyzing agricultural
drought. In the study, technigues of constructing and analyzing models have been
introduced to simulate the relationship between hydrologic droughts to crop vields.
Saleh et al. (1996) analyzed the nature, extent and frequency of droughts in the
monsoon season in a rainfed lowland rice system of north-west Bangladesh by using
the method of water balance from long term rainfall data and from two-year field
studies. The study shows that droughts are expected at the beginning of the crop
season prior to transplantation and from the beginning of the ripening period. Victor
and Sastry (1984) made an evaluation of agricultural drought using probability
distribution of soil moisture index (SMT) for some Kharif crop. Narayana et al. (1984)
performed a statistical study on incidence of drought in relation to agricultural
production. Here they showed how yield declined with increase of probability of

drought.
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Chapter 3

STUDY AREA AND DATA USED
3.1 Study area

The North-West (NW) region of Bangladesh (Figure 3.1) spanning from the

latitude 23°50' N to 26730’ N and longitude 88'10" E to 89°45' E is selected for the
present study, since it is the most drought prone area of the country. The region is
bounded by the two major rivers in two sides, the Jamuna in the east and the Ganges
in the South. The Indian borders are on the north and west sides of the region. It
slopes from the north towards the southeast with an altitude range of 90 m to less than
10 m above sea level. The Barind and alluvial tracts are the main physiographic units
of the region. The Barind Tract consists mainly of non-altuvial soils at the middle of
the region while the alluvial tract has the Himalayan piedmont plains in the north, and
lowlands along the Jamuna and the Ganges system. The region occupies a total area
of 32000 km® (SWMC, 1996) with a population density of about 980 persons
per sq. km.

Out of seven hydrological units of Bangladesh, the NW region is more vulnerable
to climatic variations. The region has a typical monsoon climate. Average annual
rainfall ranges from less than 1500 mm to 3000 mm with a regional average of about
1900 mm. Eighty percent of the annual rainfall occurs during the five months
monsoon season between May and September. In the midst of monsoon, an
occasional short dry period up to 23 days-known as monsoon break (Mahalnobis,
1927; FAP-25, 1992) persists in the NW region of Bangladesh (Bhuiyan and Sajjan,
1998). Occasional rainfall occurs in dry season from November to February. Due to
subtropical location, temperature variations are more pronounced in NW region.
Maximum temperature ranges from 35°C in April/May to 25°C in January and the
minimum temperature varies from 20°C in August to 10-11°C in January. The
humidity levels are consistently very high during the monsoon season and drop
significantly at the end of dry season. Sunshine levels are low during monsoon and
high from November to May. Wind speeds are maximum in the early monsoon and
drops at the beginning of the dry season. Evapotranspiration reaches maximum in

April when temperature, sunshine and wind are all at or close 0 the maximum value
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for the year, while humidity is less than maximum. Evapotranspiration is exceeded by
average rainfall during May to October, but for the remaining months it is higher than
rainfall. WARPQ (2000) estimated soil moisture available in 1 m of soil in NW
region considering rainfall, flooding condition, thickness of root zone, the soil type

and the flood phase.

NW region is highly developed agriculturally with the largest irrigated area
among all the regions supplied mainly by Shallow Tube Wells (§TWs). The annual
(gross) usable recharge is 322 mm in NW region (WARPO, 2000) or 10156 Mm?* and
the usable recharge by STW is 8726 Mm’. Variations in seasonal rainfall are of great
concern due to intense cultivation in the region. Aus (Kharif I), Aman (Khanf I‘I) and
Boro (Rabi) are three important crops grown in NW region. Aus grown in Karif |
scason often suffers from drought in early part of the season due to insufficient
rainfall and its uneven distribution. Aman cultivation in Kharif I1 is sometimes
delayed due to early drought and resulted in a delay in harvesting. Normal rainfall in
the post monsoon season is also very important for early Rabi and seedlings of Boro

Crops.

3.2 Data used in the study

In the present study drought analysis were carried out in the NW region by the
Palmer method (1965) based on 31 years meteorological data starting from 1972, 1t
was assumed that the analysis based on recent meteorological data would provide a
reasonable assessment of drought cendition at any time. The suitability of the Palmer
method was-examined by comparing the method with two other methods developed
by i) MacKee et al. (1993) and ii) Herbst et.al (1966). The monthly total rainfall,
monthly mean tempereture and soil moisture data were used in the Palmer method for
characterization of drought. Temperature data were used to calculate the potential
evapotranspiration by the Thomthwaltes formula (1955) Half monthly total rainfall

~

data were used-in the other two methods for quantlﬁcatlon of drought

-
P

w
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Meteorological data

For the rainfall data, fifteen rainfall stations out of 94 rainfall stations in NW
region of Bangladesh Water Development Board (BWDB) have been selected. The
selection of stations depends on the quality and length of record of available data as
well as with the concern so that the stations are uniformly distributed over the region.
The temperature data are collected from five meteorological stations of the
Bangladesh Meteorological Department (BMD). The geographic locations of the
selected stations are shown in Figure 3.2. The meteorological data collected for the
present study are listed in Table 3.1. Temperature data are not available in the BWDB
rainfall measuring sites. In that case, temperature data were taken from the nearest

temperature measuring station to concerned rainfall site.

Soil moisture data

The Palmer method considers the available soil moisture of the area being studied.
Available soil moisture is different in different soil texture classes. The soil texture
varies in different agroecological zones. FAO/UNDP (1988} divided Bangladesh into
different agroecological zones. The agroecological zones (FAO/UNDP, 1988) of the
NW region are shown in Figure 3.3. The majority of soils of NW region have loamy
and clayey textures. The texture referred to is that of the subsoil, approximately the
layer between 20-50 c¢cm. It is the layer which is generally most important in storing
soil moisture which plants can use. In the present study, the available soil moisture for
the fifteen stations is estimated considering their soil texture and agroecological zones
of FAO/UNDP (1988). In FAO/UNDP (1988), the readily available moisture by
agroecological region according to soil texture was estimated assuming readily
available moisture equivalent to two-thirds of total available soil moisture holding
capacity. Details of the available soil moisture data used in the study are given in
Table 3.2.

3.3 Consistency and homogeneity tests of rainfall data
Prior to processing the rainfall data, it is necessary to assess the reliability and
quality of the available observations and to correct unreliable data by filling the

missing data. Inter station correlation of rainfall data is determined in the study to fill
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the missing data of any station. The missing data of the test station has been filled
with the data of nearby station with which it is highly correlated. For example, half-
monthly rainfall of the station Rangpur (CL 206) has a good correlation of 0.80 with
the neighbouring staion, Kaunia (CL 178). Thus any missing data of Rangpur is filled
with the observations of Kaunia. If any station has no good correlation with
neighbouring stations, the missing data is filled by using the normal ratio method. In
that case the rainfall amounts at the index station are weighted by the ratios of normal

annual precipitation values (Summer, 1988).

Kohler (1949) and Berndtsson and Niemczynowicz (1986) noted that a double
mass curve may be derived to test short and long periods of rainfall data for
homogeneity over time. The mass curve for half-monthly rainfall will normally
approach a straight line. If consistent changes in the rainfall regime are present, a
clear inflection will appear on the mass curve near the point where the changes occur
(Cornish, 1977). In this study, the mass curves are examined in order to know whether
the available data are consistent and homogeneous or not. Mass curve results show
that the rainfall data of all fifteen stations follow a straight line, which implies that the
data are consistent and homogeneous. Some of the double mass curves for half-

monthly rainfall data considering Bogra as a base station are shown in Figure 3.4.




Figure 3.1 Hydrological regions of Bangladesh
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Table 3.1 Details of the meteorological data
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Legend

. .
~O ‘Selectcd stations

1 Old Himalayan Piedmont Plain

2 Active Tista Floodplain

3 Tista Meander Floodplain

4 Karatoya-Bangali Floodplain

5 Lower Atrai Basin

6 Lower Punarbhaba Floodplain

7 Active Brahmaputra-Jamuna Floodplain

10 Active Ganges Floodplain

11 High Ganges River Floodplain

12 Low Ganges River Floodplain

25 Level Barind Tract

26 High Barind Tract

27 North-eastern Barind Tract

Figure 3.3 Agroecological zones in Northwest region of Bangladesh
(Source: FAO/UNDP, 1988)
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Table 3.2 Details of soil moisture data (Source: FAQ/ UNDP, 1988)

Name of Name of Agroecological Main soil Available soil
station district zone texture moisture (in/ft)
Atghoria Pabna Low Ganges River Floodplain Clayey 2.34

Bogra Bogra Level Barind Tract Clayey 1.80

Dhunot Bogra Karatoya-Bangali Floodplain Clayey | 1.60

Sirajganj Sirajganj Karatoya-Bangali Floodplain Loamy 3.06

Singra Natore Level Barind Tract Clayey 1.80

Dinajpur Dinajpur Level Barind Tract Clayey 1.80

Kaliganj Latmonirhat Tista Meander Floodplain Loamy 3.60

Kaunia Rangpur Tista Meander Floodplain Loamy 3.60
Mithapukur Rangpur Tista Meander Floodplain Loamy 3.60

Mahipur Rangpur Tista Meander Floodplain Loamy 3.60

Nazipur Naogaon Leve] Barind Tract Clayey 1.80
Nekmard Thakurgaon Old Himalayan Piedmont Plain | Loamy 3.60

Rajshahi Rajshahi High Ganges River Floodplain § Loamy 2.96

Rangpur Rangpur Tista Meander Floodplain Loamy 3.60

Shibganj Nawabganj Old Himalayan Piedmont Plain | Loamy 2.96
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Chapter 4
THE PALMER METHOD

4.1 General

Different methods have been used in Bangladesh for analysis of the
meteorological droughts in NW region. The present study has mainly focused on the
Palmer method (1965) to examine the suitability of the method as a drought analyzing
tool in Bangladesh in comparison with other two methods developed by 1) McKee et
al. (1993) and 2) Herbst et al. (1966). Those two methods would be treated in the
study as the Herbst method and the Standard Precipitation Index (SPI) method
respectively. The Herbst method considers the carry over effect to the subsequent
half-month to characterize drought. The Palmer method also considers the recent past
conditions along with current conditions to determine the drought severity index. On
the other hand, the SPI was developed to give a better representation of abnormal
wetness and dryness than the Palmer Indices (Guttman, 1998). With these
considerations, the Herbst and the SP1 methods are chosen in the study to compare
with the Palmer method. The concept and methodology of the Palmer method would
be described in this chapter while the details of the other two methods would be

discussed in the following chapter.

4.2 The concept of the method

Palmer (1965) developed an index known as Palmer Drought Severity Index
(PDS]) for quantifying the severity of effects of meteorological drought. The PDSI
actually uses a supply and demand mode! for the amount of moisture in the soil. The
supply is the amount of moisture in the soil plus the amount that is absorbed into the

soil from rainfall. The demand is the amount of moisture lost from the soil.

Scale of PDSI runs from “mild” to “moderate” to “severe” to “extreme”. The
normal range of PDSI values are from -0.5 to +0.5. Any PDSI value above +4.0 or
below -4.0 falls into the “extreme” categories 6f wet spell or drought. Palmer
described the severity of a drought effect is proportional to the relative change in

climatic parameters. It defined drought period as an interval of time during which the
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actual moisture supply at a given place falls short of the climatically expected or
appropriate moisture supply. Palmer considered the severity of drought as a function
of both the duration and magnitude of the moisture deficiency. A given PDSI value
represents not only the current conditions, but also recent past conditions to a certain
extent. Thus it reflects the progression of the trends, whether it is a drought or a wet
spell. Since PDSI identifies wet spells in addition to drought spells, it is also called as
Palmer Severity Index (PSI). Palmer (1965) assessed droughts using only monthly
data of precipitation and temperature. Details of the Palmer method are described in

the following sections.

4.3 Considerations and assumptions of the method
The following assumptions were made in the Palmer method by Palmer (1965) for

developing drought assessment tool in different climatic regions:

1. The soil is divided into two layers where the upper layer is called the surface layer
and roughly equivalent to the plough layer, the other is called the underlying layer.

2. Availability of water in the soil is the combined available capacity of both surface
and underlying layers of soils.

3. Surface layer of the soil is assumed to contain 1 inch of available moisture at field
capacity.

4. Potential evapotranspiration is the measure of the amount of moisture to be used
when the supply is not limited.

5. It is assumed that evaporation takes place at the potential rate from the surface layer
until all the available moisture in the layer is removed.

6. Potential loss is assumed as the amount of moisture lost from the soil when
precipitation is zero.

7. It is also assumed that there is no recharge to the underlying soil layer until the
surface layer is brought to field capacity.

8. Potential recharge is assumed as the amount of moisture required to bring the soil
to field capacity.

9. It is assumed that no runoff occurs until both layers of the soil reach field capacity.
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10. Potential runoff is assumed as the maximum runoff when potential
evapotranspiration is zero. It is also assumed to be a function of the amount of soil
moisture available.

11. Potential precipitation is assumed to be equal to available water holding capacity

of soil.

4.4 Steps followed in the method
Palmer used the water balance or hydrologic accounting approach for drought

analysis. The procedure considers precipitation, evapotranspiration and soil moisture

conditions. The steps followed in the Palmer method to determine the PDSI are listed

below:

1. Carrying out a hydrologic accounting by months from a long series of years.

2. Determine coefficients which are dependent on the climate of the area being
analyzed using the results obtained in step 1.

3. Determining the amount of moisture required for normal weather during each
month using the derived coefficients.

4. Determining the departures and converting the departures to indices of moisture
anomaly.

5. Determining the beginning and ending of drought/wet periods and drought/wet

severity.

Step 1: Hydrologic accounting
The computation of the PDSI begins with a climatic water balance using long
series of monthly precipitation and temperature records as inputs. The parameters

considered in hydrologic accounting are shown in Figure 4.1,
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P ET/PE
R/PR RO/PRO
J'_&ﬁ_’(_“_
Surface layer S \ o Plough layer
(i
Underlying layer S.
Depth of soil layer
L/PL

P= Precipitation, S,=Soil moisture in the surface layer
S,=Soil moisture in the underlying layer, ET/PE=Evapotranspiration and potential evapotranspiration
R/PR=Reccharge and potential recharge, RO/PRO=Runoff and potential runoff

L/PL=Loss and potential loss from the soil

Figure 4.1 Parameters considered in the hydrologic accounting

i) Availability of water in soil (AWC)

AWC is the combined available water holding capacity of both surface and
underlying layers of soil. It must be representative of the area being considered for
drought analysis. The surface layer soil moisture is denoted by S; while the underlying
layer soil moisture by S, . The available capacity of underlying layer soil depends on

the depth of the soil and on the soil characteristics in the area under study.

ii) Evapotranspiration

Potential evapotranspiration (PE) is computed using Thornthwaite’s formula (1955) in
the Palmer method. In the present study, this formula has also been used to estimate
the PE values in order to keep consistency with the original Palmer method. The

Thornthwaite’s formula (1955) is described in Appendix L.

Actual evapotranspiration (ET) is a function of potential evapotranspiration and the
dryness of the soil. Estimates of ET depend on realistic volume of AWC of soils in

the study area. It also depends on loss (L) of the soil.
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Computation of ET:
[F P 2 PE, ET=PE ..ottt et vt e e et (4.1)

IEPSPE, ET=PHL oo vveoeveoreeeeeeeeeeeevcssessssssssesseesssssssssssssssssssssesssssesssssnssseseseec($.2)

iii) Loss from the soil

Actual loss (L) consists of surface layer loss (L) and underlying layer loss (L,). Thus
It is assumed that the loss from thé underlying layer depends on initial moisture
content, PE and AWC of the soil.

Computation of L:

TEPEPE, Ly =0, Lu=0. e voeeeeeeieeereeess aeeeesessessesseeeses e cesene et eeieon (4.4)

If P<PE, i) if (PE-P)>S,’, L= S; " (4.5)
Ly =(PE-P- Lg )x(S,//AWC) -

if) if (PE-P)<Sy, Ly = PE-P
----------- (4.6)
L,=0

where S, and S, are the amounts of available moisture at the beginning of the month

in the surface and the underlying layers respectively.

Potential loss (PL) is defined as

P PLi PLi ottt e ee et e e e ettt e et et e e e e e e 4.7
where, PL, is the potential loss from the surface layer

and PL, is the potential loss from the underlying layer

Computation of PL:

IfS¢ > PE, PL,=PE }

If Sy<PE, PLs= Sy’ Q} (4.9)
PL,=(PE- PLy ) (S//AW
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iv) Recharge
Actual recharge (R) consists of recharge to surface layer (R;) and recharge to

underlying layer (R ). Thus

Computation of R:
[f P> PE, i) if (P-PE) > (1-S;), R:=1- §

if (P-PE-R) 2 (AWC-1- 8,), R=AWC-1-S, [ 10
if (P-PE-R)<(AWC-1- S.), Ry= P-PE-R;
ii) if (P-PE) < (1-S,"), Re=P-PE, R, =0
I P<PE, Re=0, RU=01 .o eeeeeeeeeeeeee et e oo e e e e e, (4.12)

Potential Recharge (PR) is a measure of moisture that is added when rainfall is
enough. PR is defined as the amount of moisture required to bring the soil to field
capacity. PE is the maximum water requirement of a region. If precipitation exceeds
PE, there is addition of soil moisture instead of depletion. Then PE values remain
invariant and moisture requirements during the period are related to the PR.

Computation of PR:

PREA N -0 ittt e et e e e e 4.13)
v) Runoff

Computation of actual runoff (RQ)
If P>PE, i) (P-PE)> (1-S;"),
if (P-PE- R )< (AWC-1-§), RO=0

............ (4.15)
if (P-PE- R,) > (AWC-1- 8,), RO=(P-PE-R)
i) (P-PE)< (1-S"), RO=0.
IEPPE, ROZ0. ..o ettt e e e e et eene s (4.16)

Potential Runoff (PRO) is equal to the precipitation minus the amount that could be
added to the soil.

Computation of PRO:

PRO=AW P RS i e “.17)
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Here potential precipitation is equal to AWC.

S is the amount of soil moisture available at the beginning of the month.

Step 2: Determination of coefficients

The calibration of the water balance mode! for normal level is accomplished by
simulating the water balance over the period of available historical records of
temperature and precipitation so that the four coefficients for the study area are
derived. The four following monthly coefficients are computed using the four
potential terms, potential evapotranspiration (PE), potential recharge (PR), potential
runoff (PRO) and potential loss (PL). The overbars in determining each coefficient
indicate the average values from the historical records for each month of the year

from January to December.

i) Coefficient of evapotranspiration, o

ET
U PP 4.18(a
'S PE [4.18(a)]
where i = Jan, Feb, Mar,................. , Nov, Dec.

@, is used to estimate the amount of ET for a month i of the year, that is normal for a

particular place considering moisture demand (PE) during that month

ii) Coefficient of recharge, 3

R
e B U 4.18(b
B, >R, [4.18(b)]
where i = Jan, Feb, Mar,................. , Nov, Dec.

J, is used to estimate the amount of R for a month i of the year, that is normal for the

conditions of time and place being considered.

iii) Coefficient of runoff, y

RO,

PRO [4.18(c)]

Y.

where i = Jan, Feb, Mar,................. , Nov, Dec.
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7, is used to estimate the amount of RO for a month i of the year, that is normal for

the conditions of time and place being considered.
iv) Coefficient of loss, &
L
5!. - ._._..—'
PL;

where i = Jan, Feb, Mar,.................

................................................................................. [4.18(d)]

&8, is used to estimate the amount of L for a month i of the year, that is normal for the

conditions of time and place being considered.
Thus 12 values of each of o, B, v and & for 12 months of the year are determined using
Eqns 4.18(a)-4.18(d).

Step 3: Determination of CAFEC Precipitation

The derived coefficients are used to reanalyze the time series, in order to
determine the amount of moisture required for “normal” weather during individual
months. In particular, the Climatically Appropriate for Existing Conditions (CAFEC)
values are computed and they are denoted by circumflex (*). Thus the CAFEC values

for each month of the time series are:

ET,=a.PE, )

R = f.PR,

RO, = §,.PRO,

L=6.PL,

where PE,, PR, PRO, and PL, are the potential evapotranspiration, potential

recharge, potential runoff and potential loss respectively for the current month j.
Here j=1,2,3,4,5,6,7,8,9,10,11, 12,13, .......... 24,25, 12xN.
N is the total number of years.

i=Jan, Feb, Mar,................. , Nov, Dec.




Thus the CAFEC precipitation, 1”;. is computed as;

Py= ET 4+ R+ RO = L evooeoreriesii s (4.20)

A

(ET;+ R;+ RO, ) represents the amount of moisture that is needed in order to

maintain the water resources of the area at a normal level. This does not represent the
amount of precipitation that is “needed” because there is some moisture at the
beginning of the month in the soil that is expected to supply a part of the

evapotranspiration, if necessary.

Step 4: Determination of precipitation excess and deficiency (d) and moisture
anomaly (z)

Precipitation excess and deficiency (d)

For each month j of the time series, the difference between the actual precipitation
and the CAFEC precipitation is an indicator of the water deficiency or surplus for that

month at the station under study. This is expressed as:

A, = P, = P oot (4.22)

7 )

Moisture anomaly index, z

The departures, d are converted into moisture anomaly index (z), known as z-index
by the following equation:

Zi=dixKj e (4.23)

where K; is the weighting factor for the month |

The departures are now been weighted and regarded as index numbers. Each number
expresses the departure of the weather of the month from the average moisture

climate of the month.
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Monthly weighting factor, K
Palmer (1965) showed that K depends on average water supply (P + L ) and moisture

demand (ﬁ +R+ HR“(_)) and varies inversely with D, the mean of the absolute values
ofd. |
Monthly weighting factor,

Ky = 1767 i e (4.24)
2. (DKY),
i=1
where
PE, + R, + RO, _ |
K,'=1.5log,[( ’; Zt O 2 8) D 0.5 oo (4.25)

Here the subscript i refers to the months of the year, i.e.,
i=Jan, Feb, Mar, ................ , Nov, Dec.

K,' is the weighting factor computed first for cach month by Egn. (4.25) which is

developed from Figure 4.2, The figure is a semi-logarithmic plot evolved after some
experimenting with various empirical relationships. Palmer (1965) considered
climatologically different nine areas of USA. K.’ is adjusted using Eqn. (4.24) to
obtain more comparable drought analysis results. The value of 17.67 in Eqn. (4.24) is
also an empirical value, which is the mean sum of DK of the nine areas. The
adjusted monthly weighted factor, K, takes into account the spatial variability of

departure d, such that they are independent of time and space.
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Figure 4.2 Mean annual weighting factor as related to average moisture demand,
average moisture supply, and average absolute moisture departure

(Source: Palmer, 1965)

Step 5: Determination of drought severity, X

In this step, the z index time series is analyzed to develop criteria for the
beginning and end of the periods of drought and a formula for determining drought
severity. Palmer (1965) decided to evaluate the contribution of each month to the

severity of drought. The contribution to drought severity of each month was computed
as:

AXJ"‘—"' Zj/3 - O.IOBXJ'-[ ..................................................................... (426)

Finally, the severity of drought for the month j is
X, =X, ,+AX,

z.
X, =X, + (?, - 0.103){1_,}
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Where z; is the value of moisture anomaly index or z index for the j th month and X; is
the value of PDSI for the j th month.

Incipient drought occurs when X is between -0.49 and —0.99 and drought spell begins
when X reaches —1.0. It is difficult to determine the beginning and ending of dry
period without recognizing and taking account of the wet period. The classification of

weather based on PDSI (Palmer, 1965) is shown in Table 4.1.

Table 4.1 Classification of weather using PDSI (Palmer, 1965)

PDSI value Class

>4.00 Extremely wet
3.00t0 3.99 Very wet
2.00t02.99 Moderately wet
1.00 to 1.99 Slightly wet

0.50 to 0.9% Incipient wet spell
0.49 10 -0.49 Near normal
-0.510-0.99 Incipient drought
-1.00 to -1.99 Mild drought
-2.00 to -2.99 Moderate drought
-3.00to -3.99 Severe drought
<-4.00 Extreme drought

Step 6: Determining the end of a drought spell

It was assumed that drought is definitely terminated as soon as the drought index
reaches the “near normal” category. The z value that will end a drought in a single
month is,
Ze=-2.691 K-8 (4.28)
Any value of z> -0.15 will tend to end a drought and effective wetness (Uw) is
Uy=12z+0.15 |
After a drought has definitely begun (X< -1.00), (U= z+0.15) is applied to the first
wet month when z > -0.15
U, is computed for each successive month until the computations show cither a

0 percent or a 100 percent likelihood that the drought has ended. If z. is greater than
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U, for the month, drought severity will decrease, but the drought has not definitely
ended. z. will be smaller for the next month and the total amount of wetness required

to end the drought will be

O=1z,+ i(u,,)j_k S (U)o (4.29)
k=0

where, j=the month being considered
k=number of month of lag; k*= the first month of the current wet spell

The percentage probability that drought has ended,

k=k*
Z(U\v)_;—k
P = — k0 100 =0 e, (4.30)

2,42, (U, - U,

Step 7: Determining the end of a wet spell
The drought formula (Eqns. 4.26-4.27) are also applicable to wet period.

The z value to end the wet spell in a single month is

2= 269115 i esnnnsesseennennees {4:31)

And any value of z < 0.15 will tend to end a wet spell and effective dryness (Ug) is
Ug=2z-0.15

The Same equation (Eqn. 4.30) as in determining the percentage probability that a
drought has ended is used to compute the probability that a wet spell has ended.

The methodology is illustrated in the following section with an example.

4.5 Tllustration of the methodology for determination of PDSI
The station Dhunot (CL 011) has been selected to illustrate the methodology for
determining the PDSI. The 31 years time series spanning from 1972 to 2002 of

rainfall and temperature data are used in the study.

Carrying out hydrologic accounting
The hydrologic accounting procedure for Dhunot is shown in Table 4.2. The
calculation has been started from July/1972. The previous month June was relatively

wet. It was assumed that at the end of June both layers of the soils have reached at
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field capacity. The AWC of soil is taken as 1.6 inch/feet in Dhunot (FAO/UNDP,
1988). A difficulty has been encountered while selecting the depths of soils for
hydrologic accounting. It has been found more realistic to take the root zone depth of
rice crop as the depth of soil for soil moisture accounting. While determining the
potential runoff (PRO), Palmer assumed that potential precipitation would be
equivalent to available moisture of soil at field capacity. This assumption has
produced unrealistic values of PRO. The values of PRO are sometimes less than the
actual RO values. As such, the values of PRO are needed to be increased to make
them realistic. A sensitivity analysis has been performed with one year data from
July/1972 to June/1973. The changes in total recharge (R), runoff (RO) and potential
runoff (PRO) in a year with changes in surface layer soil moisture (Ss) and available
soil moisture at field capacity (AWC) have been observed. The results of the analysis
are presented in Figures 4.3-4.5. Figure 4.3 shows that the values of R increase with
the values of both S; and AWC. Figures 4.4-4.5 shows that the values of RO and PRO
decreases and increases respectively with increases in AWC but decrease marginally
for both RO and PRO with the increase of S; The increase in PRO with the increase
of AWC is much higher than that of RO. Thus it becomes conceivable that PRO
should be increased upto the point where RO becomes less than PRO using increased
value of AWC of soil. The AWC of soil could only be increased if the soil depth is
increased. The depth of soil can be increased to a depth, which can be containing soil
moisture equivalent to standing water depth on the agricultural lands. Thus the depth
of soils considered for soil moisture accounting is 15 feet. Thus the total moisture of
the two soil layers is 24.0 inch at the beginning of July/1972. Since Palmer assumed
1.0 inch of soil moisture in the surface layer, the remaining 23.0 inch was assigned to
the underlying soil. During July-September period, P>PE and the loss from the soil is
zero (Col.8). So the soil moisture in both layers remains unchanged. Since there is no
recharge in both layers, the excess precipitation (P-PE) is calculated as runoff (Col.
17) according to ‘Eqn. (4.15). During October/1972, since P<PE, the excess water
demand (PE-P) equal to (5.23-2.31) or 2.92 inch is satisfied frolm soil moisture of
both layers. The 1.0 inch moisture is lost from the surface layer soil at the potential
rate and the remaining 1.92 inch is from the underlying layer. The losses from the

both layers of soil are carried out in Cols.6-8 according to Eqns. (4.3) to (4.5). Thus
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the loss from the surface layer is [.0 inch and from the underlying layer is
1.92x23.0/24.0 or 1.84 inch. Thus at the end of October, the soil moisture at the
surface layer is zero (as shown in Col. 3) and at the underlying layer is (23.0-
1.92x23.0/24.0) or 21.16 inch (as shown in Col. 4). If (PE-P) is less than 1.0 inch as
in October, 1974, the excess demand is satisfied from the surface layer and the
underlying layer soil moisture remains unchanged. Since P<PE in the month
October/1972, there is no recharge and no run off [Eqns. (4.12) and (4.16})]. So the
Cols. 15 and 17 show zeros for the month October/1972. In February/1973, P>PE and
the surface layer soil moisture is zero at the beginning of the month, so excess
precipitation (2.92-2.41) or 0.51 inch is assigned as recharge in surface layer [Eqn.
(4.11)] as shown in Col. 13. Thus total recharge is 0.51 inch as shown in Col. 15. The
runoff (RO in Col. 17) is calculated according to Eqn. (4.15). The ET is computed in
Col. 12 according to Egns. (4.1)-(4.2).

The potential recharge (PR in Col.16) is calculated according to Eqn. (4.13). PR is
the amount of moisture required to bring the soil to field capacity. It measures the
maximum condition that could exist when rainfall is enough. The potential loss (PL
in Col. 11) is also a maximum condition that could exist. It is the amount of moisture
that could be lost from the soil when the precipitation is zero. PL is computed
according to Eqns. (4.7) to (4.9). The potential runoff (PRO in Col.18) is the
maximum runoff when PR=0. The PRO is calculated according to Eqn. (4.17). During
the period July-September/1972, the soil is at field capacity, so the PR is zero. At the
end of October/1972, the soil moisture is less than field capacity, so in
November/1972, PR is (24.0-21.16) or 2.84 inch (Col.16) and the PRO is equal to
(24.0-2.84) or 21.16 inch (Col. 18). In this way, the parameters of hydrologic
accounting are computed for the full time series and these values are used to

determine the four climatic coefficients as illustrated in the next section.

Determination of climatic coefficients

- To determine the four climatic coeffictents o, 4,y andé for each month from

July to June of the year from historical data, the hydrologic parameters ET, PE; L, PL;
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R, PR and RO, PRO are summarized. The values of @, 8, and & are calculated for

each month according to Egns. 4.18 (a-d) respectively and are given in Table 4.3.

Calculation of CAFEC precipitation, precipitation excess and deficiency

The CAFEC values of evapotranspiration, recharge, runoff and loss for cach
month of the time series are calculated from Eqn. (4.19) using the climatic
coefficients listed in Table 4.3. Thus the CAFEC precipitation is determined for each
month following the Eqn. (4.20). For each month, the water deficiency or surplus is
calculated using the difference between the actual precipitation and the CAFEC
precipitation [Eqn. (4.22)]. The departures, d are converted to moisture anomaly (z)
indices using Eqn. (4.23). The monthly weighting factors for each month of the year
are calculated from Eqns. (4.24) — (4.25). The monthly K values are listed in Table

4.4, The D, is the mean of absolute values of d for the month i. Some of the

calculated values of z are given in Table 4.5.

Determination of beginning and ending of drought spells and their severity

To determine the Palmer Drought Severity Index (PDSI), both the wet spelis and
drought spelils are needed to be identified. For this reason, when there is no drought or
wet spell, the probability of beginning of wet or drought spell is calculated in each
month. When probability of beginning of a spell is 100 percent, it is necessary to
determine the probability of ending of the current spell and at the same time the
probability of beginning of the opposite spell. Table 4.6 shows a 41 months period of
calculation of PDSI for the station Dhunot. Cols.4-9 are used to calculate the
probability of ending a current spell. Col. 10 shows the probability of ending the
current spell (P.). The probability of beginning of a wet spell (X1) and that of a
drought spell (X2) are shown in Col. 12 and Col. 13 respectively. Values of X1 and
X2 also indicates the severity of the incipient wet and drought spells respectively.
Col. 14 shows the severity of any drought or wet spell (X3) that has been established
and Col. 15 shows the value of thé PDSI.




Table 4.2 Hydrologic accounting for Dhunot

Year |Month [Monthly [Potential |Soil moisture at Soil Moisture Loss from Moisture |Potential Loss from Potential {Evapo- |Recharge in Recharge [Potential {Run off [Potential
rainfall |Evapo- moisture Loss Loss Transpi- recharge Runefl
Trgnspi- Surface |Underlying Surface [Underlying Surface  |Underlying ration Surface  |Underlying
ration layer layer Total layer layer Total fayer layer Total layer layer Total Total
P PE S, S s L, L. L PL, PL, PL ET R, Ry R PR
in in in in in in in in in in in in in in in in
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1473 | 804 £.00 2300 | 2400 | 000 0.00 000 | 1.00 6.75 7.75 804 | 000 000 9500035 0.00
9.74 717 1.00 23.00 24.00 0.00 0.00 0.00 1.00 5.91 6.91 7.17 0.00 0.00 m 0.00
8.58 6.72 1.00 23.00 24.00 0.00 0.00 0.00 1.00 5.48 6.48 6.72 0.00 0.00 ﬁﬂtpgﬁf .00
231 | 523 0.00 2016 | 2116 | 100 134 2385 100 4.06 5.06 515 | 000 0.00 m 0.00
0.00 278 0.00 18.70 1871 0.00 245 245 0.00 2.45 245 245 0.00 0.00 0’(}9&? 284
0.00 153 0.00 17.52 17.52 0.00 1.19 1.i9 0.00 1.19 1.19 1.19 0.00 0.00 ﬁq;m 529
| 047 | t23 | 000 16.96 | 1696 | 000 0.56 056 | 000 0.90 0.90 163 | 000 000|000 648 _
eh 292 | 241 051 16.96 1747 | 0.00 0.00 000 | 000 171 171 241 0.51 000 |@0.ak 704 [E000%)E
W93 |PMan] 063 | 428 0.00 14.73 1473 | 031 222 273 | 051 267 3.18 336 | 000 000 [K000F] 653 |ZOGOR|EILATE
219730 [EAPE] 236 | 821 0.00 1114 114 | 000 3.59 359 0.00 5.04 5.04 595 0.00 000 |Z000%8 927 [SUCOTIEAIE
TM973E[EMava| 13.00 | 624 1.00 16.90 170 | 0.00 0.00 060 | 000 2.90 290 | 624 1.00 576|668k, 12.86 TR
I9A[Rng 2851 | 694 1.00 2300 | 2400 | .00 0.00 0.00 160 418 S18 | 694 | 000 610 |#610%E| 610 i
1973 { Jul | 1106 | 833 1.00 2300 | 2400 | 0.00 0.00 0.00 1.00 7.02 802 833 | 0.0 0.00 00E[ 000 |E273¥[H4005
1973 | Aug 10.89 7.74 1.00 23.00 24.00 0.00 0.00 0.00 .00 6.46 746 7.74 0.00 0.00 0.00 3.15 24.00
1973 | Sep 22.66 6.25 1.00 23.00 24,00 0.00 0.00 0.00 1.00 5.03 6.03 6.25 0.00 0.00 0.00 16.41 2400
1973 | Oct 393 534 (.00 22.6t 22.61 100 0.36 1.39 1.00 4,16 5.16 532 0.00 ¢.00 . 0.00 0.00 2400
1973 | Nov 1.05 295 .00 20.32 2082 0.00 1.79 1.79 0.00 278 278 2.84 0.00 0.00 0.00 1.39 0.00 22.61
1673 | Dec 209 1.53 0.56 20.82 2138 0.00 6,06 0.00 0.00 1.33 1.33 1.53 0.56 ¢.00 0.56 3.t8 0.00 20.52
E974 fan .00 1.27 0.00 20.20 20.26 (.56 .61 118 0.56 061 1.18 .18 040 0.00 .00 2.62 0.0¢ 21.38
§974 Feb 0.00 1.86 0.0¢ 18.63 18.63 0.00 1.57 1.57 0.00 1.57 1.57 1.57 0.00 0.00 000 3.50 0.0¢ 20.20
1974 | Mar 234 356 0.00 17.68 17.68 0.00 0.95 0.95 G.00 2.76 276 329 0.60 0.00 0.00 537 0.0¢ 18.63
1974 Apr 824 6.14 1.00 18.78 19.78 0.00 0.00 0.00 .00 4.53 453 6.14 1.00 1.09 209 632 0.00 17.68
1974 | May 14.04 6.70 1.00 23.00 24.00 0.00 Q.00 .00 1.00 4.46 5.46 6.70 0.C0 422 4.22 422 ERD £9.78
1974 | Jun 10.14 7.57 1.00 23.00 24.00 0.00 0.00 0.00 1.00 6.30 7.30 7.57 0.00 0.00 0.00 0.00 2.57 24.00
1974 Jul 26,49 6.72 1.00 23.00 24.00 0.00 .00 0.00 1.66 548 6.48 6.72 0.00 0.00 0.00 0.00 1978 24.00
1974 | Aug 10.16 7.67 1.60 23.00 24.00 0.00 0.00 0.00 1.00 6.39 7.39 7.67 0.00 0.00 0,00 0.00 2.49 24.00
1974 Sep 1043 6.16 1.00 23.00 24.00 0.00 0.00 0.60 1.00 495 5.95 6.16 0.00 0.00 0.00 - 0.00 427 24.00
1974 | Oct 6.00 6.02 0.98 23.00 2398 002 0.00 0.02 1.00 481 581 6.02 0.00 0.00 0.00 0.00 0.00 24.00
1974 | Nov 0.00 3.60 0.00 20.49 20.49 0.98 2.51 3.49 098 2.51 349 349 0.00 000 0.00 0.02 0.00 2398
1974 | Dec 0.00 1.36 4.00 19.33 19.33 0.00 1.16 1.16 4.00 116 1.16 1.16 0.00 0.00 6.00 351 0.00 2049

40
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Table 4.3 Climatic coefficients of Dhunot

Month o 3 ¥ i

July 0.97 0.60 0.27 0.02
August 0.97 0.12 0.19 0.08
September 0.97 0.45 0.22 0.05
October 0.94 0.04 0.06 0.32
November 0.87 0.03 0.00 0.87
December 0.81 0.03 0.00 0.82
January 0.82 0.01 0.00 0.77
February 0.78 0.01 0.00 0.77
March 0.73 0.00 0.00 0.78
April 0.76 0.05 0.00 0.54
May 0.90 0.33 0.03 0.16
June 0.96 0.37 0.20 0.09
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Table 4.4 Determination of the monthly weighting factors

Month PE, |R | RO | P L D, | K. | DK |K,
July 7.89 |3.53 |4.88 |15.94]0.13 | 556 10.25 | 141 |0.26
August 7.79 10.29 | 4.17 [11.49[0.53 |4.48 1040 {1.77 | 041
September | 654 | 122 | 474 [ 1199|029 |5.07 [032 | 160 |032
October | 537 | 0.07 [ 137 |4.81 | 150 |3.15 | 063 |2.00 | 0.65
November | 5 94 10,09 |0.00 |0.48 |2.18 |0.70 | 163 | 1.13 | 168
December | 4 56 | 0.16 {0.00 |0.44 |0.99 |070 | 1.63 | .15 | 1.68
January |y 38 1009 | 000 |043 079 |048 | 1.88 | 090 |1.94
February 1222 10.05 | 000 |0.54 1125 [065 | 1.70 | 1.10 | 1.75
March 1466 |0.02 [0.00 |1.04 |238 |17 | 133 |1.56 | 136
April 7.03 | 051 | 003 |378 [2.12 |248 {082 |2.05 |085
May 746 |3.98 1032 11038061 |520 {031 |1.60 [0.32
June 7.79 |3.24 |3.13 |13.39]044 |6.72 |0.13 [0.89 ]0.14

In October/1981, the probability of ending an established wet spell (Pe) is 65.27
percent and the severity of the impending drought spell (X2) is -1.42, which is less
than -1.0. X2=-1.42 also means that the probability of beginning a drought spell is
greater than 100 percent. So, theoretically, drought should have begun during
October/1981. But the severity of the established wet spell (X3) during the month
shown in Col. 14 is 1.41 and the value of P has not reached 100 percent. So a drought
spell cannot be considered to begin at this month. The months November/1981 and
December/1981 are drier than normal and finally the probability of ending the
established wet spell (Pg) has reached 100 percent during December/1981. P, is
calculated according to Eqn. (4.30). V,, and V4 are the numerator of Eqn. (4.30)
corresponding to the determination of probabilities to end a drought spell and a wet

spell respectively. Q is the denominator of Eqn. (4.30). The z. is calculated according
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to Eqn. (4.31). The severity of the incipient drought spell (X2) is -1.88. So a new
drought spell has begun in December/1981 and the severity of this established spell
(X3) is -1.88 during December/1981. Since X3=X2 during December/1981, severity
calculations have been shifted from Col. 13 to Col. 14. The months of January/1982
and February/1982 are drier than normal. So the probability of ending the established
drought spell (P) is zero during these months. The month March/1982 is wetter than
normal. So the value of P, is 36.50 percent in this month and the severity of drought
spell has been reduced to -1.52 from the previous month’s drought severity of -2.27.
- In April/1982, the probability of ending the drought spell (Pe) is increased to 46.45
percent. In May/1982, the weather is much drier. So the value of P, is zero and the
severity of drought spell is increased to -1.97. June/1982 is wetter than normal and P,
becomes 24.95 percent and X3 reduces to -1.50. In August/1982, the weather is much
wetter and the probability of ending the drought spell is 75.95 percent, but the next
two months are much drier and P, becomes zero again. Finally, the month March/1983
is the wettest and the probability of ending the drought spell has reached 100 percent
and the severity of the incipient wet spell is 1.47, which is greater than 1.0. X1=1.47
also indicates that the probability of beginning a wet spell is greater than 100 percent.
So a wet spell has begun in March/1983 and the value of X3 in Col. 14 is equal to
1.47. The drought spell that started in October/1981 has ended in February/1983 with
the beginning of a new wet spell in March/1983. Now it is needed to determine the
values of PDSI. Since probability of ending the wet spell has sequentially reached 100
percent during the period from October/1981 to December/1981, the values of PDSI
for this period have been assigned as PDSI=X2. From January/1982 to
February/1983, the drought spell was continued and the probability of ending the spell
is 100 percent at March/1983. Thus for this peried, PDSI=X3.

After established the new wet spell in March/1983, the calculation for determining
the severity of the spell has been shifted from Col. 12 to Col. 14, From
November/1983 to April/1984, the weather is drier and the probability of ending the
wet spell has reached 100 percent in April/1984. But the value of X2 is less than -1.0.
So a new drought spell has not begun at this month and X3 becomes zero. From
March/1983 to October/1983, PDSI=X3 and from November/1983 to April/1984,
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PDSI=X1. The value of X1 i.c. the severity of the incipient wet spell has been
calculated using Eqn. (4.27). Thus a wet spell begins in March/1983 and ends in
Oct/1983. During May/1984 to June/1984, there have been occurred two months
duration wet spell. Another drought spell began Oct/1984 and continued through
February/1985. In August/1984 and Septemnber/1984, the value of PDSI is negative,

but less than -1.0. So during the period, there is no established drought or wet spell.




Table 4.5 Calculation of moisture anomaly indices (z)

Year Month P , ET R RO L P d z
n in in in in in in
1972 Jul 14.73 ~ 7.80 0.00 6.46 0.17 14.09 0.65 0.26 0.17
1972 Aug 9.74 6.95 0.00 465 0.54 11.06 -1.31 0.41 -0.54
1972 Sep 8.58 6.50 0.00 5.34 0.34 11.50 -2.92 0.32 -0.95
1972 Oct 2.31 4.94 0.00 1.48 1.60 4.83 -2 52 0.65 -1.65
1972 Nov " 0.00 243 0.08 0.00 214 0.37 -0.37 1.68 -0.62
1972 Dec 0.00 1.24 0.16 0.00 0.97 043 -0.43 1.68 -0.73
1973 Jan 0.47 1.02 0.10 0.00 0.69 0.42 0.04 1.94 0.09
1973 Feb 2.92 1.89 0.05 0.00 1.32 0.62 2.30 1.75 4.02
1973 Mar 0.63 3.12 0.02 0.00 2.46 0.67 -0.04 1.36 -0.06
1973 Apr 2.36 6.27 0.46 0.03 2.7 4.04 -1.69 0.85 -1.43
1973 May 13.00 5.59 4.25 0.30 0.48 9.66 3.34 0.32 1.06
1973 Jun 28.91 6.65 2.28 3.66 0.47 12.12 16.79 0.14 2.30
1973 Jul 11.06 §.08 0.00 6.46 0.18 14.36 -3.31 0.26 -0.87
1973 Aug 10.89 7.50 0.00 4.65 0.58 11.57 -0.69 0.41 -0.28
1973 Sep 22.66 6.04 0.00 5.34 0.31 11.07 11.59 0.32 3.76
1973 Oct 3.93 504 0.00 1.48 1.63 4.89 -0.96 0.65 -0.63
1973 Nov 1.05 2.58 0.04 0.00 2.43 0.19 0.86 1.68 1.44
1973 Dec 2.09 1.24 0.09 0.00 1.08 0.26 1.83 1.68 3.08
1974 Jan 0.00 1.05 0.04 0.00 0.90 0.19 -0.19 1.94 -0.36
1974 Feb 0.00 1.46 0.03 0.00 1.21 0.27 -0.27 1.75 -0.48
1974 Mar 2.34 2.60 0.01 0.00 215 0.46 1.87 1.36 2.56
1974 Apr 8.24 4.69 0.31 0.03 2.43 2.60 563 0.85 478
1974 May 14.04 6.00 1.40 0.53 0.90 7.03 7.01 0.32 2,22
1974 Jun 10.14 7.25 0.00 4,90 0.66 11.50 -1.36 0.14 -0.19
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Chapter 5
THE STANDARD PRECIPITATION INDEX (SPI)
AND HERBST METHODS

5.1 The Standard Precipitation Index (SPI) method
5.1.1 The concept of the method

Standard Precipitation Index (SPI) developed by McKee et al. (1993} is a
relatively new drought index based on precipitation. The SPI is probability based and
was designed to be a spatially invariant indicator of drought that recognizes the
importance of time scales in the analysis of water availability and water use. 1t is
essentially a standardizing transform of the probability of the observed precipitation.
It can be computed for a precipitation total, observed over any duration desired by the
user. Short term durations on the order of months (or even weeks) may be important
to agricultural interests while long term durations spanning year may be important to

water supply management interest.

5.1.2 Steps followed in the method |

Technicaily, the SPI is the number of standard deviations that the observed value
would deviate from the long-term mean, for a normally distributed random variable.
The first step in calculating the SPI is to determine a probability density function that
describes the frequency distribution of long term time series of precipitation
observations. The series can be for any time duration (i.e, running series of total
precipitation for 1 month, 2 months, 6 months, 1 year, 3 years etc). For example, if the
observed data consist of a time series of monthly precipitation amounts, and the
analyst is interested in three months events, then a new time series is constructed by
summing the first three month amounts, then summing the amounts in months 2, 3
and 4, then summing the amounts in months 3, 4 and 5 etc. The SPI is then calculated
from this new time series. In the present study, observed daily rainfall data are used to
produce half-monthly rainfall time series. A month time was divided into two half
months e.g. Jan-1, Jan-2, Feb-1, Feb-2 etc. Thus a year is divided into 24 half-months.

The first fifteen days in a month were considered in the first half-month and the
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remaining days of the month were in the second half-month. In the present study, the
monthly time scale is considered for drought analysis in SPI method. The time series
of half-monthly precipitation is used to construct a new time series of monthly
precipitation. Monthly precipitation is the running sum of two half-months rainfall.
Figure 5.1 shows one year of the time series of half-monthly and monthly
precipitation. The figure indicates that the precipitation value corresponding to a
particular month, for example, Jan represents the total precipitation of the Jan ! and
Jan 2 half-months. Thus total 24 time series of precipitation for Jan, Jan-Feb, ......
Dec, Dec-Jan months can be generated from the 31 year long time series of monthly
rainfall. This means that time series namely Jan consists of 31 years record of total
precipitation of Jan 1 and Jan 2 half-months. The probability density functions were
fitted to each of the 24 time series. Different distributions such as 2-Parameter
Gamma distribution, the 3-Parameter Pearson Type II1 (P3) distribution and the 3-
Parameter Generalized Extreme Value distribution were commonly used in the past
studies for SPI calculation. In the present study the two types of distribution are used
as fitted distributions to the time series of monthly running precipitation. The 2-
Parameter Log-Normal (LN-2) distribution was used to fit the most of the 24 time
series of precipitation during high rainfall period and the Extreme Value Type Il
(Weibull) distribution was used for the low rainfall period. Details of these

distributions are described in Appendix II.

Once the probability density function is determined, the cumulative probability of
an observed monthly precipitation for each of the 24 time series is computed. The
inverse normal function, with mean zero and variance one, is then applied to the
cumulative probability. The result is the SPI. Let, left hand side of Figure 5.2 denotes
the cumulative probability of the fitted distribution of a monthly time series
precipitation. The smooth curve on the right hand side of figure 5.2 denotes the
cumulative probability distribution of the standard normal random variable (here it is
the SPI) using the same probability scale of the empirical distribution and the fitted
distribution on the left hand side of the figure. The standard normal variable SPI is
denoted on the x-axis on the right hand side of the figure. This figure can be used to

transform a given monthly precipitation observation to a SPI value. As an example, a
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SPI value for a 2 inch precipifation observation is shown in the figure. Since it would
be cumbersome to produce these types of figures for all stations for each month, the
SPI value is more casily obtained using an approximation provided by Abramowitz
and Stegun (1965) that converts the cumulative probability, H(x} to the standard

normal random variable (SPI) using the following approximation:

TN

€y + Gy + Gyt
SPI=-1t- 0 2 or 0< H(x)<0.5
( 1+dlt+d1t2+d3t3J Jor (x)

c, +e eyt
1+d+d,t* +d,t’°

SPI = J{t - J for 05<H(x)<1.0

" —_—
where ¢ = In[@))—zJ for O0<H{(x)<0.5

1
H —\/;[m] Jor 05< H(x) <1.0

¢, = 2.515517
¢, = 0.802853
¢, =0.010328
d, =1.432788
d, =0.189269
d, =0.001308

For a given time scale, SPI values are positive (negative) for greater (less) than
median precipitation. A value of zero corresponds to the median precipitation. The
magnitude of the departure from zero is a probabilistic measure of the severity of a
wet or dry event. The time series of the SPI can be used for drought monitoring by
setting: application-specific thresholds of the SPI for defining drought beginning and
ending times. In the present study, the values of the SPI range from 2.00 and above
(extremely wet) .to -2.00 and less (extremely dry). The near normal conditions range
from the SPI values of 0.99 to -0.99. The classification values for the SPI are shown
in Table 5.1.
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Figure 5.1 One year of the time series of half-monthly and monthly precipitation
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Figure 5.2 Example of equiprobability transformation from fitted distribution to the
standard normal distribution (Source: http://www.wrce.sage.dri.edu/spi/spi.html)

Table 5.1 Classification of weather using SPI (Source: McKee et al., 1993)
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SPI value | Drought Category
2.00 and above Extremely wet
1.5101.99 Very wet

1.00 to 1.49 Moderately wet
-0.99t0 0.99 Near normal

-1.00 to -1.49 Moderately dry
-1.50 to -1.99 Severely dry

-2.00 and less Extremely dry

The drought event is defined when the SPI is continuously negative and

reaches a value of -1.0 or less, and continues until the SPI becomes positive. Drought

duration is defined by the interval between the beginning and end of that period. The

magnitude of the drought event is measured by the sum of the SPI values for the

period of drought. The methodology would be described with an example in the

subsequent section.



http://www.wrce.sage.dri.edu/spi/spi.html
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5.1.3 Goodness of fit test

As mentioned earlier, the 24 time series of monthly precipitation for Jan, Jan-Feb,
Feb,......... , Nov-Dec, Dec, Dec-Jan of each of the selected station are either fitted 10
2-Parameter Log-Normal (LN-2) distribution or Extreme Value Type III (Weibull)
distribution. The consistency of the fitted distribution to monthly rainfall data of each
series in any station is assessed with the help of goodness-of-fit analysis based upon

probability plot correlation coefficient (Stedinger et al., 1993) and probability plot.

The Probability plot correlation coefficient gives the correlation between the

ordered observations and the corresponding fitted quantiles determined by a plotting
position. The Weibull plotting position formula used here is p, = —LI’ where p, is
n+

the plotting probability and i is the rank in ordered observations with i=1 for the
smallest observation in the sample. The data are arranged in ascending order of

magnitudes so that x <....<x S....=Xx

"3

where n is the sample size. The

probability plot correlation coefficient is given by

3 -0, - )

i=l

[i(x, —Efi(y, —})’} |

p:

i=1
where, x, is the observed i-th smallest precipitation

y, is the computed value at the i-th plotting position

x is the average value of the observations and
; is the average of the computed value.
The maximum value of p can be equal to one. In the present study the values of p

are tested at & =5% significance level using the Student’s t-statistics. The t-statistic is

defined as
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The null hypothesis that the observed and computed values are independent is
réjected if t>terit, Where typ; is the point on the Student’s t distribution with n-2 degrees

of freedom that has a probability of exceedence of /2.

5.1.4 Illustration of the methodology for determination of the SPI

The station Dhunot (CL 011) is selected here to illustrate the methodology for
determination of the SPI. The 31 years daily rainfall data are used to form half-
monthly time series. The time scale for the calculation of the SPI is considered as one
month. Monthly precipitation is taken as the running sum of two half-months rainfall.
This means that the precipitation value corresponding to a particular month, for
example, Jan represents the total precipitation of the Jan | and Jan 2 half-months.
Thus total 24 time series of precipitation for Jan, Jan-Feb, ...... , Dec, Dec-Jan months
has been generated from the 31 years long time series of monthly rainfall. Thus the
time series namely Jan consists of 31 years record of total precipitation of Jan | and
Jan 2 half-months. The probability density functions are fitted to each of the 24 time
series. The LN-2 distribution is fitted to the time series of Jul, Jul-Aug, Aug, Aug-
Sep, Sep, Sep-Oct, Oct, Oct-Nov and the Weibull distribution is fitted to the time
series of Nov, Nov-Dec, Dec, Dec-Jan, Jan, Jan-Feb, Feb, Feb-Mar, Mar, Mar-Apr,
Apr, Apr-May, May, May-Jun, Jun, Jun-Jul. The probability plots of the fitted LN-2
distribution with 90 percent confidence interval are shown is Appendix III. The
sfatistical test based upon probability plot correlation coefficient also shows that the
fitted distribution is accepted at 5% level of significance. The probability plot
correlation coefficients and values of t-statistics for the fitted LN-2 distribution are
given in Table 5.2. The goodness of fit of Weibull distribution is tested on the basis of
cumulative probability plots. Sharma (1996) shows that the cumulative probability
plotisa powerful technique to identify the dependence structure of the predicted and
observed values. The cumulative probability plots using Weibull distribution are
shown in Appendix IV. It is mentioned that the distribution has been fitted only using
non-zero precipitation values. The cumulative probability of an observed precipitation
is then determined from the fitted distribution. The zero precipitation values are

treated following a standard procedure. If G(x) is the cumulative probability
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distribution of non zero values of x and q is the probability that x is zero, the

cumulative probability, H(x) for all values of x is computed as follows (Hann, 1977),
Hx)= q + (1-9Gx)

The cumulative probability of non exceedence of x, H(x) is then transformed to the

standard normal random variable using Eqn. (5.1), which is the value of the SPL

The SPI values of all precipitation observations in 24 time series are combined to
obtain the SPI values for each half-month of the 31 years long time series. Table 5.3
shows the values of SPI of each observed monthly precipitation, x for the station
Dhunot from Jan-2/1972 to Feb-1/1973. The value of x is the running sum of two
half-months rainfall. Since full half-month time series is considered now, the half-
months in a year are shown in Table 5.3 as in the format of Jan-1, Jan-2, Feb-
| PO Dec-2. The value of X corresponding to Jan-2 half month shown in the Table is
the same as the value of precipitation corresponding to Jan shown in Figure 5.1. So an
additional column (Col.3) is added to the table for avoiding any confusion. H(x) is the
cumulative probability of non-exceedence of x. The value of H(x) is computed using
the cumulative distribution function of the fitted distribution with the treatment of
zero precipitation as stated earlier. H(x) is then converted to SPI using Eqn. (5.1).
When the values of SPI are continuously positive and reach to the value of 1.00, the
wet spell has been considered to be started. Similarly, when the values of SPI are
continuously negative and reach to the value of -1.00, the drought spell has been
considered to be started. The drought spell would continue until next positive value of
SPI occurs. In the table, a wet spell continues through Jan-2/1972 to Feb-2/1972.
From Mar-1/1972 to Jun-1/1972, the SPI is continuously negative and reaches a value
of -1.5 'in May-2/1972. In Jun-2/1972 and Jul-1/1972, the SPI is positive. So the
drought period is from Mar-1/1972 to Jun-1/1972 and the severity of this drought
spell is -8.90, the sum of the all SPI values from Mar-1/1972 to Jun-1/1972. From
Aug-1/1972 to Nov-1/1972, the SPI values are continuously negative, but did not
reach -1.0. So there is no drought spell during the period. The SPI values have
become positive again from Nov-2/1972 through Feb-1/1973.
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Table 5.2 Probability plot correlation coefficient of fitted LN-2 distribution
(Station: Dhunot)

Name of Probability plot Degrees of t-statistic
the series correlation coefficient | freedom . pn-2
p -2 J1-p* '

Jun-Jul 0.987 29 34.03

Jul 0.932 29 13.84
Jul-Aug 0.988 29 3478

Aug 0.984 29 29.56
Aug-Sep 0.991 29 39.34

Sep 0.987 29 33.12
Sep-Oct 0.914 29 12.12

Qct 0.971 29 21.85
Oct-Nov 0.984 24 27.16




Table 5.3 Procedure for determining the SPI
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Name of half-month in | Name of half-month Monthly Cumulative
Year the time series of half — | inthe time series of | precipitation | probability
monthly precipitation | monthly precipitation of x
x H(x) SPI
1 2 3 4 5 6

1972 Jan-2 Jan 0.1 0.54 0.11
1972 Feb-1 Jan-Feb 1.42 0.94 1.56
1972 Feb-2 Feb 1.32 0.83 0.94
1972 Mar-1 Feb-Mar 0 0.12 -1.18
1972 Mar-2 Mar 0 0.15 -1,04
1972 Apr-1 Mar-Apr 0 0.12 -1.18 -
1972 Apr-2 Apr 0.2 0.08 -1.41
1972 May-1 Apr-May 0.2 0.07 -1.45
1972 May-2 May 1.1 0.07 <15
1972 Jun-1 May-Jun 4.9 0.12 -1.16:
1972 Jun-2 Jun 15.3 0.6 0.26
1972 Jul-1 Jun-Jul 16 0.62 0.31
1972 Jul-2 Jul 14.74 0.49 -0.03
1972 Aug-1 Jul-Aug 16.15 0.7 0.52
1972 Aug-2 Aug 9.75 0.49 -0.04
1972 Sep-1 Aug-Sep 7.51 0.18 -0.93
1972 Sep-2 Sep 8.58 0.42 -0.19
1972 Oct-1 Sep-Oct 7.21 0.45 -0.12
1972 Oct-2 Oct 2.31 0.45 -0.13
1972 Nov-1 Oct-Nov 0 0.16 -0.99
1972 Nov-2 Nov 0 0.52 0.04
1972 Dec-1 Nov-Dec 0 0.77 0.75
1972 Dec-2 Dec 0 0.65 0.37
1973 Jan-1 Dec-Jan 0.47 0.78 0.78
1973 Jan-2 Jan 0.47 0.66 0.42
1973 Feb-1 Jan-Feb 0 0.52 0.04

(Shaded area shown in Col.6 indicates the drought spell)
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5.2 The Herbst method
5.2.1 The Concept of the method

Herbst et al. (1966) developed a method for the determination of drought of the
northern regions of South Africa. The onset and termination of drought event was
determined from available monthly rainfall data. The method also determined the
index of drought severity and the weighted drought severity index. In the present
study droughts were analyzed on half monthly basis instead of monthly basis.
Bhuiyan et al. (2002) studied this method to analyze drought in NW region of
Bangladesh on half monthly basis. Details of the methodology were described in their
study. The monthly rainfall data have been divided into two halves. The rainfall in the
first half of a month is the sum of the rainfall in first fifteen days and that for the
second half is the sum of the rainfall of remaining days of the month. Several drought
parameters are used in the method to characterize the drought. These are mean half
monthly rainfall, weighting factors, carry over (excess or deficit rainfall), mean half
monthly deficit and mean annual deficit. The onset and termination of drought as
well as drought intensity and severity are determined using these parameters. In the
present study, the method has been used to assess the suitability of application of
Palmer method in Bangladesh. So methodology of the Herbst method (Bhuiyan et al.,

2002) is described in brief in the next section.

5.2.2 Steps followed in the method
Determination of drought parameters:
In the first step the drought parameters of the Herbst method mentioned above are

calculated to determine the onset and termination of drought.

iYyMean half-monthly rainfall, z,

4, is the representative rainfall for a particular half month in a year calculated by
summing the actual rainfall of the particular half month for the given time series and
dividing the sum by the total number of years of the time series.

ii) Half-monthly weighting factor, £

Jiis used to calculate carry-over effect to the subsequent half of the month and is
based on the fact that the carry over would be greater in the wetter months than in the

normally drier month. The £ is calculated as follows:
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f= 0.1{1 + 24"'7(’)}

where, £ is the weighting factor for the half-month ¢

7 is the mean annual rainfall calculated as the sum of 24 mean half-monthly rainfall

(#,)

The value of £ varies from more than 0.1 to about 0.4 indicating that carry-over only
appreciably affects the first half month following it.

iii} Carry over (excess or deficit rainfall), ¢(t)

The ¢(t) value is the excess or deficit rainfall obtained by subtracting , (f) for a
particular half month from the effective rainfall, R.(t) of the corresponding half
month. R.(t) is calculated by algebraic sum of actual rainfall value, R,(t) and the
weighted value, v(t). The v(t) for a particular half month is the product of the f{t) for
the same half month with the carry-over value of the previous half-month, ¢(t-1).
Initially for the first half-month, v(t=1) is considered as zero. The positive ¢(t) value
is considered as excess rainfall while negative c(t) value is treated as deficit rainfall.
iv) Mean half monthly deficit, z4t)

Ha(t) is the representative deficit for a particular half month in a year calculated from
only deficit rainfalls, (i.e., considering negative c(t) values). The positive ¢(t) values
are considered as zero in the calculation of uAt) values. The uAt) value for a
particular half month in a year is calculated by summing all the deficit rainfall values
for the given time series and dividing the sum by the total number of years of the time
series.

v) Mean annual rainfall deficit, MARD

The summation of 24 values of (t) gives the value of MARD. The MARD is used for
testing the onset and termination of- drought. The excess deficit, ELt) values are
calculated by subtracting the uAt) values from the ¢(t) values. The positive ELt)
| values are considered as zero.

Another set of parameters necessary for determining the start and termination of

drought is the value of highest mean half-monthly rainfall (4, ), the sum of the two
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highest values of x, and so on up to the twenty four values of mean half-monthly

rainfall which is equivalent to mean annual rainfall, 7 .

Test for the onset of drought:

The test is based on the comparison of the sum of the negative differences from
the point in time at which the test begins, with a sliding scale of 24-values calculated
by linear interpolation between the highest mean half-month rainfall (4, ) and the
mean annual rainfall deficit (MARD} Thus a half-monthly increment, A is obtained

from the following formula,

A= MARD = 14y,
23

The first value on the sliding scale is equal to 4, . The second on the sliding scales is
obtained by adding 1A to 4, , the third value by adding 2A to u,, and so on up to

twenty-fourth value, that is , (g, +23A) which is equal to MARD.

It is assumed that no drought is prevailed prior to the start of available rainfall
record. 1f the first c(t) value of the record is positive, the potential drought is not
signified. Then the c(t) values of the succeeding half-months are inspected until a half
monthly record with a negative value is found. Such a half month is the start of a
potential drought. Then the absolute values of the first excess deficit, EAt) is
compared with the first value of the sliding scale, x4, and if the latter is equaled, a
drought is deemed to have started. If 4, is not equaled, the next E4(t) value is added
to the previous Eft) and compared with the second value on the sliding scales,
(u,, +14). If this criterion is exceeded by the absolute value of the two ELt)

combined, a drought is deemed to have started from the first half month. Thus the
absolute value of the sum of all ELt) occurring from the first half-month record over a
period of year is tested sequentially against the 24 values of the sliding scale. If at any
time the summation of absolute value of the excess deficits from the first to the nth

half-month record exceeds the value g, + (n-1)A, a drought is deemed to have started

from the first half-month record. But if the condition for a particular period is such
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that summation of excess deficits from the {irst to the nth half-month record does not

exceed the value y, + (n-1)A, there is no drought prevailing during the period.

Test for the termination of drought:

To test the termination of drought, a positive ¢(t) value of the half-monthly record
occurring after the start of the month is noticed. A condition to be satisfied is that at
least one of the two half-months following the initial half-month with a positive ¢(t)
should also have a positive c(t). If this condition is satisfied, the summation of the
actual rainfall, Ra (t) of these three successive half-months is compared with the sum
of the three highest values of mean half monthly rainfall. If the actual rainfall is
higher, the drought is considered to have been terminated at the first half-month. If it
is not, the sum of the first four half-months’ actual rainfall compared with the sum of
the four highest values of mean half-monthly rainfall, and so on up to 24 values
should the drought not yet have been terminated. In this case, if the summation of
actual rainfall is less than summation of the highest values of mean half-monthly
rainfall the drought is considered as temporarily broken up. As such, either the
drought condition has been terminated or drought condition resumes after a temporary
interruption. Once the termination is occurred, testing for the start of the next drought
begins at the half-month with a negative difference foilowing the half-month in which

drought has ended.

Drought indices:
When the drought spells for the full time series are determined, the index of

drought intensity, / for each spell is calculated as follows:

T
2B
I — .';1 .
Z,Ud(t)
=l
Where,

T is the period during which drought is continued

The weighted drought severity index, S is calculated as, S =7*T
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If the index value for a particular spell of drought of a station for a given time series is
high in comparison to the other drought spell(s), it represents that the actual rainfall
for that partiﬁular spell of drought is low, i.e. during the period the severity of drought
is high and vice versa. Figure 5.3 illustrates the conditions of onset and termination of

droughts by using the Herbst method.
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Chapter 6
DROUGHT ANALYSIS BY THE PALMER METHOD

6.1 General

The Palmer method considers soil moisture and evapotranspiration conditions of
the selected areas in addition to rainfall pattern for determining the onset and
termination of drought spells and their severity. In the present study the Palmer
Drought Severity Index (PDSI) waé calculated on monthly basis as per original
formulation by Palmer (1965). This is for that the constants and the equations used in
the Palmer method were originally derived analyzing regions having widely varying
monthly rainfall and temperature. For shorter time scales, these coefficients and
equations are required to derive following the same procedure for monthly timescale.
The shorter timescale is more appropriate for irrigation scheduling in Bangladesh.
Palmer (1965), however, concluded that weekly data would provide little closer
realistic measure while the .differences of results are slight. The occurrences of
drought spells and their severity obtained in the approach would be discussed in the

following sections.

6.2 Occurrences of drought spells

The occurrences of drought spells estimated by the Palmer method during the
period from 1972 to 2002 in selected stations of NW region are summarized in Tables
6.1 - 6.2 and Figure 6.1. The time series of monthly PDSI and rainfall at the selected

stations of NW region are shown in Appendix III.

The average occurrence of drought in NW region has been observed in 34 percent
of study time from 1972 to 2002 while the average occurrence of drought in the
country is once in 2.5 years (Adnan, 1993; Ericksen et al., 1993; Hossain, 1990). Thus
the percent of occurrences of drought in NW region by the Palmer method are below
the historical average drought occurrence of Bangladesh. The average occurrence of
extreme droughts is 3.6 percent of total study time in the selected stations of the NW
region while mild, moderate and severe droughts occur in average of 13.5 percent,

9.68 percent and 5.4 percent of total time respectively. Between 1960 and 1991,
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nineteen droughts have been occurred in Bangladesh (Mirza and Paul, 1992), World
Bank (2000) identified severe droughts occurred in 1951, 1961, 1975, 1979, 1981-82,
1984 and 1989. The year 1994-95 was also a severe drought year in Bangladesh
(Sajjan, 1998). The occurrences of drought spells in the Palmer method is shown in
Figure 6.2. The method identified the most common drought occurrences in years like
1972-73, 1975-76, 1976-77, 1978-79, 1979-80, 1982-83, 1992-93, 1994-95, 1999 and
2001-2002 in selected fifteen stations in NW region. Thus the method could identify
the historical drought occurrences of Bangladesh like the year 1975, 1979, 1981-82,
1984, 1989, 1992-93 and 1994-95.

The highest PDSI at each station of NW region and the corresponding drought
duration is shown in Figure 6.3. The figure shows that the values of PDSI may be
higher in a shorter duration drought spell. The percent of occurrences of drought and
the percent of occurrences of the events that the potential evapotranspiration (PE)
exceeds the rainfall (P) in total study time are shown in Figure 6.4. The figure shows
that the percent of drought occurrences in the selected stations of the NW region are
below than the percent of occurrence of the events, PE exceeds P. This reveals that
only the values of PE do not affect the occurrences of drought, as mentioned earlier
the Palmer method considers the antecedent soil moisture in addition to
evapotranspiration and rainfall of the stations considered. When rainfall is not
sufficient to satisfy the evapotranspiration demand, the excess demand is satisfied
from the antecedent soil moisture. So it is noticeable that the effect of soil moisture
condition of each station may be an important criterion for the occurrences of drought.
It has been observed that the station Kaunia (CL 178) experiences drought in 50
percent of total time, which is the highest percentage of drought occurrence in the
NW region, though the average monthly PE of the station is less and the average
monthly rainfall is higher than those of the region (Figure 6.5). It is mentioned that
average monthly: PE or P of the station is the 31 years average of PE or P at a
particular month while average monthly PE or P of the region is the average of mean
monthly PE or P of all the stations. The percentage of occurrence of the event PE

exceeds P at Kaunia is the highest in NW region (Figure 6.4). The occurrence of mild
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drought in the station is 20 percent of the total time, which is higher than the average

occurrence of mild drought in the region.

The station Singra (CL 036) possesses the longest drought spell of 74 months in
the NW region, During the drought period from Nov/1974 to Dec/1980, the monthly
rainfall of Singra exceeds the mean monthly rainfall of the station in 61 percent of
time as shown in Figure 6.6. In May/1979, the PDSI is -5.0, which indicates the
extreme drought condition. In Jun/1979, high rainfall occurs, but it fails to bring the
previous month extreme drought condition to normal climatic condition. Here PDSI
considers not only the current but also the recent past conditions. Guttman (1998)
showed that the inherent memory of the PDSI is higher due to the nature of water
balance accounting approach upon which the index is based. A current month’s
contribution to the PDSI is highly dependent on antecedent soil and atmospheric
moisture conditions. The potential evapotranspiration (PE) is also high in Jun/1979.
After this month, the drought condition begins to improve, but not ended. In Jan/1981
when the PE is low and at the same time some rain occurs, the long duration drought

spell has been ended.

6.3 Onset and termination of drought spells

The results of the Palmer method show that the percentage of beginning of
drought spells (22.6 percent) is the highest at the month of October while the
percentage of ending drought spells (14.8 percent) is the highest in the month of
April. These are the transitional months of the two distinct seasons of Bangladesh.
National Water Management Plan (Halcrow et al., 2000) considers the months from
November to May as dry season in Bangladesh. About 16 percent of drought spells of
NW region begins and 10.4 percent of drought ends in the month of May. On the
other hand, 11.3 percent drought begins and 14.8 percent drought ends in April.
Karim et al. (1990) identified Kharif droughts in June/July to October months
resulting from sub-humid and dry conditions in Bangladesh. So occurrences of
droughts during this period estimated by the Palmer method are realistic feature of

Bangladesh.
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The time series from 1972 to 2002 of monthly average precipitation (P) and
potential evapotranspiration (PE) of the NW region for the months of April, May and
October are shown in Figure 6.7. Here, the monthly average P and PE are the average
value for the particular month of all stations. During October, the average P is
exceeded by the average PE in most of the years. But in April average PE exceeds
average P in all the years except 1981 and 2002. During May, the average P exceeds
the average PE in more than 65 percent of time. So it seems more reasonable to begin
drought spells in higher percentage of time and to end drought spells in lower
percentage of time in April than those in May. These two cases needed to be
explained. It may happen for soil moisture consideration in the Palmer method. But it
demands further investigation to answer how soil moisture affects the beginning and

ending of drought spells.

The pattern of monthly PE of the region obtained using the Thornthwaite’s
formula (1955) are compared with modified Penman method (Doorenbos and Pruitt,
1977) as shown in Figure 6.8. The modified Penman method (Doorenbos and Pruitt,
1977) has been used by Karim and Akhand (1982) to determine the
evapotranspiration demands of crops in Bangladesh. The figure reveals that the values
of PE obtained using the Thornthwaite’s formula (1955) exceeds in the months from
May to October from the values of modified Penman method (Doorenbos and Pruitt,
1977). The Thomthwaite’s formula (1955) considers temperature only while
estimating the values of PE while modified Penman method (Doorenbos and Pruitt,
1977) considers other factors such as vapor pressure, wind and radiation in addition to
temperature. It can be assumed that use of any other method for estimating more

realistic evapotranspiration demands would produce more reasonable results.

6.4 Limitations of the Palmer method
Overall limitations

Alley (1984) identified a number of limitations and deficiencies of the Palmer
method in calculating the PDSL These are the deficiencies of the water balance model

and the limitations of the PDSI characteristics.
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The deficiencies of the water balance model include:

i) The use of Thornthwaite’s formula (1955) for estimation of the potential
evapotranspiration, though other realistic methods could be employed. The
Thornthwaite’s formula was used as a simple method for estimation of potential
evapotranspiration. _

ii) The arbitrary amount of one inch moisture capacity is considered in the surface
layer of soil. The moisture capacity could be widely varied depending on the climate,
the soil texture and vegetation coverage of the area.

iii} The runoff is estimated assuming no time lag in the runoff distribution. The
fraction of delayed runoff varies considerably depending on the depth and texture of
the soil, the physiography and size of the basin and the nature of the groundwater
system.

iv) The assumption that runoff does not occur until the moisture capacity of both

surface and underlying soil layers are filled.

The limitations of the PDSI characteristics are as follows:

i) The arbitrary definition of PDSI classes was based on the data of some selected
regions.

ti) The PDSI values are sensitive to the monthly weighting factors, while the duration

of droughts are relatively insensitive to those factors.

Limitations regarding application in Bangladesh

The available literature (Karl, 1986; Kothavala, 1997; Lohani and Loganathan,
1997; Piechota and Dracup, 1999; Louie, 1986; Scian and Dounari, 1997 Szinell ¢t
al., 1998; Dalezios et al., 2000) reveals that Palmer method is more applicable in arid,
semiarid and dry sub-humid regions. In the present study an attempt has been made
for applying the method in the humid to sub-humid climate of NW Bangladesh. While
applying Palmer method in drought analysis of NW region of Bangladesh, some
limitations were noticed in addition to those identified Alley (1984). No allowance
was provided in the method regarding excess rainfall flooding and transboundary
flooding of the land. Difficulties arise in getting realistic values by applying Palmer

method to a country like Bangladesh where most of the agricultural lands are flooded
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during the monsoon season. In addition to that, the assumption that the potential
precipitation is equal to the available soil moisture capacity (AWC) of soil is not
realistic in Bangladesh since during monsoon season, the precipitation generally
exceeds AWC of soil. The depth of underlying layer soils was needed to increase
beyond the root zone depth in order to incorporate the assumption. This is a great
difficulty in assuming the appropriate soil depth for applying the method for situation
in Bangladesh. Palmer (1965) considered ‘recharge’ as a part of moisture demand.
Practically, recharge contributes to- the soil moisture storage. So it should be
considered as a part of moisture supply to soil. Moreover, Palmer (1965) defined
‘potential recharge’ as the amount of moisture needed to bring the soil to field

capacity. In the context of Bangladesh, this definition is not realistic.

6.5 Modifications needed for applying the Palmer method in Bangladesh

With the consideration of the overall limitations, the Palmer method is widely
used in many countries with arid or semiarid climatic characteristics. To apply the
method more successfully to the climatic conditions of Bangladesh, the following
modifications are suggested:
i) Use of appropriate method for determining more realistic potential
evapotranspiration of Bangladesh.-
ii) Determination of the coefficients and equations of the Palmer method by analyzing
long term historical climatic data of Bangladesh.
iii) Consideration of reasonable value for moisture capacity of the surface layer soil
iv) Provision of standing water condition in agricultural land.
v) Modification of the assumption that the potential precipitation equal to the AWC of
soil.
vi) Modification of definition of ‘recharge’ in the context of Bangladesh.
vi) Coﬁsideration of recharge as a part of moisture supply rather than a part of

moisture demand.




70

Table 6.1 Occurrences of droughts in NW region during 1972-2002 estimated by
the Palmer method

Name of the | Starting of Ending of Maximum Number of months
station drought drought severity Mild Moderate | Scvere Extreme Total*
Atghoria OcV 1972 Apr/ 1973 -2.29 5 2 - - 7
CL 00} Mar/ 1975 Apr/ 1976 -2.47 8 1 - - t4
Sep/ 1978 Dec/ 1980 -4,20 13 10 - 3 28
Sep/ 1982 Julf 1983 -3.29 3 3 4 - 11
May/ 1985 Aug/ 1986 -2.35 10 4 - - 16
Apr/ 1992 Feb/ 1993 =241 2 g - - 1
Aug/ 1994 Jul/ 1995 -3.47 B 1 3 - 12
Jun/ 1996 Jun/ 1997 2.6 7 3 - - 13
Feb/ 1999 Dec/ 1999 -3.95 2 5 4 - 11
Aug/ 2001 May/ 2002 -2,69 3 7 - - 10
Number of months 6i 45 11 3 i33
Percent of total time 16.4 12 30 0.80 35.8
Bogra Apr/ 1975 Apr/ 1977 4.03 4 6 4 1 25
CL 006 Cc1/ 1978 Sep/ 1980 -4.2 1 12 8 4 25
May/ 1982 Aug/ 1983 -2.86 4 9 2 - 16
Apr/ 1985 Mar/ 1986 -1.47 7 - - - 12
OcV/ 1989 Apt/ 1990 -2.0 5 1 - - 6
May/ 1994 May/ 1965 -5.7 2 2 6 3 13
Apr/ 1999 Julf 1999 -1.5 4 - - - 4
Jan/ 2001 Dec/ 2001 -3.29 3 3 6 - 14
Number of months 40 33 26 8 115
Percent of total time 10.8 89 70 22 309
Dhunot Nov/ 1972 Dec/ 1972 -i.21 2 - - - 2
CLO1 Qct/ 1978 Apr/ 1980 -3.15 12 6 1 - 19
Oct/ 1981 Feb/ 1583 -2.27 13 3 - - 17
Oct/ 1984 Aug/ 1986 -3.48 6 16 1 - 23
Jul/ 1992 Dec/ 1992 -1.94 ] - - - 6
Apr! 1994 Qe 1995 -6.25 3 4 3 9 19
Apr/ 1999 May/ 2002 -6.8 8 4 3 23 33
Number of months 50 33 8 32 124
Percent of total time 13.4 89 22 8.6 333
Sirajganj Qct/ 1972 Dec/ 1972 -1.34 3 - - - 3
CLO34 | Feb/ 1975 Mar/ 1977 -3.10 10 14 1 - 26
Octf 1978 Dec/ 1980 435 - 13 6 27 30
May/ 1982 Jul/ 1983 -3.72 4 1 10 - 15
Novf 1985 Aug/1986 -1.61 7 3 - - 0
Jul/ 1994 Jul/ 1995 -3.25 4 8 1 - 13
Mar/ 1999 Jun/ 2002 -3.98 6 23 1 - 40
Number of months 34 62 29 27 137
Percent of total time 9.1 16.7 78 73 36.8
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Singra Nov/ 1972 Apr/ 1973 -3.02 4 1 1 - 6
CLO36 Nov/1974 Dec/ 1980 -5.07 23 23 25 3 74
Feb/ 1982 Feb/ 1983 -2.75 7 8 - - 15
Jun/ 1992 Apr/ 1993 -2.8% 5 6 - - £2
May/ 1995 Jul/ 1995 -1.44 2 - - - 3
MNov/2000 Julf2002 -2.01 19 1 - - 21
Number of months 60 39 26 3 131
Percent of total time 16.1 10.5 7.0 0.8 352
Dinajpur Oct/1972 Aug/ 1973 -2.69 2 7 - - 11
CL 168 Dec/ 1976 Mar/ 1977 -1.68 4 - - - 4
Qct/ 1978 Oct/ 1979 -421 3 4 4 2 13
Oct/ 1981 Nov/ 1983 -5.14 4 3 4 i3 25
Apr/ 1984 Sep/ 1986 -4.47 12 9 4 2 30
Apr/E992 Cet/ 1992 219 4 3 - - 7
May/1994 May/1995 521 5 5 1 2 13
May/ 1996 Dec/ 1996 -1.77 5 - - i
Oct/ 1998 Julf1999 2221 8 1 - - 10
Sepl2000 Jun/2001 -4.31 3 5 1 2 11
Number of months 39 31 13 19 112
Percent of total time 10.5 83 35 51 301
Kaliganj Qcv/1972 Aprl 1973 -1.67 7 - - - 7
CL177. Feb/ 1975 May/ 1977 -2.88 12 13 - - 27
Jun/ 1978 Jan/1981 -6.14 16 5 5 5 13
QOct/ 1981 Feb/1983 -3.28 5 8 4 - ¥
Jan/ 1989 May/ 1990 -3.69 8 6 1 - t7
Sep/1994 Mar/ 1997 -4.8% 13 10 3 3 31
Nov/2000 Sep/ 2001 3.7 4 3 4 - 11
Number of months 65 45 17 8 143
Percent of total time 17.5 121 4.6 22 384
Kaunia Nov/ 1972 Apr/1973 -1.51 4 - - - 5
CL178 Gct/ 1976 Sep/1977 -4.65 3 3 3 3 12
Octf 1978 Apr/ 1983 -6.90 16 15 13 9 55
Apr/1984 Feb/1985 -1.59 10 - - - 1t
Oct/1985 Jun/ 1986 -1.93 7 | - - 9
Mar/1989 Feb/1990 -297 8 3 - - 12
Nov/1994 Oct/1995 -191 4 3 5 - 12
Feb/19%6 . Jul/1998 -3.97 14 9 7 - 30
Jan/1599 Mar/2002 -4.72 8 11 15 4 39
Number of months 74 45 43 16 186
Percent of total time 199 12.] 11.6 43 50.0
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Mithapukur | Jan/1975 Marf1876 -1.48 3 - - - 3
CL 186 Nov/1976 Mar/1977 -1.69 5 - - - 5
Qct/1978 Cct/1979 -5.67 - 5 2 6 16
QOct/1981 Novw/1984 -1.85 19 12 6 - 38
Apr/1989 Jan/1990 -2.93 6 4 - - 10
Apr/1992 Mar/1993 -1.95 12 - - - 12
May/1994 May/1997 -7.07 15 8 3 10 37
May/1999 Sep/1999 -1.89 5 - - - 5
Apr/2000 Marf2001 -2.94 [] 4 - - 12
Numtber of menths 73 33 11 16 138
Percent of total time 19.6 89 3.0 4.3 37.1
Mchipur Dec/1972 Apr/1973 <218 4 1 - - 5
CL 188 Jan/1977 Sep/1977 -1.93 G - - - 9
Aug/1978 Jul/1980 -5.88 3 10 4 7 24
Oct/ 1981 Sep/1983 -2.94 9 15 - - 24
Dec/1988 Jan/1990 -2.90 5 9 - - 14
Aug/1994 Oct/1995 -6.46 - 3 5 7 i5
Dec/1999 Sep/2001 -394 12 2 5 - 22
Number of months 39 40 14 14 113
Percent of total time 10.5 10.8 38 38 304 |
Nazipur 0ct/1972 Apr/1973 -2.24 6 1 - - 7
CL192 Dec/i974 Aug/1976 -3.57 5 5 11 - 21
Ocv1976 Sep/1977 -3.57 9 1 - - 12
Nov/1990 Apt/199] -2.21 4 2 - - 6
Jun/1992 May/t 593 -2.97 6 4 - - 10
Apr/1995 Jun/1995 -2.43 1 2 - - 3
Apr/1996 Feb/1997 -3.99 3 3 1 - 10
May/1999 May/2002 -7.06 - 6 17 14 37
Number of months 37 24 29 14 106
Percent of total time 99 65 7.8 38 285
Nekmard Oct/1972 Apr/1973 -2.51 5 2 . - 7
CL 193 Aug/1978 May/1981 -5.34 7 16 3 5 34
Oct/1984 Aug/1986 -4.03 8 8 2 1 19
Dec/1988 Apr/1989 -2.24 3 1 - - 5
May/1992 Sep/1992 -2.08 3 2 - - 5
May/1994 | Mad997 | -5.53 5 6 3 7 3
Sep/1999 Mar/2000 -1.96 7 - - - 7
Decl2000 Sep/2001 -2.43 8 2 - - 10
Number of months 56 37 9 13 122
Percent of total time 15.4 9.9 24 35 328
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Table 6.1 Qccurrences of droughts in NW region during 1972-2002 estimated by the Palmer

method (continued)

Rajshahi Dec/1972 Mar/1973 -1.10 3 - - - 4

CL 205 Jun/1974 Mar/1977 -5.66 3 12 6 13 34
May/1982 Sep/1983 -3.66 & 3 7 - 17
May/1992 May/1995 -4.52 15 6 6 2 38
Nov/199% Feb/2002 -4.44 10 5 5 2 28

Number of months 37 26 24 17 121

Percent of total time 9.9 70 6.5 4.6 325

Rangpur Aug/1972 Apr/1973 -1.77 9 - - - 9

CL 206 Aug/1975 May/1976 -1.63 8 - - - 10
May/1978 Apr/1980 -5.13 12 5 pA 3 24
Mar/1982 Apr/1983 -2.57 9 5 - - 14
May/1994 Oct/1995 -4.6 6 5 3 3 18
Oct/1996 Nov/1997 2234 1G 3 - - 14
Dec/2000 Mar/2002 -5.12 1 - 11 11 28

Number of months 55 18 16 17 117

Percent of total time 14.8 4.8 43 4.6 315

Shibganj Nov/1972 Mai/ 1973 -2.10 4 1 - - 5

CL 215 Qct1974 Apr/1975 -4.22 1 4 i 1 7
Nov/1976 Mar/1977 -1.72 5 - - - 5
May/1979 Sep/1980 -3.55 6 9 2 - 17
Jul/1982 Jun/1983 432 4 4 3 1 12
Sep/1992 Julf 1995 -4.26 9 9 15 2 35
May/1999 Jul/2000 -5.66 1 2 3 9 15
Mar/2001 Sep/2001 -1.88 6 - - - 7

Number of months 36 29 24 i3 103

Percent of total time 9.7 1.8 6.5 s 217

* Total includes the incipient droughts in addition to tabulated four categaries of droughts.
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Table 6.2 Number of drought spells beginning and ending in different months of
a year estimated by the Palmer method

Station name Number of drought spells beginning in months

Jan Feb | Mar Apr | May Jun | Jul Aug | Sep | Oct | Nov | Dec
Alghoria 0 1 i 1 1 1 0 2 2 1 0 0
CL 001 .
Bogra i 0 o] 3 2 0 0 0 0 2 0 0
CL 006 .
Dhunot 0 ¢ 0 2 0 Q ! 0 0 3 i 0
CLO1lL
Sirajganj 0 1 1 0 1 [¢] I 0 0 2 1 o
CL 034
Singra 0 1 Q 0 1 1 0 ] 0 0 3. 0
CL 036
Dinajpur 0 0 0 2 2 0 o 0 |1 4 0 1
CL 168
Kaliganj 1 1 0 0 0 1 0 0 1 2 i 0
CcL17?
Kaunia i ] 1 I 0 0 0 0 6 3 2 0
CL178
Mithapukur ! 0 0 2 2 o 0 o] 0 2 i 0
CL 186
Mohipur 1 o] 4] 1] 0 0 0 2 [¢] 1 0 3
CL 188
Nazipur 0 0 0 2 1 1 0 1] 0 2 1 1
CL 192
Nekmard 0 0 0 ¢ p 0 0 1 i 2 0 2
CL 193
Rajshahi 0 0 0 0 2 1 o 0 0 0 1 1
CL 205
Rangpur 0 0 1 0 2 1] 0 2 Q 1 0 1
CL 206
Shibganj (] 0 1 0 2 0 | 1] 1 1 2 0
CL 215
Touwl s{ s s| 13 8| s| 3 7 6| 26| 13 9
Percentage of total
drought spells 43| 43 43| 13| 57| 43| 26| 61| s2|226] 13y 78
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Table 6.2 Number of drought sbells beginning and ending in different months of a year in

NW region estimated by the Palmer method (continued)

Station name Number of drought spells ending in months

Jan Feb | Mar Apr | May Jun | Jul Aug | Sep Oct | Nov | Dec
Atghoria 0 1 0 2 1 l 2 i 0 0 0 2
CL 001
Bogra 0 0 1 2 i [ 1 i 1 0 0 1
CL 006
Dhunot 0 1 0 1 i 0 0 1 [¢] 1 0 2
CL 011 )
Sirajgan) o 0 1 4] "] 1 2 1 0 0 0 2
CL 034
Singra 0 1 Q 2 0 0 2 0 0 o 0 1
CL 036
Dinajpur 0 0 1 0 i 1 1 1 1 2 1 ]
CL 168
Kaliganj 1 i 2 1 1 0 0 0 ] 0 0 0
cLm
Kaunia 0 0 2 1 2 0 1 1 1 1 [ 1]
CL 178
Mithapukur ] 0 4 0 o 0 o 1 I 1 0 0
CL 186
Mohipur 1 [¢] 0 1 0 0 1 0 3 1 0 [¢]
CL 188
Nazipur 0 1 0 2 2 1 0 i 1 0 0 0
CL 192
Nekmard ¢] [¢] 2 2 | 0 0 i 2 1] Q o]
CL193
Rajshahi 0 1 2 0 i 1] 0 0 1 0 0 0
CIL. 205
Rangpur 0 0 1 3 1 0 0 0 1 1 0 0
CL 206
Shibganj 0 0 2 1 0 1 2 4] 2 0 0 0
CL215
Total 3 6 16 17 12 4 10 9 i3 7 1 9
Percentage of total
drought spells 26| 52| 139 1as| 104| 35] 87| 78| 13| 61| 09| 78
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Figure 6.8 Monthly average PE of the NW region
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Chapter 7
THE PALMER METHOD IN COMPARISON
WITH THE SPI AND HERBST METHODS

7'.1 General

In the present study, an attempt has been made for applying the Palmer method in
drought analysis of Bangladesh. To assess the suitability of the application of the
method, the results of the Palmer method have been compared in terms of occurrence,
severity and duration of drought spells with that of the SP1 and Herbst methods. The
three approaches differ in the methodology. The SPI and Herbst methods consider
only rainfall conditions of the selected stations while the Palmer method utilizes the
soil moisture and temperature data in addition to rainfall data for analyzing droughts.
The occurrences of drought spells and their severity obtained in the SPI and Herbst
methods would be discussed in the following sections. Finally, the results of the

Palmer method have been compared with that of the SPI and Herbst methods.

7.2 Drought analysis by the SPI method

In the SPI method, half-monthly rainfall time series are used for drought analysis
on monthly time scale. The results obtained from the method are summarized in
Tables 7.1 and 7.2. The average occurrence of drought is 22.3 percent of time from
1972 to 2002. it has been noticed that occurrences of drought spells are more frequent
in the SPI method than that of the Palmer method, though the occurrence of drought
as a percentage of total time is higher in the Palmer method. The station Shibganj (CL
215) experiences droughts in 28.2 percent of total time, which is the highest
percentage of drought occurrence using the SPI method in NW region. The average
occurrence of extreme drought condition is only 0.17 percent. The average occurrence
of moderate, severe and extreme droughts in the region is in 9.9 percent of total study
time. The Table 7.2 shows that 14.9 percent of dry spells begins in March while 23.7
percent dry spells begins during November-December period. About 35.6 percent of
dry spells ends in the months of April and May.
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The highest SPI for all the stations of NW region is shown in Figure 7.1. The
magnitude of highest severity of the drought spells and their corresponding duration
for each station of the NW region are shown in Figure 7.2. The figure reveals that the
drought with longer duration possesses the higher severity index value. It is
mentioned that the severity index of any drought spell in the SPI method is the sum of

all the SPI values during the drought period.
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Table 7.1 Occurrences of droughts in NW region during 1972-2002 estimated by
the SPI method

Name of the Onset of drought Termination of drought Duration of drought Highest SP1 | Magnitude of
station (half-month} {half-month} spell (no. of half- drought severity
manths)

Atghoria Jun-1/1972 Jul-2/1972 4 -1.69 «3.95

CLOOL Sep-1/1972 Dec-2/1972 8 -1.27 654
Jan-1/1974 Mar-1/i974 5 -1.29 -5.01
Nov-2/1974 Apr-1/1975 10 BAY -5.19
Mar-1/1976 Apr-2/1576 - 4 -1.47 -4.35
Mar-2/1977 Apr-1/1977 2 -1.04 -1.18
Mar-1/1979 Aug-1/1979 L -1.63 -3.66
Feb-1/1980 May-1/1980 7 -1.3% -4.61
Sep-2/1980 Oe1-2/1980 2 -1.49 -2.61
Sep-2/1981 Nov-2/1981 5 -1.79 -6.50
May-2/1982 Ge-2/1982 11 -1.59 -9.75
Nov-1/1934 Mar-1/1985 9 -1.29 -7.22
Mar-2/1989 May-1/1989 4 ‘ ~1.34 -4.61
Mar-1/1952 Aug-2/1992 12 -2.11 -10.20
Jul-1/1994 Aug-2/1994 4 -1.43 461
Feb-1/1995 Jun-2/1995 10 -1.46 -8.70
May-2/1996 Qct-1/19%6 10 -1.69 -7.64
Dec-2/1998 Jun-1/1999 12 -2.09 -14.74
Tul-1/2000 Sep-1/2000 5 1,68 -6.53
Nov.2/2000 Apr-2/2001 R -1.22 -3.35
Jul-2/2001 Oct-1/2001 6 -1.86 -1.35

Total number of half-maonths 152

Percent of total time 204

Bogra Jan-1/1972 May-2/1972 10 -1.42 -6.67

ClL 006 Nov-2/1974 Apr-1/1975 10 -1.1% <6351
Ju)-1/1978 Mar-2/1979 13 -1.32 -i0.83
Sep-1/1980 Oct-1/1980 3 -1.06 -2.58
Sep-2/1981 Mar-1/1982 12 -1.65 -10.46
Sep-2/1982 Jan-1/1583 8 «1.52 ~1.69
Nov-1/1983 Apr-2/1984 12 -1.02 -6.96
Nov-1/1984 May-2/1985 14 -1.26 -11.60
Jan-2/1986 Jun-2/1986 11 -£.30 -9%0
Jan-1/1992 Jun-1/1992 11 -£.72 -8.03
Oct-1/1993 Sep-2/1994 24 -2.02 -24.01
Nov.1/1994 Jun-1/1995 I5 -1.72 -14.24
Mar-1/1996 Jun-3/1996 9 -1.1% «5.45
Jan-2/19%9 Jul-1/1999 12 -2.29 -16.61
Sep-1/1999 Mar-2/2000 i4 -1.40 =2.10
Jun-2/00 Sep-1/00 6 -2.04 -1.29
Nov-2/60 May-1/01 12 -2.06 -11.50

Total number of half-months Fig

Percent of total time 270




Table 7.1 Qccurrences of droughts in NW region during 1972-2002 cstimated by the SPI method (continued)
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Dhunot Mar-1/1972 Jun-1/1972 7 -1.50 -89

CLO1I Jan-1/1974 Mas-1/1974 5 -1.06 —+.22
Mar-1/1975 Apr-1/1975 3 -1.19 -2.87
Jun-1/£975 Jul-1/1975 3 -1.52 -3.48
Jan-2/1978 Mar-1/1978 4 -1.06 -3.60
May-1/1979 Aug-2/1979 8§ «1.5% -5.89
Sep-2N1979 Nov-1/1979 4 -1.68 -5.19
Sep-2/1981 Feb-2/1982 Lt -1.65 -8.75
Sep-2/1982 Oet-2/1982 3 -2.38 -6.08
Jul-2/1983 Cct-1/1985 6 -1.34 «4.49
May-1/1986 Jun-1/1986 4 -1.30 -4.0%
Mar-2/1989 May-2/1989 5 -146 -5.30
Dec-1/1990 Mar-1/1991 7 -1.07 -537
Feb-2/1992 Mey-1/1992 L] -1.72 ~4.20
Jun-§/1992 Sep-1/1992 7 -1.57 -6.52
Apr-1/1994 Oct-1/1594 14 -1.56 -13.15
Apr-1/1993 Jun-1/1995 3 -1.75 -5.88
Dec-2/1998 Mar-2/2000 31 -2.34 -35.06
MNov-2/2000 May-1/2001 12 -1.07 «9.50

Total number of half-months 145

Percent of total time 19.5

Sirajganj Feb-1/1972 Apr-2/1972 [ -1.32 -5.89

CL 034 Dec-1/1972 Apr-2/1973 10 -1.47 «6,52
Nov-2/1974 Apr-2/1975 11 -1.22 -6.49
Sep-1/1978 Apr-1/1579 15 -1.42 -12.48
Nov-1/1981 Mar-2/1982 10 -1.32 -11.94
Sep-2/1982 Jan-2/1983 9 -1.48 «3.42
Dec-1/1983 May-2/1984 2 +1.42 -10.20
Nov-2/1984 Jan-2/1985 5 -1.17 -4.98
Jun-1/1986 Sep-2/1986 8 -1.64 -12.33
Jan-171989 Jun-1/1989 1] -142 «7.26
Feb-2/1992 Aug-2/1992 13 -1.95 -14.25
Nov-1/1992 May-1/1993 13 -1.74 -17.23
Dec-1/1993 Jun-2/19%4 14 -1.92 <2112
Nav-1/1994 Aug-1/1995 19 -1.85 «16.24
Nov-1/1999 Apr-2/2000 12 -1.24 -3.10
Dece-2/00 Apr-1701 3 -1.43% -9.25

Total number of half-months 176

Percent of total time

3




Table 7.1 Occurrences of droughts in NW region during 1972-2002 estimated by the SP1 method (continued)
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Singrs Feb-1/1972 May-1/1972 7 -1.24 -6,72
CL 036 Mar-1/1975 Jun-1/1973 7 -1.12 -7.51
Jan-2/1977 Apr-2/1977 7 -1.20 -7.50
Mar-1/1979 Sep-1/197% 13 -1.42 -9.12
Nov-2/1981 Feb-1/1982 6 -1.25 -6.42
Sep-1/1982 Apr-2/1933 1] -1.24 -10.25
Jul-2/1984 Qct-2/1984 7 -1.21 637
May-1/1936 Jul-2/1986 6 -1.40 -5.48
Dec-1/1991 Apr-1/1992 g -1.27 -9.45
MNov-1/1992 May-2/1993 14 -1.57 -10.28
Oct-1/1994 Jun-1/1995 17 -1.62 -21.04
Dec-2/1999 Mar-2/00 7 -1,34 -8.97
Nov-2/00 May-1/01 12 -1.07 -9.50
Total number of half-months 127
Percent of total time 171
Aps-2/1972 Qet-2/1972 13 <574 -16.52
Dinajpur Tul-1/1973 Sep-1/1973 5 -1.42 -4.1¢
CL i68 Mar-1/1975 Aps-2/1975 4 -1.59 4.51
Sep-1/1976 Mar-2/1977 14 -1.15 -10.33
Aug-2/1978 Nov-1/1978 ] -i.47 -6.02
Mar-2/1979 Jul-1/1979 3 -1.76 -9.28
Sep-2/1981 Feb-2/1982 11 =161 -11.09
Apr-2/1982 Oct-2/1982 13 -1.47 -12.0%
Jun-1/1983 Jul-1/1983 3 -1.63 -3.54
Dec-2/1984 Apr-1/1985 8 -1.14 -5.64
Mar-2/1989 Apr-1/1989 2 -1.14 -2.08
Aug-2/19%0 Sep-1/1990 2 -1.66 «2.13
Sul-1/19%1 Aug-2/1991 4 -1.33 -2.29
Mar-1/1992 Apr-1/1992 3 -1 273
Jun-2/1992 Jul-1/1992 2 -1.3¢ <255
Qct-2/1992 Nov-1/1992 2 -1.00 -5.18
Jul-1/1993 Aug-1/1993 3 -1.61 -2.55
Mar-1/19%4 Apr-1/1994 3 -1.14 -2.74
Jun-1/1994 Feb-i/1995 16 -1.68 -13.74
May-1/199% Jun-2/1995 4 -1.78 -5.312
May-1/1996 Jun-1/1996 3 -1.56 -3.20
Sep-1/1997 Nov-2/1997 ] -1.51 -4.29
Jun-1/2000 Apr-1/2001 20 -1.91 -21.57
Jui-1/2001 Aug-1/200] 3 -1.6t -3.86
Total number of half-months 158

Percent of total time

21.2




88

Table 7.1 Occurrences of droughts in NW region during 1972-2002 estimated by the SPI method (continued)

Kaliganj Qc1-2/1972 May-2/1673 15 .52 11252

cL 17?7 Jan-2/1975 May- /1975 9 -1.48 -8.49
Ocs-£/1976 Apr-2/1977 I4 <L1s -9.38
Mar-1/1979 Jul-2/1979 10 -1.62 -7.25
Sep-2/198i Mar-2/1982 13 -1.46 -13.95
Jun-1/1982 Sep-1/1933 1 «1.53 -7.54
Dec-2/1983 Apr-1/1984 § -1.24 691
Mar-1/1985 Aug-1/1985 11 -1.05 -5.46
Mar-1/1992 Jul-1/1992 9 -1.01 -1.52
Oct-2/1992 Apr-2/1993 13 -1.02 -8.49
Apr-1/1994 May-1/1995 27 -1.12 -21.25
Dec-1/1995 Jun-1/19%6 13 -i.20 -10.46
Nov-1/2000 May-2/2001 14 «1.72 -16.12

Total number of half-months 163

Percent of total time 219

Kaunia Mar-2/1972 May-1/1972 4 -1.55 -6.02

CL 178 Feb-1/1973 Apr-21973 6 -1.38 -6.95
Oct-2/1975 May-2/1976 i35 -1.53 -11.55
Dec-1/1976 Mar-2/1977 8 -1.24 -8.95
Mar-2/1979 Tun-1/1979 8 -1.64 -G41
Mov-2/1981 Apr-2/1982 11 «1.43 -10.12
Jan-1/1983 May-1/1983 ¢ -1.13 -1.59
Mar-1/1989 May-2/1989 6 -1.54 -4.95
Feb-1/1991 Jul-2/1991 12 -L13 -9.24
Feb-2/1992 Aug-1/1592 12 -1.62 -10.48
Apr-2/1594 May-2/1995 25 146 15.8%
Oct-2/1996 Jan-1/1997 ] -1,27 -4.36
May-1/1999 Aug-2/199% 8 -1.56 -10,32
Jul-1/2000 Apr-2/2001 20 -1Li2 -17.06

Tota! number of half-months 150

Percent of total time 202

Mohipur Apr-2/1972 Sep-1/1972 10 -1.43% -1045

CL 188 Apr-1/1973 Juk-2/1973 [] -1.59 -7.46
Aug-1/1975 Nov-i/1975 7 -1.62 -4.89
Oct-1/1976 Mar-1/1977 11 -i.43 -12.42
Mar-2/1979 Jul-2/1979 b «1.72 -9.48
Feb-2/1981 May-1/1981 ? -1.18 -6.72
Dec-1/1982 Apr-1/1983 £ -1.14 -1.34
Mar-2/1984 May-1/1984 4 -1.26 -1.95
Feb-1/1991 Sep-2/1991 5 -L1 -10.28
Feb-2/1992 Qct-1/1992 i7 -1.64 -18.94
Mar-2/1994 Feb-2/1995 23 =157 -20.01
Mar-2/1995 Jun-1/1595 7 -1.59 -10.38
Fcb-l{l‘}‘)ﬁ Apr-2/1596 5 -1.84 -5.83
Oct-2/1999 Apr-2/2000 13 -1.65 -11.15
Apr-2/2001 Jul-2/2001 7 -1.87 271

Tatal number of half-months 152

Percent of total time 204
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Table 7.1 Occurrences of droughts in NW region during 1972-2002 cstimated by the SP1 method {continued)

Nazipur Jan-1/1972 Apr-2/1972 g -1.46 -8.67

CL 192 Nov-1/1572 Dec-2/1972 4 -1.35 -4.74
Dec-1/1973 Mar-1/1974 7 -1.20 =741
Nav-1/1975 Feb-2/1976 8 -1.45 ~7.68
Jul-1/1978 Mar-2/197% 1 -1.2% -14.94
Sep-1/1980 Naov-1/1930 5 -1.06 -3.58
Nov-1/1983 Apr-2/1984 12 -h12 -10.60
Feb-2/1983 May-2/1985 7 -1.26 -6.60
Jan-2/198% May-2/1989 3 -1.46 -8.92
Nov-1/1990 Apr-2/1991 12 -1.58 -10.37
Jan-1/1992 Sep-1/1992 17 -1.75 -16.33
Dec-1/1993 Feb-2/1994 ] -1.98 -7.68
Apt-1/1994 Feb-1/1995 21 -1.68 -18.24
Jun-1/1595 Mar-2/1996 20 -1.54 -20.67
Sep-1/1999 Apr-272000 16 -1.38 -9.15
May-2/00 Sep-2/00 9 .1.82 -8.94
Dec-2/00 May-2/01 11 -2.02 -10.50

Total number of half-months 190

Percent of total time 255

Nekmard Feb-2/1972 Jul-2/1972 11 ~1.64 -i2.22

CL 193 Jun«1/1973 Aupg-2/1973 6 -1.54 -5.63
Mar-1/1975 Jun-2/1975 |3 -1.42 -5.84
Nov-1/1976 Mar-2/1977 10 «1.26 -10.34
Jul-2/1978 Cct-1/1978 6 -1.45 «7.24
Oct-2/1581 Mar-2/1982 I -1.67 -12.20
Jul-2/1982 Dec-2/1982 11 -1.42 -10.04
Nov-2/1984 May-1/1985 12 -1.56 -11.89
Mar-2/1989 May-1/1989 4 -1.17 -3.28
Jul-1/19%1 Aug-2/1991 4 -1.37 -3.64
Jul-2/1992 Dec-2/1992- ] -1.42 -10.87
Mar-2/1994 Apr-1/1995 27 -1.74 -22.76
Feb-1/1996 Jul-1/1996 Ll -1.89 -9.52
Oct-1/1997 Nov-2/1997 4 -1.43 -1.52
Aug-1/2000 Apr- 172031 17 -1.65 -14.65

Total number of half-months 153

Percent of total time 2046
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Table 7.1 Occurrences of droughts in NW region during 1972-2002 estimated by the SPI method (continued)

Rajshahi Feb-1/1972 Apr-2-1/1972 6 -1.55 -7.68

CL 205 Jan-1/1974 May-i/1974 9 -1.26 -5.25
Mar-1/1975 Jun-1/1975 7 -i.20 -6.42
Nav.2/1977 Apr-2/1978 12 -1.46 -10.46
Jun-1/1979 Sep-2/1979 4 -1.62 -6.20
Oct-2/1981 Jun-2/1982 17 -1.79 -14.05
Jul-2/1985 Oct-2/1985 7 -1.34 -5.61
Feb-2/1989 May-2/1989 7 -1.66 -3.90
Dec-1/1990 May-2/1991 12 -1.29 -8.39
Fan-2/1992 Sep-1/1992 16 -1.89 -12.18
Feb-1/1994 Oct-2/19%4 18 -2.24 -20.9%
Dee-1/1994 Jul-1/199% 15 -1.91 -18.61
Mar-2/1999 Jun-2/1999 7 -L75 -9.24
Dee-2/2000 May-2/200§ It -1.38 -10.98

Total number of hall-months 152

Percent of total time 204

Rangpur Apr-2/1972 Ocr-1/1972 12 -1.65 -13.45

CL 206 Apr-1/1973 Apr-2/1973 2 -1.8% -2.46
Feb-1/1974 Mar-1/1974 3 -1.14 -3.04
Aug-i/1975 Sep-2/1975 4 172 186
Mar-1/1976 Apr-2/1976 4 -1.89 -4.22
Sep-1/1976 Mar-2/1977 14 -1.53 -12.09
Oct-1/1978 Nov-1/1978 3 -L16 -2.26
Mar-1/1979 Jun-1/1979 9 -1.15 -10.49
Jun-2/1980 Jul-2/1930 3 -1.42 -2.33
Feb-2/1981 Mar-2/1981 3 -1.13 -1.76
Oct-1/1981 Nov-2/1981 4 -1.49 -4.46
Dec-1/1982 Mar-1/1983 7 -113 -4.59
Jan-2/1986 Mar-2/1986 5 113 -4.66
Mar-2/1989 May-E/1989 4 -1.89 <5.95
Feb-1/1991 Mar-2/1991 4 =113 =316
Jul-1/1991 Aug-2/1991 4 -1.44 -2.43
Mar.2/1992 Apr-1/1992 2 -1.89 -2.98
May-2/1992 Aug-1/1992 [ -1.18 -4.72
ADr-2/1994 May-2/1994 3 -1.67 -3.04
Jun-2/1994 Feb-2/1995 17 -1.74 -13.99
Mar-2/1995 Jun-1/1995 7 -1.89 -8.38
Feb-2/1996 Apr-2/1996 5 -1.89 -5.87
Sep-2/1996 Jan-1/1997 3 -1.67 -7.9¢
Nov-2/1998 Mar-2/19%9 9 -1.13 -6.80
May-1/1999 Aug-1/199% 7 -1.51 -8.32
Sep-2/199% Mar-2/2000 13 -1.85 -13.15
Jun-1/2000 Oct-1/2000 9 -1.74 9,03
Apr-2/2001 Aug-2/2001 9 -1.97 -13.67

Total number of hall-months 180

Percent of total time ) 242
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Table 7.1 Occurrences of droughts in NW region during 1972-2002 estimated by the SPI method {continued)

Shibganj Fecb-2/1972 Jun<2.1/1972 e -L.el -8.12

CL 215 Dec-1/1973 May-1/1974 11 T 12 -10.03
Apr-1/1975 Oct-1/1975 13 -1.32 -B.49
Oct-2/1977 Apr-2/E978 13 -1.52 «12,01
Jun-1/1979 Sep-2/1979 8 <146 -5.96
Nov-2/1981 Jun-2/1982 15 -i.68 -13.65
Dec-2/1982 Jul-2/1983 15 -1.14 -9.21
Nov-1/1985 Apr-1/1986 11 -1.46 -8.62
Feb-1/1989 Jun-2/1989 10 -1.68 -9.45
Nov-1/1990 May-2/1991 14 -1.35 -10.65
Dec-2/1991 Oct-1/1992 . 20 «2.06 -2).32
Jan-1/1993 Apr-2/1993 8 -147 -9.13
Mar-2/1994 Apr-2/1995 27 -230 -24.87
Dec-1/1996 Jun-1/1996 13 -1.43 -9.87
Feb-2/1999 Aug-1/1999 12 -1.62 -10.12
Nov-2/2000 Apr-2/200i 11 -1.89 -9.78

Total number of half-months 210

Percent of total time 28.2

Mithzpukur Mar-2/1572 Jun-1/§972 6 -1.52 -7.52

CL 186 Dec-1/1973 Mar-1/1974 7 -1.28 -6.23
May-1/1975 $ul-2/1975 6 -1.52 -4.92
Nov-1/1976 | Apr-21977 12 -1.61 -14.02
Dee-1/1978 Jun-1/197% 13 -1.81 -9.46
Jun-2/1980 Aug-1/1980 4 -1,38 -1.5]
Feb-2/1981 Apr-2/198t 5 -1.25 -2.85
Oct-1/1982 Apr-2/1983 14 -1.43 9.86
Jan-2/1935 May-2/1985 9 -1.20 -6.84
Mar-2/19389 May-1/1989 4 -1.72 «5.92
Feb-1/1991 Aug-1/1991 13 -1.48 -10.12
Jan-2/1992 Jun-2/1992 1 -1.89 -9.85
Feb-2/1994 Jun-2/1994 9 -1.92 <1523
Oct-2/1994 May-2/1995 15 -1.81 -14.20
Feb-2/1996 May.2/1996 7 -1.46 -6.02
Jul-2/1996 Oct-2/1996 7 -1.52 5.45
Jan-1/1999 Apr-1/1999 7 -1.42 -5.92
Nov-1/1999 Mar-2/2000 12 =179 -14.22
Dec-1/2000 Jul-2/2001 16 -1.86 ~12.63

Total number of half-months "7

Percent of total time 228
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Table 7.2 Number of drought spells beginning and crding in different months of
a year estimated by the SPI method

Station name Number of drought spells beginning in months

Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Atghoria
CL 00! | 2 5 0 2 i 3 0 3 4] 3 1
Bogra
CL 006 4 0 i 4] 0 I 1 o] 4 1 5 0
Dhunot
CLON 2 1 3 2 2 2 1 0 3 [ 1 2
Sirajganj
CLO034 I 2 ] 0 0 1 0 0 2 0 6 4
Singra
CL 036 1 1 2 0 1 4] 1 0 | | 3 2
Dinajpur
CL 1568 0 0 5 2 2 4 4 2 3 i 1] 1
Kaliganj
CcLIm? i 0 3 i 0 | 0 0 i 3 1 2
Kaunia
CL178 I 3 3 1 1 0 1 0 0 2 l ]
Mithapukur
CL 186 3 4 2 0 I 1 1 0 0 2 2 3
Mohipur
CL 188 0 4 4 3 0 0 ¢} i 4] 2 0 1
Nazipur
CL 192 3 ] 0 i 1 1 | 0 2 0 4 3
Nekmard
CL 193 0 2 3 ] 0 | 4 1 a 2 2 0
Rajshahi
CL 205 2 3 A 0 1 1 0 0 1 l 3
Rangpur
CL 206 i 4 5 4 2 3 1 i 3 2 1 1
Shibganj
CL21s 1 3 1 1 0 i [¢] o 0 I 4 4
Total 2| 30| 3l as| 2] s e s 220 18| 34| 28
Percentage of total
drought speils 80| 115 | 1a9| 57| 46| 69 73| 19| Ba| 69| 13| 107
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Table 7.2 Number of drought spells beginning and ending in different months of a year
estimated by the SPI method (continued)

Station name Number of drought spells ending in months

Jan | Feb | Mar | Apr | May [ Jun ! Jul | Aug | Sep | Oct | Nov | Dec
Atgharia
CL o0t 0 1] 2 4 2 2 i 3 1 4 1 1
Bogra
CL 005 1 0 3 2 3 4 | 0 2 1 0 0
Dhunot
CLOil 0 | 4 N 3 3 1 i 1 3 1 0
Sirajganj
CL034 2 o 1 [ 2 2 2 1 0 0 0 L+]
Singra
CL 036 1] i 1 3 3 2 1 1] 1 t ¢} 0
Dinajpur
CL 168 0 2 1 6 0 2 3 3 2 2 3 0
Kaliganj
CL177 0 0 i 3 4 1 2 i | 4] 1] 0
Kaunia
CL 178 | ] 1 3 5 1 1 2 0 0 0 4]
Mithapukur
CL 186 0 0 2 4 4 4 2 2 0 i o] 0
Mohipur
CL 188 [ 1 1 3 2 1 3 0 2 1 I 4]
Nazipur
CL 192 0 3 3 4 3 0 o 0 2 [ 1 1
Nekmard
CL 193 0 0 2 2 2 H 2 2 1 0 1 2
Rajshahi
CL 205 0 o 0 2 4 3 1 [¢] 2 2 0 0
Rangpur
CL 206 1 1 8 4 2 2 1 4 1 2 2 0
Shibgan}
CL 215 0 ] 0 5 2 4 1 | 1 2 0 o
Total s 9| 30| s2i ar| 3t 22| 20| 17| 19| 10b 4
Percentage of total
drought spells 19 34| nus|oe] 1s7] 123] 84| 771 esl| 73] 38| 15
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7.3 Drought analysis by the Herbst method

In the Herbst method, droughts are analyzed on half monthly basis for a period
from 1972 to 2002. Results obtained from the method are summarized in Tables 7.3
and 7.4. The average occurrence of drought is about 22 percent of total time which is
below that of the Palmer method, but very closer to the SPI method. The station
Kaunia (CL 178) experiences droughts in 29 percent of total time, which is estimated

as the highest percentage of drought occurrence in NW region by the Herbst method.

About 30 percent of droughts begin in the months of October and November
while 23 percent of drought begins in the months of July and August indicating that
there may be sometimes insufficient rainfall during the monsoon season. About 47
percent of droughts end in May to July with the onset of monsoon. The ensct and
termination of droughts, their intensity and severity are determined in the Herbst
method using some drought parameters such as mean half monthly value, carry over,
mean half monthly deficit etc. The mean annual rainfall deficit plot against mean
annual rainfall (Figure 7.3) for all the stations of NW region shows an increasing
trend indicating that higher mean annual rainfall areas have higher mean annual

rainfall deficit.

There is no distinct severity classification of drought spells in the Herbst method
as they were in the Palmer and SPI methods. The drought severity index of a station
gives a relative picture of severity comparing it with other drought spells in the station
as well as in other stations. The highest drought intensity index obtained from this
method for all the stations of NW region is shown in Figure 7.4, As shown in figure,
the maximum drought intensity index occurs in the station Shibganj (CL 215).
The highest drought severity index of the drought spells and their corresponding
duratioﬁ for each station of the NW region are shown in Figure 7.5. The figures reveal
that the shorter duration drought spells with high drought intensity index may produce
higher severity than longer duration drought with low drought intensity index. It is
mentioned that the drought severity index of any drought spell in the Herbst method is

the product of the drought intensity index and drought period of the spell.
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Table 7.3 Occurrences of droughts in NW region during 1972-2002 estimated by

the Herbst method

Name of the Onset of drought Termination of | Duration of drought spell Drought intensity Drought severity

station drought (no. of half months) index index

Atghoria Sep-1/1978 Aug-1/1979 23 1.35 31.14

CL 001 Feb-1/ 1999 Jun-2/ 1999 9 1.53 13.73
Feb-2/ 2001 May-2/ 2002 31 1.14 35.40

Total number of halt months 63

Percent of total time 8.5

Bogra May-1/ 1975 May-1/ 1977 49 1.09 53.64

CL. 006 Aug-1/ 1978 Oct-1/ 1980 53 1.19 63.08
Dec-1/ 1996 Jun-1/ 1998 37 0.82 30.39
Oct-1/ 2000 Nov-2/ 2001 28 0.84 2346

Total number of haif months 167

Percent of total time 224

Dhunot Apr-1/1972 Apr-1/ 1973 25 0.98 24 .38

CLOI Auvg-1/1975 Apr-1/ 1977 42 1.07 44,94
Sep-2/ 1978 Apr-2/ 1980 39 1.18 4598
Dec-1/ 1996 Jun-1/ 1998 37 0.82 30.39
Oct-17 2000 QOct-1/ 2001 25 1.05 26.36

Total number of half months 168

Percent of iotal time 226

Sirajganj Aug-1/ 1978 Aug-1/1979 25 1.94 48.53

CL 034 Sep-2/ 1981 Mar-2/ 1983 n 1.13 4i.84
Mar-1/ 1994 Feb-1/ 1995 23 0.99 22.68
Dec-1/ 1999 May-2/ 2002 60 0.95 51.29

Total number of half months 145

Percent of total time 19.5

Singra Apr-1/1972 Apr-2/ 1973 26 1.54 40.03

CL 036 Jul-1/ 1974 Jul-2/ 1976 25 1.33 332
Sep-1/1977 May-2/ 1979 42 1.48 62.14
Nov-1/ 1985 Aug-2/ 1986 20 1.25 25.03
Nov-2/ 1991 Mar-2/ 1993 32 0.94 29.90

Total number of half months 145

Percent of total time 19.5

Dinajpur Apr-1/ 1972 Apr-1/ 1973 25 1.90 47.52

CL 168 Dec-2/ 1978 Apr-2/ 1980 33 0.83 2739
Oct-27 1993 Jun-2/ 1995 41 117 48.04
Nov-2/ 1959 May-1/ 2001 6 1.33 4792

Total number of half months 135

Percent of total

time

18.]
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Table 7.3 Occurrences of droughts in NW region during 1972-2002 estimated by the Herbst method

(continued)

Kaliganj Jun-1/ 1975 May-1/ 1977 47 1.65 77.69

CL 177 Dec-1/ 1977 Jul-1/ 1979 39 1.73 64.50
Feb-2/ 1994 May-2/ 1995 31 .53 47.58
Aug-2/ 2000 Qul-2/ 2001 23 [.72 39.52

Total number of haif menths 140

Percent of total time 18.8

Kaunia Apr-1/1972 Apr-2/ 1973 26 1.00 26.20

CL178 Jul-2/ 1973 Sep-1/ 1973 4 2.18 873
Nov-1/ 19715 May-1/ 1977 37 1,03 38.20
Jul-1/ 1977 Jul-1/ 1979 49 1.70 83.45
Aug-2/ 1985 Aug-2/ 1986 25 1.50 37.56
Feb-2/ 1994 Jun-1/ 1995 32 092 29.40
Oct-1/ 1999 Aug-2/ 2001 46 209 96.14

Total number of half months 219

Percent of total time 29.4

Mithapukur Apr-1/1972 Apr-2/ 1972 26 1.65 42.88

CL 186 Nov-2/1978 Jul-1/1979 16 1.75 28.08
Nov-1/1991] Mar-1/ 1993 13 1.16 33.24
Oct-2/ 1993 Jun-1/ 1993 40 1.26 50.33
Nov-2/ 1959 Apr-1f 2001 34 k.13 38.42

Total number of half months 149

Percent of total time 200

Mohipur Jun-1/ 1975 May-i/ 1978 71 1.30 92.35

CL 188 Jul-1/1978 Aug-1/1979 27 2.14 57.8
Nov-2/ 1983 Feb-1/ 1985 30 1.27 38.15
Deec-1/ 1988 Aug-2/ 1989 18 1.56 2817
Oct-2/ 1993 Jun-2/ 1995 41 1.27 52.23
Oct-1/2000 Aug-2/ 2001 22 2.72 59.90

Total sumber of hail menths 209

Percent of total time 28.1

Nazipur Apr-1/ 1972 Apr-2/ 1973 26 1.18 307

CL192 Aug-1/1975 Jun-2/ 1976 22 1.32 29.07
Feb-1/ 1994 Sep-1/19%4 i5 1.8C 27.08
Sep-1/ 1996 Jun-17 1997 19 1.22 23.11
Nov-2/ 1999 Dec-2/ 2002 15 1.68 166.46

Total number of haif months 157

Percent of total time 21.1

Nekmard Apr-17 1972 Aug-17 1973 33 1.06 34.90

CL 193 Aug-2/ 1978 Jun2/ 1981 69 1.15 79.06
Aug-2/ 1985 Jul-2/ 1986 23 1.21 27.74
Feb-1/ 1992 Jun-2/ 1995 82 1.46 119.42

Total number of half months 207

Percent of total time 27.8
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Table 7.3 Occurrences of droughts in NW region during 1972-2002 estimated by the Herbst method

(continued)

Rajshahl Jun-2/ 1974 Jul-1/ 1975 26 1.53 39N

CL 205 Jan-1/ 1982 Sep-2/ 1983 42 1.19 50.20
Jan-2/ 1992 Aug-1/1993 38 1.28 48.76
MNov-1/ 1999 Mar-2/ 2000 10 1.38 13.80

Total number of half months 116

Percent of 1otal time 15.6

Rangpur Apr-1/ 1972 Apr-2/ 1973 | 26 1.22 31.73

CL 206 Nov-1/ 1974 May-2/ 1976 38 0.721 27.41
Aug-2/ 1977 Jul-1/ {979 46 1.544 71.01
Nov-2/ 1993 Jun-2/ 1995 39 1.05 40.86
Oct-1/1989 Aug-2/ 2001 46 2.14 98.44

Total number of half menths 195

Percent of total ttme 26.2

Shibganj Sep-1/ 1977 May-1/ 1980 66 0.89 59.40

CL 215 Jul-1/ 1982 May-2/ 1984 46 098 42.67
Sep-2/ 1992 Jul-2/ 1995 69 0.91 62.62
Apr-2/ 1999 Mar-2/ 2000 23 3.52 80.9¢

Total number of half months 204

Percent of total time

27.4
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Table 7.4 Number of drought spells beginning and ending in different months of
a year estimated by the Herbst method

Station name Number of drought spells beginning in months

Jan | Feb { Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov { Dec
Atghoria
CL 001 0 2 0 0 0 0 0 0 ] 1] 0 0
Bogra
CL 006 0 0 1] 0 1 0 0 1 [¢] 1 0 ]
Dhunot '
CLO1l [ 4 0 1 [¢] 0 ] | | 1 g 1
Sirajganj )
CL 034 0 0 1 0 0 0 8] 1 1 0 i) 1
Singra
CL 036 a 0 0 1 g ¢] 1 0 1 0 2 0
Dinajpur
CL i68 0 4] 0 | 0 0 0 [¢] [¢] 1 1 1
Kaliganj
CL177 0 ; 4] 0 0 \ o] 1 0 ] Q i
Kaunia
CL 178 1] i [¢] t 0 0 2 | 0 | I 0
Mithapukur
CL 186 ] 4] 0 i 0 0 ¢ 0 0 | 3 0
Mohipur
CL 188 0 ¢] 0 0 o 1 1 0 0 2 ] 1
Nazipur
cLis2 0 | 0 1 0 0 0 1 0 1 1 0
Nekmard
CL 193 0 1 0 1 0 0 0 2 G [¢] 0 4]
Rajshahi
CL 205 2 0 1] 0 0 a 1 0 0 4] i 0
Rangpur
CL 206 0 0 0 1 0 0 0 1 ] 1 2 0
Shibganj
CL 215 0 0 o] 1 0 0 [ 0 2 [ 0
Total 2 6 1 9 1 2 6 g 4] 9 12
Percentage of iotal
drought spells 29 87 1.4 13 1.4 29 8.7 13 8.7 13 17 837
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Table 7.4 Number of drought spells beginning and ending in different months of a year estimated by
the Herbst method

Station name Number of drought spells ending in months

Jan | Feb { Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Atghornia ]
CL 00! 0 0 0 0 | 1 0 t 0 0 0 4]
Bogra
CL 006 0 0 4] 0 1 1 0 0 0 1 | 0
Dhunot
CL Ol 0 o] [¢] 3 o 1 0 0 [¢] 1 0 0
Sirajganj
CL 034 G 1 | 0 1 0 [¢] | 0 0 0 o]
Singra
CL 036 ¢] 0 1 1 ! 0 1 | 0 0 0] 0
Dinajpur
CL 168 0 0 0 2 1 1 0 0 0 0 4] 4]
Kaliganj
CL 177 0 0 0 4] 2 0 2 o] 0 1] 0 0
Kaunia
CL 178 0 0 1] 1 1 1 1 2 1 [¢] 0 0
Mithapukur
CL 186 0 0 1 2 1 1 0 ] 0 0 0
Mohipur
CL 188 1] 1 0 0 1 1 1] 3 0 0 0 0
Nazipur
CL 192 G [¢] 0 1 0 2 0 4] | a .0 1
Nekmard
CL 193 0 0 4] o 4} 2 i 1 0 0 0 0
Rajshahi
CL 205 0 0 I 0 ol © 1 1 1 ¢ 0 0
Rangpur
CL 206 o} o 0 1 ! 1 1 1l o o 0 0
Shibganj
CL 215 4] 1] i 0 2 0 l 0 1] o 1] 0
Total 0 2 5 11 12 i2 9 11 3 2 1 l
Percentage of total
drought spells o} 29| 72 186 173 17| 13 16| 43| 29| 14| 14




—
(]
mant

1000

REEEN y .

5 . ' N

k . . .

=] v . r

[} 3 - 1

g . .

S ! . .

s . = . .

v 5 . '

o i 2 : .
....... Y T T T T T

g . . .

§ n " :

W.m ;L5 » .

- T “

23 : .

25 m e :

bR .

W. M o '3 I N

: SH-I-) ”
........... Pees o g L

. m ‘| °

' .0 3 .

. & o

: 2 a £

: nw.. = 9

. &5 <

' .o, .

. . g0 .

. oE - :
........... “...........‘ .-.-..D..................x

. 5 .

. : S

» e 2 B

‘ w m -

. v o,

: . s

. R &

. . D:ﬂm,
........... RPN

. : .

t + +
(] o (o]
o 2 =] o
o o <t o~

{ww) yoyap |Iejuies [enue Uea

3000

2500

2000

1500

1000

500

Mean annual rainfall {mm}

Figure 7.3 Trend of mean annual rainfall deficit with mean annual rainfall in NW

region

uone}s aul Jo xapu Agsuaiul Jybnoap 1saybiy

T S A luebqus
S e PP SR S beeeeteend
. . Tox . . . indbuey
llllh lllll o o mwww banoeosdoreeadaeea. _fnllnh ||||||
. . , . ® . . wyeysley
S S S pIeuneN
: . . VX : . ndizeN
M . . ' Indiuoy
NEENT e P aean PR
. : . D% nyndeypn
...-ut. ........... —o.-.n uuuuu " ..... “....-.... ......
. . N . . : eluneY
. uebyex
SR R R S L ARERE LR
= . . *® . . ' indleurg
m . . . . . .
15 TTTrTToyTtTUATTTILITTTIRITTTTUTTYTT
E : : S . . esbuig
1 &7 |- Pemmeam e A S
2 . . ¥ . . fuebfeng
> o .m lll" ----- -lulllvlluil“ lllll % asssdasnam
> . : . N ' ounyqg
Q - i 1 . '
y = PR N R R ELIEE IR LR RS o
= ' . . . .
I : R SE R eifog -
4 M T TEERY. SRR, tenean : :
.1 3 . » : . enoybyy
<+ 's] ™ w3 ™~ wy - o =}
] o~ - o .

Name of the station

Figure 7.4 The highest drought intensity index of each station of NW region estimated

by the Herbst method



102

180 :
. o Na?,"ipur(tsa)
150 4eerennns ORO. I feennas S Feeeeens Faoenenns feeaeans beeeans
% : H ' N N : ' '
2 : . : Nekmard{1.46)
3 120 Jeeveens e SR e e e e S L.
§ ‘ Rangpur!ZA‘ud) .
D ' B ' . . i
A RSO OO OO SRS L. CC3 OO §
3 : : O Shibgani(3. 9) 1 o Kaliganj(1.65)
E B0 d-cesncnn EREEPERE Ranah119 ........ ;.P ..... 'd"- ...... Peeneees Breeeeees
= : . IsRahi(1.19) g:p Dhunotf1.18) . Sirajganj(0.95)
T . ' ' D|naj|;ur{1 17) ' H
S O S thaquu: 126}t ennnnnn. e e eeeenn eeenns
30 : Atg_vhonaﬁ 14) : ; : ;
0 ; ; " ' ¢ ; ' ;
0 10 20 30 40 50 60 70 80 90

Duration of drought spell (half-months)

(Value shown in the parenthesis is the drought tntensity index)

Figure 7.5 The highest drought severity indices and their duration in each station of

the NW region estimated by the Herbst method

7.4 Suitability of the Palmer method in comparison with the SPI and Herbst
methods

In the present study, water deficits from 1972 to 2002 in the NW region are
identified by SPI and Herbst methods along with the Palmer method for making an
assessment of suitability of the Palmer method as a drought analyzing tool in
Bangladesh. The average occurrences of drought in NW region are 34.0, 22.3 and
22.0 percent of the study time in the Palmer, SPI and Herbst methods respectively. It
.is mentioned here that the average occurrence of drought in the country is once in 2.5
years (Adnan, 1993; Ericksen et al., 1993; Hossain, 1990}. The drought occurrences at

different stations estimated by the three methods are summarized in Figure 7.6.

The Palmer method classified droughts into extreme, severe, moderate and mild
condition depending on the values of the PDSI and the SPI method classified droughts
into extreme, severe and moderate conditions depending on the SPI values. The

Herbst method provides no such scale rather provides relative measures of droughts.
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The occurrence of different drought conditions in NW region is shown in Figure 7.7.
The figure shows that the Paimer and the SPI methods recognized the extreme
droughts of the region in only 3.6 percent and 0.17 percent of total time. So it can be
considered that there is a little chance to experience extreme drought in NW region

due to the humid to sub humid climatic conditions of NW Bangladesh.

The Palmer method identified the most common drought occurrences in years like
1972-73, 1975-76, 76-77, 78-79, 79-80, 82-83, 1992-93, 94-95, 1999 and 2001-2002
in selected fifteen stations in NW region. Thus the method could identify the
historical drought occurrences of Bangladesh like the yéar 1975, 1979, 1981-82,
1984, 1989, 1992-93 and 1994-95. The SPI and Herbst methods have also identified
these drought years in NW region in the present study.

The percentage of total drought spells beginning and ending in different months of
the year in three drought analyzing approaches are shown in Figures 7.8-7.9. The
figure reveals that the highest percentage of beginning of drought spells occur in the
months of October, March and November respectively in the Palmer, SPI and Herbst
methods. The method identified the month of October as the month of highest -
percentage of beginning of drought spells. The National Water Management Plan
(NWMP) has identified the months from November to May as dry season in
Bangladesh (Halcrow et al., 2000). The Palmer method considers potential
evapotranspiration (PE) and soil moisture conditions for drought analysis in addition
to rainfall data. The method estimates the values of PE using the Thornthwaite’s
formula (1955). The formula overestimates the value of PE than the actual value in
the month of October since the estimation is based on temperature only. So the
percentage of drought spells beginning is higher in October‘than that of the other
methods. The highest percentage of ending of drought spells occurs in the months of
April in the Palmer and SPI methods while in May/June in the Herbst method. These
are the transitional months of the two distinct seasons of Bangladesh. 1t is more
realistic of ending of drought spells in the months of May or June instead of April,
since more precipitation occurs during these months. It may happen for soil moisture

considerations in the Palmer method. But a more detailed study is recommended for
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quantitative assessment of the influence of soil moisture on drought occurrences in
Bangladesh. All of the three methods have identified the occurrences of Kharif
droughts during June/July to October months resulting from sub-humid and dry

conditions in Bangladesh.

All of the stations of NW region have experienced more or less drought conditions
in the present study. There are some. differences in results obtained from three
approaches of drought analysis. As such no particular station has been characterized

by the three studies as severe most water deficit station of the NW region.

Among the three methods, the Palmer method is only based on a monthly water
balance accounting scheme that involves precipitation, evapotranspiration and soil
moisture. The soil moisture condition of the station is an irﬁportant consideration for
drought analysis. So the method can be considered to be useful primarily for
agricultural and other water uses that are sensitive to soil moisture. But in
Bangladesh, soil moisture data are not readily available. In the present study the soil
moisture data have been estimated. Thus in terms of availability of data, the Palmer
method seems less convenient to apply in Bangladesh than the SPI and Herbst

methods that consider only precipitation information.

As mentioned earlier that the Palmer method has several limitations. Despite these
limitations, the performance of the Palmer method in comparison with the SPI and
Herbst methods seems realistic in NW region of Bangladesh in terms of drought
occurrences and severity. The Palmer method can be used extensively for monitoring
drought conditions and for making operational water management decisions in

Bangladesh after some modifications to the method as mentioned in the previous

chapter.
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Figure 7.6 The occurrences of drought estimated by different methods in NW region

of Bangladesh
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Chapter 8
CONCLUSION AND RECOMMENDATION

8.1 Conclusion

Available literature shows that the Palmer method is more applicable in arid,

semiarid and dry sub-humid regions. In the present study, an attempt has been made

for applying the method for drought analysis in the humid to sub-humid climate of

NW Bangladesh and the following conclusions have been drawn:

The drought analysis by the Palmer method showed that all of the stations of NW
region experienced some degrees of drought conditions. The method quantified
the average occurrence of drought in NW region in 34 percent of the study time
from 1972 to 2002.

The method could identify the historical drought occurrences of Bangladesh like
the year 1975, 1979, 1981-82, 1984, 1989, 1992-93 and 1994-95.

The occurrences of extreme drought conditions were observed only in 3.6 percent
of total time.

The method has identified the month of October rather than November or
December as the beginning of highest percentage of drought spells in NW region.
The method could identify Kharif droughts during the period from June/luly to
October.

The method has identified the month of April rather than May or June as the
ending of highest percentage of drought spells in NW region.

The comparison of the method with the Standard Precipitation Index (SPI) and the
Herbst methods was made to see its performance in terms of several drought
features such as the onset and termination of drought, duration and severity.

The average occurrence of drought was in 22.3 percent and 22 percent of study
time in the SPI and the Herbst methods respectively, These two methods have also
identified the same drought years in NW region as in the Palmer method in the
present study. .

The highest percentage of drought spells beginning occur in the months of March
and November respectively in the SPI and Herbst methods and the highest
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percentage of drought spell ending occurs in the months of April and May/June in
the SPI and Herbst methods respectively. |

< While abplying Palmer method in drought analysis of NW region of Bangladesh,
some limitations were noticed in addition to those already identified by many
researchers. ]

<» Despite these limitations, the performance of the Palmer method in comparison
with the SPI and Herbst methods seems realistic in NW region of Bangladesh in
terms of drought occurrences and severity.

% The method can be used extensively for monitoring drought conditions and for
making operational water management decisions in Bangladesh after some

modifications to the method.

8.2 Recommendations

While applying the widely used Palmer method in humid to sub-humid conditions
of Bangladesh, it has been observed that several modifications are required to the
assumptions of the method. The coefficients and equations of the original method are
required to derive following the same procedure for monthly timescale by analyzing
long term historical climatic data of Bangladesh. The shqrter timescale is more
appropriate for making operational water management decisions in Bangladesh. In
addition, considerations of standing water of agricultural land in the Palmer method
would produce more realistic picture of drought conditions of the country. A more
detailed study is recommended for quantitative assessment of the influence of soil
moisture on drought occurrences in the country. Several modifications are also
required to the hydrologic accounting of the method for applying it as a drought

analyzing tool in Bangladesh.
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Appendix 1
THORNTHWAITE’S FORMULA

According to Thornthwaite (19595)

E, =1.6(39£] ........................................................................... ALl
i

Where

E,= potential evapotranspiration (cm/month, in months of 30 days, with a day-length
of 12 hours)

T= average air temperature (°C), calculated from daily means

I= annual heat index, i.e. the sum of the 12 monthly heat indices, i where

T 1.514
-
5

a= 0.000000675 I~ 0.000077 12 +0.01792 1+0.49239
E, obtained from eqn. (A1.1) is the potential evapotranspiration for a 30-day month
with day-lengths of 12 hours. The correction factor to be used depending on the

latitude and month is given in Table Al.l
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Table Al.l Mean possible duration of sunlight in the Northern and Southern
hemispheres expressed in units of 30 days of 12 hours each

Month/ J F M A M J ] A S O N D
Latitude

Y
0 1.04 94 1.04 101 1.04 101 104 104 1.01 104 101 1.04
5 1.02 93 103 102 106 1 03 106 105 1.0 1.03 99 1.02
10 1.00 91 103 1.03 108 i 06 108 107 1 02 102 98 .99
15 97 91 1.03 104 L1l 108 112 108 1.02 1.0l 95 .97
20 95 .90 103 105 113 L1l 1.14 111 102 1.00 .93 .94
25 .93 .89 103 106 115 1.14 117 112 1.02 .99 91 91
26 92 .88 103 106 115 115 117 112 1.02 99 91 91
27 92 .88 1.03 107 L16 1.15 118 L13 1.02 .99 .90 .80
28 .91 .88 1.03 107 116 .16 1.18  1.13 1.02 98 .90 50
29 91 87 .03  1.07 117 L.16 1.19 113 1.03 98 .90 .89
30 90 .87 1.03 108 118 117 120 114 1.03 98 .89 .88
31 80 87 1.03 108 1.18 1.18 120 L4 1.03 .98 .89 .88
32 .29 .86 1.03 108 Li9 1.19 121 L15 1.03 98 .28 87
33 .88 .86 103 109 119 1 20 122 115 1 03 97 88 .86
34 .88 .85 1.03 109 120 120 122 116 103 .97 .87 .86
35 87 85 103 1.09 121 121 123 1.le 103 97 .86 85
36 87 .85 1.03 110 121 122 124 116 103 97 .86 .84
37 .86 R4 103 1.0 122 123 125 L17 103 97 85 33
38 .85 .84 103 110 123 124 125 1.17 104 96 .34 83
39 .85 .84 103 L11 123 i 24 126 118 1.04 96 .84 82
40 .84 83 1.03 111 124 125 127 118 1.04 .96 83 81
41 83 .83 103 111 125 1 26 127 119 1 04 96 82 B0
42 82 .83 1.03  1.12 126 127 128 119 1.04 .95 82 19
43 .81 .82 102 112 126 1 28 129 120 1 04 55 81 717
44 Bl 82 102 113 127 1 20 130 120 1 04 95 .80 .76
45 .80 81 102 113 128 1 29 131 121 1 04 94 .79 a5
46 .79 Bl 1.02 113 129 1 31 132 122 1 04 94 .79 74
47 7 .80 1.02 114 130 1 32 133 122 1.04 93 18 713
48 .76 .80 1.02 114 131 i33 134 123 1.05 .93 7 12
49 75 79 1.02 1.14 132 134 135 124 105 .93 .76 3!
30 .74 .78 102 115 133 136 137 125 1.06 .92 .76 70
S
5 1.06 .95 1.04 100 102 99 1.02 103 100 1 05 103 106
10 1.08 97 1.05 .99 1.01 96 1.00 1.01 100 1.06 105 110
15 o112 98 105 98 98 .94 97 1.00 1.00 1.07 1.07 112
20 1.14 100 1.05 91 .96 91 95 99 100 1.08 1.09 1.15
25 1.17  1.01 105 96 .94 83 93 .98 100 .10 111 i.18
30 1.2 1.03 106 .95 92 85 .90 96 1.00 112 114 1.21
35 123 1.04 106 94 .89 82 .87 94 100 113 117 1 25
40 127 106 107 .93 .86 78 .84 92 100 1,15 120 1 29
42 128 107 107 92 85 76 82 .92 1.00 116 122 1 31
44 130 1.08 107 .92 83 74 .B1 91 99 1,17 123 133
46 132 110 107 9l 2 72 .79 50 99 117 125 135
48 1.34 1.1 1.08 .90 .80 .70 .76 .89 .99 118 L1271 137
50 137 112 1.08 .89 i 67 74 .88 .99 1.1 129 141
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Appendix 11
PROBABILITY DISTRIBUTION FUNCTIONS USED

Two Parameter Log-Normal (LN-2) distribution

The Log-Normal (LN-2) distribution is a familiar distribution in hydrology. If a
random variable x has a LN-2 distribution, the log transformed variable has a normal
distribution. The transformed variable is denoted by
y=In(x), where x>0

The probability density function (pdf) of the LN-2 distribution is given by

2
1 1| y—-H
" (x) = ———0Xp| — L for x>0, e A2.1
/; x+ 27y p{ 2[ o,

The mean and variance of LN-2 distribution are

o’
E(x)=exp(u, + —5"—) ................................................................. A2.2
Var(x) = pxz[exp(ayz)—l] ............................................................. A23

The skew coefficient is
7, =3CV, + €V} where CV, is the coefficient of variation.

The maximum likelihood method is generally best for fitting the LN-2 distribution
(Stedinger, 1980). The maximum likelihood method gives:

y= lZm(x,.) ........................................................................... A24
nio

o= %i[ln(x,.) —}f ................................................................ A2.5

Estimate of prec.ipitation for T-year return period can be obtained from,

xp=€7 = P PP PSPPSR ET L PRI L A2.6
Where 1z, is the quantile of the standard normal distribution (=0, o’ =1)
corresponding to return period T. The z, is also called standardized normal variate.

The inverse of the cumulative distribution function (cdf) for the standard normal

distribution is not available in closed form and hence the quantiles of the standard
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normal distribution cannot be obtained analytically. Selected values of the

standardized normal variate z;, are given in Table A2.1.

Table A2.1 Quantiles of the standard normal distribution

P 0.5 0.8 0.9 0.95 0.98 0.99
T (years) | 2 5 10 20 50 100
z, OF Z; 0 0.842 1.282 1.645 2.054 2.326

An approximation for the standard normal variate (Stedinger et al,, 1993) is

(1 B _1_).135 —_(lJO.l}S
T T

% = 0.1975

Asymptotically, the variance of the quantile estimator is approximately given by

2
Var{x,]~ xﬁ[fi— (1+ -lz-z,f)] ............................................................. A2.8

The approximate confidence interval for x; is
xTiz,_P,z,/Var[xT] where the values of z_,,are obtained from Table AZ.1.

Probability plots are constructed by plotting ordered i i.e. ordered logarithms In{(xi)

Versus zr -
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Extreme Value Type II (Weibull) distribution
The Weibul} distribution is greatly used as the distribution of low stream flows. In
the present study three parameter Weibull distribution is used. The pdf of three

parameter Weibull distribution is
f(x)=a(x- £)*'(B — &) exp[-(x - BYB - £)*] for x>0, a,B>0............. A29

The cdf of the distribution is

P:(x):l—exp{—[;‘_i ] }=1-exb(—y)

LT A2.10
xX—£

where y= L@ - e]
and & is the lower bound
The mean and variance of the three parameter distribution are
E(@)=e+ (B =+ 1/@)] i A2.11
Var(x) = (B - €) [TA+2/a) ~T2L+17a)] ccrreriiiiminsiniene A2.12
The coefficient of skew is

Id+ 3/@)-30(+2/)T(+1/a)+ 270+ V) A2.13

[T +2/a)-T*(1+1/al"” ' N '

Egs. (A2.11) and (A2.12) can be written as,
B2 A GA(GL) ceeeiieieneraeee e e A2.14
£= BmOBQ) 1 eeeeeeemiiiiiieeeies et A2.15
where
AQ@) =TT+ 17 G)IBU&Y v A2.16
B(a) =.[I‘(1+2/a)—1"2(1+1/a)]'”2 ................................................... A2.17

The moment estimates &, B, & can be obtained by solving Egs. (A2.13)-(A2.17).
Hann (1977) provided a table for solution of the equations.
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Appendix I

PROBABILITY PLOT OF FITTED LN-2 DISTRIBUTION
(STATION: DHUNOT)

i I
| Return Period {year} i
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‘{ -2 -1 0 1 2 3

Standard Normal Veriate

Figure A 3.1 Probability plot of fitted LN-2 distribution with 90 percent confidence
interval
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Return Period {year) |
4. 1.05 1.1 2 \
1
I
3.5 I
!
e 31 |
=
= 2.5 - h
g s  Observed
g, 2 ——— Computed
—~ 45| - - - -Lower and Upper fimit |
i
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Figure A 3.1 Probability plot of fitted LN-2 distribution with 90 percent confidence
interval (continued..)
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. Return Period (year)
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Figure A 3.1 Probability plot of fitted LN-2 distribution with 90 percent confidence
interval (continued..)
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Figure A 3.1 Probability plot of fitted LN-2 distribution with 90 percent confidence

interval (continued..)
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. Return Period (year)
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Figure A 3.1 Probability plot of fitted LN-2 distribution with 90 percent confidence
interval
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Appendix IV
CUMULATIVE PROBABILITY PLOT OF
WEIBULL DISTRIBUTION
(STATION: DHUNOT)
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Figure A 4.1 Cumulative probability plot of Weibull distribution
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" Station: Dhunot, Time series for Dec
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Figure A 4.1 Cumulative probability plot of Weibull distribution (continued....)




129

Statioﬁ?bﬁ&noi. Ture senés for Jan

0.9 -
08

0.7 -
0.6 -

Cumulative probability

05

e Observed| .
W I [ A R [ :

i Comrputed|

I

0.3
! 0.2 -
0.1 4°

0 0.5 1 1.5 2 2.5
Monthly total rainfall {in)

Station: Dhunct, Time ser}e;-fajé;-F;a . - . C

0.8

0.7 -
056 -
0.5 -
0.4 4
03 - ©
0.2 -
0.1 1

i °

N

"3 Observed

H | PR ~
o ‘

i Computed !

Cumuiative probability

L4

0 0.5 1 15 2 2.5

{
'i Monthly total rainfall (in)

Figure A 4.1 Cumulative probability plot of Weibull distribution (continued....)
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Figure A 4.1 Cumulative probability plot of Weibull distribution (continued....)
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Figure A 4.1 Cumulative probability plot of Weibull distribution (continued....)
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Figure A 4.1 Cumulative probability plot of Weibull distribution (continued....
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Figure A 4.1 Cumulative probability plot of Weibull distribution (continued....)
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Figure A 4.1 Cumulative probability plot of Weibull distribution {(continued. )
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Figure A 5.1 Time series of monthly rainfall and PDSI of NW region (continued) -
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