Farago T.; E. Kozma; Cs. Nemes, 1989:
Drought indices in meteorology.
Idéjards, 93, pp. 45-60 (ISSN0324-6329)

Drought indices in meteorology

Proper quantification of drought events is required for either their comparative spatial and
temporal evaluation or for relevant predictability studies. Drought indices appear to be the
simplest tools in drought analysis. The objective of this paper is to collect more or less “popular”
indices, and to compare them as to their theoretical and numerical effectiveness. Indices are
classified into four groups: precipitation indices, supply/demand (water balance) indices, soil
moisture indices, and “recursive” indices. For each group, a few typical expressions are given
and analyzed for their performance and comparability. Some empirical relations are established
among the different indices. Those indices proved to be of highest utility in the delineation of
meteorologically determined droughts which possess “memory” that is which actual values
depend also on preceding values of the related meteorological elements. Such indices are the
soil moisture, and Bhalme-Mooley or Palmer indices. Results are illustrated for some recent
drought events in Hungary.
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Aszalyindexek a meteorologiaban. Mind az aszalyos idOszakok teriileti és id6beli 6sszehasonlitdsdhoz,
mind eldrejelelhetdségliknek vizsgalatdhoz sziikséges e jelenségek megfeleld szdmszerlisitése. Az aszalyok
vizsgélatanak a legegyszerlibb eszkozei a kiilonféle indexek. E tanulmany célja a tobbé-kevésbé ismert
aszalyindexek Osszehasonlitdsa mind elmélet, mind a szdmszeriisithetd hasznosithatosaguk szempontjabol. Az
indexeket négy tipusba soroltuk: csapadékindexek, vizmérleg-indexek, talajnedvesség indexek és ,,rekurziv”’
indexek. Minden egyes csoport néhany fobb indexének alkalmazhatosagat, illetve az indexek Osszefiiggéseit
elemeztiik. A meteoroldgiailag meghatarozott aszalyok leirdsaban azon indexek bizonyultak a leghatékonyabbnak,
amelyeknek bizonyos ,,memoridja” van, azaz aktualis értékiik a megel6z0 id6szak meteoroldgiai elemeinek az
alakulésatol is fligg. llyen index a relativ talajnedvesség, a Bhalme-Mooley és a Palmer index. Az eredményeket az
elmult évek konkrét adataival illusztraljuk Magyarorszag kiilonboz6 tertileteire vonatkozoan.

1. Introduction

“There is a strong desire to develop indices for all factors in nature
and society. .. If it is properly formulated, if its limitations are
recognized .. then an index can be very useful. Its misuse and
misinterpretation , however, may lead to the development of policies
that are inappropriate for combatting environmental and societal
effects of droughts. In particular, there should not be an overreliance on
any single index to monitor droughts. “ (Katz and Glantz, 1986; p. 770)



Among the extroma metoorological events, drot
H'”“’{.‘Y fl'-f“t"lﬂ”]]i”ﬁ- olten have he longest durtion, nnd probably wre the lewsg
}H'l‘f‘nlll‘-i-ﬂ]‘-'lﬂiﬂf Wl abmospberie hazards. Duo to these eharnestor ties, parki-
cularly their i'f“"ll'“'“l character, droughts cannot he compared with other
wE}aLthc' and elimate extremes such as loods, hurricanes, lightening hail, cold,
winter stroms, frosts or windstroms, which algo signilicantly contribute to
b mll}””'H annual logs due to weathor (Ricbsame of al., 1086). DBecnuse of their
Pnnuhm* character, dronghts deservo greab seientific investigation. The problem
"WUI""‘“‘" a large number and variety of definitions, indicators, indices nnd met-
]mds_nl evaluation. As o consequence, dmost all agrometeorologisty, clima-
tologists and agronomists engaged in this lield have their own time series,
methods and conclusions ahout the characteristios of drought episodes, even
for the same regions.

T)rcmg]lt is considered ag one of the man’s worst enemies (WMQ, 1975),
1‘100&11:-;& ol its j‘JULEI‘ILii‘LI Lo contd nue for a I{H]Ej" time over o ]ﬂlrg,u area and to
have long-lasting effects. 1t expresses some sort of imbalance, ariging from either
extraordinary climatic variations or human activities (overconsumption of
water, overgrazing and soil erosion, migration of population to places with
insufficient water resources cte.). This dual character of the drought concept
is stressed by Kraws (1077, p. 1008) who states that “hy definition droughts
are anomalies-deviations tom o rainfall regime to which people, plants and
animals have adapted as the local norm.”

In spite of its specinl character (severity, recurrence, spatial pattern),
societies — even those that are regulwrly affected by this hazard — fail to
cffectively adapt themselves to this adverse phenomenon. One of the typical
causes 15 the short-mindedness: “with a return to above-mean rainfall levels,
interest in dealing with the chronic (Sahelian) problems (revealed by the drought)
will dissipate” (Glantz and Kaiz, 1977; Lamb, 1982). Moreover, adjustment
is rather costly and the cost/loss ratio can hardly be assessed. Similar problems
repeated during the recent drought incidences in sub-Saharan Africa (Glaniz
crind Ialz, 1985). As regards our region, we note that a new research program
has been initiated recently in Hungary, following a four-year period of drought
(1983 — 86) in various regions of the country. Of course, the main purpose of
investigations of drouglhts, be of regional or large-scale extension, is the develop-
ment of forecasting methods. In this relation, only some success can be mentio-
ned, c.g., for the subtropical area, which is based on the El Nifio —Southern
Uscillation (ISNSO-) related processes ((Bhalme et. al., 1983 ; Bell, 1986).

From a scientific point of view, the concept of drought is ambiguous.
Some of the reasons for this problem are: (1) the water/moisture deficit may
oceur in the atmosphere, in water basing, in the hydrosphere, in the soil in
accordince with the multistate and multiphase character of the water cycle;
(2) the complexity of causes leading to a particular form of drought; (3) the
regionally relative nature of drought (i.e., its mgn_lilcnucei dep_e:ndmg on the
local water supply/demand relations); and (4) the differential effects of water/
moisture shortages on various natural and socioeconomic processes,

1t is obvious that any form of drought originates from precipitation deficits,
and that all other aspects of droughts are related to theso ilmdmtuate precipi-
tation wmounts. But, a hydrological drought can occur even 1'{' u.nmnnlpus
winfull was observed in the distant catchment arvew of the rivers., This emphasizes
the need for the complex analysis of the areal and temporal characteristics

lehts are possibly Lhe most
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c)lﬂil‘fﬂl‘ﬁni forms of drought. Moreover, while there are special diseiplinary
fequirements in drought investigations, the various appronches Lo and the
related dofinitions of drought may not be separated. As Wilhie and Glantz
(1985, p. 6) note: “Although it is uselul to compartmentalize the various views
of drought, the boundary separating these views is often vague.” Not even the
concept. of meteorologieal drought can be isolated and annlyzed in a , pure”
form; it is closely related to the incidence ol hydrological, agricultural and other
droughts. Varga-Haoszonits (1985) also points out the differences and similaritics
among the approaches of various scientists to droughts. Thus, the meteorologieal
analysis should encompass the extended idea of meteorologically determined
droughts. N

Our goal was to collect a set of “popular” indices for droughts for a few
l!lr}tr‘lth.s or longer, and to compare their theorstical and practical advantages,
limitations, interrelations, and numerical effectiveness. These investigations
showed only limited agreement among the drought/moisture indices. Actually.
that agreement is o direet consequence of both the relative nature of drought
and the related spocific characteristics of all droughts and indices. 1t has Leen
revealed that the highest performance can be achieved by such recursive indices
as for instance, the Palmer-index. In areas, where soil moisture measurements
or its reasonably good estimations arve available, the respective (soil drought)
indices are more advantageous. |

The analysis concerns the meteorological and the “meteorologically deter-
mined” droughts. More exact estimations could be made by means of more
specific (e.g., plant-specific) indieators of moisture deficiency, taking into acceount
the particular timing and regional extent of water demand during the co nsecutive
developmental stages of plants of plants or for different forms of socioeconomic
activities.

2. Drought definitions and the inlroduction of indices

There :wre many conceptual definitions of drought in the seientific literature.
Quite a few of these definitions have been reviewed by Willite and Glaniz (1985).
by Andreeva and Sazonov (1987), Yirskaye and Sazonov (1979) and by the WHMO
(1975), but according to the authors of the first work (see also Sadowski, 1084
and Dagrov, 10806) the lack of a precise (and objective) definition of drought can
he an obstacle to understanding this phenomenon. .

Meteorological drought is often identified with ulnmsphem‘c drought _un{l
dofined simply with below mean precipitation amounts, sometimes f:mnhmc(l‘
with parameters of air temperature, l}ﬂmhllt—}‘ and w1'uc1 velocity. This ‘typa of
apparently oversimplified definition 1s repm't_ﬂd by Suadowshki ( 1‘:]8-151}: A.tmc:a-
pheric drought, W ith rainfall defiecit in comparison to n‘nruml values. hmlﬂm-l}r.
Bell (1986) notes: “‘drought. .. 18 the unfulhlh_m-:jlt ‘ni expected t_-mn_fnll. Aa a
matter of fact, the general term drought is not identical to precipitation Llcfl_clt.
but rather it is usually the conseguence {{t' ln;]:m-'anm*umi precipitation (Oladipo,
1085). These attributes hive heen quantified ina more gc_numl drought delinition
aiven in WMO (1986, p. 2) that relutes all other forms of ch-r‘.nught to the precipi-
tation deficit: “Drought is by delinition « I:-'.u:-:taurmrn:l, regionally extensive,
deficiency in precipitation. .. All other i%uiltrllllum-; ol {!1'uught e ri.-.I-..n.w.l.l to %-]\1}:
effect or impact of helow nurnmil precipitation on zigrmultl!ru. watel .1F;z.mur1u;~‘-:.
coein] and ceononic activities.” More precisely, atmospheric drought is a stale
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of the atmosphere (not an instantaneous but nn integrated state for n longer
period of time) that results in less than average (lor that peirod) precipitution
amounts and/or below normal atmospheric humidity. Other anthors extend the
coneept of meteorological drought to soil droughts. Indeed, the soil moisture
balance is closely connected to the atmospheric processes in terms of recharge
into and loss water from the surface layer of the soil. Thus, the low precipitation,
high temperatures and consequently Jow air humidity may cause the soil to
dry out. Nevertheless, soil drought is a specicif form of this phenomenon, which
is elosely but not exclusively controlled by meteorological processes.

Agricultural drought oceurs when the available soil moisture is inadequate
to meet the evaporative demand by crops. This deficiency may result either
from an unusually low moisture supply or an unusually high moisture demand
(WMO, 1975). Tor its numerical analysis, all the abovementioned parameters
of the atmospheric and the soil dryness/wetness can be used, though relevant
agrometeorological studies must be plant-specific. Some compromise can be
achieved if the meteorological approach is refined to account for the plant-
specific time period (vulnerable stages of plant development in regard to the
water availability), or the depth of the actual root zone in the case of soil moisture
evaluations.

Hydrological drought refers to a period of below-normal streamflow and
depleted reservoir storage, and it can also be treated as a meteorologically
determined phenomenon. A similar definition is given by Das (1983). From
a meteorological standpoint, the snow accumulations in the catchment arcas, the
runoff term in the surface water balance, or the potential evaporation for a
specific cuse are of significance.

For seientilie annlysis, the dilterent Lypes of droughts are usundly ipuanbified. For Lhis purpuse
i indiers e inbeodoeed,

Lu (e past, Lhe coneepl ol deyvness/woeliness wis primavily developed lor studies ol Lhe geog-
raphieal distribution of climantes, or the detennination of elinule zones. Numerical indientors
of moisture availability introduced for the characterization of climatic zones wre termed “uridity
indiees™. Aridity oxprossos nomlatively permanent state of climnte. Drought s« shorlor-tonm™
phenomenon, Morcover, droughl means a mnisture delieit solutive to the loeal (elimatically wnd
ceologienlly fdocinlly estnblished) average moisture bulanes. Theeelore, wridity indiees must be used
with proper care for drought studies In other words, the intensities of drought incidence in various
pivets of the world enan be compared only if the corvesponding nnomulies are normalized in relation
Lo loeal expeeted conditions. Indiees have been spocinlly doveloped for drought analysis. Various
indiees are wsed, deponding on the purpose of un investigntion (whether persistence, intensity or
pecurrener is in question) or on the availubility of meteorological data.

The above mentioned diseiplinary nspects of drought studies ulso affect the choice und Lthe
ulility of indices. From w meteorelogical standdpoint, the different Lypes of droughts ean be deline-
sted Ly menns of ineteorological parumelers in o wider sense (pariunoeters of the stule of the atmosp-
hore "in itsell™, and those which have significant effects on the agricultural or hydrological waler
Lakiunee through avaporikion or u\.'u|nulrn.us.pia-utEnn. and, in tur, throogh available soil moistare
arnctintd ar levels m waler roescrvoirs, ele. ).

3. Drought indices

3.1, Indices of cumdative precipdalion anomalies. All forms of drought
are related to some antecedent and relative precipitation amounts for a time
period lasting from a month (or less) to years. But drought may occur well after
this anomalous precipitation period. For example, agricultural drought may
woll be the consequence of a rainfall shortage during the previous autumn
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or winter. Therefore, the simplest measures of drought severity only account
for precipitation characteristics.

Precipitation index (Al): AP = P— u(P)(mm), (1)

where P denotes the monthly (or longer-time) precipitation amount and p(P) is its
“normal™ (or mean) value, This index is an appropriate variable for the analysis
of the precipitation fluctuations at a single station. Kane and Trivedi (1986)
investigated long series of precipitation anomalies for different sites to reveal
significant periodicities.

Deviation of the actual amount from normal is applied to drought/flood
identification by many authors. Glantz and Kalz (1985) used ( 2 MAP,,)| M, the
average of these anomalies for stations, as a regional index in the analysis of
drought for Sub-Saharan Africa. Addmyné and Csomor (1986) retained only
the signs of station anomalies to determine the regional extent of drought
episodes, depending on which sign was most prevalent for different regions
in Hungary.

It goes without saying that the anomalies for nonhomogeneous regions or
larger areas with different climatic conditions are not com parable. To avoid
this problem, either relative amounts, or standardized values should be used.
The relative value is used in two forms:

Relative precipitation amount (rP): Plu(P) (x100%), (2)
Relative anomaly index (rAl): [P —pu(P)]p(P) (X100%,). (3)

The 1P-index is an indicator of drought if its value is less than some established
threshold level, e.g., 75% on an annual basis, or 60% for a particular month.
The use of other, slightly different levels was also suggested in WO (1075).
Bunting et al. (1976) have analyzed the long-term series of monthly and annual
aren-averaged rP’-values to test the hypotheses of the existence of trends and
periodicities for the Sahelian region. Ifor a recent world-wide drought assessment
(WM O, 1986), the following criterion was applied: annual rP <609, for more
than two consecutive years (combined with an additional condition that the
area affected must be 50%, or more of the region).
Standardized anomaly index (SAI):

P’ = [P—(P))jo(P), (4)

where ¢(P) is the standard devition of . A very detailed analysis of SAT was
accomplished by Kalz and Glantz (1986). It proved aeffective for the delineation
of regional precipitation anomalies because of the reasonable comparability
of station SAl-values. For a single station, the usual probability levels can be
applied to choose particular threshold values in accordance with the hypothetical
distribution of SAI (Gamma or Gaussian distribution for longer periods of time
provide a good statistical fit). The variance of a regional (average) index depends
on the number of stations and their correlations.

Kraws (1977) applied area-averaged SAI on an annual basis for two mon-
soonal (African and Indian) regions to reveal persistence in the occurrence
of rainfall anomalies. This hypothesis was later refuted by Katz (1978). Nicholson
(1979) returned to the same problem and Lamh (1982, 1083) also intensively
used this index for the Sub-Saharan area. Dhalme and Mooley (1980) introduced
the rainfall anomaly index, weighted by the reciprocal of coefficient of variation,
which is actually equivalent to the SAL multiplied by w(P).
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Rooy anomaly index (RAIL): 3 [h— (L) ], il =1 (5)
— 3| [l—p(P)], otherwise,

where & = mean ol ten highest P-values and I = mean of ten lowest 2-values,
within the sample. For RAI, nine abnormality classes were given (Oladipo,
1085), ranging rom oxtremoly wet to extremely dry classes,

Similary for the standardization ol station precipitation anomalies, an
analogous procedure can be suggested [or n sequence of monthly amounts:

Averagoe SAL (ASAL): I SRAP e P K. (6)

3.2, Other indices of almospherie drought. The water vapor guturation deficit
is commonly used for the characterization of atmospheric drought, although the
temporal seale for similar analyses is usually much shorter than a month ( Pasech-
ik and Sennibor, 19835 Levdl, 1058):

Saturation defieit: d = I~ =W (1—p) (hPa), (7)

where g is the relative humidity, # is the vapour pressure, and % is the saturated
vapour pressure. Threshold values for the identification of atmospheric dryness
for a shorter period, the “sukhovei” are: 20 —29 hPa = weals, 30—=39 hPa =
moderate, 40 —49 hPa = intense, =50 hPPa = very intense.

Dry conditions of longer time intervals can be deseribed with the number
of days of at least mild dryness. Pasechniuk and Sennikov (1983) have shown
the strong correlation between this dryness measure and the precipitation
amount during the growing season (correlation coefficient reached between
0.7—0.8). Air temperature and wind can also play important roles in the for-
mation of severe atmospherie dry situations.

3.3, “Supplyldemand” indices based on the waler balance. Precipitation
is the dominant form of water supply for the soil water balance. 1t is evident
that for a more precise delineation of drought conditions, the “demand” side
of this balance must also be considered. Water demand is usually expressed
through the potential evaporation or, as a simplest approximation, the average
temperature of the analyzed period. Maximum evaporation can be assessed
from the radiation balance, too.

Lang's rainfall index (Li1): P (mmf°C), (8)
where T is the mean air temperature for the given monthly (or longer) period.

de Martonne aridity index (dMI);

12P/(1'+10), the monthly index (mm/°C) ()
P|(T+10), the annual index.

Originally, L1 and dMIL were developed as avidity indices, although they
can be used for the detection of drought episodes (WO, 1975). Chowdlary
and Hussain (1983) apply dM1 for aridity analysis (the select arid arens with
annual dMI < 20) and choose & different criterion for drought studies.

Selyaninov's h}rdrothﬁrmﬂ,l coefficient (SHC):

P 2 1=10-ct[10) (mm/°C), (10)
where ¢ denotes the consecutive daily mean air temperatures. This index (known
also as HTC) is often employed for ngrometeorological investigations (Sapozh-
wilove, 1958; Sindcing et al., 19733 Ajtay, 19717.) The established threshold
values for drought (and aridity) classification are: 0.4—0.7 = very dry,
1.7 —1.0 = dry, LO—=13 = insufficiently wet, =1.3 = wot. A simpler criterion
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is recommended in WMO (1075) for drought indentification, namely, SCH < 0.5.
SCH can be directly formulated for monthly values (Bagrov, 1083) in the form

/(3T).
Thornthwaite Index (WMO, 1975): L656[P/(T+12.2)1°°  (11)
Ped's Drought Indox (PDI1) AT a(T") — AP o(L). (12)

{"ﬂﬂmﬂ (1083) transformed 1PPDLL into a woetness index to demonstrate the
lmitations of this index (and the SHC) lor yield estimation. Iecently, the
statistical properties of tho oviginal PDILL index were investigated (Bagrov,
1986). The simple criterion of drought, namoely, the validity of inequality of
PD11 =2, is appropriate only when the independence of 7' and P is assumed
lor a single month. 1f these recuirements are not satisfied, the threshold value
should be modified: (1) for a K-month period, the 2/} K threshold value is the
proper choice; (2) the actual dispersion of the index for a single month equals
2(1 —r), where » is the correlation between 7' and P, :

1'1; was mentioned above that the temperature in these indices simply
substitutes for the more complex potential evaporation term. A few indices
incorporate PH explicitly.

Potential water deficit: PE—P, (mm) (13)
Potential evapotranspiration ratio: PB/P. (14)
Moisture availability index (MAI): P|PE. (15)

Biswas and Khambete (1983) used MAI for climate potential assessment for
crop production in the arid zone of India. 1t is believed that the same levels
of MAL values can be used for meteorological drought evaluation: =0.3 = very
dry, =0.3 = classilication depends on the relative length of time units with
MAT = 0.3 within the vegetation period.

Dryness ratio: (RIL)/P, (16)

where /i is the surface radiatoin balance. This ratio is primarily a measure of
dryness or wetness that is commonly used for defining climatological regions
( Péczely, 1979).

Finally, let us consider indices with ET instead of the precipitation amount
(ET stands for the actual evapotranspiration). These indices more closely
express the drought/flood conditions from the agricultural (or hydrological)
perspective. The relation of these two indicators of water supply can also be
evaluated by means of the Thornthwaite moisture index, (P[ET —1)X100%,.

Relative evapotranspiration: ET|PE (100%). (17)
This index was used by, among others, Palel el wl. (1986) for agricultural drought
classification in relation to crop yield estimation.

Bowen ratio: (R-LXET){(LxET)= (R/L)/ET-1. (18)
This ratio expresscs the relation of the heat flux to turbulent eddies in tho
boundary layer to that part of the radiation balance which is used for evaporation
(Hare, 1083).

3.4, Soil moisture indices.

Relative soil moisture content: W/AWC (X100%). (19)
with W and AWC denoting the actual soil moisture and the available (or dis-
ponsible) water capacity for a fixed soil depth (e.g., the upper l-meter layer
or the root zone for a given plant).
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. Besides this Wuli-lmmlfn ralio, an extended form of Ped’s drought index
incorporates the standurdized value of the soil moisture amount ( Devidon
und Ped, 1083):

Ped's drought index, (PDI2):

AT[a(T) — AP |a(P)— AW [a(W), (20)

3.0, Lecwrsive” indices. lndices deseribing the moisture conditions for
a relatively long time period through the integrated values of the related
moteorological elements provide only a rough picture of the potentially adverse
conditions within this period. 1t iy thought that above al the cumulative effect
of prolonged moisture deficits (month by month) should be properly ex pressed.
For this purpose *recursive indices” are formulated. The simplest way to do
80 18 to consider the progression of the accumulation of precipitation anomalies,
1].\::119;1 15 expressed by the “residun! mass curve” introduced by Foley (W M),
LIS B N
Foley's cumulative anomaly index (FAI):
FAI, = APy, FAl, = FAI_,+ APy for the lth month. (21)

]?m: the comparability of FAI-values of various stations and periods, normali-
zation can be made, 3R[APy/17)|K, where P is the annual precipitation amount
for the given station.

Bhebine and Mooley (1980) defined a “‘recursive” drought/flood index based
on mtm!;h]y precipitation amounts. Conceptually, this index (the BMDI) can
be considered as an essentially simplified version of the well-known PDSI,
the Palmer Drought Index ( Pulmer, 1965).

Bhalme-Mooley Drought Index (BMDI):

g = U5 i = eyt + (846 [c, monthly index (
BMDI = (3Ki)/K for a period of X months.

The coefficients were derived for Indian observations: ¢, = (1.5 and ¢, = 0.4855.
The regional extent of drought is expressed as a Drought Aren Index, being
defined as the percentage of aren with averaged BMDI value below a cortain
negative threshold (Das, 1683). Coefficients in the BMDIL formula were recal-
culated using data from Nebraska for the growing season, April-September
(Oladipo, 1983): ¢, = 0.452 and e, = 0.4267. Slight variations appeared for
a larger data base observations in the interior plains of North America:

¢, = 1.548 and ¢, = 0.4267 (Oladipo, 198G6).

Palmer Drought Severity Index, (PDSI). The IPDSI
is based on the thorough analysis of the elements of surface water balance and
on the comparison of their actual values to their climatically or physically
attainuble (potential) values (KT ~PK for the evapotranspiration, W ~ AWC
to estimate soil moisture amount, ete.).

l'
| B}
—

A partieular locality ean be eluvrneloriand by Lhe ratios ol Lhw avorages ol Lhe actund ad

potentind valoes for all pansbibuents i Ll wibor bulioeo: g == ealio ol avorages of B9 and 28,
f = mu i ol nvernees of aetual noad potontiol recharge, 3 = tho siwne eatio for the runell, § = Lhe

sontnae Fnbio for tho moistaro loss, whoee the rechnege wd Lhe loss expross thie choauge of the moisture
vontent in the root zone of soil with opposite sigus (Lo, negalive chunges assigned to the loss tormn),
For o particulioe meonth, the Mexpeeted” value ol tho precipitation, or the value "climutically

appropriale Tor existing vonditions,” the TCARFEC vadue® (o tenn introdueed by Palmer) is eal-

52



cubuted from the water bulupes equation: I* = o P 1 PR Fy PRO—§ IPL, 'i:vluu':! e, PR, P
and PL oare the potentinl values of evaporntion, reelvoge, runofl and loss for Lll.r.l.i.- i i, r'l'_.ﬂ;
peetively. The devintion of the netunl P Feom its CARC vidae weighted by n elimuntie fuelor (valic

for Lhe month and the wren) provides aomoistire smonnly index, 4 < K (1 - D).

The so-called final PDSI is derived by a recursive equation:
PDSIly = POST_y+ 73— 0.108 PDST, _,. (23)

The initialization depends on eriteria for determining and ending times of wet
and dry periods. Palmer sealed hig index in accordance with a prescribed set of
categories, which was recontly adopted for the derivation of the BMDI: < — 4.0 =
extrome drought, (—4,—3) = sovere drought, (—3,—2) = moderate drought,
(=2.—1) = mild drought, (—1,+1) = near normal, and similar categories
of slightly, moderately, very wet and extremely wet poriods. The growing
season can be characterized with the average PDSI values for the corresponding
imonths.

PDSL is rather popular because of its quasi-invariance under different
changes in elimatic conditions for different regions (Wilhile, 1083 ; Hecli, 1083 ;
Karl, 1983; Oladipe, 1985 ; Rao el al.. 19806).

4. Some propertics and limitalions

~ Toevaluate the abnormality of P, the precipitation amount for a particular
time period (month, season, ete.), this value must be interpreted in terms of its
empirical probability distribution. Ifor this purpose, either certain levels
(thresholds) are used, such as the record amount (L imins Pmax): the lowest decile
(Pia), quartile (P\;), median; or some “integrated” measures of dispersion of
the distribution, e.g., the standard deviation, the mean absolute deviation,
the average of the ten lowest values in a record: or the mean (expected) value
of the distribution m ay also be mentioned amon a these characteristics.

Feeping in mind that the regional extent of drought episode % commonly determined by
mwapping the individual index vidues or caleulinbing arenl averagey, the vilues should bo stancire-
dized first. This means transforming the oviginal values inte 17 = {2 — p( )| PY, where d(il?)
denoles some genceal measure of dispersion. Typical ciinples of gueh o satandacdizetion  use
e of the above thireshiolds vaolues, as in the ese of indices dolined by {d), () und (5); pll?) loe
rdl, g(PP) for SAL or [{{P)— p(£)113 Tor RAL Such n proeedure is performed Lo oliminate regional
differences in loeal elimates, or, in olher words, to archiove regional comparability of various mete-
orological stations, Lmplieity, one would also expect Lhat standurdized indices for different wrens
(stations) ought to quantily drought events with similur sociocconomie (agriculturul, hydrologienl,
vle.) impuets in nearly identienl ways, For the eviduntion of the consequences, it enn be assuned
Lhat Lhe natural ceosydtems and soeictivs ove ndjosted Lo Che "surroinding™ loeal or regional
climute nnd other envirenmwental conditions (Pedmer, 1965; MO, RILTHYN

Among the preeipitntion-bused indiees. tho v AL hos o formally difforent ehrneter been e
s normalizing term [ p(4')] 18 not a measure of dispersion. This problem is pirtly solvid using
the finding reportod by Keatz and oz (18950), who have shown Lhnt Tor (he Subweling wren e
mean and standard deviation of precipitation amonnts are closely reluted: the rainfiull virinbility
(for the April —October periud) tended (o inerease. A Himfhu‘_ statistical relutionship takes plaen
in Hungary ( Figuwre 1). This spproxhnale lineare propoetionadity between the mean and standnrd
devintion has aomore genernl basis, Supposing Lhat the monthly precipitat ion amounts by e
oo disteibotion with the density funelion, f{0%) = .f""'_Lrx;:{—.E’I.'fﬁ}ln'|f]‘?'j"|l-};}|, where i, 3
are Lhie sende nad shogse rranele s, respietively, the expeeied \-’ulur.t'l .u1|uu],tg ‘J,‘J-* whiles the standioml
devidlion is ﬁ |-":_r, 1 Lo Lhie case o bwo stalions I'.al:IL}' Ll voresiaes el Ter, F"'“Hlj = .:_'Iu{_f":j {i_[t,, LEwed
clens=il ¥ Fanetions soee of the saowe Torm wille identical .<]'I.H!n1 prermelers), Chen the relations belween

od



the scnle P:muuul‘,nrs nund Lhe bwo atanded dovintions nre given by Ay = plly)lp = e (L) iy = eff,,
Gy = ﬁﬂr},iz e V7 = ey Instead of this linen relutionslip, Drozdor (L956) came to o r1|l‘i.{l|llf}r
differont Lormula, o?(2’) = a3 () |-k (1), which angain leads upproximntely (o the provious
L_'l.:.\u.l'[- il Lhey socond Lorm is widl. For vory dey rugions, Lhe eabio o) () differs consideranlly
fromy o constunt and signilicuntly ineronses witl decreasing  p(l?). Bused on this relntionship,
a nearly uquu! lnz}-l‘::}r:nnncn cun be wssumed for all Lhe "standardized”. rainfuall indices, In purti-
culnr, for 41111Lm:1wu;l|ml glntion, ultor the netunl precipitation (for the given period) is olissifed
{cmn}m‘ru;l wilth o irlu‘m_timhl viluo C'), any =, thon all othor rimple moisburo snomaly indicos
tlﬂLl.n'[n.ulu i ecoviesponding elass onow dilToront seido (elitforont units necording Lo the Lranstomsd jon
ﬂ.l.?rin“.lull l:ll- 1.-]1“- il'lllﬂ-xh t-llill- lIH, a_‘i‘jjf..:ﬂf‘urill. ‘.I)_‘:c!hu{}j}_l_ [ I I,ﬁtr{r};".ql’f}* e,

: In spite of the advantngeous propertics dederibed oliove, these indices do not meet Lhe ore
rigorous requirements conemning the independener of the distribution of regional indices rom
iy "1““33“"‘ m the seb of individual stations. Katz oned Gluntz (1086) noted thal the averagn
of local 8AL values for Al stitions has o varinnes LM for uncorvelated nnd eouully disteiinited

datu. For rAl s similivlexpression takes pluee: va | S AD A = o*(2) 3 2)] AT

r-EIP1,rnm1 [‘_ l l »
2 i, [l S A FSe S S oS
| i !
| L]
| . | |
gu AL=— S ‘“_. _:._‘ =
f l ! . '| i
\ 3 1
80 | e K@ R ey
; -l® ! | | I Fig. 1. Relationship between p( 1) and g(1°) based
! | l pIR) mm | o S weanrs avernges lor 25 meteorologionl  sta-
70 —J-I—Q—— EI‘_D __;:I!_EI-_ J_f-li] 3:.'10 BIEI:I Liong in the Flungoreion Greal T'lane {preeipilalion

amounts for the growing season: Ape—Sept)

All indices treated above characterize the precipitation anomaly of a period
of &' months as a whole, neglecting the time dependence of the monthly ano-
malies during that period.

A refined (and more effective) approach is performed in the simplest way
with the use of the sequence of accumulated anomalies (or the elements of the
“residual mass curve”): AP, AP, +AP,, ..., SXAP, (WMO, 1975). However,
the precipitation anomalies for different months produce different impacts;
thus the amounts of the natural water supply should be compared with the
“established” water demand for the particular time period. This means that
it is more reasonable to use the standardized precipitation values so that we
can introduce the series of cumulative monthly standardized anomalies,
E‘fﬂf“jfﬁ}PJl]{, or, for a period of K months, the average of monthly values:
ABAT = AP, [Jo(P\)]K.

Among the indices based on the preeipitation term, the BM DI defined by
LBhaline and ooley (1986) appears to be a unique example reflecting the develop-
ment of a dry episode through a “recursive’ definition: iy =¢, 4, _, + [P, [o(Li)][ e
BMDI=(2)/K. The BMDI for a given period can be ex pressed in the lorm () =
= 1le¥, P" = Al e{al):

i = Gty 6Py = Gk P AP b -+ P) = G Dbk IP,
BMDI = > %4 [K = cg[(1+ey+ci+ - - - +ef )P+
+ (1o tedt ooy Moo+ PR

Obviously, the “weights™ Jor previous months are gradually 1‘(::1}11:.{:.:1 with
increasing values of K (the length of the period): (1+¢;4¢i4 ... Fef=1)/K —~0.
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Towever, the “weight” of the [irst month increases with respect to that ol
the last month, so that their ratio tends from an initin] value of 1 to 2 as K
increases, which is possibly an unrensonable property.

One question remains: is the “‘rocursive index” more straightforward
than the “dircetly” detormined indices (like SAL or %) for the identification
E:-I' drought opisodes. Of the latter indices, the ASAL corrected by a factor of o
is “‘closest” to the BMDI boeause both wre based on consceutive SAL values
of months within a given period. (The correction by ¢} results in the equality
of ASAT and BMDT1 for the first month). As a matter of course, an ASAI-type
moisture index contains more informution on the precipitation “history” of the
I‘F“ml than any other index of the total precipitation anomaly for the whole
time interval. Lot us consider, for oxample, the SAl-value corrocted by the
VK factor (P = J¥1):

: SAI(K) = 3 AP[3(P) = 2 P VEoll)
VK VK VK o(P)

Thus, for uncorrolated consceutive Py-values:
SAIK)YK = 2{"1-’;{;’{ = ASAI(L).

But these assumptions are usually not valid; as illustrated in Table [ for three
Hungarian stations (from an 80-year observation period; K = ).

TABLI 1

Ratio of strndend devicdions of precipilation amownts for seguenes
of el el for the wehele periad

]’r.l'fu{]’hjfgﬂ’} Apr Moy Jun Jduil A Sepl
e — = s Y -
I3 075 145 107 0.5 104 (RIS
IKuloesi (.77 097 113 103 .07 0.5
Nyiregyliiza 1 0,66 052 .05 0.97 0.07 0. 54

Let us introduce two periods lasting for £ months (e.g., two growing seasons)
<6 that all months are “normal’”’ with zero SAL values, except for the first and

last month:
1o AL = =2, APy = 0, vors APy i =0
). _:'UJ_L — J,!“"_,, e ;f_]_.{JI‘:_L = “, S.‘IJIL-; = —2.

The index of total anomaly is independent of the time when the single anomalous
month occurred. Therelore, for both periods we obtain the same value: ASAI" =
— ¢ ASAL = el —2/K), while the BMDI values are significantly different:
BADI, = ey =20 —ck)f(1—¢)). BMDI, = r;‘.:{—Ell"I{], Obviously, the two
incdices coineide only when the precipitation defieit takes placo during the last
month of the period, 4841° = BAIDI,. In this case, BM DI, = —0.7 (provided
i = ), which characterizes o near-normal period. With respect to the formor
period, the consceutive BMDI values aro uz-:.tihllt)w:a: —4.0 (extreme drought),
— 3.0 (severe drought), ..., ab last for the sixth month, —1.3 (mild drought).
Phus, the “recursive’” index roflects the fact that the precipitation anomalies
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during the given period have their agricultural or hydrological impacts mainly
on the water balance of the soil. That is why these effects are delayed and
smoothed.

Similar “recursive” indices can be deduced in another, and possibly more

natural, way. The effects of serial precipitation anomalies accumulate as a
soil moisture deficit (surplus) or o particular state of a plant, The simplest
soil moisture balance can be given by Wy = W _,— 7'+ Py, where W denotes
the available (disponsable) soil moeisture. A soil moisture deficit index can be
formulated, for instance, with the following equation: i = (Wy—AWO), =
= 4}’}1!-1*’53’, “’Ihiﬂh gives —d4 for the driest situation, W = 0, like PDsI orv
-Bfi-'f DI. Substituting a simple paramererization scheme for the actual evaporation
(Farags, 1985), a BMDI typo recursive index iz defined, which depends only
on the monthly precipitation amounts: 7 = 7x_, —eWi_y+ Px = @ ig_y+bP}+c
where a = 1—¢&, b = a(Py), c = qu(Py)—de.
_ Indices based exclusively on precipitation provide a simplified insight
into tl_m drought phenomenon. Actually, it is a supp]yfdﬁm&nd problem. For
AT “'QL'ICUILlll‘iEt-, the water demand refers to the amount of water for evapotrans-
pitation (£7'). Because data for BT are not routinely collocted, temperature-
based expressions are used for the estimation of the potential evaporation
(PLY; for instance (Autal, 1968): Pl = 0.74 (K.—E)%(1+aT)*® (mm/day;
a = 1/273). If the purpose of quantification is the determination of clima-
'}L'UIUS‘-M] or agroecological regions in a general gense, then the raclintion balance
18 used for the (potential) demand estimation.

The water supply/demand balance is expressed either in the form of a ratio
or as a difference, e.g.:

Selynninov's Pol. walor ‘ Diryness:

‘ Lange’s Ll

Pec’™s 121311 l

alc delicit Fatio
Supnly: 1 " 21 gt 1Y) ? P
Deanagd ¢ 17 LU L‘I'l'fgl:'ll] 171 It/ L

There is only a slight relationship between the precipitation-based and
the balance-type indices. Bagrov (1986) has analyzed the statistical properties
of Ped’s index. Besides the estimation of the expected recurrence time of drought,
the statistical distribution of this index was also investigated.

Plis distribution is eloso Lo normal (Gaussion) with zera mean and dispersion g(I’011) = 2
(1 —r), where & denotes Lhe corrclation covfficient between T and ? (for a single mouth). During
the summer seasan, this coufliciont is nsually slightly below zero. Bagrov's vonclusions probably
hold for ather loeations st middle ltitudes und delinitely huve w physieal background (through
the clowd-insolivion coupling and the cooling cffoets of preecipitation). For I'Iu‘ugfu-i;m H-Lulifm,
Baju, we obtained pmpivical value r =» (I, T) = —01.2. This gives somo basis [or conneel g
Lho « P-laed™ and segupply fdomand” indieos (al lusist Tor Lhe summer or growing senson) in drovght
idenfilication, however, the later indices evidently include more informution for the anolysis

of meteorologically determined hydralogienl or agricultural droughts.

Most straightforward indices incorporate the elements of the soil moisture
balance. The mast sophisticated of those indices is the rather popular Palmer
Droucht Severity lndex (PDSL). Despite its regular computation in some

o . has st 1 adopt it in Hungary. Despite ol its
countrics, no attempt has been yet made to adopt it in Hungary. Despite ol 1ts
advantageous propertics, cven the PDSI cannot be considered universa Raol.
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and Subramaninm (1986) refer to a severe drought event in the Indian subconti-
nent during 1918 for which Bhalme and Mooley showed the unreliability of the
PDS1; to correct this problem, they recalculated Pulmer’s coefficients. Oludipo-
(1985) demonstrated the nearly comparable performance of simple precipitation
based indices, such as Roy's RAl and, to an even greater extent, the BMDI
and PDSL for the purposes of single-stution analyses.

POS] .'

2 N |

1| '

0 b—

-1
f"'_'fﬂ'_. 2, PDSI versus relative soil moisture conlent L
divided by its normul value (9) Tor the corres- 3 g |
ponding month. The swmple consists of all months i | wlVey
ol years 1951 —86 for station Baju. The coclficient =4 e e

of correlution: r = 0.46 30 60 70 80 90 100 110 120 130 140

The PDST is a “recursive’” index, and is related by definition to the soil
moisture balance in the way shown above. If the “established” water supply/
demand regime for a given region is identificd with the long-term average of
the relative (available) soil moisture w then we may expect a good relationship
between PDST and the deviations of w from its normal, or their ratio. The latter
is depicted in Figure 2 for the station of Daja in Hungary. Fitting a linear reg-
ression between these variables provides a coefficient of correlation 0.66 for
monthly vilues from the period 1981 — 8G.

G. Mllustralion of the performances of some indices

We hove analyeed (he genernl aspects of e pecformanes amd comparability ol dillivenl
drought {moisture) indices in the provious section. We now summarize some resulls of thoe munerical
studies. All ealealations were based on Huongarian data sevics of preeipitation, air temperature
ancl soil molsture measuwremen s,

TABLIE

Draught indives tn the growing season, Buja (1075 — 19806G)

Yeur el | AL | HAL [ SO DI !'I':,I'F'] iy | U WIANC parpr | pos1
1975 143 a2 | pal ug | =16 13 wo | g0 | oo 25| w0
1976 80 | —1.7 | =08 | e | =01 | 245 L4 | a6 50 | =14 | =02
1077 8 | =18 =08 0.0 | =04 | 25 LS | &7 G | —1.5 | —8
1975 by =0l | =08 3.1 = 1.7 1.9 g i3 T2 — 0.1 0.7
1970 Mf =101 =08 08 0.6 | 2.6 1.5 | 58 3 | =0 | =04
1050 e | = | =01 | 12 | =0 L8 1.2 | o4 (50 0.3 (0.5
BN g8 | —=0.8 | =03 3.0 0.2 | 2.2 .4 | 64 67 | —0.8 | =00
182 85 (=13 =00 &Y 0.9 | 2.4 1.5 | 63 A2 | =0.9 | =0.1
lass TH — LG =3 (1,0 1.3 L, | 1.2 4n a5 — 8 | =2
[o8d by =3t =65 16 |=iH] 24 1 2| 2 B3 | =N [ =23
10953 "y — 1.0 [ =040 (R -1kl Pl 1.0 (32 T - 1.2 | 1.3
1986 05 —% | =1L 1.1 LR | a7 K | l.4 _E“ T ;“L IF.‘J_
s I it ] PSSt Ml =SSt el B (R il _
oty 10— 20 = Losf [0.7 o e Y 2 B | Pt | 4as )[40 (=40 —dt)z
ot TH] | —=20]] —ui]l 1.4) U oaa) | L) &a) | s | - 2] _—_'z_.n__
I..‘:LI.‘::JI:M is_:,“ e | o | peegd] B T} B 6 =0 | =G | =LY l =k =410 i S U i P

o
i
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Tivat, the rolntively long-tevin sovies (1001 —1080) of various indicos were compared for
a single meteorologienl station Bojn loeated in the SW-purt ol the Hunggrinn Great Plain. As an
illnstention, Teble 2 siommnreizes Che voaloos of severad indices eadealabed Tor G period  THT5 — 181G,
Appaently, the rainfll jnount during Che st oloven g owing seasons were more or less snondons
nmﬁlﬂin;: to modl indiees, Fven Lhis shorel period exhibita the ocensionally eonsidera bl diffeeene:
in fae perlormanee ol deonghl indices, The growing senson of 155 was cxeeptional in wecordanes
with the valuea ol indices possossimg with “momory™. Though the sninfuall wmounl was neas nornnl
(vl = 04%) during this povied, the siaduaes of WIAWE aad PDRDST CISY, and — 2.7, reapeclively)
are Lhe soadlest For this yoars, which s consequones of the precipition defieit of Lie previons
months. Sueh properties of theso indices aee very impociant, espeeinlly when wo compare theie
vithiues [or growing svisons, Durving theae monCha, most wrens in Hungeey 1eecivo only aboual G0 per-
cont ol the smnunl totals (for instanee, wt Bujo it is 58 pervent); theeelore, Lhe presenson precipitad ion
during Lhe winter wmonths has a vory importent rele in the wator bulunes of soils. We note (7ul-
le 2) npproximetely pureallel runs of rAL wnd SAL that for tho rooursive indiees BMDL and D5,
andd to w less extonl, for tho velative soil moistburo (WIAWC) and PDSIL (The Lilter is most
ovident for tho extromely dey events, e for the oxtromely small valuas of thase indiees.)

Moro dolailed investigalions of the drought episods have been maudo for tha years LUS3 and
LO56, including the analysis ol sputiul distribution of Lhe index values. In 1983, the drought period
sturted on Lho Great Plain in the previous winter and lasted through the spring and suminier seusons.
In Teansdanubia the previous winter was wet, aud this sceumulated welness in Uhe soil wis enough
to susl-in good moisture storage during Lhe following spring. The summer was wery dry in this
put ol JLungury, as il is shown by the soil moisture index W/AWC (Fig. J) az:rding to which
nn Eﬁtl.l'ni:l‘iu drought ineidnes 14 indiented in the Great Plain wren, The polenbial es :|;:Gtrunﬁpllr.'lt i
ratin (PE/P) gives a mush milder elassilicution even for tho longer paried of the whole vegotation
sangon. Most values of this index do not exeeed the threshold 3.5, i o valus Lhat separates the
clusaes ol “drought” and “oxtreme drought” events, Sueh u contrudictionary hohnvionr of these
ndices 4 n brivial consecuence of their properties. The soil moisture balanee and tho related index
SESHICE in u eertiain way even Lhe below normal-normal moisture conditions of the preceding
{x\-mt_m-} poriod Bhint was charneteristic Tor Lhe most pard of the Groat Plain (just in conleary to

ho siluation in Lhe Trnsdunubinn aeen ).

|
127N , 4 e R - . A T . .
Ia[;: ‘.'F f"lg‘. W hpul.lu.] tistribulion of sonus indiees
e rl_/' charicterizing the 19533 gprowing season:
L4 | 75 ! : : : ,
‘E b rp lor previous winter rp i Ay =isept
e rp Lor previous spring | PLEJE in Apre=Segl
e Lo previows st | WA in
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PEs S
i LTy
L o
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B 0% N e ==
= a7 w i
i i '
e gu0 T e
gl — o sl sy »
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|.-..| ] L .
o 4
L] - r
P 1 ! . : £ : ) =
( ;..I B g . Values ol somwe indiees cliuvsetorizivg
1 l'IL i g 512 /.'r Ll LOSG rrowing senson:
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The chameter of the drought during the 1936 growinyg =ason was different to some extent
becanse the previons winter season and Lhe summer as well were considerubly wettor in the whaole
country (Fig. ¢). However the autumn brought about an extremwely dey period throughout the
Eastern part of the country, as well as in the E=SE part of Transdanubia.

0. Conclisions

Summarizing the main results of the above comparison. we have found
some similaritics among the different types of drought indices. Apparently,
the Pprecipitation indices possess similar features when applied to individual
stations, yot some standardization is needed before determining regional indices.
There is a much weaker connection between the precipitation indices and the
Pﬂh}ﬂfﬁ-t}’[}& expressions, and even less of a connection with the reeursive
Indices. Therefore, it scems impossible to reduce the existing multitude of
drought (moisture) indices to a single one. At the same time, for the delineation
of meteorologically determined droughts, those indices that possess “‘memory”’
(the soil moisture indices and the recursive indices) are of highest utility.

Authors are grateful to Mr. 4. Kiss and Mr. L. Danicska for programming

and computational works, and our special thanks arc also due to Mrs. M. Krenz
for her editorial help.
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