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Drought indices in meteorology

Proper quantification of drought events is required for either their comparative spatial ¢
temporalevaluation or for relant predictability studies. Drought indices appear to be the
simplest tools in droughtanalyskh e obj ective of this paper
indices, and to compare them as to their theoretical and numericetiveffess. Indices are
classified into four groups: precipitation indices, supply/demand (water balance) indices, !
moi sture 1indices, Faeadhgiupeadeawtypidalvexpessions dré giver
and analyzed for their performance and comparability. Some empirical relations are estabilis
among the differenindices. Those indices proved to be of highest utility in the delineation ¢
meteorologia | | y det er mi ned dr ou g hhatss whithiactual vauess
depend also on preceding values of the related meteorological elements. Such indices ar
soil moisture, and Bhalmilooley or Palmer indices. Results are illustrated for soroente
drought events in Hungary.
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Asz8lyindexek .a Miende oazolasgz 8lbyasns i dRszakok t
mind el RrejelelhetRs®g¢knek vizsg8lat8hoz sz¢ks:
Vizsg8l bhegagkszmer Tbhbb eszk?Eeit amukmgh n fkRl®d®js b ® ei
asz8lyindexek °sszehasonl2t8sa mind el m®Il et , mi
i ndexeket n ® g yc sta?ppauds®bkai nsdcoefirdeMetku kv:t a Mm@y hedvess®g
i ndexek. Mi nden egyes csoport n®h8ny f Rbb i nde:
el emezt ¢ k. A meteorol -giailag meghat8rozott asz§
amel yeknek bizonyos Amem-ri 8jao van, azaz aktusg
alakul §s8t - | is fé¢gg. Il yedMoiohe #xaPaeme li atd?ewx .t aAlza
el m“ul t ®vek konrk&I@tu ka dMiat gayi avrad r sizl 8 gu skz¢tl ©°nb°zR t et

1. Introduction

AThere is a strong desire to
and society. .. If it is properly formulated, if its limitations are
recognized .. then an index can be vergfuls Its misuse and
misinterpretation , however, may lead to the development of policie
that are inappropriate for combatting environmental and societe
effects of droughts. In particular, there should not be an overrebance
anysingle indexto monito  d r o (KgthandGlantdi 1986; 70)



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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