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ABSTRACT

Drought is a complex natural hazard, occurring across various climate zones over
extended periods of space and time. The onset of drought is marked by the occurrence of a
long-term deficiency in precipitation, also called meteorological drought. The spatio-temporal
intensification of this atmospheric deficiency effects other components of the hydrological
cycle which leads to the propagation of drought impacts on the Anthropocene. Hence, a
realistic evaluation of drought onset is paramount for the effective implementation of
mitigation strategies. Thus, the focus of my research is primarily on the dynamics of
meteorological droughts, usually quantified through unbiased indices that consider the month-
wise magnitude variations in historical climatic variables, while completely ignoring their
intramonthly distributions. However, the applicability of such indices under the present
scenario of changing climate, where intense short wet spells are reportedly increasing, is
questionable. Such changes in the wet spells could eventually lead to prolonged intramonthly
dry spells, which in turn will pose many agricultural and socioeconomic risks. To monitor the
changed scenario realistically, I propose a new drought index—the Standardized Net-
Precipitation Distribution Index (SNEPI), which incorporates the distribution characteristics of
the daily net-precipitation variable. The applicability of SNEPI is critically evaluated using
synthetically generated and observed precipitation series over six diverse climatic locations of
India, at 1-, 3-, 6-, and 12-month time scales. The utility of SNEPI is more profound for longer
time scales, understandably due to the enhanced emphasis imparted on the distribution of
rainfall spells by the longer periods. SNEPI proves to be efficient in capturing the present
scenario of increasing dryness (wetness) in wet (dry) regions when compared with the
traditional Standardized Precipitation Evapotranspiration Index. Hence, the proposed index,
which incorporates the changing precipitation characteristics, may aid in better quantification
and monitoring of meteorological drought under the scenario of changing climate.

The increasing divergence/disagreement between the meteorological drought
indicators, majorly due to the changing climate conditions, has disputed their pertinency in
monitoring and modelling of drought events. In the present research, I attempted to quantify
the divergence between widely used drought indices such as the standardized precipitation
index (SPI), standardized precipitation evapotranspiration index (SPEI), and the newly
developed standardized net precipitation index (SNEPI) and traced the evolution of this
divergence/disagreement. A persistent presence of enhanced dry extremes in the annual

divergence of SPEI with SPI and SNEPI was observed, which raises doubts about the utility of



traditional drought indices in capturing the changing climatic characteristics. The seasonal
dispersion of this annual divergence revealed a strong, spatiotemporally dominant, signal of
dryness in the monsoon season by SNEPI, which SPEI failed to unravel. Furthermore, the
attribution analysis revealed that the SPI-SPEI disagreements evolved under the influence of
the shortwave radiative fluxes. In addition to that, the divergence between SPEI and SNEPI, is
driven by the characteristics of wet spells, with the relationship strengthening in the monsoon
season and tropical climate zones. All these findings caution us to evaluate the need to
incorporate the changing precipitation characteristics before deploying drought indices in
operational uses, especially in tropical climate zones.

While the criticality of rainfall variability in driving the meteorological drought
occurrences has been unravelled, a quantification of its contribution to the global drought
dynamics in still unknown. The evolutionary characteristics of global meteorological droughts
suggest that between 1951 and 2016, global drought frequency quadrupled due to shifts in
climatic variables like rainfall deficit, evaporative losses, and rainfall variability. My research,
extensively assessing these drivers, unveiled a 60% increase in the probability of drought
occurrence, even in surplus rainfall years. This rise is attributed to precipitation variability,
notably evident in Tropical/Subtropical regions. A 40% increase in precipitation-variability-
led tropical droughts was also identified, marked by intense drought index values plummeting
below -1. Interestingly, these events show increased skewness in rainfall spell distribution,
explaining the dominance of precipitation-variability-induced droughts. This climatic
behaviour significantly impacts diverse climate zones in the Tropics, from the monsoon region
to arid deserts. The imprint of rainfall variability emerges as a defining factor in the dynamics
of tropical droughts.

While 1 have unravelled the new-found contribution of changing precipitation
characteristics in meteorological drought dynamics, the question of how meteorological
drought develops is still unanswered from the perspective of lower atmospheric dynamics.
Since the relationship between lower atmospheric dynamics and its inherent impact on the
weather patterns share sensitivity to the geographical co-ordinates of a region, I conduct our
investigation over an Indian subregion, owing to ease of data availability and familiarity with
the region’s climatology. Agricultural sector forms the backbone of India’s socio-economy
owing to the strong livelihood dependence of more than half the country’s population. Despite
consistent efforts to develop the irrigation network for increased agricultural production,
approximately 60% of India’s cropped area still remains rain fed, thereby functional to the

strength of the Indian summer monsoon (ISM). The probability of a weak monsoon is strongly
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correlated with the occurrence of droughts during the ISM season. The possible influence of
atmospheric drivers in initiating these droughts is observed through the dynamics of low-level
jets (LLJ) over the Northern Arabian Sea, forming the core of LLJ during the ISM.
Interestingly, since the past 72 years, from 1951 to 2022, the core of LLJ has become dry
(increased saturation deficit by 17%) and weak (reduced wind speed by 5%). Further, the wind
speed (saturation deficit) at the core shares close dependence (75 % to 80 %) with the initiation
of dry (wet) extremes, exhibiting maximum correlation at a 2-day lag. Furthermore, I observed
a 50 % (40 %) increase in the dry (wet) extremes driven by the lower-atmospheric dynamics
of the LLJ core. Consequently, these dry (wet) extremes are characterized by a 6% (12 %)
enhancement in duration (intensity). Such conditions act as strong precursors for monsoon

drought.
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&, STaids 3T SfR-HTRID fIaR0 P! I RE F SFHedT d & | gTeliiap, e siaarg &
AT URERT & d6d UY JaHih] Bt JSTdT, et did O I8 Hidd aR IR 96 6! 6,
fery B 1 auf oo o 39 IRE & Seand 3fad: Ao THY deb SIR-HTRIS b 3afd BT 3R
T S b &, Sl 9&at H s Py SR ATHIIP- 3P SREH UaT HiT| el §U uREd

R IRAGH €T F ToR @1 & [, 89 & 1 qAT @HH - X SS8es ¢
IR feie S8 (SNEPI) U&difad & & S e ge-anf R &
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window of 1951 to 2016 for (g) D; and (f) D:.

Figure 3.4: Long-term (1951 to 2016) MEEMD trend in (a) D; and (b) D: across India. Season
wise match and mismatch with spatial trends in (c) D; and (d) D:. Evolution of the
spatial match in the MEEMD trends of (e) D, and (f) D2 with the respective seasons of
SM, WM, W and S.

Figure 3.5: Long-term (1951 to 2016) non-linear MEEMD trend in (a) PET and (b) standard
deviation of precipitation across India. Seasonal dispersion of spatially averaged
standardized (c) PET and (d) Psp. Long-term (1951 to 2016) non-linear MEEMD trend
in (€) Rew, (1) Rsw, (g) SH, (h) W, (i) Tair, () WSmag, (K) WSaur, (1) WSint, (m) DSaur.

Figure 3.6: Locations of the six selected regions, along with the spatial extent of the climate
zones over India (Tropical monsoon (Am); Humid subtropical (CWa); Hot desert
(BWh); Hot semi-arid (BSh); Tropical wet and dry (Aw); Subtropical highland (CWb);
Cold desert (BWK)).

Figure 3.7: Representation of the variable clusters around (a) D, and (b) D>, over the selected
regions representing different climatic zones. Spatial representation of the constituent
variable clustering closest to (c) D; and (d) D2 across India. The colorbar represents
codes of the dominant variable. Seasonal representation of the percentage area
receiving a given variable clustering closest to (e) D; and (f) D: in the PC co-ordinate
system.

Figure 4.1: Spatial distribution (90°N to 60°S and 180°W to 180°E) of average monthly net
precipitation (mm) from 1950 to 2016, ranging from -400 mm to 100 mm.

Figure 4.2: (a) Spatial variation of average monthly net precipitation (mm) displaying selection
of drought prone regions. (b) Cases (1 to 11) of historical droughts in various drought
prone regions, as traced by SNEPI; index. The positive values represent rainfall excess

and negative values represent drought months

Figure 4.3: (a) Spatial variation of percentage change in drought frequency. (b) Latitudinal
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variation of average percentage change in drought frequency. (c) Spatial variation of
change point of the increasing trend in decadal drought frequency with a 1-year lag. (d)
Latitudinal variation of average change point (in years) with 5-year periods of 1975-80,
1980-85, 1985-90, and 1990-05. (e) Spatial variation of rate of occurrence of drought
events per decade. (f) Latitudinal variation of the average rate of occurrence.

Figure 4.4: (a) Spatial variation of the ratio of Rcp. (b) Spatial variation of long-term (January
1951 — 2016), nonlinear MEEMD trend in the decadal moving Rcp with a 1-year lag.
(c) Spatial variation of drought attribution classes. (d) Latitudinal variation of average
drought attribution class.

Figure 4.5: (a) Spatial variation of frequency ratio (FR) from 1951 to 2016. (b) Latitudinal
variation of FR for moderate, severe, extreme, and all droughts. (c) Spatial variation of
change point of significantly increasing FR. (d) Latitudinal variation of change point
(in years) through 5-year timelines of 1985-90 and 1990-95.

Figure 4.6: (a) Spatial variation of dominance ratio (DR). (b) Latitudinal variation of average
DR. (c) Spatial variation of average uniformity coefficient observed over rainfall spells
from 1951 to 2016. (d) Latitudinal variation of average uniformity coefficient.

Figure 5.1: (a) Spatial distribution of average daily rainfall (mm) from 1951 to 2022 during
the ISM season. Spatial distribution of MEEMD trend in (b) wet spell intensity and (c)
dry spell duration, from 1951 to 2022.

Figure 5.2: Spatial variation of average standardized (a) Ws (m/s) at 850 hPa and (b) vertically
integrated (950 hPa to 250 hPa) SD during July and August from 1951 to 2022. The
positive (negative) values are indicative of positive (negative) anomalous behavior,
represented by shades of red (blue). (¢) Decadal evolution (10 year moving average
with 1-year lag) of Ws (m/s) (blue line) and SD (red line) from 1951 to 2022. Scatter
plots representing the relationship between (d) SDcore and SDdesers, and (€) SDcore and SST
of the core region.

Figure 5.3: Spatial variation of probability of occurrence (in percentage) for (a) Z1 (+Ws and
+SD), (b) 22 (+Wsand —=SD), (¢) Z3 (-Ws and +SD), and (d) Z4 (-Ws and -SD) for July
and (e) Z1, (f) 72, (g) Z3, and (h) Z4 for August, from 1951 to 2022. Temporal variation
(decadal moving average with 1-year lag) of standardized percentage area experiencing
(i) Z1, (j) 22, (k) Z3, and (l) Z4. Spatial variation of the long term (1951 to 2022)
MEEMD trend, represented jointly for Ws and SD for (m) July and (n) August.

Figure 5.4: Representation of atmospheric dependence functions and their corresponding
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strength of dependence for (a) Dg (P(Dg) corresponding to Dy = f(Ws),Dg =
f(SD),Dg = f(Ws,SD)) (b) Wi (P(Wg) corresponding to Wy = f(Ws), Wy =
f(SD), Wy = f(Ws, SD)), observed at different lag-times varied from to to to+7 during
monsoon months of July and August from 1951 to 2022. (c) Spatial variation of P(Dk)
corresponding to Dy = f(Ws) (column 1) and P(WE) corresponding to W = f(SD)
(column 2) from 1951 to 2022, varied from to+2 (row 1), to+3 (row 2), to+4 (row 3) and
to+s (row 4).

Figure 5.5: Temporal variation (decadal moving average with one-year lag) of (a) P(Dx) and
(b) P(WE), (¢) Dg duration and (d) Wr intensity, during the monsoon period over
Marathwada region, from 1951 to 2022.

Figure 5.6: The inter-relationship between the probability of occurrence of Dg given optimal
lower atmospheric dynamics are maintained at the LLJcore (P(DEg)), and probability of
occurrence of monsoon droughts over the Marathwada region given that maximum Dg
has occurred (P(MD|Dg)). The maximum duration ranges from 1 to more than 7 days.
A union of all P(Dg) (P(Dg1) +P(Dg2) +, ..., + P(be>7) = P(DEg), the numeric subscript
represents maximum duration) at various durations, is illustrated through the stacked
bar corresponding to Dk duration greater than 0.

Figure Al: Variation of (a) P4 (blue bars), PET4, and (b) Dy series, for
the year 1951, over the Am region.

Figure A2: Box plot of PETpm and PETH over the selected locations

Figure A3: Decadal variation of (a to f) PETpy and AETq4, and (g to 1) PETy; and AET, for the
selected locations

Figure A4: Variation of SNEPIpm and SNEPIy at the 1-month timescale at the selected
locations (a to f).

Figure AS: Variation of SNEPIpm and SNEPIy at the 3-month timescale at the selected
locations (a to f).

Figure A6: Variation of SNEPIpm and SNEPIy at the 6-month timescale at the selected
locations (a to f).

Figure A7: Variation of SNEPIpm and SNEPIy at the 12-month timescale at the selected
locations (a to f).

Figure AS8: Variation of SPEIpm and SPEIy at the 1-month timescale at the selected locations
(atof).

Figure A9: Variation of SPEIpm and SPEIy at the 3-month timescale at the selected locations
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(atof).

Figure A10: Variation of SPEIpm and SPEIy at the 6-month timescale at the selected locations
(atof).

Figure A11: Variation of SPEIpm and SPEIy at the 12-month timescale at the selected locations
(atof).

Figure A12: Decadal variation (10 years moving average with a 1-year lag) of deficit
and excess period frequency in the six selected regions (a to f); Sq¢ and Se indicate the
linear trend from 1951 to 2013 for the deficit and excess periods, respectively, and an
asterisk denotes the significant trend.

Figure A13: Decadal variation (10 years moving average with a 1-year lag) of maximum
deficit and excess period duration in the six selected regions (a to f); Sq¢ and Se indicate
the linear trend from 1951 to 2013 for the deficit and excess periods, respectively, and
an asterisk denotes the significant trend.

Figure A14: Variations of excess/deficit periods in the synthetically generated nine cases (a)
to (i) with distinct spell/frequency characteristics of D2pp within a month, modified with
respect to the SNEPI methodology.

Figure A1S5: Illustration of two cases receiving almost similar monthly P and PET, but with
different spell/frequency characteristics. (a) to (f) Variation of Dy for the two cases,
along with the excess, and deficit periods, over the six regions. (g) Differences in the D
and D, values of the first and second cases over the six regions.

Figure A16: Agreement between SPEI and SNEPI at different time scales for the selected
locations, represented by the probability of match, positive disagreement, and negative
disagreement.

Figure A17: Box plots of uniformity coefficients corresponding to maximum monthly excess
period intensity, for the selected locations, at the 1-month and 12-month timescales
(represented as 1 and 12 on the upper X-axis).

Figure A18: Variation of SPEI and SNEPI at the 1-month time scale from January 1951 to
December 2013 over the six selected regions (a to f).

Figure A19: Variation of SPEI and SNEPI at the 3-month time scale from January 1951 to
December 2013 over the six selected regions (a to f).

Figure A20: Variation of SPEI and SNEPI at the 6-month time scale from January 1951 to
December 2013 over the six selected regions (a to f).

Figure A21: Variation of SPEI and SNEPI at the 12-month time scale from January 1951 to

December 2013 over the six selected regions (a to f).
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Figure A22: Decadal variation (10 years moving average with a 1-year lag) of the index
divergence at a l1-month timescale for the selected regions (a to f). The positive
divergence is indicative of a wet tendency by SNEPI.

Figure A23: Decadal variation (10 years moving average with a 1-year lag) of the index
divergence at a 3-month timescale for the selected regions (a to f). The positive
divergence is indicative of a wet tendency by SNEPI.

Figure A24: Decadal variation (10 years moving average with a 1-year lag) of the index
divergence at a 6-month timescale for the selected regions (a to f). The positive
divergence is indicative of a wet tendency by SNEPI.

Figure A25: Decadal variation (10 years moving average with a 1-year lag) of the index
divergence at a 12-month timescale for the selected regions (a to f). The positive
divergence is indicative of a wet tendency by SNEPI.

Figure A26: Variation of SNEPI and SPDI at the 1-month timescale at the selected locations
(atof).

Figure A27: Decadal variation of SPDI; and SNEPI; over the selected locations.

Figure A28: Variation of standardized PET trend from 1951 to 2016 for (a) summer monsoon,
(b) winter monsoon, (¢) winter and (d) summer season.

Figure A29: Variation of standardized PSD trend from 1951 to 2016 for (a) summer monsoon,
(b) winter monsoon, (¢) winter and (d) summer season.

Figure A30: The spatial variation of the variable clustering closest to D1, across India in the
(a)summer monsoon, (b) winter monsoon, (¢) winter and (d) summer seasons.

Figure A31: The spatial variation of the variable clustering closest to D2, across India in the
(a)summer monsoon, (b) winter monsoon, (¢) winter and (d) summer seasons.

Figure. A32: A hypothetical case of the typical occurrence of the standardized anomalies of
rainfall (blue bar) and SNEPI in a year. The threshold dividing both variables into wet
and dry segments is zero.

Figure.A33: A hypothetical case representing SNEPI drought events, corresponding to months
of rainfall excess.

Figure A34: Decadal variation of percentage increase in drought frequency from 1961 to 2016.

Figure A35: The divergence between number of drought events reported by SNEPI and SPEI
across 3-month clusters of (a) Jan-Feb-Mar, (b) Apr-May-Jun, (c) Jul-Aug-Sep, and (d)
Oct-Nov-Dec.

Figure A36: Spatial variation of frequency ratio for (a) moderate droughts, (b) severe

droughts, and (c) extreme droughts, from 1951 to 2016.
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Figure A37: Spatial variation of drought persistence (months) as described by (a) SNEPI3 and
(b) SPEL.

Figure A38: Spatial variation of long term (1951 to 2022), daily average wind speed (m/s)
during (a) June, (b) July, (¢) August, and (d) September and precipitation (mm/day)
during (e) June, (f) July, (g) August, and (h) September.

Figure A39: Spatial variation of average monthly rainfall (mm) from 1951 to 2022, in
Marathwada region during (a) July, and (b) August. Decadal variation (10 year moving
window with one-year lag) of (c¢) Dry spell frequency and (d) Dry spell duration (days)
during July and August, respectively

Figure A40: The probability of occurrence of monsoon droughts over the Marathwada region
given that DE of (a) 2-days, (b) 3-days, (c) 4-days, (d) 5-days, (e) 6-days, (f) 7-days),
and (g) more than 7-days for July and of (h) 2-days, (i) 3-days, (j) 4-days, (k) 5-days,
(I) 6-days, (m) 7-days), and (n) more than 7-days for August has occurred.
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RDI Reconnaissance Drought Index

PET Potential evapotranspiration

CMI Crop Moisture Index

PMAI Palmer Moisture Anomaly Index

SMAI Soil Moisture Anomaly Index

TWDI Total Water Deficit Index

PHDI Palmer Hydrological Drought Severity Index
SWSI Surface Water Supply Index

SRI Standardized Runoff Index

IPCC Intergovernmental Panel on Climate Change
ISM Indian summer monsoon

LLJ Low level jets

CMIP6 Coupled Model Intercomparison Project 6
SSP Shared Socioeconomic Pathways

IMD India Meteorological Department

GLEAM Global Land Evaporation Amsterdam Model
PDF Probability Distribution Function

CDF Cumulative Distribution Function

SNEPI Standardized Net-Precipitation Distribution Index
PM Penman-Monteith

LL Log Logistic

GEV Generalized Extreme Value

LN Lognormal

P3 Pearson Type IlI

AET Actual Evapotranspiration

RMSE Root Mean Square Error

SPDI Standardized Precipitation Distribution Index
PCA Principal Component Analysis

xXii



DI
MEEMD
IMF
DDI
SAAM
TID
RID

BS
CUSUM
DR

FR

GDP
SST

SD

Divergence Index

Multidimensional Ensemble Empirical Mode Decomposition
Intrinsic Mode Function

Differential Divergence Index
Spatially Averaged Annual Maximum
Traditionally identified driver
Recently identified drivers

Binary Segmentation

Cumulative Sum

Dominance Ratio

Frequency Ratio

Gross Domestic Product

Sea Surface Temperature

Saturation Deficit

xXiii



PET

Rnet

Wi

VPD

Li

Riw

Rsw

Tair

LIST OF SYMBOLS AND UNITS

precipitation
potential evapotranspiration

net precipitation

slope of saturated vapour pressure and air temperature

psychometric constant

net radiation

wind speed at 2 m height
vapour pressure deficit
excess/deficit period duration
downward longwave radiation
downward shortwave radiation
air temperature

relative humidity

saturated specific humidity
specific humidity

horizontal wind speed

vertical wind speed

saturation deficit

XXiv

mm

mm

°C
%
g/kg
g/kg
ms’
ms’

g/kg





