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Abstract 9 
 10 
Millions of people died due to famines caused by droughts and crop failures in India in the 19th and 11 
20th centuries. However, the relationship of historical famines with drought is complicated and not 12 
well understood in the context of the 19th and 20th-century events. Using station-based observations 13 
and simulations from a hydrological model, we reconstruct soil moisture (agricultural) drought in 14 
India for the period 1870-2016. We show that over this century and a half period, India experienced 15 
seven major drought periods (1876-1882, 1895-1900, 1908-1924, 1937-1945, 1982-1990, 1997-16 
2004, and 2011-2015) based on severity-area-duration (SAD) analysis of reconstructed soil 17 
moisture.  Out of six major famines (1873-74, 1876, 1877, 1896-97, 1899, and 1943) that occurred 18 
during 1870-2016, five are linked to soil moisture drought, and one (1943) was not. On the other 19 
hand, five major droughts were not linked with famine, and three of those five non-famine droughts 20 
occurred after Indian Independence in 1947. Famine deaths due to droughts have been significantly 21 
reduced in modern India, however, ongoing groundwater storage depletion has the potential to 22 
cause a shift back to recurrent famines.  23 
 24 
1.0 Introduction 25 
 26 
Famine is defined as "food shortage accompanied by a significant number of deaths” [Dyson, 27 
1991]. India has a long history of famines that led to the starvation of millions of people 28 
[Passmore, 1951]. During the era of British rule in India (1765-1947), twelve major famines 29 
occurred (in 1769-70, 1783-84, 1791-92, 1837-38, 1860-61, 1865-67, 1868-70, 1873-74, 1876-78, 30 
1896-97, 1899-1900, and 1943-44) which lead to the deaths of millions people [Maharatna, 1996]. 31 
Many of these famines were caused by the failure of the summer monsoon, which led to 32 
widespread droughts and crop failures [Cook et al., 2010]. Although no major famines have 33 
occurred since Indian independence in 1947, large-scale droughts in the second half of the 20th and 34 
early 21st centuries have continued to have devastating effects on India [Bhalme et al., 1983; 35 
Parthasarathy et al., 1987; Gadgil and Gadgil, 2006; Mishra et al., 2016]. Droughts in the late 18th 36 
and early 19th centuries had progressively more severe effects due to a rising population, low crop 37 
yields, and lack of irrigation [FAO, 2014]. Hence, an understanding of historical famine and 38 
drought in India relates both to physical factors associated with drought, and agricultural 39 
productivity and management. 40 
 41 
Soil moisture drought affects crop production and food security in India especially in the absence 42 
of irrigation [Mishra et al., 2014, 2018]. Soil moisture droughts doubtless affected food production 43 
and famines in India before the widespread advent of irrigation in the mid-20th century. However, 44 
the crucial role of soil moisture in famines in India has received little attention, perhaps due to the 45 
general absence of long-term observations. Most previous attempts to study 18th and 19th-century 46 
droughts in India have been limited to meteorological [Bhalme et al., 1983; Mooley and 47 
Parthasarathy, 1984] or paleoclimate reconstructions [Cook et al., 2010] and mainly facilitate 48 
studies of the role of large-scale climate variability. Here, we provide the first reconstruction of 49 
droughts based on soil moisture (their proximate link to dryland agriculture) for the last century and 50 
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a half (1870-2016) and their relationship to famines. We use the Variable Infiltration Capacity 51 
(VIC) model to reconstruct soil moisture using methods similar to those demonstrated previously 52 
for the conterminous U.S. [Andreadis and Lettenmaier, 2006] and China [Wang et al., 2011].  53 
 54 
 55 
2. Data and Methods: 56 
 57 
We obtained 0.25° daily gridded precipitation data from the India Meteorology Department (IMD) 58 
for the period 1901-2016 [Pai et al., 2015], which we regridded to 0.5°spatial resolution by using 59 
synergic mapping (SYMAP) algorithm as described in Maurer et al. (2002). Pai et al., [2015] 60 
developed the IMD gridded precipitation product using data from 6995 observational stations 61 
across India using inverse distance weighting [Shepard, 1984]. Orographic features and spatial 62 
variability in the Indian summer monsoon precipitation are well captured by the gridded 63 
precipitation [Pai et al., 2015].   64 
 65 
Because the IMD gridded precipitation product is available only for the post-1900 period, we 66 
developed a compatible product at 0.5 degree using station observations for 1870-1900. Data 67 
availability and the number of stations varied during this period; however, we were able to obtain 68 
reasonably complete precipitation data from 1690 stations spread across India for most of the pre-69 
1900 period. We carefully checked the quality of data for each station as follows. We used the daily 70 
precipitation observations, and first determined, for each station, the number of months with 71 
complete records. We dropped (treated as missing) months with more than ten missing 72 
precipitation days. If precipitation data were available for 20 or more days in a month, the total 73 
(cumulative) precipitation for that month was considered for the analysis. We found that the 74 
number of stations after the quality check varied from about 517 in 1870 to more than 1600 in 1900 75 
(Fig. S1). After the initial quality control, we estimated time (fraction of the 31 years from 1870 76 
through 1900) with available data for each station (Fig. S2). We found that most of the stations 77 
have monthly precipitation data for more than 50% of the 1870-1900 period (Fig. S2). Therefore, 78 
we decided not to drop stations with missing data but rather to exclude months with large data 79 
gaps.  80 
 81 
The station density in the pre-1900 period varied substantially over India. For instance, northern 82 
and peninsular India have higher station densities than western and east-central India (Fig. S2). 83 
Moreover, stations located in eastern India (except a few stations with long-term data) have 84 
relatively shorter records in comparison to the stations located in the north and southern India (Fig. 85 
S2). We also compared monthly precipitation over the 1870-1900 period with the long-term mean 86 
(1870-2016) to identify spurious values and outliers. Finally, using the monthly precipitation data 87 
for 1870-1900, we developed a gridded (0.5 deg) precipitation product for the entire country using 88 
the methods described in Maurer et al., [2002]. 89 
 90 
We extracted daily precipitation, maximum and minimum temperatures, and wind speed from the 91 
20th-century reanalysis (20CR, NOAA-CIRES 20th Century Reanalysis version 2c) from NOAA's 92 
Physical Science Division (PSD: https://www.esrl.noaa.gov/psd/data/20thC_Rean/) for 1851-2014. 93 
The 20CR data are available globally at 2.0º spatial and 6-hour, daily, and monthly temporal 94 
resolutions. All the variables from 20CR and regridded to 0.5º spatial resolution using the synergic 95 
mapping (SYMAP) algorithm as described in Maurer et al. (2002). Additional information on 96 
20CR dataset can be found in Compo et al., [2006]. More detailed information on data prepration 97 
from 20CR and Berkeley Earth can be obtained from supplemental section S1. 98 
 99 
 100 
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We compared mean precipitation for the monsoon period (June through September) as well as the 101 
water year (June through May) for 1870-1900 against the post-1900 (1901-1930) period (Fig S3). 102 
We found that the key features regarding the mean and spatial variability of precipitation are well 103 
captured in our gridded dataset for 1870-1900. Additionally, we compared precipitation and Palmer 104 
Drought Severity Index (PDSI: http://www.cgd.ucar.edu/cas/catalog/climind/pdsi.html) from Dai et 105 
al. (2004). All-India monthly precipitation anomalies from IMD and Dai are well correlated 106 
(correlation = 0.87, Fig. S4). Moreover, we found that spatial patterns of PDSI from our gridded 107 
precipitation and temperature products are consistent with PDSI from [Dai et al., 2004] for the ten 108 
most severe (based on annual precipitation deficit) drought events in India during 1870-2014 (Fig. 109 
S5). Furthermore, air temperature from Berkeley Earth and IMD compare well for the overlapping 110 
period 1951-2014 (Fig. S6). The high-bias in temperature from IMD is mainly due to bias in the 111 
Himalayan region (Fig. S6), which is attributable to low gauge density in the region [Shah and 112 
Mishra, 2014; Mishra, 2015].  We note that the most severe drought and famines largely are to the 113 
south of this region. 114 
 115 
We used the Variable Infiltration Capacity [Liang et al., 1994] macroscale hydrology model, which 116 
simulates water and energy fluxes by taking soil and vegetation parameters, and meteorological 117 
forcing as inputs. The VIC model has been widely applied for soil moisture drought assessments at 118 
a range of spatial scales (e.g., [Sheffield et al., 2004; Andreadis and Lettenmaier, 2006; Mishra et 119 
al., 2014, 2018; Shah and Mishra, 2016]). We applied the VIC model at a daily time-step for each 120 
0.5º grid for 1870-2016 (see supplemental section S2 for more details). We aggregated daily soil 121 
moisture for each grid to monthly to avoid the influence of precipitation and temperature variability 122 
within a month. This is important as we resampled daily precipitation and temperature from the 123 
20CR, for which monthly aggregates are more accurate than daily values. We estimated soil 124 
moisture percentiles (SMP) using the empirical Weibull plotting position method as did [Andreadis 125 
and Lettenmaier, 2006]. SMP less than 20 is categorized as drought (SMP 20-30: Abnormally dry; 126 
10-20: Moderate drought; 5-10: Severe drought; 2-5: Extreme drought; and less than 2: Exceptional 127 
drought, Svoboda et al., 2002). We estimated monthly soil moisture percentiles at 60 cm depth, 128 
which is a typical root-zone depth for most crops, following Mishra et al. (2018).   129 
 130 
We used severity-area-duration (SAD) analysis as developed by Andreadis and Lettenmaier, 131 
[2006] and applied by Sheffield et al., [2009] and Wang et al., [2011] among others to identify 132 
major droughts during 1870-2016. We identified drought periods in time and space using the 133 
clustering algorithm of Andreadis and Lettenmaier, [2006]. The algorithm considers drought 134 
clusters with a minimum area threshold (0.1 million km2) for which drought duration and severity 135 
are computed. More information on SAD analysis can be obtained from Andreadis and 136 
Lettenmaier, [2006]. We estimated monthly soil moisture percentiles using the empirical Weibull 137 
distribution. We evaluated droughts of different duration, severity, and spatial extent (area) using 138 
SAD analysis. The severity of a drought is defined as:  139 
 140 

1
SMP

S
t

   141 

where S is drought severity, SMP is monthly soil moisture percentile, and t is drought duration 142 
(months). We calculated drought severity for 3, 6, 12, 24, and 48 months’ duration. We identified 143 
seven major drought periods from the SAD analysis.  144 
 145 
 146 
3. Results and Discussion 147 
 148 



Confidential manuscript submitted to Geophysical Research Letters 
 

4 
 

We first identified the major soil moisture drought periods in India using the SAD method applied 149 
to the 1870-2016 record (Fig. 1). We identified drought severity and area for 3-48 month durations 150 
as indicated above so as to include both short and long-term droughts in India. Our analysis 151 
indicated that 1876-1882, 1895-1900, 1908-1924, 1937-1945, 1982-1990, 1997-2004, and 2011-152 
2015 are the major periods for short- (3-6 months) and long-term (12-48 months) soil moisture 153 
droughts (Fig. 1). India experienced 3 and 6-month soil moisture droughts during 1876-1882 while 154 
during 1895-1900 both short and long-term droughts occurred. Most severe and widespread (more 155 
than 2.0 million km2 area) soil moisture droughts occurred during 1895-1900 and 1908-1924 156 
(Table S1). In comparison to the 1895-1900 drought that covered almost the entire country (~65% 157 
of total area), the 1876-1882 drought period was mainly located in the southern part of the country 158 
and had a smaller extent (0.40 million km2) (Table 1). Among all of the seven major drought 159 
periods, the most recent (2011-2015) was exceptionally severe (severity = 0.99) but not widespread 160 
like the 1895-1900 drought (area = 0.13 million km2).  161 
 162 
We further analyzed the ten months with the most widespread drought conditions within each of 163 
the major drought periods (1876-1882, 1895-1900, 1908-1924, 1937-1945, 1982-1990, 1997-2004, 164 
and 2011-2015) obtained from the SAD analysis (see Table S2 for details). We find that during the 165 
1876-1882 drought period, the most widespread drought conditions occurred in August 1877 with 166 
coverage of 56.6% of the area of the country. From April to July of 1876, more than 36% of the 167 
country’s area experienced soil moisture drought. Moreover, a major part of the country remained 168 
under soil moisture drought until February 1878. Similarly, for the 1895-1900 period, the most 169 
widespread extent of drought occurred in December 1896 (64.2%) followed by December 1899 170 
(61.4%). More than 60% of India was under soil moisture drought between October and December 171 
1896 (Table S2).  172 
 173 
The 1908-1924 drought period was the most widespread in January 1908, October 1918, December 174 
1920, and May 1921 (Tables S1 and S2). Soil moisture drought in October 1918, and in December 175 
1920 covered more than 65% of the country. The 1908-1924 drought period was widespread; 176 
however, the drought was less severe than that of 1895-1900 (Fig. 1). The 1937-1945 drought 177 
period was of a lesser extent than 1895-1900 and 1908-1924. The month with the largest extent 178 
(46.8%) during the 1937-1945 period was August 1941. Similarly, during the 1982-1900 period, 179 
drought covered 47.3% of the country in August 1987 (Table S2). During the 1997-2004 period, 180 
the drought was most widespread in February 2001 (56%) and January 2003 (54.4%). The most 181 
recent drought period identified by the SAD analysis occurred during 2011-2015, which had the 182 
largest extent (43%) in October 2015. Overall, the SAD analysis shows that the frequency and 183 
severity of major soil moisture drought periods was greatest before 1924. 184 
 185 
We estimated annual mean drought extent (%) using monthly soil moisture for 1870-2016 (Fig. 186 
S7). We found that mean annual drought extent was higher than 20% (of the country) averaged 187 
over all of the seven (1876-1882, 1895-1900, 1908-1924, 1937-1945, 1982-1990, 1997-2004, and 188 
2011-2015) periods identified by the SAD analysis (Fig 1). Since the SAD analysis examines 189 
drought severity and duration of the largest spatial clusters, it may ignore fragmented clusters of 190 
lesser severity [Andreadis and Lettenmaier, 2006]. For instance, despite a few years between 1950 191 
and 1980 that had large drought extents, they were not within the SAD envelope (Fig. S7a) because 192 
of the lack of spatial contiguity. The pooled data for 3-48 (from Fig. 1) months drought show that 193 
India witnessed frequent and widespread droughts during the pre-1900 (1870-1900) (Fig. S7b). 194 
Drought extents comparable to 1895-1900 period occurred only during 1908-1924 in the post-1900 195 
record (Fig. S7b). Based on the areal coverage, pre-1900 droughts were much different (p-value 196 
<=0.05) in areal extent and severity [Fig. S7b,c] than those that occurred later. Out of the 20 largest 197 
monthly soil moisture droughts (Table S3) based on their areal coverage, only two (February 2001 198 
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and January 2003) occurred after 1924. Our results highlight that India witnessed frequent, severe, 199 
and widespread soil moisture droughts before 1900 that contributed to crop failures and famines. 200 
Crop failures due to drought before 1900 were prevalent; however, increased trade and demands of 201 
labor along with the credit and relief services from government significantly reduced the risk of 202 
widespread crop-failures and famine post-1900 [McAlpin, 1979]. 203 
 204 
We analyzed famines and associated causes during the century and a half period 1870-2016. Our 205 
focus is on root-zone soil moisture (60cm following Mishra et al., 2018) from which we identified 206 
famines that were coincident with soil moisture deficits. In particular, we identified five major 207 
famines (1873-1874, 1876-1878, 1896-1897, 1899-1900, and 1943-1944) that occurred during the 208 
1870-2016 record. Three of the famines are consistent with the drought periods identified by the 209 
SAD analysis. The two exceptions are 1873-1874 and 1943-1944.  Those two sequences of years 210 
were not identified as drought periods in our SAD analysis likely because either a) they were too 211 
localized to appear on the SAD envelope curves, or b) the famine was not coincident with soil 212 
moisture deficits, and likely was caused by some other factor (e.g., failure of food distribution 213 
systems). 214 
 215 
The 1873-74 famine occurred in Bihar and Bengal, which were part of the northwestern province 216 
and Oudh during the British period. Depleted soil moisture created an exceptional drought (SMP 217 
<2.0) in Bengal and the western part of Bihar during June 1873 (Fig. 2a). Since the soil moisture 218 
drought in 1873 was centered in a relatively small domain, it was not identified by the SAD 219 
analysis (against the threshold of 0.1 million km2). During the 1873 famine, soil moisture drought 220 
that affected more than 50% of Bihar and Bengal, was caused by a precipitation deficit in the pre-221 
monsoon season (January to May), which was further worsened by 25% below normal precipitation 222 
in the famine-affected region in June 1873. The precipitation deficit in June might have caused a 223 
reduction in the area under cultivation and, the region did not get any relief in drought during the 224 
post-monsoon season (October to December) [Fig.S7b].  We find only a moderate (0.5ºC) positive 225 
temperature anomaly during the pre-monsoon season in the region suggesting that precipitation 226 
deficit, rather than warmth, was the proximate cause of the drought. About 21.5 million people 227 
were affected by the 1873 famine, but little or no mortality was reported (IGI, 1907, Hall-228 
Matthews, [2008]). The low mortality during the 1873 famine was mainly attributable to food 229 
imports from Burma and timely relief aid provided by the British government (IGI, 1907, Hall-230 
Matthews, [2008]). The famine was over in 1874 with 17% surplus monsoon precipitation and 231 
good food production. 232 
 233 
The second most notable famine occurred during 1876-1878, which has also been called the Great 234 
Famine of Southern India, or Madras Famine [Dyson, 1991; Lardinois, 2009; Cook et al., 2010]. As 235 
identified by the SAD analysis, 3- and 6-month soil moisture deficits lead to drought throughout 236 
much of southern India (Fig 1 and Fig. 2).  The drought covered more than 87% of the famine-237 
affected region in November 1876 (Fig. 2), which remained under drought until October 1877. 238 
North India (and especially the central, north-western provinces, and Punjab) experienced an 239 
extreme to exceptional soil moisture drought in 1877. In August 1877, about 56.6% of the country 240 
experienced soil moisture drought (Table S2, Fig. 2). The famine-affected region had an extent of 241 
79% and 78%, respectively in August and September 1877 (Fig. S7f). Similar to the 1873 famine, 242 
air temperature did not play a major role in the soil moisture anomaly (drought) in 1876 (Fig. S7d).  243 
Soil moisture drought in 1876 caused crop failures in South India [Roy, 2006]. However, the 244 
British government exported a substantial amount of wheat to England during this time, which 245 
made the region especially vulnerable [Guha, 2006]. The 1876-1877 famine in the south and north 246 
India affected more than 50 million people (IGI, 1907) of which about 5.5 million perished 247 
[Fieldhouse, 1996]. 248 
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 249 
The 1895-1900 drought period identified by the SAD analysis includes two famines: 1896-97 and 250 
1899-1900. During October 1896 to January 1897, more than 57% of the country was affected by 251 
soil moisture drought (Table S2). The famine of 1896-97 started in the Bundelkhand area (Agra 252 
province in the British era) in north India (Fig. S7g). More than 82% of the famine-affected region 253 
was under soil moisture drought during October to December 1896, which overlaps with the major 254 
crop growing season (November to March) (Fig. S7h). The 1896-97 famine affected 69.5 million 255 
people in India (IGI, 1907) and caused the death of 5 million people as relief measures failed in the 256 
central province [Fieldhouse, 1996].  257 
 258 
The population was still recovering from the 1896-97 famine when the 1899-1900 famine started 259 
with a monsoon failure in central and western India (Fig. 2). More than 56% of the country was in 260 
soil moisture drought between September 1899 and February 1900 (Table S2). From July 1899 till 261 
June 1900, more than 50% of the famine-affected region experienced soil moisture drought that 262 
peaked in September 1899 with 85% coverage (Fig. S7i).  In the famine-affected region, the 263 
monsoon season precipitation deficit was 57%, 67%, and 60%, respectively in July, August, and 264 
September while air temperature was above normal starting from July till December 1899 (Fig. 265 
S7j). The soil moisture drought in 1899-1900 resulted in major crop failure in the famine-affected 266 
region and food could not be exported from the other regions of the country due to lack of 267 
transportation or availability of food [Dreze, 1988]. The 1899 famine affected 59.5 million people 268 
(IGI, 1907) with mortality estimates of 1 to 4.5 million [Fieldhouse, 1996; Fagan, 2009]. Deccan 269 
and Bombay had the highest mortality rates [Attwood, 2005]. Apart from human mortality, a large 270 
number of cattle died due to acute shortage of fodder (IGI, 1907). 271 
 272 
The last major famine in the British era occurred in 1943, which is also known as the Bengal 273 
Famine. The famine resulted in 2-3 million deaths [Devereux, 2000]. Our SAD analysis identified 274 
1937-1945 as a period under drought based on severity, area, and duration. However, we find the 275 
drought was most widespread during August and December 1941 (Table S1 and S2) – prior to the 276 
famine. Based on all-India averaged soil moisture drought extent, in 1943, the drought-affected 277 
only about 12% of the country (Fig. S7a). Therefore, this was the only famine that does not appear 278 
to be linked directly to soil moisture drought and crop failures (Fig. S8a). The famine-affected 279 
region received 15, 3, 9, and 4% above normal precipitation during June, July, August, and 280 
September of 1943 (Fig. S8b). We find that the Bengal famine was likely caused by other factors 281 
related at least in part to the ongoing Asian Theater of World War II including malaria, starvation 282 
and, malnutrition [Sen, 1976]. In early 1943, military and political events adversely affected 283 
Bengal’s economy [Tauger, 2009], which was exacerbated by refugees from Burma [Maharatna, 284 
1996]. Additionally, wartime grain import restrictions imposed by the British government played a 285 
major role in the famine (FIC, 1945). Furthermore, inflation of the rupee between March and May 286 
1943 [Sen, 1976] resulted in rice prices five to six times higher than before the famine. The 287 
situation was exacerbated by the failure of the British government to declare a state of famine to 288 
avoid an increase in aid (FIC, 1945). We note that aside from the 1943 Bengal Famine, all the other 289 
famines in the 1870-2016 appear to be related at least in part to widespread soil moisture drought. 290 
 291 
Limited irrigation [McGinn, 2009] and low crop yields almost certainly combined with soil 292 
moisture droughts leading to crop failures and food shortages in the era of British rule. We 293 
hypothesize that during the famine era; the population mostly relied on agriculture for food and 294 
employment. Therefore, soil moisture droughts resulted in crop failures that not only affected food 295 
availability, but also the livelihood of much of the population, especially given that a transportation 296 
system was not in place to ship food from one place to another. Dreze [1988] reported that British 297 
era droughts resulted not only in massive crop failures and food shortages, but also they shattered 298 
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the rural economy. Landless agricultural laborers did not find employment, food prices increased, 299 
and trade was often slow to move food to drought affected regions [Dreze, 1988]. Therefore, there 300 
was a compounding effect of soil moisture drought and population density during famines that 301 
enhanced the drought risk to much of the population.  302 
 303 
Among the six famines identified above, 1873 and 1943 provide some important insights. For 304 
instance, despite the monsoon failure and drought in 1873 in Bihar and Bengal provinces, there was 305 
minimal mortality [Hall-Matthews, 2008]. The commitment to save human lives at any cost (IGI, 306 
1907), importing of rice from Burma and timely relief helped to avoid human mortality (IGI, 1907) 307 
during 1873. Moreover, as an unprecedented move, affected villages were inspected by British 308 
officials to identify people who needed relief during the 1873 famine [Hall-Matthews, 1996]. The 309 
other four (1876, 1877, 1896-97, and 1899) famines were also caused by droughts, which were 310 
more severe and widespread than 1873. Moreover, human mortality was substantially higher in the 311 
other four droughts than in the 1873-74 famine, which can be attributed to policy failures and 312 
mismanagement [Davis, 2001; Ferguson, 2004]. A free trade policy, export of agricultural produce, 313 
neglect of agricultural investment, and taxation policies aggravated the adverse impacts of famines 314 
caused by droughts [Sen, 1982; Davis, 2001; Mander, 2009]. The 1943 Bengal famine was not 315 
caused by drought rather but rather was a result of a complete policy failure during the British era. 316 
More generally, we find that most of the famines resulted from a combination of droughts and 317 
policy failures. 318 
 319 
Finally, we identify the major soil moisture drought periods in the post-1900 period that were not 320 
coincident with famines (Fig. 3 and Table S2). For each post-1900 drought period identified by the 321 
SAD analysis (e.g., 1908-1924, 1937-1945, 1982-1990, 1997-2004, and 2011-2015), we selected 322 
the month with the greatest areal coverage for our analysis. We find that soil moisture drought in 323 
October 1918 and December 1920 are comparable (based on areal coverage) to those that occurred 324 
in December 1896 and December 1899, which were associated with famines (Fig. 3). In October 325 
1918, more than 65% of the country was affected by soil moisture drought (Fig. 3a). The drought 326 
during October 1918 affected most of the regions in India except northeastern and western parts 327 
(Fig. 3). Similarly, the 1908-1924 drought had covered a large area (65.4%) in December 1920 328 
(Fig. 3), which prominently affected central India. The soil moisture drought of 1908-1924 period 329 
affected more than 50% of the country in May 1921 (Table S2) 330 
 331 
The 1937-1945 drought period had the largest extent in August 1941, which affected 46.8% 332 
(mainly northwestern and southern regions) of India (Fig. 3c).  Similarly, the drought period of 333 
1982-1990 identified by the SAD analysis affected 47.3% (western and central parts) of the country 334 
in August 1987 (Fig. 3d, Table S2).  In 1987, western India received 25% or less precipitation of 335 
the long-term mean monsoon season precipitation [Krishnamurti et al., 1988]. The 1997-2004 336 
drought period had more than 47% areal extent between November 2000 and March 2001(Table 337 
S2). The soil moisture drought (1997-2004) peaked in February 2001 and affected 56% of the 338 
country while in January 2003 54% of the country was affected by the drought (Fig. 3e, Table S2).  339 
Drought affected 300 million people in India in 2002 (EM-DAT). Bhat, [2006] reported that the 340 
drought in 2002 was mainly caused by a 56% precipitation deficit in July. The most recent drought 341 
period identified by the SAD analysis occurred in 2011-2015 with the largest extent in  October 342 
2015 (Fig. 3f, Table S2). The drought in October 2015 was mainly centered in the Indo-Gangetic 343 
Plain and had severe impacts on surface and groundwater resources [Mishra et al., 2016]. We find 344 
that aside from the 1908-1924 period, droughts in post-1900 were less widespread than that 345 
occurred pre-1900 (Table S2, Fig. S7).  346 
 347 
4. Conclusions 348 
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 349 
In summary, we conclude that: 350 
 351 

 A series of famines from 1870 through 1943 killed well over ten million people in India. All 352 
but one of the major famines in this period are linked to soil moisture drought, and all but 353 
one occurred prior to 1900. The only one major famine (1943-44) that occurred post-1900 354 
period was mainly a result of the British era (and World War 2) policy failures, rather than 355 
soil moisture drought.  356 

 357 
 India has experienced soil moisture droughts that were as severe as those that accompanied 358 

the deadly pre-1900 famines (for instance, 1918 and 1920).  The fact that these droughts did 359 
not lead to famine deaths appears to be the result mostly of more effective government 360 
responses.  Nonetheless, there is some evidence that post-1900 droughts have been less 361 
severe than those earlier in our period of analysis; of the ten most severe soil moisture 362 
droughts (based on monthly extents) we identified, six occurred in the pre-1900 period (first 363 
30 years of our 146-year period of record). 364 

 365 
 Despite substantial population growth between 1900 and 2016, famine deaths have been 366 

essentially eliminated in modern India.  The primary reasons are better food distribution, 367 
and buffer food stocks [Aiyar, 2012], rural employment generation, transportation, and 368 
groundwater-based irrigation [Aiyar, 2012]. While this is a remarkable accomplishment, the 369 
population continues to grow, and there are limits to the primary proximate causes of 370 
famine elimination. Furthermore, rapid depletion of groundwater in northern India [Rodell 371 
et al., 2009; Asoka et al., 2017] raises concerns for food and fresh water security in India.  372 
 373 
 374 
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Figures:  380 
 381 
Figure 1.  Severity-Area-Duration (SAD) curves for the major drought periods in India during 382 
1870-2016 for (a) 3-month, (b) 6-month, (c) 12-month, (d) 24-month, and (e) 48-month durations. 383 
Severity and area (million km2) for seven major drought periods were estimated using SAD 384 
analysis.  385 
 386 
Figure 2. Soil moisture droughts that were coincident with famines. (a) The extent of drought 387 
during June 1873. Cyan polygon shows the famine-affected regions that were identified by the 388 
British Provinces from the map of British India (W. H. Allen and Co. - Pope, G. U. (1880)). (b) 389 
Monthly precipitation (blue, %), temperature (red, ºC) anomalies and areal extent (green,%) of soil 390 
moisture drought. (c-j) same as (a,b) but for different famines during 1870-1900 in India. The 391 
region with soil moisture percentile above 30 is shown with white in (a,c,e,g,i) represents no 392 
drought condition. 393 
 394 
Figure 3. Major soil moisture droughts and their areal coverage (%) that were not associated with 395 
famines. The region with soil moisture percentile above 30 is shown with white represents no 396 
drought condition 397 
 398 
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Figure 3. Major soil moisture droughts and their areal coverage (%) that were not associated with 420 
famines. The region with soil moisture percentile above 30 is shown with white represents no 421 
drought condition 422 
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