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ABSTRACT

The hazard to the city of Mumbai, India from a possible severe tropical

cyclone under the recent historical climate is considered. The authors first

determine, based on a review of primary sources, that the Bombay cyclone

of 1882, documented in a number of print and internet sources and claimed

to have caused 100,000 or more deaths, did not occur. Two different tropical

cyclone hazard models, both of which generate large numbers of synthetic cy-

clones using environmental data - here taken from reanalyses in the satellite

era - as input, are then used to quantify the hazard, in conjunction with his-

torical observations. Both models indicate that a severe cyclone landfall at or

near Mumbai is possible, though unlikely in any given year. Return periods

for wind speeds exceeding 100 kt (the threshold for category 3 in the Saffir-

Simpson scale) at Mumbai itself are estimated to be in the range of thousands

to greater than ten thousand years, while the return period for a storm with

maximum wind speed of 100 kt or greater passing within 150 km of Mum-

bai (possibly close enough to generate a substantial storm surge at the city) is

estimated to be around 500 years. Return periods for winds exceeding 65 kt

(hurricane intensity on the Saffir-Simpson scale) are estimated to be around

200 years at Mumbai itself, 50-90 years within 150 km. Climate change is

not explicitly considered in this study, but the hazard to the city is likely to be

increasing due to sea level rise as well as changes in storm climatology.
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1. Introduction31

We consider the possibility of a major tropical cyclone strike on the city of Mumbai, India. (By32

strike we mean either a landfall near the city, or a cyclone track which takes the center close enough33

to the city that the impacts are comparable to those of a landfall.) The potential impact of such34

an event could be quite large. Mumbai is a low-lying coastal city with a very large population,35

and recent floods in 2005 and 2017 have demonstrated the city’s vulnerability to flooding. A36

cyclone, if it were to produce a large storm surge — with simultaneous high winds and possibly37

heavy rains as well — could be different, and perhaps even more severe than those recent events.38

That possibility motivates our study. We only consider the probability of a cyclone strike itself,39

however. The potential impacts to the city are the subjects of ongoing and possible future research.40

We first argue that, despite the existence of accounts to the contrary, such an event has not oc-41

curred in the modern history of the city, at least since the start of relatively good meteorological42

records in the mid-19th century. This means that historical data cannot be used on its own to43

construct a direct estimate of the hazard in Mumbai. It is nonetheless relevant and instructive44

to examine those data. We consider historical tropical cyclone track data for the Arabian Sea,45

including both those from the satellite era and a longer record (1877-present) from the India Me-46

teorological Department, and study the distribution of tracks in space and time, with particular47

emphasis on the west coast of the Indian subcontinent.48

We then present results from two different statistical-dynamical downscaling models which gen-49

erate large numbers of synthetic tropical cyclones with characteristics similar to those in the ob-50

servations. Because they generate synthetic data sets much larger than those available from real51

observations, they allow us to estimate the risks of much rarer events, including cyclone landfalls52

in Mumbai. The trade-off is that, precisely because the data are synthetic and lacking in adequate53
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verification data for the rare events of interest, the potential for model error must always be con-54

sidered. Comparing two different models, and considering the potential sources of model error,55

gives us at least some idea of the relevant scientific uncertainties. Both downscaling models take56

as input large-scale environmental conditions obtained from large-scale climate reanalysis data57

sets, and thus are consistent with the historical climate. In this study, we do not explicitly consider58

the effects of anthropogenic climate change. These effects may be quite important — at present,59

and even more so in future — but we defer consideration to future studies.60

2. Data and Methods61

In section 3 below, we present an assessment of historical evidence regarding the possibility of62

a cyclone landfall in Mumbai on June 6, 1882. In addition to publicly available texts, this relies on63

sources available in the archives of the India Meteorological Office in Pune, Maharashtra, India,64

as cited below. We then use observationally-derived best track data for tropical cyclones in the65

Arabian Sea. We use the International Best Track Archive for Climate Stewardship (IBTrACS)66

data for the North Indian Ocean (Knapp et al. 2010). We use data specifically from two sources67

within IBTrACS: those from the Joint Typhoon Warning Center (JTWC; these data are labeled as68

”jtwc io”) and those from the University Corporation for Atmospheric Research (UCAR) Global69

Tropical Cyclone ”Best Track” Position and Intensity Data (labeled as ”de834 ni”). The JTWC70

data cover the period from from 1972 to 2016. The UCAR data extend back to 1877, but report71

only intensity categories at Saffir-Simpson thresholds (e.g., 64 kt, 83 kt, 92 kt, etc.) as opposed72

to the 5 kt resolution of the JTWC data. The original source of the UCAR data is the India73

Meteorological Department (IMD); the characteristics of the data set are described in greater detail74

by Mohapatra et al. (2012).75
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We show data separately for the satellite era (1979-2016) and the extended period, 1877-2016,76

based on the JTWC and IMD/UCAR data sets within IBTrACS as described above. Only data for77

the period since 1990 are officially sanctioned by the World Meteorological Organization, but for78

the purpose of understanding the hazard to Mumbai we view it as relevant to consider the longer79

periods. We assume that, in particular, a major cyclone landfall in Mumbai could not fail to have80

been observed in the period after 1877, so that at least for this purpose the data should be adequate.81

Comparing the longer and shorter periods gives some idea of the robustness of the climatology to82

both sampling and historical data uncertainties.83

To assess the risk of events outside the range observed in the historical record, we use two84

statistical-dynamical downscaling models. Both models take large-scale climate data as input, and85

generate synthetic TCs whose geneses, tracks and intensities are dependent on those environmental86

data.87

The first model, denoted here the ”MIT model”, is the the one developed by Emanuel (2006) and88

Emanuel et al. (2008), and used in many subsequent studies of TCs and their responses to climate89

change (e.g., Lin and Emanuel 2010, 2012). The technique begins by randomly seeding with90

weak hurricane-like disturbances the large-scale, time-evolving state given by global reanalysis91

data. These seed disturbances are assumed to move with the large-scale flow in which they are92

embedded, plus a westward and poleward component owing to planetary curvature and rotation.93

Their intensities are calculated using a simple, circularly symmetric hurricane model coupled to a94

very simple upper-ocean model to account for the effects of upper-ocean mixing of cold water to95

the surface. Applied to the synthetically generated tracks, this model predicts that a large majority96

of seed storms dissipate owing to unfavorable environments. Only the fittest storms survive; thus,97

the technique relies on a kind of natural selection. The model is extremely fast and many thousands98

or tens of thousands of storms can easily be simulated. Extensive comparisons to historical events99
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by Emanuel et al. (2008) and subsequent papers provide confidence that the statistical properties100

of the simulated events are consistent with those of historical tropical cyclones. The technique101

requires a calibration constant that determines the overall frequency; in this case, that constant102

was determined to match the observed frequency of all tropical cyclones over the Arabian Sea103

during the period 1980-2015. In post-processing, storms whose lifetime maximum intensities are104

weaker than 40 kt were removed.105

The second model, the Columbia TC Hazard Model (CHAZ) was recently developed at106

Columbia University and presented by Lee et al. (2018). CHAZ also initializes weak vortices107

randomly, but derives its global formation rate and the local probabilities at each location from a108

version of the TC genesis index (TCGI, Tippett et. al. 2011). Similar to the MIT model, a beta109

and advection model moves the synthetic TCs. Then a stochastic, multiple linear regression model110

informed by large-scale environmental conditions (Lee et al. 2015, 2016) is used to calculate each111

storm’s intensity evolution.112

For this study, the MIT model was used to generate 3939 years of tracks over the Arabian Sea113

using environmental conditions from 1979 to 2015 derived from the National Center for Environ-114

mental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay115

et al. 1996). The CHAZ model was used to generate 3840 years of tracks using environmen-116

tal conditions from 1981 to 2012 derived from the ERA-Interim reanalysis (Dee and coauthors117

2011). The Arabian Sea TCs considered here are storms which reach at least tropical storm (35kt)118

strength and form in the Arabian Sea. In addition, both models were used to generate around 9000119

years of tracks for storms that pass within 150 km of Mumbai. The Mumbai storms can form out-120

side of the Arabian Sea, i.e., in the Bay of Bengal. Using the stochastic intensity model, there are121

40 ensemble members of each of the synthetic tracks produced by CHAZ. Thus, when considering122
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the intensity ensemble, CHAZ has 153,600 years of data in the Arabian Sea, and 360,000 years of123

data for Mumbai storms.124

Without calibration, CHAZ has a low bias in its genesis frequency in the Arabian Sea, as well125

as in the frequency of storms that pass within 150 km of Mumbai. To remove the influence of the126

genesis bias, we modify the sample period based on the observed frequencies. For example, there127

are 149 TCs in the Arabian Sea over the observed 138-year history, for an average of 1.08 TCs128

per year. One of the CHAZ intensity ensemble members, for example has 2279 synthetic storms.129

We consider this to represent a period of 2110 years (2279 divided by 1.08) to obtain a calibrated130

track set. This modified period is referred to below as the ”adjusted period”. There is no adjusted131

period for the MIT model, because the model is already calibrated, as mentioned above.132

3. Results133

a. The 1882 Bombay Cyclone Is a Myth134

A number of prominent sources, both online and in print (e.g., Wikipedia; Emanuel 2005; Long-135

shore 2008), document a deadly cyclone landfall in Mumbai (then Bombay) on June 6, 1882. Most136

of these sources cite a death toll of 100,000 people, which would have been approximately one137

eighth of the population of the city at that time. Some sources describe a storm surge of 6 meters,138

which — at least if it were to happen close to high tide — certainly would have been devastating139

to the low-lying city. If this event were to have occurred, knowledge and understanding of it would140

have great importance for any assessment of the city’s current and future risk.141

Most of the sources provide little detail or description of the 1882 event. Many of them are142

simply lists of the worst tropical cyclone disasters in known world history, with the Bombay cy-143

clone of 1882 included among them. One source (Longshore 2008) provides a paragraph; this144
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is the most extensive description of which we are aware. No text of which we are aware listing145

or describing the Bombay cyclone of 1882 cites any primary historical source. There are, how-146

ever, primary historical sources available which extensively document the cyclones occurring in147

the Arabian Sea during this period.148

The India Meteorological Department (IMD) maintains archives of cyclone tracks as well as149

daily weather summaries from 1877-1970 for both the Bay of Bengal and the Arabian Sea. Maps150

are available in particular for all cyclones occurring in each calendar month during the period151

1877-1883. The map for June (Fig. A1) shows no cyclone originating in the Arabian Sea. The152

single cyclone shown whose track reached the Arabian Sea did so after traversing the subcontinent153

from east to west (after its origin in the Bay of Bengal and subsequent landfall in Odisha), and this154

cyclone did not pass close to Bombay, rather traversing to the north in Gujarat.155

J. Eliot’s Cyclone Memoirs provides a brief account of all recorded cyclones over the Arabian156

Sea during 1648-1889. This report mentions a 44th storm during 27 May 2 June 1881 and sub-157

sequently a 45th storm over the Arabian Sea during 3-4 July 1883 (Fig. A2). Eliot mentions no158

storm over the Arabian Sea during 1882. Also available in the archive of IMD are daily weather159

reports prepared for Revenue and Agricultural Department during the period of interest. The rele-160

vant weather summary was written by Mr. H. F. Blanford. Blanford’s summary of the period 5-7161

June 1882 (Fig. A3a-f) mentions no storm near the Bombay coast, nor any flooding. The Bombay162

station’s meteorological report printed in the daily weather report also shows no indication of a163

cyclonic storm. It does show that on 6 June 1882, Tuesday, Bombay station reported a thunder-164

storm (Figure 3d). Given the reporting practices at the time, this implies that the Bombay station165

experienced a thunderstorm sometime during between 10 AM on 5 June and 10AM of 6 June. This166

thunderstorm report by the Bombay station may have some connection with a newspaper report167

published by The Bombay Times (available online) which mentions a severe thunderstorm on Fri-168
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day 2 June 1882. Blanford’s weather summary for all the days during the first week of June1882169

indicated onset of southwest monsoon over Bombay region and overcast skies associated with170

heavy rains from many surrounding stations. The occurrence of thunderstorms over west coast171

during the onset of south-west monsoon is a common phenomenon, and could not have caused the172

great destruction described in accounts of the Bombay Cyclone of 1882.173

While it is difficult to prove a negative, and we make no claim to exhaustiveness in our search,174

it appears that the Bombay cyclone of 1882 did not occur. At least, no such event happened on175

June 6, 1882, and it appears unlikely that it occurred on any date close to that. While it remains176

possible that a similar event occurred at a different time, we have uncovered no evidence of one.177

Apart from meteorological archives, it is difficult to imagine that a disaster in which 100,000178

people were killed, in a city of Bombay’s size and importance — and one which was a major179

center of the British empire at the time — could have gone undocumented in historical records. A180

cursory search, supplemented by communication with a historian with expertise in 19th century181

India (G. Prakash, pers. comm.), reveals no such documentation of such an event. Given these182

considerations, it appears to us most likely that the event simply did not occur at all.183

If we are correct that the Bombay cyclone of 1882 is fictional, that leaves the interesting ques-184

tion of where the accounts originated. The earliest accounts of which we are aware are in US185

newspapers from the mid-20th century (e.g., Hall, 1947; Chester, 1964). As with the more recent186

accounts, these articles do not describe the Bombay cyclone in any detail; it appears as a brief187

entry in a list of historical cyclones. No sources are provided.188

b. Historical tracks189

Fig. 1 shows historical cyclone tracks from the period 1979-2016. The climatology of TCs in the190

Arabian Sea during this period is described in more detail by Evan and Camargo (2011). Storms191
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occur primarily in the pre- and post-monsoon seasons, and are absent during July-September,192

being suppressed by the strong vertical shear associated with the monsoon. They are infrequent,193

with the average annual total being around 1-2 storms per year. Tracks in Fig. 1 are color-coded194

by maximum sustained wind speed (or intensity) using the Saffir-Simpson scale. Most Arabian195

Sea storms are weak, not exceeding Tropical Storm intensities (35-65 kt, or 17-33 m/s) but a few196

reach high intensities. No intense storms made landfall close to Mumbai (indicated by the black197

star) during this period, though a couple of weaker ones did so to the south. Of particular interest198

are two storms that made landfall in Gujarat, to the north of Mumbai, during this period. One is199

the 1998 Gujarat cyclone (Joint Typhoon Warning Center designation: 03A; India Meteorological200

Department designation: ARB 02). Both of these made landfall as storms powerful enough to201

generate significant storm surges. The 1998 storm is reported to have produced a surge of 4.9m202

(16 feet).203

Also apparent in this figure is a relative absence of tracks altogether (either low- or high-intensity204

storms) along and just offshore of the west coast of India south of Gujarat, including the region205

around Mumbai. There appears to be a preference for storms to move from south to north (or east206

to west) in this region, with very few storms acquiring a sufficient eastward component to their207

translation velocity at a location far enough south to strike Mumbai.208

Fig. 2 shows the tracks from the extended data set from 1879-2016. The number of tracks is209

naturally much larger than in Fig. 1, though the observational uncertainties are larger due to lack of210

satellite observations, particularly early in the record. We note that towards the end of this period,211

just before the period shown in Fig. 1, the so-called Porbandar cyclone of 1975 made landfall in212

Gujarat. Dube et al. (1985) report that this storm produced an observed storm surge of 2.7m at213

Porbandar based on a post-storm survey, in reasonably good agreement with their simulated value214

of 2.2m at that station, and the same simulations indicate surges as large as 4.1m further south215
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along the coast. As in Fig. 1, a preference for landfalls in Gujarat vs. further south is apparent in216

Fig. 2, as is a relative dearth of tracks close to the coast to the south.217

Since the total number of storms even in this extended sample is modest, an important question218

is to what extent this sample would be representative of a longer time period (including possible219

influences from low-frequency climate variability), and just how unlikely it would be for a cyclone220

particularly an intense one such as the 1975 or 1998 Gujarat storms to turn right while moving221

northward and make landfall near Mumbai.222

Fig. 3a, b show accumulated cyclone energy (ACE) densities for the satellite-era and extended223

best-track data respectively. ACE density is defined as the sum of squared maximum wind speeds224

over all six-hour periods when the storm is within a given grid box. The images are qualitatively225

similar in most respects, with the highest values in the northeast Arabian Sea south of Gujarat.226

The region of low values offshore of Mumbai is less apparent in the extended data set than it is227

in the satellite era, however, suggesting that perhaps the satellite era is not representative of the228

true long-term climatology in this respect. The satellite era data also show greater values of ACE229

further offshore, raising the possibility that some storms which did not make landfall (or did not230

do so in or near India) might have been missed in the earlier record.231

c. Synthetic tracks232

In this section we show synthetic tracks from CHAZ and the MIT model. Fig. 4 shows ACE233

densities; these can be compared with the observed plots in Fig. 3. In both models, the values of234

ACE are lower and the patterns are smoother (Fig.4a, and 4c) than those in observations (Fig.3). In235

CHAZ, the low bias is partially due to the biases in the formation rate. Using the adjusted period236

defined in Section 2, the peak values of the ACE (Fig. 4b) become larger, and closer to those in237

Fig. 3 as well as those in the MIT model (Fig. 4c). The smoother ACE pattern and lower values in238
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Fig. 4b and 4c occur also in part because we are using tracks from periods much longer than that239

of the observational record. When using only 32 years of model data (not shown), the sharpness240

and the peak value of the simulated ACE are similar to those in Fig. 3a.241

Fig. 5 shows the 30 most intense synthetic storms to come within 150 km of Mumbai over242

9000 years in both models. Tracks are color-coded by intensity as in figs. 1 and 2. We see that243

both models produce storms that reach Mumbai’s vicinity at much higher intensities than have244

been observed. While this could, of course, be due to model error, it is also possible (and in245

our view likely) that storms at these intensities are possible near Mumbai, but rare, and have246

not been observed only due to the shortness of the observational record. Fig. 6 shows intensity247

vs. annual exceedance frequency (a) and return period (b), respectively, from both models and248

observations. For the lesser intensities and shorter return periods resolved well by the observations,249

both models predict greater hazard (lower return periods at a fixed intensity) than observations,250

with the MIT model giving slightly greater hazard than CHAZ. Because there are very few storms251

with intensities lower than 40 kt left in the MIT dataset after post-processing, we remove estimated252

return periods corresponding to wind speeds below 40kt. For the longer return periods not resolved253

by the observations, the results from the two are similar at intensities of 100-110 kt with return254

periods of 200-500 years. After that, the results differ, but both predict non-zero probabilities of255

high-intensity storms.256

To estimate the return period curves for actual wind speed at Mumbai, we use a parametric wind257

model from Chavas et al. 2015 (CLE15). CLE15 is a theoretically-based parametric wind model258

that takes a measure of azimuthally averaged maximum surface wind at at the radius of maximum259

wind (RMW) and outputs an azimuthal mean radial profile of surface winds. We then unfold the260

radial mean profiles to produce 2-dimensional wind fields and add motion-induced asymmetries.261
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CHIPS in Emanuel’s model generates its own RMW through explicit internal dynamics. For262

observed and the synthetic CHAZ storms, we use the climatological equation for RMW from Knaff263

et al. (2015; see Equation 1 therein). This climatological equation is derived using reconnaissance264

data from the Atlantic and western North Pacific basins. It is a function of TC intensity and265

latitude. Using independent data, Knaff et al. (2015) shows this equation explained 17% of the266

observed RMW variance in the western North Pacific and 33% in the Atlantic. For the 9000 years267

of Mumbai records, the mean RMW estimated using the Knaff et al. (2015) equation in CHAZ is268

77 km with a standard deviation of 22 km. RMWs in the MIT model have a mean of 97 km and269

a standard deviation of 55 km. Both RMWs have similar dependence on latitude and intensity,270

increasing slightly with latitude and decreasing with storm intensity; these relationships occur by271

construction when using the Knaff et al. (2015) equation.272

With these RMWs and CLE15, the return period curves for actual wind speed at Mumbai are273

calculated and shown in Fig. 6 (thick dashed line). For weaker wind speed thresholds, the esti-274

mated return periods in CHAZ, in the MIT model, and in observations are close to each other over275

most of the range shown. Larger differences in the return period curves between the MIT model276

and CHAZ remain at longer return periods. The differences between the two models for both sets277

of return period curves — for actual wind speed at Mumbai and for storm intensity within 150 km278

— are sensitive to the RMW. To examine the sensitivity of return period curves to RMW, we con-279

ducted experiments with CHAZ using constant RMW values ranging from 30 km to 110 km with280

a 20 km increment. The estimates of RMW from Knaff et al. (2015) are approximately within this281

range for most storms in our model.282

As expected, the larger the RMW, the shorter the return period is at the same actual wind speed.283

The return period for a wind speed at Mumbai of 100 kt is 3339 yr in the MIT model; with284

the Knaff et al. (2015) relation for RMW, the return period for 100 kt is estimated at 21000 yr285
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in CHAZ, but is not adequately resolved as there is only one event exceeding that threshold in286

our sample. For larger values of RMW, held constant for all storms, the return period in CHAZ287

decreases, since the storm center need not come as close to Mumbai in order to generate high288

winds there; the values are 5281, 1509, 918, and 812 yr with RMW values of 50, 70, 90, and 110289

km respectively. For a storm with a maximum intensity of 100 kt whose center passes within 150290

km of Mumbai, the return periods are 541 yr in CHAZ (using Knaff et al. (2015)), and 509 yr in291

the MIT model. For the lower threshold of 65 kt (the minimum value for hurricane intensity on292

the Saffir-Simpson scale), the return periods for wind at Mumbai are 236 yr in the MIT model and293

224 yr in CHAZ, while those for a 65-kt storm passing within 150 km of Mumbai are 49 and 97 yr294

in the MIT model and CHAZ respectively (using the Knaff et al. relation for RMW in the latter).295

4. Discussion296

This study is limited in a number of ways. In the first place, we measure tropical cyclone hazard297

only in terms of wind speed. While wind could potentially do great damage in Mumbai, the most298

severe outcomes would be likely to result from flooding. Heavy precipitation from a slow-moving299

TC could certainly cause a major flood, comparable to the one in 2005 (or perhaps even greater,300

as the very heavy rains in that event were limited to only part of the city). Storm surge, however,301

may pose the greatest threat.302

We have not evaluated storm surge risk here, but are investigating this in ongoing research. This303

work is hindered by the fact that, as far as we can tell, no digital elevation model is publicly avail-304

able for Mumbai with sufficient resolution and accuracy to simulate inundation in the city reliably.305

At this point, we can simply hypothesize with some support from our preliminary calculations306

(not shown) that a TC at the higher end of the intensity spectrum shown above would have the307
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potential to create a surge of several meters. This could cause extensive inundation, particularly if308

the peak surge were to occur close to the time of high tide.309

The second major limitation of our study is that we do not consider the effects of anthropogenic310

climate change. We consider the entire historical period as a single entity, without examining311

trends, and our hazard model simulations are conditioned on the recent historical climate. Recent312

studies with relatively high-resolution global dynamical models have concluded that Arabian Sea313

TC activity is likely to increase in the future as the climate warms (Murakami et al. 2013) and that,314

in fact, the observed recent increase in occurrence of high-intensity storms is already attributable315

to anthropogenic warming (Murakami et al. 2017). Increases in Arabian Sea TC activity are ex-316

pected in a warming climate as a consequence of increases in Arabian Sea surface and upper ocean317

temperatures, not only in an absolute sense but also relative to those in the Bay of Bengal. The318

relative Arabian Sea warming is a robust signal in simulations of greenhouse warming, meaning319

that it is consistent across many models (e.g., Zheng et al. 2013; Liu et al. 2015; Yao et al. 2015).320

This does not mean that it is necessarily correct, and it has been argued that the relative Arabian321

sea warming is an artifact (Li et al. 2016) though that conclusion has again been questioned on322

methodological grounds (Wang et al. 2017). While this debate may not be settled, we view it is323

still quite relevant at this time to consider the implications of the warming projected by the models.324

In a future study we will apply our hazard models to address the anthropogenic influence by325

using those models to produced downscaled TC tracks from simulations of future climate scenarios326

from the CMIP ensembles. Since TC behavior is conditioned on large-scale environmental data327

in both models used here both are suited to consider how changes in the large-scale climate will328

influence TC activity, and the MIT model has already been used for studies of this kind in other329

regions (e.g., Lin et al. 2010, 2012). At present, we simply speculate that the results presented here330

underestimate the hazard that Mumbai faces - not only in the future, but even in the present, given331
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that some warming has already been realized and appears to have increased the hazard compared332

to just a couple of decades ago (Murakami et al. 2017).333

5. Conclusions334

In this study, we have assessed Mumbai’s tropical cyclone (TC) hazard in the recent historical335

climate. Our interest is in the probability that the city could be struck by a high-intensity TC, one336

potentially powerful enough to generate a large storm surge in addition to direct wind damage,337

although surge is not explicitly considered here.338

We first addressed previously published accounts of a major TC landfall in Bombay (the prior339

name of Mumbai) on June 6 1882. Primary sources from the time show no indication that any340

such cyclone occurred, and we draw the conclusion that none did occur. We do not know the341

original source of the apparently fictional accounts indicating that one did. Our conclusion here342

was published earlier by Ghosh (2017), but we view it as important to document it in the peer-343

reviewed scientific literature as well.344

We then presented statistics of TC tracks from historical best track data, from both the satellite345

era and a longer historical period beginning in the 19th century, as well as from two hazard models346

which generate synthetic tracks consistent with the historical record. The hazard models generate347

synthetic records much longer than the historical one, allowing hazard at long return periods to348

be assessed. The obvious limitation is that the models are not reality, and could have systematic349

errors. The difference between the two different models gives at least a very crude and preliminary350

notion of what the scientific uncertainty may be at these longer return periods; while multi-model351

ensemble spread is not true uncertainty and an ensemble of two models is a very small one in any352

case, it is nonetheless preferable to a single model.353
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The results indicate that, despite the absence of major TC strikes in Mumbai’s recent history,354

there is a finite probability that one could occur. The return period of a storm with maximum sus-355

tained winds exceeding 100 kt (category 3 or higher on the Saffir-Simpson scale used in the US;356

the threshold for an Extremely Severe Cyclonic Storm on the scale used by the India Meteorologi-357

cal Department is 90 kt) passing within 150 km of Mumbai is on the order of 500 years according358

to both models used here. The return period for winds of that intensity at Mumbai itself is in the359

range of ∼3000 yr (MIT model) to greater than 10000 yr (CHAZ). Return periods for 65 kt winds360

are ∼200 yr (in both models) for actual wind at Mumbai, 50-90 yr (in both models, consistent with361

observations which marginally resolve these periods) for intensity within 150 km. While storm362

surge hazard is a topic for future work and not assessed here, and the surge depends not only on363

maximum wind speed but also storm track, translation speed, size, and other parameters, our result364

nonetheless suggest that a storm of sufficient intensity to generate a large surge along Mumbai’s365

coast, and significant inundation in the city, particularly if the peak surge were to occur close to366

high tide, is possible.367

The historical tracks show a number of major cyclone landfalls over the last few decades in368

Gujarat, to Mumbai’s north along the Arabian Sea coast. These storms reach the coast traveling369

northward from further south, and spare Mumbai by not turning right. To what extent this is a fun-370

damental feature of the regions TC climatology, as opposed to an accident of historical sampling371

in a region where TCs are rare overall, is an interesting subject for future study. Here, in addition372

to pointing out that the hazard models do produce major TC landfalls near Mumbai, we also sim-373

ply note that the absence of a given track type in relatively short historical records is no guarantee374

that a track of this type cannot occur in the future. This was demonstrated vividly, for example,375

by the recent left-turning track of Hurricane Sandy (2012) in the North Atlantic, resulting in the376
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subsequent unprecedented near-perpendicular landfall in New Jersey (Hall and Sobel 2013), and377

major impacts on New York City and the surrounding region (e.g., Sobel, 2014).378

Our study is only a first step in assessing Mumbai’s risk. Besides omitting any explicit consid-379

eration of either storm surge or precipitation, we also do not address the role of anthropogenic380

climate change, which other recent studies indicate is increasing the proclivity of the Arabian Sea381

towards major cyclone activity, suggesting that our results underestimate the present and future382

hazard. Sea level rise, of course, is also increasing the flood hazard from storm surge from any383

given level of TC hazard (e.g., Woodruff et al. 2013; Walsh et al. 2016). Work in progress will384

address some of these issues and will be reported in due course. Analysis of the future economic385

risk to coastal cities worldwide from sea level rise has ranked Mumbai among those cities most at386

risk globally (Ranger et al. 2011; Hallegatte et al. 2013); to our knowledge these analyses have387

not explicitly considered the storm surge hazard from a potential major tropical cyclone, having388

been based on historical tide gauge data which include no such event. While the probability of389

a major TC landfall in Mumbai is small, our results suggest it is large enough that, particularly390

given the citys coastal exposure, low elevation, large population, and economic and cultural im-391

portance, this problem bears further consideration, both from scientific and operational points of392

view. A TC landfall in Mumbai with widespread inundation caused by storm surge would likely393

pose major difficulties both for short-term emergency management and longer-term recovery, but394

well-informed preparations could reduce these. Additional studies of the risks to Mumbai’s popu-395

lation, economy and infrastructure from a potential major TC landfall would be justified, as would396

planning to reduce those risks.397
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FIG. 1. Historical best tracks, 1979-2016, color coded by intensity using the US Saffir-Simpson scale.

25



FIG. 2. Tropical cyclone tracks from the India Meteorological Departments extended data set, 1879-2016,

color coded by intensity using the US Saffir-Simpson scale.
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FIG. 3. Observed ACE density from a) 1979-2016 and b) 1879-2016.
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FIG. 4. ACE (m2s−2yr−1) from (a-b) CHAZ and (c) the MIT model. ACE in (a) and (c) is computed by

dividing the total ACE (sum of squared wind speed over all storms in the sample) by the data sample period

while in (b) we divide by the adjusted period (a shorter number of years), to calibrate for the low frequency bias

in CHAZ as described in the text. The periods used are labeled on the upper left corners of the plots..
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FIG. 5. Tracks of the 30 most intense storms to come within 150 km of Mumbai in the Columbia (a) and MIT

(b) models.
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FIG. 6. (a) Annual frequency of exceedance for intensities of storms passing within 150 km of Mumbai from

observations (black) CHAZ (red) and the MIT model (blue). (b) return period (year) of storm intensity within

150 km of Mumbai (solid lines) and actual wind speed experienced at Mumbai (dashed lines). The red thin

dashed lines are the estimated return period curves of actual wind speed using constant RMW values varying

from 30 km to 110 km in 20 km increments.
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Fig. A1. Photo (left) of tracks of cyclones and depressions for the month of June during 1877-1883, and

(right) cover of the document from which the photo in (a) was obtained. (Courtesy: IMD Library archive.)

527

528

31



Fig. A2. (left) Cover page of Cyclone Memoirs written by J. Eliot and published in 1891, (right) list of

cyclones during May-June of 1881 and July 1883.
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Fig. A3. Weather summary by H. F. Blanford for June 5, 6, and 7, 1882 (a-f).
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