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Abstract

Globally, mountain systems are unevenly exposed to risks of extreme precipitation. Within the
Himalayan region, precipitation extremes are a rising concern, but their current understanding
is limited. In this study, we use 113 years of precipitation data to rank and characterise
precipitation extremes in the Indian Western Himalayas (IWH). Our statistical ranking method
integrates precipitation spatial extent and its intensity across different durations for
determining the severity of extreme events. The proposed ranking method advances
conventional single-day event ranking methods by accounting for multi-day duration to
capture persistent precipitation episodes. Results show that the method accurately detects and
ranks the most extreme precipitation events that occurred in the IWH and indicate locations of
these events. Our results highlight that critical long duration events in the region (e.g. 10 days)
are missed at ranks at shorter duration (e.g. 2-3 days), thereby highlighting the importance to
multi-day precipitation extremes ranking. In addition, the proposed ranking method provides
information with confidence about the event duration that will be associated with the highest
impact on society, carrying high significance. Our findings are valuable for flood risk

management and disaster risk reduction.

Keywords: Precipitation; Extreme; Multi-day ranking; Western Himalayas; Climate Change,

Mountains
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1 Introduction

Human-induced global warming is changing the frequency and magnitude of weather-related
extremes (Pachauri et al., 2014). In particular, intense precipitation events and associated risks
are expected to occur more frequently over Asian regions, especially over India, Bangladesh,
and China (Goswami etal., 2006; Parry etal., 2007). Although a uniform and consistent decrease
in moderate precipitation has been reported across India (Ghosh et al., 2012), precipitation
extremes have changed in a heterogeneous way over India in the past half-century (Rajeevan
et al., 2006; Krishnamurti et al., 2013; Guntu et al., 2020). This variability in the occurrences of
precipitation extremes in space and time is a consequence of different interacting drivers and

complex geographical features (Nicholls et al., 2012).

The Indian Western Himalayan (IWH) region is prone to severe weather conditions due to the
joint mechanism of the Indian Summer Monsoon (ISM) and-Western Disturbances (WDs). ISM
is usually relevant between June and September (JJAS), and WD is dominant from December to
March (DJFM, Krishnan et al, 2019). The climate of the Himalayas is strongly influenced by
different types of wind systems, such as mesoscale cyclonic storms, snowstorms, and other
high-speed winds along with cloudbursts (Das and Meher, 2019). The combination of these
highly energetic phenomena and the pronounced orography often results in sudden
precipitation extremes (Nandargi and Dhar, 2011) that cannot be predicted effectively. While
daily and sub-daily precipitation extremes usually result in urban and small stream flash
flooding, long-duration precipitation episodes can lead to large-scale river floods, inducing
major socio-economic impacts (Shukla et al., 2019; Kumari et al., 2019) and other adverse
consequences such as deep landslide movements (Ozturk et al., 2018). Precipitation extremes
have become a severe concern in recent decades in the IWH region due to higher vulnerability

of the society to such events (Das and Meher, 2019).

Several studies have attempted to understand the past changes of extreme precipitation events
in the IWH; however, two major gaps remain. Firstly, past assessments are restricted to limited
spatial extents often based on a case-by-case approach for a few stations only (Nandargi et al.,
2016, Kumari et al,, 2019, Priya et al.,, 2017). Secondly, ranking and characterisation of extreme
precipitation events using high-resolution long-term data at high spatial scale are scarce over
India, and absent for the IWH region, to the best of our knowledge. To fill these gaps, we analyze
the spatio-temporal changes in the precipitation extremes using a high-resolution and long-
term dataset. This understanding will be extremely useful to inform disaster management and

to develop risk reduction strategies to mitigate adverse impacts. For instance, a simultaneous
3
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100 increase in magnitude and spatial extent, as shown for river floods in some regions of Europe
101  (Kemter et al,, 2020), represents important information for emergency response and disaster
102 recovery. In fact, as the probability of simultaneous events increases it implies that resources

103  and funds need to be provided at many locations at the same time.

104  Several methods have been proposed in recent years to rank and characterise extremes in
105 different regions of the world. For instance, Miiller and Kaspar (2014) developed an ‘event-
106 adjusted’ method based on the optimization of the event area and the time duration. Ren et al.
107  (2012) presented a similar threshold-based objective method for identification of regional
108 extreme events considering their impact area and duration. Ramos et al. (2014, 2017)
109 developed an objective ranking method to evaluate daily precipitation and multi-day
110 precipitation extremes by taking into account both the area and average intensity of the event.
111 They used a season-dependent definition for extreme events emphasising that these must have
112  large departures from climatology. Begueria et al. (2009) presented a methodology for
113  continuous seasonal mapping of peak intensity, magnitude and duration of extreme
114  precipitation events based on the extreme value theory for a region in the north-eastern Iberian
115  Peninsula. With the aim of quantifying the severity of large-scale flood events, Uhlemann et al.
116  (2010) and Schroter et al. (2015) defined a severity index, which considers both spatial extent

117  and magnitude by integrating the flood-affected river network length with the flood magnitude.

118  Our study has two main objectives: (i) to understand the seasonal and long-term changes in
119 frequency and magnitude of extreme events over the 113-year period 1901-2013 for IWH; and
120  (ii)-to develop an objective ranking of extreme precipitation episodes for different durations
121 (from 1 to 10 days) for the entire IWH exploiting the long-term, high-resolution precipitation
122  dataset. The study provides important information on the seasonality and long-term trends in
123  the frequency of extreme precipitation events, along with information on the locations of the
124  highest ranked events. Further, the study objectively ranks and characterises the nature of
125  extreme precipitation events for the 113-year period using a statistical approach adapted from
126  Ramos et al. (2014, 2017). It incorporates three matrices, i.e. spatial extent, magnitude, and
127  duration, for ranking the extreme event. The rationale behind this approach is to integrate,
128  besides the event intensity, its spatial extent and duration, as these characteristics can be
129  decisive for the event impact on society (e.g. Uhlemann et al., 2010, Dung et al., 2015). Hence,
130 thehighest-ranked events have a large spatial spread and, simultaneously, are characterised by

131  large departures from the local climatology for that time of the year. After combining the

4
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information on magnitude and spatial extent, we examine and include the information on the

duration of each event.
2 Study Area

The Himalayan mountain range plays a dominant role in controlling the weather and climate of
the Indian subcontinent (Krishnan et al, 2019). As demonstrated by Krishnan et al. (2019)
through numerical model simulations, the 'southwest monsoon' will cease to exist if the
'Himalayas' are removed from their current position. The rugged topography enhances heavy
rainfall in the river catchments of the Himalayas resulting in hydrometeorological extremes
with cascading adverse impacts on humans, their assets and the environment (Pandit, 2013,
Priya et al,, 2017). Monsoonal rainfall (JJAS) and Western Disturbances (D]JF) are two major
atmospheric circulation patterns bringing rainfall in IWH, consisting of the three states Jammu

& Kashmir (JK), Himachal Pradesh (HP) and Uttarakhand (UK) (Fig. 1a).

[Please insert figure here]

Figure 1: (a) Topography of the Indian Western Himalayas (IWH) consisting of the three
states Jammu & Kashmir (JK), Himachal Pradesh (HP) and Uttarakhand (UK), (b) annual
frequency and (c) seasonal frequency of occurrence of precipitation-related disasters in
the IWH region since 1900 as per EM-DAT data (D. Guha-Sapir et al n.d.,) (d) annual
number of deaths in the IWH region due to hydro-climatological hazards as per EM-DAT
data.

The IWH region showcases a complex topography with elevation ranging from 184 m in the
valleys to 8500 m at mountain peaks (Fig. 1a). The complex topography strongly affects the
spatial distribution of rainfall (Joshi and Kumar, 2007; Kumari et al., 2017). Increasingly,
extreme weather conditions and natural disasters are becoming common in IWH (Fig. 1b), and
in most cases, disasters are triggered by high rainfall events. There is a strong seasonal pattern
in the frequency of events (Fig. 1¢) with disasters occurring mainly during monsoonal rains and
WDs. The frequency of disaster occurrence in the IWH region increased significantly in the 20th
century. Moreover, trends in annual losses in terms of the number of deaths shows a
remarkable increase after 1990 (Fig. 1d). The extremes and related disasters over these years
caused high socioeconomic impacts in terms of casualties, affected people, and economiclosses.

The observed trend of precipitation extremes has direct implication not only for the
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163 communities in the IWH, but also for water-resource managers and decision makers, as

164  growing risks demand preparedness decisions (Singh et al., 2014).
165 3 Dataand Method

166 3.1.Precipitation data

167 We use the high-resolution (0.25°x0.25°) gridded daily rainfall data from the Indian
168  Meteorological Department (IMD) developed by Pai et al. (2014). Given the sparse and uneven
169 distribution of rain gauges in the region, a gap-free, continuous and gridded data was generated
170  using daily rainfall measurements. The station data was converted to gridded data through
171  spatial interpolation by employing the Inverse Distance Weighted scheme. The data is freely
172  available at the archive of the National Data Centre, IMD, Pune (see section data sources) for
173  the period 1901 to 2013.

174

175  3.2. Ranking method

176  Itcan be rather difficult to evaluate extreme events that cover areas with significant differences
177  in the average precipitation on a daily scale. This difficulty is further compounded by large
178  differences in the variability of the local precipitation. Therefore, the use of daily normalized
179  precipitation anomalies (that take into account the different variability range in each grid
180 point) corresponds to a key step to obtain a meaningful ranking of daily precipitation extremes
181  in the IWH (Ramos et al.,, 2014). It allows characterizing each day taking into account not only
182  the severity of the precipitation but also the associated spatial extension. To rank precipitation
183  extremes over multi-day accumulated periods, a three-step method is used, following the

184  methodology previously developed Ramos et al. (2017).

185  Step 1: We use the daily normalized precipitation anomalies (A¢; ;) given by
Peij— Ueij (1

Oc,ij

Acij =

186  where P, ; is the precipitation value, u, i jis the daily Julian mean, and o ; is the daily standard

187  deviation (SD) for a particular year and day (c) and for a particular grid point (i, j). Only days
188  with precipitation above 1 mm (wet days) are taken into account in the computation of the daily
189  climatological series. The daily Julian mean and SD are computed for the entire observational

190 period 1901-2013 (i.e. 113 years). A 7-day running mean is applied afterwards to the

6
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climatological series to smooth the noisy time series. Therefore, for each day and each grid

point, a normalised precipitation departure from climatology is computed.

Step 2: We compute the accumulated precipitation anomalies (Eg. 2) for a certain period p over

multi-day periods (n).

- (2)
AAC,i,j = z AC,i,j
c=1

The 3-day accumulated precipitation anomaly, for example, on 5 September 1995 corresponds

to the sum of the normalized precipitation anomalies relative to 3-5 September 1995.

Step 3: The final step computes the magnitude of the precipitation extreme for each
accumulated precipitation anomaly period. We have adopted the procedure proposed by
Ramos et al. (2014). The magnitude of extreme events is given on a daily basis by an index that

is obtained after multiplying two values:

@ the area (A, in percentage of IWH) that has precipitation anomalies (at each time scale)
above 2 standard deviations SD, and
@ the mean value of these anomalies (M) for all the grid points that are characterized by

precipitation anomalies above 2SD.

So, for single-day ranking, the magnitude (Rq) is calculated using a single-day anomaly (Ac;;)
and for multi-day rankings, the magnitude (Rm) is computed using the accumulated anomaly
(AA.;;) for that day over all grid points. The 2SD threshold corresponds roughly to the 95%
percentile of the daily precipitation distribution at each grid point. However, the methodology
can be easily adapted, for instance, by increasing the SD threshold when particularly extreme

events are of interest.

3.3 Selection of critical duration of extreme event ranking

Theoretically, the ranking method can be applied to any event duration. To obtain sensible
values for the duration of extreme precipitation events in the IWH, we compute the critical
event duration. We define this value as the duration beyond which the mean ranking magnitude
of extremes (R) remains constant with increasing duration. The mean magnitude of the top 5,
20, and 100 events increases with event duration and levels off between 5 and 10 days (Fig. 2).

This agrees with the observation that, for the IWH region, an event lasting longer than 10 days

-
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218  is practically not possible. Thus, we compute 1-day and multi-day rankings up to 10 days. For

219  brevity, we report the results for 1-, 3-, 5-, 7- and 10-day precipitation rankings.

220 [Please insert figure here]
221  Figure 2: Magnitude (Rn) for the first 5, 20 and 100 highest ranked events at various
222 multi-day duration of accumulated precipitation. X-axis denotes duration (i.e. time

223  period) of an event in days. Y-axis denotes the mean magnitude of the event in mm.
224 4 Results and Discussion

225  Section 4.1 reports the seasonal and long-term (113 years) evolution of the magnitude and
226  frequency of extremes at different duration. Section 4.2 presents the results of the ranking for
227 IWH and discusses specific events. The ranking of extreme events is based on the magnitude R
228  that incorporates both percentage area (A, spatial extension) and mean value (intensity of
229  extreme precipitation) for different durations. Finally, we shed light on the major limitation of

230  our approach by discussing specific missed cases in the ranking (Section 4.3).

231 4.1 Seasonal and long-term evolution of precipitation extremes

232  Fig. 3 (a&b) shows the decadal progression of frequency and mean magnitude (R) of the
233  extremes in IWH for different durations. There is a sharp increase in both frequency and
234  magnitude of extreme precipitation in the last three decades. This pattern is in congruence with
235 EM-DAT data (Figure 1b) confirming an increase in disasters in the Indian Western Himalayan
236  and also validating our findings. There is also a pronounced seasonal pattern, similar for all
237  durations, in the occurrence (Fig. 3c) and magnitude (Fig. 3d) of the top 1% events. In both
238 cases, the maxima occurs around August/September and a less pronounced secondary
239 maximum is visible in February. This pattern is explained by the two major atmospheric
240  patterns that are responsible for precipitation over IWH, i.e. ISM from June to September, and
241 WD dominating from December to March. Interestingly, the frequency of extremes increases
242  strongly with duration during ISM (Fig. 3c). These results highlight that, similar to other parts
243  of the world (Marelle et al, 2018), precipitation extremes in IWH have a clear seasonal pattern,
244  which might be changed due to climate warming. Although outside the scope of this study, an
245  assessment of seasonal changes in the occurrence of extremes in IWH is worth considering in
246  future studies.

247

248
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[Please insert figure here]
Figure 3: Distribution of precipitation extremes over IWH. Decadal distribution of (a)
frequency, and (b) mean magnitude of top 1% extreme events for different durations.
Monthly distribution of (c) frequency (d) and magnitude of top 1% extreme events for

different durations.

4.2 Ranking of extreme events

In this section, we present results for 1-day, 3-days, 5-days, 7-days and 10-days extreme
precipitation events ranking in the IWH. Results obtained for the top 10 events are sown in SI
Table 1 and Fig. 4. Interestingly, many events are not independent and they overlap at different
durations, as we can observe there are only 15 (out of 50) unique events. Furthermore, it is
clear from Fig. 4 that the different top 10 ranks are dominated by four events that occurred
respectively in September 1995 (green bars), March 1990 (red bars), September 1988 (white
bars), July 1995 (light blue bars).

[Please insert figure here]
Figure 4: Magnitude (Rm) and rank for the top 10 events at different durations (1, 3, 5, 7,
and 10 days) of accumulated precipitation. Arrowhead indicates the direction of

increasing values.

In particular, the September 1995 and March 1990 events dominate the top 10 ranks with 15
and 13 top ranks, respectively. This dominance exerted by just a few extreme precipitation
episodes is expected to occur at longer durations, since we analyse successive accumulated
precipitation days over relatively long periods. Therefore, 2 or 3 intense precipitation
anomalous days will be sufficient to influence successive periods. In the next subsection, we
present specific cases demonstrating the potential of a single day and multi-day duration

extreme event ranking over IWH.

4.2.1 Single-day extreme ranking

The 1-day first rank event on 02-08-1997 (Fig. 5a) was widespread, with 49% of IWH showing
precipitation anomalies larger than 2 SD. It reached a magnitude of ~10 SD (Fig. 5b). The event
hit the north-eastern section of IWH, with maximum precipitation of 235mm and with
precipitation above 200mm observed at several grid points.

9
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281
282 [Please insert figure here]
283  Figure 5: (a) Spatial distribution of accumulated precipitation (mm) and corresponding
284  standard deviation anomalies (black contour) of a 1-day precipitation event occurring
285 on 02-08-1997. (b) Spatial coverage and magnitude of the extreme event occurring
286 between 31-07-1997 and 05-08-1997. Area means percentage of IWH with precipitation
287 anomalies above 2 SD, magnitude is the mean of anomalies above 2 SD.
288
289  The same event is also present in the 3-days ranking (rank 2 & 10) underlining that it was
290 dominant at the daily scale, but precipitation on the day before and the day after were also
291 relevant (Fig. 5b). In this regard, any ranking methodology focussing on single-day duration
292  (often used in the literature) would be limited in capturing its evolution. The absence of this
293  event from further multi-days ranking (5-, 7-, and 10-days ranking) shows that the extreme
294  event occurred only for 3-4 continuous days (i.e. 1-4 August). This event occurred prior to a
295  highly localised cloud bursting event over Chiragaon village in Shimla district of Himachal
296  Pradesh between 8-14 August 1997 resulting in 135 fatalities along with 20 injuries (Source
297 EM-DAT data; Yogendra, 1999; Pathania, 1997). Interestingly, the precipitation between 8-14
298  August 1997 was not extreme and hence did not show up in the top 10 ranking. Thus, it is likely
299 that the extreme precipitation on 1-4 August increased the river flow and decreased the
300 capacity of the soil to absorb further rainfall in the following days. This might have strongly
301 increased the vulnerability to landslides during the subsequent cloud bursting event.
302
303 The rank 2 event (Fig. S1) of 1-day ranking on 05-09-1995 covered a wider area when
304 compared to the top event, affecting an area of 66% of IWH (>2SD), but with a lower overall
305 intensity with a mean anomaly value ~6 SD. The precipitation over some localised grid cells
306 surpassed 300mm, with a maximum value of 425mm (Fig. S1). Most of IWH received rainfall
307 above 150mm. This event is also present at 3-, 5-, 7-and 10-days ranking. This clearly indicates
308 that it is a continuous extreme event expanding over multi-days (at least up to 10 days) and
309 affecting major easterly portions of JK, HP and northwestern portions of UK. The rank 3 event
310 (Fig. S2) of 1-day ranking took place on 09-02-2010 affecting 85% of IWH area (> 2 SD), albeit
311  with comparatively lower intensity ~5 SD. This event is absent at 3-, 5-, 7-, and 10-days
312 rankingsrevealing that it was a single day extreme event. The precipitation on this day attained
313 a maximum value of 127mm. Nevertheless, this event was clearly linked with a landslide
314  causing 17 deaths in Hatia Bala town of JK (Source EM-DAT data; Konagai and Sattar, 2012).
10
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Based on these results, we can re-iterate that the ranking method is highly dependent on
combined indices values that take into account simultaneously the magnitude of the event as
well as the total area affected. This method is certainly more effective than a single metric of

spatial spread or intensity at a single day duration.

4.2.2 Multi-day extreme ranking

Several events, which are not significant on a daily ranking, become significant, based on
intensity and spatial extension at longer time durations. For instance, four events appear in the
3-day ranking category (rank 3, 6, 7 & 9) that are absent in the 1-day ranking. The changes in
the ranking of different duration highlight the importance of multi-day ranking of extremes, as
it is crucial to capture events of varying spatiotemporal characteristics. The extreme event of
05-09-1995 accounts for 15 occurrences (green bars in Figure 4). Below, we provide a more
detailed description of the spatio-temporal progression of the event at short (3-day) and long

(10-day) duration.
Event of 05-09-1995 in short and long duration

Figure 6 (Panel I) shows the cumulative rainfall for the short duration time scales of this event,
for which it is ranked first. The short duration event affected an area of 69% of IWH (>2SD)

with a mean anomaly value of ~12.4 SD.

[Please insert figure here]
Figure 6: Panel I- Spatial distribution of accumulated precipitation (mm) and
corresponding standard deviation anomalies (black contour) of the 3-days precipitation
event on 05-09-1995 i.e. from 03-09-1995 to 05-09-1995. Panel II (a-j)- Spatial
distribution of daily precipitation (mm) and corresponding standard deviation
anomalies (black contour) of the 10-days period spanning between 28-08-1995 and 06-

09-1995. (k) Spatial coverage and magnitude of the extreme event.

The event was not a short-lived one and lasted for a considerable longer duration of 10-days
from 28 Aug - 6 Sept 1995 (Fig. 6 (Panel I1)). Daily precipitation anomalies higher than 2 SD are
present on all the days except 28-08-1995 (Fig. 6k (Panel II))). Precipitation was localised and
less intense in the first four days (Fig. 6 part II (a-d)). Afterwards it intensified and became
widespread, attaining its peak on 5 September. As reported by Vellore et al. (2016), two storms

hit IWH during these 10 days. The first storm was active on the first four days, while the second

11
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storm struck during the last six days (Vellore et al.,2016), as can be concluded from Fig. 6 (Panel

In).

@ For the first four days, the highest values of precipitation can be observed over an NW-
SE band of IWH affecting mainly HP and the UK. Precipitation during these four days
was relatively scattered and less intense (Fig.6 Panel II (a-d)).

@ On the first day, i.e., 28-08-1995, no area got affected above anomaly of 2 SD, and max
precipitation was only up to 41mm. Whereas, on the second and third day affected 2%
and 6% of the IWH area above anomaly of 2 SD and M value on these two days were
equal to 2.9 SD with max precipitation of 67mm and 79mm. Anomalies up to 4 SD were
seen on these two days in regions of the UK.

@® On the fourth day, i.e. 31-08-1995 (Fig. 6, Panel II d), this particular pattern of
precipitation receded affecting 2% of area above anomaly benchmark and with a mean
intensity of 3 SD, with precipitation being mainly localised over the lower southernmost
part of the UK with anomalies value over grids up to 4 SD and max precipitation up to
87mm.

@ Onward, the fifth day we see precipitation in an entirely NE-SW orientation, i.e. almost
orthogonal to the previous one, affecting mainly the eastern portion of JK. This storm
affected onits first day (1 September) an area of 13% of IWH (>2 SD) with mean anomaly
value of 3 SD and reaching 4 SD locally. This NE-SW precipitation band increased in both
magnitude and area affected until 5 September (Fig. 6, Panel II i).

This prolonged event was related to the disastrous floods that took place in HP, JK and almost
the entire northern India (Haryana, Delhi, Punjab, Bihar, Uttar Pradesh) between Sept 1 - Sept
20 causing the death of 1479 people and affecting 32.704.000 people in total
(https://public.emdat.be/data;Blaskovic, 2018; Sen, 1995).

4.3 Strengths and limitations of the ranking approach

To demonstrate the strengths and limitations of our approach, we present two particular events
that are only included at multi-day ranking. Additionally, we discuss why this approach fails to
assign a top rank to the event on 17 June 2013 that triggered the deadliest disaster in
Uttarakhand.

4.3.1 Strengths: Capturing disastrous events at multi-day time scales

12
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Case I: 12th July 1993 event

The extreme event on 12-07-1993 (orange bar in Fig. 4) had tremendous socioeconomic
impacts as it heavily flooded the HP and JK states as well as other northwestern states (Punjab,
Haryana, Gujarat, Rajasthan, Chandigarh) of India causing a death toll of 827 and affecting 128
million people (Source: EM-DAT data). The event appears only in the 5-days ranking at the 6th
rank, with indices A and M as 82% and 10.5 SD, respectively. Not all five accumulating days of
this event were severe enough to be included in top 10 of the daily ranking (Fig. 7a). An
assessment of the atmospheric circulation at the synoptic scale by Kulkarni et al. (1995)
showed the combined effect of meteorological configurations responsible for the event. It was
caused mainly due to (i) a well-marked low-pressure system over the region, (ii) a cyclonic
circulation that extended up to mid-tropospheric levels and prevailed over the regions between
9 and 10 July, (iii) an off-shore trough running from the north Maharashtra coast to the Kerala
coast, persisting during the four days between 9-12 July, and (iv) a western disturbance that
lay over north Pakistan and its neighbourhood on 9 July, and moved away from north-eastward

across Jammu and Kashmir on 14 July (Kulkarni et al., 1995).

[Please insert figure here]
Figure 7: Daily evolution of the spatial coverage and magnitude of the extreme events on

12-07-1993 (a) and 22-03-1990 (b).

Case II: 22nd March 1990 event

The event on 22-03-1990 is linked with massive flooding of JK (Kaluchak, Kargil) over the two
days 21-22 March 1990, causing 69 fatalities. This event is at rank 7 in 3-days ranking (red bar
in Fig. 4) but not in the top 10 of the daily ranking (Table 1). However, unlike the previous case
(which was captured only once at 5-day duration), this event is among the top 10 ranks for all
other durations and occupies 13 out of 50 ranks (Table 1). This is an interesting finding for an
event that remains unnoticed at 1-day scale. Its precipitation is relatively less intense and
localised on the first three days compared to other days where it intensified and became more

widespread (Fig. 7b).

4.3.2. Limitation: Why is the deadliest 17th June 2013 Uttarakhand disaster not present

in the top 10 extreme events?
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412 In June 2013, Uttarakhand state experienced an extreme 4-day rainfall event leading to
413  devastating floods and landslides. During the event, 370 mm/day of rain was recorded at
414  Dehradun corresponding to 27% of the annual rainfall (Gosain et al., 2015). Heavy rainfall caused
415 a breach in a moraine dammed lake, leading to severe flooding that resulted in the loss of
416  thousands of lives, and massive infrastructure damage that affected 4200 villages, 1636 roads,
417 144 bridges, and 19 hydropower plants (Das, 2013, Rautela, 2013, Dube et al,, 2014, Kala, 2014,
418 Gosainetal, 2016). This event is considered as India’s worst natural disaster since the December
419 2004 Indian Ocean tsunami (Dubey et al., 2013;Kumari et al., 2019). Reconstruction cost after the
420  disaster is estimated to be almost 480 million pounds (Jogesh et al 2016; Kumari et al, 2019). We
421 analysed the data from 14 to 17th June 2013 to understand why the deadliest disaster in
422  Uttarakhand is missing from the top 10 ranks for the 1-day and multi-day extremes. 17th June
423  was the most extreme day of this event (mean magnitude M = 225 mm; rank 38), followed by 16
424  June (M =156 mm; rank 96). We compared these events with the 1-day top 1 event of 02-08-1997
425 and the top 3 event of 09-02-2010 (Table 2, Fig. 8). Although day 17-06-2013 holds a mean
426  magnitude of 8.3 SD, itis a localised event affecting only 27% of the IWH area. Day 16-06-2013 is
427  more widespread, affecting 40%, but considerably less intense with a mean magnitude of 3.4 SD.
428 In comparison, the rank 1 event on 02-08-1997 (Fig. 8d) affected almost half the area of IWH
429  with a high intensity (M = 9.9 SD). Likewise, the rank 3 event on 09-02-2010 (fig. 8c) had an even
430 larger spatial spread (A = 85%), albeit a lower intensity of 4.4 SD. Besides, the intensity of
431  Uttarakhand disaster accumulating days was localised with some specific regions receiving
432  extremely high rainfall in comparison to others. Hence, the mean value of intensity did not reach
433  high value because of the small spatial extent of the event. The high intensity, but low affected
434  area represent important characteristics of this event and are compatible with the disaster-
435 affected communities, as most of them were concentrated in the Mandakini catchment
436  (Kedarnath valley in Uttarakhand state of IWH) and surrounding regions (India Disaster Report
437  2013). Our results agree with Mishra and Srinivasan (2013) who highlighted that rainfall during
438  the Uttarakhand floods was not the most intense rainfall this region has ever faced, however, it

439 was considered one of India’s worst disasters due to the subsequent impact on society.

440 We would also like to reiterate that not all extreme precipitation events are associated with
441  geomorphological disasters with significant human and socioeconomic impacts. Some disasters,
442  such asthe Uttarakhand 2013 event, result from a number of contributing factors and the relation
443  between precipitation and impact is typically nonlinear (e.g. Kreibich et al, 2017). Natural
444  hazards are transformed into disasters due to socioeconomic factors, such as rising population,

445  poorly regulated tourism industry, and poor infrastructure development including road network
14
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expansion in environmentally sensitive zones (Ziegler et al.,, 2014; Bhambri et al,, 2016). Extreme
events have occurred in Uttarakhand previously (Dimri, 2013). But the large number of human
casualties and the massive damage observed in the June 2013 extreme event can be broadly
attributed to two additional reasons: (1) coincidence of the annual pilgrimage with the event
exposing a large number of people to the hazard, and (2) heavy rainfall on the preceding days of
June 10 and 11, 2013 that saturated the soil and made the ground vulnerable to landsliding.
Furthermore various other anthropogenic factors, such as unchecked and rapid land-use changes
and urban infrastructure development, enhanced the intensity and scale of the impact (Kala,
2014). Finally, the Indian monsoon system reached the region two weeks earlier than normal in
June 2013 (Joseph et al.,, 2015) and hence, the region was not prepared for that. Therefore, the
compounding effect of various factors in combination with the relatively high precipitation values

caused disastrous impacts (Sharma et al., 2013).

[Please insert figure here]
Figure 8: Spatial distribution of accumulated precipitation (mm) and corresponding
standard deviation anomalies (black contour) during the Uttarakhand 2013 disaster and
the top-ranked event at 1-day. (a-b) represent days during Uttarakhand floods, (c) and

(d) are the rank 3 and rank 1 event, respectively.

Overall our results highlight that the developed ranking scheme is not biased to extreme events
that affect small areas only even when these t can impinge catastrophic impacts at a more local
scale. The method was developed to consider both the level of spatial-spread (metric A), as well
as the intensity of the event (metric M) in the affected area. Both metrics are essential to calculate
a representative ranking magnitude, which is the basis of comparison of different precipitation
events. The case studies in sections 4.3.1 and 4.3.2 highlight that there is a further need to reduce
the spatial scale of a domain to state or even basin to obtain a more extensive analysis of extreme
precipitation events for that smaller spatial scale, but that are relevant to shape effective disaster

and hydrological policies there.
5 Conclusions

We ranked extreme precipitation events in Indian Western Himalayan (IWH) accounting for
precipitation magnitude and spatial extent at different duration. Events are ranked higher due

to particularly high precipitation magnitudes, whereas other events are characterized by

15
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478  extensive spatial spread or due to persistent rainy conditions for alonger duration. We observe
479  that the ranking method apart from identifying such long-duration extremes are also useful in
480 determining the timing of the maximum impact. Our analysis reveals the benefits of using a
481  multi-day ranking scheme to better quantify and track the spatial and temporal propagation of
482  the extreme. The different rankings databases obtained considering the various durations are
483  useful for other studies focused on the impacts of extreme precipitation periods covering
484  relatively large areas, but also useful for studies assessing the evolution of the atmospheric

485  circulation during those days.

486  Future studies can link the analysis of extremes with associated socio-economic impacts. One
487  way to do this is to add a fourth metric of population exposed to the extremes, thereby giving a
488  higher rank to the events that occur in densely populated areas. As per the results of present
489  study, it is true that there is not any direct relation between the positions of events in the table
490 and the socioeconomic impacts as there are a number of other factors responsible. But our
491 approach indeed determines that if we keep all other varying factors constant then the
492  probability of the socioeconomic effects are well correlated with the ranking position. Our
493 classification scheme is also useful, as shown in several case studies, to determine which time
494  scale is more likely to bring socioeconomic impacts. In many cases, socioeconomic impacts are
495  not just a result of short and intense events but also accumulated moderate events for a more

496  extended period, which then become significant.
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Figure S1: Spatial distribution and precipitation intensity of a particular event occurred

on 05-09-1995.
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Figure S2: Spatial distribution and precipitation intensity of a particular precipitation

event occurred on 09-02-2010.
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Figure 1: (a) Topography of the Indian Western Himalayas (IWH) consisting of the three states Jammu &
Kashmir (JK), Himachal Pradesh (HP) and Uttarakhand (UK), (b) annual frequency and (c) seasonal
frequency of occurrence of precipitation-related disasters in the IWH region since 1900 as per EM-DAT data
(D. Guha-Sapir et al n.d.,) (d) annual number of deaths in the IWH region due to hydro-climatological
hazards as per EM-DAT data.
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Figure 2: Magnitude (Rm) for the first 5, 20 and 100 highest ranked events at various multi-day duration of
accumulated precipitation. X-axis denotes duration (i.e. time period) of an event in days. Y-axis denotes the
mean magnitude of the event in mm.
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Figure 3: Distribution of precipitation extremes over IWH. Decadal distribution of (a) frequency, and (b)
mean magnitude of top 1% extreme events for different durations. Monthly distribution of (c) frequency (d)
and magnitude of top 1% extreme events for different durations.
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Figure 4: Magnitude (Rm) and rank for the top 10 events at different durations (1, 3, 5, 7, and 10 days) of
accumulated precipitation. Arrowhead indicates the direction of increasing values.
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Figure 5: (a) Spatial distribution of accumulated precipitation (mm) and corresponding standard deviation
anomalies (black contour) of a 1-day precipitation event occurring on 02-08-1997. (b) Spatial coverage and
magnitude of the extreme event occurring between 31-07-1997 and 05-08-1997. Area means percentage of

IWH with precipitation anomalies above 2 SD, magnitude is the mean of anomalies above 2 SD.
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Fig. 6 Panel I- Spatial distribution of accumulated precipitation (mm) and corresponding standard deviation
anomalies (black contour) of the 3-days precipitation event on 05-09-1995 i.e. from 03-09-1995 to 05-09-
1995.
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Figure 6:Panel II (a-j)- Spatial distribution of daily precipitation (mm) and corresponding standard deviation
anomalies (black contour) of the 10-days period spanning between 28-08-1995 and 06-09-1995. (k) Spatial

coverage and magnitude of the extreme event.
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Figure 7: Daily evolution of the spatial coverage and magnitude of the extreme events on 12-07-1993 (a)
and 22-03-1990 (b).
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Figure 8: Spatial distribution of accumulated precipitation (mm) and corresponding standard deviation
anomalies (black contour) during the Uttarakhand 2013 disaster and the top-ranked event at 1-day. (a-b)
represent days during Uttarakhand floods, (c) and (d) are the rank 3 and rank 1 event, respectively.
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Table 1: Top 10 extreme precipitation events in the Indian Western Himalayan for

different durations (1, 3, 5, 7 and 10 days). For multi-day durations, dates

correspond to the preceding days of accumulated precipitation. Thus, the 3-day top

event on the 05-09-1995 corresponds to precipitation registered on 3, 4 and 5 of

September.
Rank 1-Day 3-day 5-day 7-day 10-day
1 02-08-1997 05-09-1995  22-03-1990  23-03-1990  24-03-1990
2 05-09-1995 03-08-1997  23-03-1990  24-03-1990  25-03-1990
3 09-02-2010 24-08-1996  05-09-1995  05-09-1995  06-09-1995
4 27-10-1917 26-09-1988  06-09-1995  22-03-1990  26-03-1990
5 25-04-1986 29-08-1997  27-09-1988  06-09-1995  07-09-1995
6 25-09-1988 30-12-1990  12-07-1993  07-09-1995  08-09-1995
7 28-08-1997 22-03-1990  29-07-1995  08-09-1995  23-03-1990
8 02-05-1989 06-09-1995 07-09-1995 25-03-1990 05-09-1995
9 29-05-2010 28-07-1995 28-07-1995 29-07-1995 09-09-1995
10 10-09-1992 04-08-1997 24-03-1990 28-09-1988 27-03-1990
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Table 2: Ranking index of contributing days to the disastrous Uttarakhand 2013

disaster as compared to the top-ranked event.

Plot Date % Area Mean Anomaly| Ranking Index Rank
(a) 17-06-2013 27 8.3 225 38
(b) 16-06-2013 40 3.9 156 96
(c) 09-02-2010 85 4.4 378 3
(d) 02-08-1997 49 9.9 483 1
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Highlights

e We use 113 years of precipitation data to rank precipitation extreme events in the Indian
Western Himalayas, integrating precipitation spatial extent and its intensity across different
time-scales

e Results show that the method accurately detects and ranks the most extreme precipitation
events that occurred while delineating the spatial contours of these events.

e The proposed ranking method advances conventional single-day event ranking methods by
accounting for multi-day duration providing meaningful information on the event duration
associated with the highest impact on society.

May 2010
February 2010
August 1987
August 1997
August 1996

September 1995

July 1995

July 1993
September 1992
December 1990
March 19590

May 1989

September 1988

April 1986

October 1917

http://mc.manuscriptcentral.com/joc



International Journal of Climatology - For peer review only Page 32 of 33

375
400
350 350
300
o
©
2
= 250
W35
200
150
30.0
100

74 76 78 80
Longitude

Figure S1: Spatial distribution and precipitation intensity of a particular event occurred on 05-09-1995.
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Figure S2: Spatial distribution and precipitation intensity of a particular precipitation event occurred on 09-
02-2010.
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