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Abstract

The climate induced disasters are causing more than half of the total economic and
human losses annually due to natural disasters and that hampers the socioeconomic
development of the country. In recent decades, these climate extreme induced disasters
are increasingly becoming more pronounced and devastating, is further known to
be intensified due to anthropogenic warming. In this context, this study endeavors
to address the research gap on spatial and temporal variability of temperature and
precipitation extremes in Nepal. Here, a total of 26 climate extreme indices of
temperature (13) and precipitation (13) as recommended by the World Meteorological
Organization (WMO) were calculated using RClimDex software for 90 meteorological
stations. Then the statistical significance of the long-term trend of the indices was tested
using the Mann-Kendall method, and true magnitude of the trend was identified utilizing
Sens’ slope method for each index at each station. Overall, the hot (warm days, warm
nights, summer days, tropical nights, and warm spells) and cold (cold days, cold nights,
cold spells) extreme indices show significant positive and negative trends respectively.
However, extreme precipitation indices also show an increasing trend, but the statistical
significance and spatial coherence is low. Extreme temperatures increased more in the
Mountain and Himalayan regions than the other regions. Extreme wet day precipitation
events are significantly increasing in far western region, adjoining areas of mid-western
and western Siwalik though Mountain regions and then again in the central and eastern
Mountains and Himalayan regions.
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Introduction

Extreme events can causes huge economic and human losses and damage along with
various environmental disruptions (Alexander & Tebaldi, 2012). Climate extremes
are influenced by factors such as geography (elevation), physical circumstances
(proximity to water bodies) and urbanization at regional and local scales (Choi et al.,
2009). Human activities have played lead role in unprecedented changing of Earth’s
atmosphere compositions. The potentiality of those changes to influence the Earth’s
climate are visible to us (IPCC, 2013). Climate data clearly shows warming and its rate
has significant differences among different regions in the Earth (Bhatt and Mall, 2015).
It will be hard to predict the future climate change accurately for the larger spatial scales
due to the anthropogenic influences such as greenhouse gas emissions or modernization
of land use pattern result in changes in climate forcing (Bhatt & Mall, 2015).

Nepal is a mountainous country, with a highly variable climate within a small area due to
the complex topographical characteristics in Nepal and the extreme range in elevation.
Nepal also experiences complex seasonal weather patterns which are primarily affected
by the South Asian Monsoon and the Himalayas (Bhatt & Nakamura, 2005). Analysis
of past climate data have shown that climate in Nepal is changing. The frequencies of
extreme weather events have become more unpredicted in time and place. The data also
show that the warming trend is not uniform, but varies with elevation and topography.
The maximum temperature in Nepal has increased at the rate of 0.04-0.06 °C per year
(NAPA, 2010). The increase in surface temperature is greater in the Himalayan and
mountain regions than in the low lands (Baidya, Shrestha, & Sheikh, 2008). Animal
and plant habitats are shifting with respect to elevation and changes in seasonality are
occurring. Rising temperatures in northern Nepal might increase the rate of glacial melt
and increase the risks from GLOFs (Glacial Lake Outburst Floods). There is evidence
that glaciers are melting more rapidly and the number of newly formation glacier lakes
is increasing. The threats of glacier lake outburst floods and increasing frequency of
snow avalanches are becoming serious challenges in Nepal (Gautam & Dulal, 2013).

Globally, around 85% of natural disasters are related to extreme meteorological events
(Obasi, 1994). In Nepal, the natural disasters related to extreme meteorological events
result abundance economic, human loss and damage annually. Floods, erratic rainfall,
intense rainfall, landslides, prolonged droughts, thunderstorm, hail storms, heat waves
and cold spells are examples of weather and climate- induced disasters (MoHA &
DPNet-Nepal, 2015) with impacts on agriculture, water resources, biodiversity and
ecosystems. Shifting of the onset of the monsoon season, duration and rainfall amount,
increased temperatures and extreme heat waves, frequent occurrence of winter drought
and abnormal cold spells, fog events, decreased snowfall events, rapid melting of
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glaciers, and the increasing risk of untimely floods and glacier lake outburst floods
(GLOFS) are major evidence of climate change in Nepal. The social-ecological systems
in Nepal are highly exposed to climate change and sensitive to extreme events, and
might differ among geographical and topographical regions. For example, some studies
have found that mid-mountain areas with limited adaptive capability results in high
social-ecological vulnerability (Pandey & Bardsley, 2015; Piya et al., 2016).

Previous studies have shown that the frequency of high intensity precipitation events
(precipitation greater than 100mm in 24 hours) is increasing (Devkota & Bhattarai,
2015). Heavy rainfall events and subsequent flooding, drought, and prolonged dry spells
impact marginalized communities and physical infrastructures. The diurnal temperature
differences are most pronounced during the winter season, and least during the active
period of the monsoon.

Methods and Materials

The data used in this study were weather variables such as daily maximum temperature;
minimum temperature and precipitation available from the Department of Hydrology
and Meteorology (DHM), Government of Nepal (GoN). The disasters data were taken
from Ministry of Home Affairs, GoN. The temperature and precipitation data (1970-
2015) were collected from DHM, the only legal agency for collecting and monitoring
weather and climate variables in Nepal in accordance with the World Meteorological
Organization (WMO) standards. 90 meteorological stations were selected in order to
satisfy the regional coverage for the study (WMO, 2012). The three procedures; (i)
If 5 years of random or 3 years of continuous data missing were rejected, (ii) If more
than 15 days of missing values within a year was rejected and (iii) If more than 3 days
of missing value in a month was rejected and monthly value was not calculated were
used to handle missing data for a station (Karl et.al 1995):Stations with large number of
missing values as stated in above procedures were excluded from the analysis (Devkota
& Bhattarai, 2015).

This study considered the analysis extreme temperature and precipitation events using
13 temperature and 13 precipitation indices out of the total 27 extreme climate indices
set by the WMO Commission for Climatology and the Research Program on Climate
Variability and Predictability (CCI/CLIVAR) Expert Team for Climate Change Detection
Monitoring and Indices (ETCCDMI). Those indices are computed using the values of
daily temperature and daily precipitation amount (Karl, Nicholls, & Ghazi, 1999). There
are temperature and precipitation indices divided into different groups based on threshold
or intensity, absolute, duration and percentile. Few indices are based on fixed threshold
values for particular applications (Sillmann et al., 2013). These indices are classified into
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four groups as fixed threshold indices (frost days (FD), summer days (SU), icing days
(ID), tropical nights (TR), heavy precipitation days (Rnn)), absolute indices (highest
daily maximum temperature (TXx), highest daily minimum temperature (TNx), lowest
daily maximum temperature (TXn): lowest daily minimum temperature (TNn): highest
1-day precipitation (Rx1day), maximum consecutive 5-day precipitation (Rx5day),
percentile (cold nights (TN10p), cold days (TX10p), warm nights (TN90p), warm days
(TX90p), very wet days (R95pTOT), extremely wet-day precipitation (R99pTOT)
and duration indices(warm spell duration index (WSDI), cold spell duration index
(CSDI), heavy precipitation days (R10mm), very heavy precipitation days (R20mm),
consecutive dry days (CDD), consecutive wet days (CWD) (Manton et al., 2001).
However simple precipitation intensity index (SDII), daily temperature range (DTR),
wet day precipitation (PRCPTOT) does not fall on any above categories and categorized
as the other indices for the study. Among these indices, the absolute indices are based
on the user defined daily values of maximum temperature, minimum temperature and
precipitation amount can be termed as daily threshold temperature index (DTTI) and
daily threshold rainfall Index (DTRI). Those DRRI and DTRI were confirmed based on
historical rainfall and temperature value (Islam et al., 2008).

Results and Discussion
General trends of temperature and precipitation

The temperature and precipitation trends were analyzed for each season. The results
show that the overall precipitation and temperature are decreasing (not statistically
significant) and increasing (statistically significant) in Nepal. The mean temperature
has increased by 0.76°C during the last 45 years, which is quite higher than the global
increasing rate (Alexander, 2016). Post-monsoon and winter temperatures are increasing
higher in High-mountain and Himalayan regions compared to other regions and seasons.
Overall, the temperature anomaly shows a positive trend for Nepal.
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Figure 1. Temperature anomaly trend 1971-2015 for Nepal

Total precipitation has decreased in all regions and seasons expect for far
western region, western parts of western region, central Tarai, high-mountain
and Himalayan areas and some isolated areas of the eastern Tarai and Siwalik.
Pre-monsoon precipitation shows increasing trend in the southern (low
elevated) parts and decreasing trend northward (high elevated places). Monsoon
precipitation is significantly increasing in far western and western regions,
central and eastern Tarai, Siwalik, and Mid-mountain as well as in the central
high Himalaya. Post-monsoon precipitation has a decreasing trend throughout
the country, which is consistent to the finding from (Karki et al., 2017). Winter
precipitation has decreasing trend in the central and eastern parts while western
regions have increasing pattern.
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Figure 2. Precipitation anomaly trend during 1971-2015 for Nepal

Table 1. Mean temperature trend (°C/year) in physiographic regions

Seasons/

Physiographic Annual Pre-monsoon | Monsoon | Post-monsoon Winter
Regions

Tarai 0.013  *** 1 0.015 ** | 0.018 *** 0.013%* 0.001 ***
Siwalik 0.025 *** | 0.027 *¥** | 0.027 F** 0.023%** 0.023 *
Mid-mountain 0.029 *** 1 0.027  ** | 0.026 *** 0.027%** 0.034 xx*
High-Mountain | 0.020 *** | 0.025 *** | 0.006 *** 0.023 ** 0.034
High Himalaya 0.04 * 0.04 0.00 0.03 0.04 *
Table 2. Physiographic region total precipitation trend

Seasons/

Physiographic Annual Pre-monsoon | Monsoon | Post-monsoon Winter
Regions

Tarai 0.458 1.331 0.385 -0.374 -0.039
Siwalik -1.980 -0.128 -0.887 -0.491 -0.110
Mid-mountain -1.344 0.159 -0.286* -0.402 -0.080
High-Mountain 0.479* 0.323** 0.282* -0.226 0.713%*
High Himalaya -0.33%* -0.92%* -0.04%* -0.45%* 0.08**

* kER¥E represents significance at confidence level of 0.05, 0.1, 0.01 respectively
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Extreme temperature indices

The extreme indices are varying with the altitude and topographical characteristics
within the short range of distance. The annual warming trend is higher in mountain
regions than the southern plain lands. But cold events are decreasing and the rate is
intensifying with altitude. But the Himalayan minimum temperature and Tarai diurnal
temperature are significantly decreasing. In exception to other seasons warm (cold) days
are decreasing (increasing) during the monsoon season; it might be due to the occurrence
of monsoonal thick clouds (Tang & Leng, 2012). Warm nights are increasing in all
regions except in Mid-mountain regions. But cold days are increasing in Tarai regions
during winter. Mean maximum and extreme maximum temperatures are increasing in
all seasons for all regions except slight decrease in Tarai and Siwalik region due to
persistent fog occurrence (Jenamani, 2007) during winter. The fog conditions favors
the increase in cold waves (Dimri & Chevuturi, 2016). Maximum temperature is
increasing faster in the Mountain and Himalayan regions than the lower lands, this
result is consistent with (Shrestha, Wake, Mayewski, and Dibb,1 999). But the mean
and extreme minimum temperature have followed slight decreasing trend for Mountain
and Himalayan regions except monsoon season, which cause the increase in diurnal
temperature range. The maximum temperature is increasing (0.05°C/year) higher than
the minimum temperature is slightly (0.003°C/year) in annual basis.

The Hottest day (TXx) and night (TNn) temperature has increased in all regions during
all seasons except the decrease of hottest night time temperature in high-mountain
region. TXx trend is higher in the Mountain and Himalayan regions in all seasons and
also greater during post-monsoon and winter season. Coldest day temperature (TXn)
is slightly decreasing only in the Tarai during pre-monsoon and winter season and
have significant increasing trend for remaining seasons and regions. Similarly, coldest
night temperature (TNn) is decreasing only in High-mountain and Himalayan region
during monsoon and post-monsoon seasons and increasing for remaining. The diurnal
temperature range (DTR) has only decreasing trend for the Tarai region during pre-
monsoon, post-monsoon and winter seasons. Due to large rising trend of maximum
temperature and slow trend of minimum temperature DTR shows increasing trend for
most of the regions and seasons.

Extreme precipitation indices

Dry spells are increasing in all the regions and more serious to mid-mountain
downwards. However, the total precipitation is increasing only in the Tarai region. Wet
spells are also following the same trend. Heavy and very heavy precipitation events are
increasing significantly in Tarai, Siwalik and Mid-mountain regions. The 24 hours total
maximum precipitation amount is increasing in Siwalik upwards during winter and pre-
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monsoon and is decreasing during monsoon and post-monsoon. The very heavy and
extremely heavy precipitation amount are increasing downward to the Mid-mountain
and upward to the Siwalik. The relation between the extreme indices and elevation is
analyzed by Pearson correlation method significant at 0.05 level (Gevorgyan, 2014).
There is significant proportional relationship for mean temperature, diurnal temperature
range, maximum temperature, summer days and consecutive wet days with altitude.
But minimum temperature has significant negative relation with altitude. Similarly,
cold (warm) night and day have negative (positive) relation with altitude. This implies
that higher elevation regions are warming at higher rate than the lower elevations.
Heavy precipitation events are positively correlated with the elevations but the total
precipitation has weakest negative relation.

Based on the temperature record from 1970-2015, the year 2010 has observed as the
warmest year followed by the years 2009, 1999, 2006, 2015. The data showed that the
last decades are hottest than the previous decades. The most of the years before the
1995s have experienced colder than the later time period (Table. 3).

Table 3. Country mean temperature change (°C) rank

Year 2010] 2009{ 1999] 2006 2015] 1998] 2005| 1996 2001] 2014| 2008| 2013 | 2007 2012| 2004| 1994| 2011 | 1988
Index 0.43] 0.41] 0.38] 0.37| 0.26] 0.25) 0.17| 0.16] 0.15| 0.14] 0.13] 0.13] 0.13] 0.11) 0.11f 0.1] 0.1] 0.09
Year 2002] 1995|2003 | 1987| 1985] 2000{ 1991] 1992| 1990| 1993| 1984| 1989| 1981) 1997| 1982| 1986| 1983
Index 0.06] 0.06] 0.03] 0.01]-0.04] -0.1{ -0.1] -0.1] -0.2| -0.2] -0.2] -0.2] -0.3] -0.3] -0.3| -0.3| -0.4

Similarly, the most of the year in the last two decades are recorded as the precipitation
deficient and some years as precipitation excess year in comparison to the previous
years. The year 1992, 1994, 2005, 2006, 2012 and 2015 have deficient rainfall and
1992, 1998, 1990, 2003, 2000, 2007, and 2003 have the excess rainfall. Thus, the rainfall
deficient years experienced meteorological drought and excess rainfall year experienced
floods, landslides and other effects in the ecosystem and society. Both the rainfall
excess and deficient rainfall has various negative socio-economic and environmental
impacts. Especially, the Tarai, Siwalik, Mid-mountain and Himalayan regions are most
susceptible to drought. The drought happened in year 1992, 1994, 1972, 2006, 2012,
1979, and 2015 were most serous events in terms of its effect and damages to the people,
livestock and crops.

Table 4. Country normalized precipitation anomaly (%) rank

Year | 1998) 2007( 2003| 1985] 1990| 2000| 1983| 1984| 1997| 1981| 1999 1995| 1988| 1996 2013| 2001| 1987| 1989
Index | 16.715.4(13.6 | 11.1{9.39|6.14| 5.7 [452| 4 |3.97|3.94| 3.4 |2.75]|2.65|2.46|1.91[1.82]1.62
Year |1993)2008 (2002 |2010|1986|2004|2011|2014|2009| 1991|1982 [2005|2015|2006 | 2012 | 1994|1992
Index |0.69) -05(-13|-13| -3 |-33|-33(-59|-73]|-75|-79| -9 |-9.8]|-13|-13 |-16 | -19
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The data shows drought events are reoccurring in 2-3 years period. Most of the drought
occurring in El Nino years; negative (positive) southern oscillation index have deficient
(excess) rainfall events i.e. droughts are significantly related to EI Nino events (Shrestha,
2000; Sigdel and Ikeda, 2011). The drought is occurring highly in western region than
the eastern region (Shrestha and Kostaschuk, 2005; Wang et al., 2013).

Table 5. Country standard precipitation index rank

Year | 1998| 2003| 2007| 1990 1985| 2000| 1983 | 1995| 1984 1997| 1988| 1999| 1996| 1989 2013| 1981| 2008| 2001
Index | 1.12| 0.94] 0.94] 0.82] 0.79| 0.56| 0.54| 0.53| 0.48| 0.47| 0.41| 0.41| 0.38| 0.36| 0.36| 0.31] 0.27| 0.26
Year | 1987|1993| 2002| 2010{ 1986| 2011| 2004| 2014| 1991| 2009| 1982| 2005 | 2015| 2012| 2006| 1994| 1992
Index | 0.25| 0.25| 0.25 0.21f 0.09] 0.02|-0.04| -0.1] -0.1| -0.2] -0.2| -0.3| -0.3| -0.5| -0.5] -0.6] -0.9

Consistent with the temperature, the heavy precipitation events, warm days and nights
have gradually increased after 1985. This time also follows the decreasing trend for the
cold night and days. Increase of warm events together with the consecutive dry events
results the wild fire as disaster mainly during the pre-monsoon season. Nearly 78% of
households are agro-base and houses made of stone and wood are more susceptible for
catching fire during the dry and hot weather conditions in the months of April, May and
June.

It shows that the more than 85% of disasters are related to climate extreme (heat waves,
cold waves, thunderstorms, hailstorms, windstorms, snowstorms, drought, and heavy
rainfall) and hydrological (floods, GLOFs, avalanches, debris flows). Other 25% related
to the geophysical (earthquakes, landslides) and forest fires. The combined annual loss
from the climate and hydrological disasters varies from 60% to 80% of total loss due to
natural disaster. The human loss from the hydro-meteorological disaster is increasing
rapidly in recent decades it has been varying between 70% to 90% during last six-year
period except the year of devastating earthquake occurred in 2015. The cold wave, heat
wave, windstorm, hailstorm, thunderstorm and flood are affecting life every year in
Nepal.

Ever recorded extreme events

The highest rainfall of 456.8mm occurred in 2003 measured at Hetauda station, the
central Tarai part of Nepal. The total frequency of occurrence of extreme heavy
precipitation events of more than 150 mm amount per day during 1971-2015 is 1023.
Out of those 60% and 40% had occurred after 1990s and 2000s. Similarly, the rainfall
events with greater than 200 mm/day are recorded in 411 times in Nepal. Most of the
extreme precipitation occurred in Tarai and Siwalik (up to the foothills of Mountains)
causing devastating floods, landslide and serious environmental disruptions. Extreme
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rainfall events observed more in the western part of the country, be the most susceptible
to extreme rainfall. The daily events greater than 400 mm were recorded in Hetauda
(456.8mm in 2003.7.31 and 453.2 in 1990.8.27), Karmaiya (432mm in 2004.7.10),
Rampur (405.4mm in 2006.8.31), Malepatan (445.7 mm in 2007.6.13) and Surkhet
(423.1mm in 2014.8.15). However recent data at Hetauda overcomes the past records
rainfall amount with new record of 516.2 on 13 August 2017 at Hetauda.

Conclusion

The study found increasing trends in warm spell duration and warm day temperature
during the summer season. Summer favors heat wave conditions in the Tarai and
Siwalik regions. Warm spells events are increasing in higher rate from the Tarai upward
to the High-mountain regions. Cold spell is decreasing mostly in the valley area like
Kathmandu and Karnali, Chisapani. In same time and increase in cold spell duration
and decrease in coldest day/night temperature resulting prolonged cold waves in the
Tarai and southern parts of Siwalik. Mountain regions are experiencing much colder
night time temperatures. Himalayan region is getting warmer in all seasons. Cold days
are increasing in the Tarai and high-Himalayan regions during winter and summer
respectively. Maximum temperature and minimum temperature are decreasing in the
Tarai and high-Himalaya during winter and summer. Extreme temperatures increased
more in the Mountain and Himalayan regions than the other regions. While the mean
maximum temperature is increasing in all regions and seasons but the mean minimum
temperature has slightly decreasing trend especially in high-mountain regions. The
diurnal temperature range is increasing in all regions and seasons except in Tarai regions.

The very heavy and extremely heavy precipitation amounts are increasing through
Mid-mountain down to the Tarai and Siwalik upward to the high-Himalayan region
respectively. Dry spells and wet spells are becoming clearest indicators for abnormal
climate conditions in Nepal. High intensity precipitation is increasing in Mid-mountain,
Siwalik and Tarai regions, while decreasing in high-mountain and Himalayan regions.
10mm, 50mm and 100mm rainfall days are increasing annually. 1-day and 5-day extreme
precipitation amount is increasing in Tarai, mid-mountain and Himalayan regions. But
the 5-day total extreme precipitation amount is increasing throughout the country.

The analysis presented here confirms that extreme temperature and precipitation amounts
are breaking the historical records in recent decades. The frequency and intensity of the
extreme temperature and precipitation events are increasing significantly impacting the
life and nature seriously in all regions and seasons. The summer and winter season
are becoming more susceptible to climate extreme and resulting disasters. Thus, the
continuation of warming proofs the global warming agenda in Nepal. The increasing
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heavy precipitation duration, severe cold and hot in winter and summer, untimely
torrential rain and persistent dry spells are the main significant observed climate
extremes in Nepal. The warming and heavy precipitation magnitudes are intensifying
with altitude. It’s strongly concluded that warming is significantly amplifying with
altitude in all regions.

In future, reanalysis of additional climate data and the use of high-resolution grid
should be used to compare with the results of this study and to develop some future
projections in the climate indices. The present analysis will be beneficial for planning
and implementing national policies related to climate change and climate change
adaptation.
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