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Abstract: The Indian Summer Monsoon (ISM) plays a vital role in the livelihoods and economy
of those living on the Indian subcontinent, including the small, mountainous country of Bhutan.
The ISM fluctuates over varying temporal scales and its variability is related to many internal and
external factors including the El Niño Southern Oscillation (ENSO) and the Indian Ocean Dipole
(IOD). In 2015, a Super El Niño occurred in the tropical Pacific alongside a positive IOD in the Indian
Ocean and was followed in 2016 by a simultaneous La Niña and negative IOD. These events had
worldwide repercussions. However, it is unclear how the ISM was affected during this time, both at
a regional scale over the whole ISM area and at a local scale over Bhutan. First, an evaluation of data
products comparing ERA5 reanalysis, TRMM and GPM satellite, and GPCC precipitation products
against weather station measurements from Bhutan, indicated that ERA5 reanalysis was suitable to
investigate ISM change in these two years. The reanalysis datasets showed that there was disruption
to the ISM during this period, with a late onset of the monsoon in 2015, a shifted monsoon flow
in July 2015 and in August 2016, and a late withdrawal in 2016. However, this resulted in neither
a monsoon surplus nor a deficit across both years but instead large spatial-temporal variability.
It is possible to attribute some of the regional scale changes to the ENSO and IOD events, but the
expected impact of a simultaneous ENSO and IOD events are not recognizable. It is likely that
2015/16 monsoon disruption was driven by a combination of factors alongside ENSO and the IOD,
including varying boundary conditions, the Pacific Decadal Oscillation, the Atlantic Multi-decadal
Oscillation, and more. At a local scale, the intricate topography and orographic processes ongoing
within Bhutan further amplified or dampened the already altered ISM.

Keywords: ENSO; IOD; monsoon; Bhutan

1. Introduction

The Indian Summer Monsoon (ISM) provides an estimated 80% of the annual rainfall
to South Asia [1] and supports the livelihoods and economy of over a fifth of the world’s
population. Disruption to the timing, magnitude or intensity of the ISM can have severe
repercussion on the agricultural output, surface, and ground water resources of this re-
gion [2]. The ISM fluctuates over differing temporal scales and on centennial to interannual
periods, its variability is related to interactions of the ocean–land–atmosphere–cryosphere
climate system [3], including Himalayan and Eurasian snow extent and the El Niño South-
ern Oscillation (ENSO) [4]. The relationship between ENSO and the ISM has been widely
researched and proven through observational, paleoclimate, and modeling studies [5–7].
There is a negative connection between ENSO and ISM due to the modulation of the Walker
Circulation. During warm ENSO periods (El Niño), the warming of the eastern Pacific
causes the rising limb of the Walker circulation to shift eastward. This causes a descent of
air in the western Pacific and Indian sectors and therefore decreased monsoon rainfall [8].
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Therefore, there is likely a weaker (stronger) monsoon circulation over Southern Asia
during El Niño (La Niña) periods [9].

However, it has been suggested that the ENSO monsoon connection is weakening [5],
which may be due to the influence of the Indian Ocean Dipole (IOD) [4,10]. The IOD and
monsoon have a positive relationship—likely a higher (reduced) ISM during a positive
(negative) IOD phase. Furthermore, positive (negative) IOD phases are more likely to
coincide with El Niños (La Niñas) due to the favored combination by the in-phase Walker
Circulation of both oceans [11]. The co-occurrence of these two ocean events may offset
the remote ENSO impacts; a positive IOD may counteract El Niño induced subsidence by
generating anomalous convergence over the Bay of the Bengal which enhances moisture
convergence over India meaning an average monsoon [12], whilst the rainfall surplus
associated with La Niña may cancel out the drying effect of a negative IOD. However, it is
still unclear what the full extent of the connection is between ENSO, the IOD, and the ISM.
In 2015, there was the co-occurrence of a super El Niño (3.0 °C SST anomaly November
peak in the Niño3.4 region [13]) and a moderately weak positive IOD (1.17 °C SST anomaly
September peak [14]). This was followed in 2016 by the co-occurrence of a weak La Niña in
boreal fall [15] and a strong negative IOD (peak Indian Ocean Dipole Mode index (DMI
from Saji et al. [16]) of −1.5 °C in boreal fall). These weather events incurred widespread
hydrological hazards and affected more than 60 million people worldwide [17].

Whilst there is a plethora of studies and government led reports detailing the wide-
scale climate impacts of the 2015/16 El Niño, variation of climate patterns at smaller
regional scales have been overlooked. There has been no coverage of how the ISM over the
small, mountainous country of Bhutan was altered in this period and knowledge of key
climate variables for Bhutan are fairly limited [18]. As one of the least developed countries
in Asia [19], it has a huge socioeconomic reliance on climatic conditions. This study aims
to explore how the ISM was altered during this 2015/16 period at both the regional scale
and at the local scale over Bhutan. This study will utilize ERA5 reanalysis data to do this.
Reanalysis data represent a valuable tool to explore climatic change as it provides a com-
pleted data set and includes key components needed to study monsoon change including
precipitation, moisture transport, wind, and pressure variables. It is already accepted that
ERA5 reanalysis data perform well in studying regional to large scale processes. Work by
Hamm et al. [20] showed ERA5 data to be most sufficient at studying multi-decadal hydro-
meteorological or hydro-climatological research. Gao et al. [21] highlighted that, although
the resolution of ERA5 may be coarser than other products, it has the ability to reproduce
seasonal patterns and long-term climate trends well. ERA5 reanalysis has also been shown
in previous studies to be beneficial at studying monsoons and hydrological patterns over
the Indian subcontinent. Mahto and Mishra [22] showed that ERA-5 outperformed other
reanalysis products for the monsoon season precipitation across the Indian subcontinent,
whilst Gleixner et al. [23] concluded that ERA5 reanalysis was an appropriate tool in study-
ing the African Monsoon due to its reduced wet bias during the rainy season compared
with other products. Lesser is known about the use of ERA5 at smaller, local scales. There-
fore, the study will first compare ERA5 reanalysis with other available data products to
understand the strengths and weakness of using this data product at the local scale over
Bhutan. Following this, a case study will be presented detailing the changes during the
2015 and 2016 monsoon seasons to various climate variables at regional and local scales.

2. Data Availability
2.1. Observational Data and Study Site

Observational precipitation data were supplied from the Bhutan Hydrological depart-
ment for 20 weather stations, and the locations of the weather stations are displayed in
Figure 1.
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Figure 1. The locations of the 20 weather stations providing the observational monthly precipitation
records. Data collection and station management are by the Bhutan Hydrological Department.
The size of circle represents the mean daily June to September precipitation data based on 2012
to 2019 records. Data are overlaid on a topographic basemap for the area 79.5° E–92.5° E, 25° N–
30.5° N. Topographic data are sourced from Worldbath ETOPO5 Navy Bathymetry on a 5-minute
latitude/longitude grid [24].

Bhutan is the smallest country in the Hindu Kush Himalaya region, sitting on the
eastern slopes of the Himalayas between India and China. The ISM is responsible for 73% of
the country’s total rainfall [25], with 60% of the yearly rainfall falling in the monsoon season,
June to September (Figure 2). Elevations range from less than 100 m to over 7550 m and the
spatial distribution of the monsoon is highly controlled by the varied topography. Bhutan
is loosely categorized into four climatic regions depending on precipitation, highest rainfall
(3000 to 6000 mm/year) in the southern plains, medium to high (1500 to 2500 mm/year)
in the southern High Himalaya region, medium levels (600 to 800 mm/year) in central
Bhutan, although these numbers may be double that in windward oriented mountain
ranges [26] and absolute precipitation values are lacking in the northern territories.

Figure 2. The climatology of Bhutan based on measurements from the 20 weather stations managed
by the Bhutan Hydrological department. Temperature refers to average monthly surface air tempera-
ture (°C) and precipitation is the mean monthly total precipitation (mm). It is based on the period
covered by the weather station records from 2012 to 2019.
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2.2. Satellite and GPCC Data

The satellite products used are TRMM 3B42 daily data and GPM IMERG V06 (here-
after referred to as GPM). TRMM 3B42 daily data are produced by the joint NASA/Japan
Aerospace Exploration Agency (JAXA) Tropical Rainfall Measuring Mission [27]. Data are
retrieved at 0.25°× 0.25° resolution over latitude band 35° North to 35° South. The variable
total precipitation was used, which represents daily accumulated calibrated surface precip-
itation combined infrared and microwave, obtained from GES DISC [28]. GPM is provided
by the Global Precipitation Mission [29], which was developed as an improvement to the
TRMM mission. Data are retrieved at a finer resolution of 0.1° × 0.1° and global coverage
has been enlarged to 65° North to 65° South latitudes [30]. The variable precipitationCal
was used providing daily accumulated combined microwave IR estimate of precipitation,
obtained from GES DISC [28]. The full specifications of the algorithm and data used for
GPM are provided by Huffman et al. [31]. The GPCC (Global Precipitation Climatology
Centre) product refers to Full Data Monthly V.2020. It contains the monthly land-surface
precipitation from rain-Gauges built on GTS-based and Historical Data, based on quality-
controlled data from 85,000 stations in GPCC’s data base and is retrieved at 0.25° × 0.25°
resolution [32].

2.3. Hadley Sea Surface Temperature Data

Sea surface temperature (SST) data used in this investigation is the monthly version
of HadISST sea surface temperature component from The Met Office Hadley Centre [33].
The data provides global coverage and covers the period 1871 to 2018.

2.4. Reanalysis Data Products

The reanalysis product used here is ERA5, a fifth generation reanalysis product from
the European Center for Medium-Range Weather Forecasts (ECMWF) for the global climate
and weather [34]. It is generated via data assimilation, combining observational data with
historical, observationally constrained general circulation model data (GCMs) to produce
the best estimate of the global climate state [35]. It is a valuable tool to explore climatic
change at local and regional scales as it provides a completed data set and the inclusion of
increased satellite observations in the data assimilation of ERA5 strengthen its capabilities
in remote regions like Bhutan [36]. The variables used here are total precipitation, vertical
integral of divergence of moisture flux, top net thermal radiation, U and V components of
wind at 850 hPa, 2 m temperature, and mean sea level pressure. They have a resolution of
0.25° × 0.25°.

3. Data Evaluation: Are Reanalysis Data Suitable to Investigate ISM Change?

To demonstrate the strengths and weaknesses of ERA5 reanalysis in examining ISM
change in response to the ENSO and IOD events of 2015/16, it is compared alongside
TRMM and GPM satellite products and GPCC precipitation data with local weather station
precipitation measurements. The evaluation period is 2012 to 2019, encompassing all the
total years of data provided by the weather station measurements.

3.1. Comparing Seasonal Cycle

All products reflect the seasonal cycle captured in the weather station data in Figure 3,
although there is large variation. Due to the resolution of the data sets when compared to
the close placement of the weather stations, an exact regional comparison is not possible.
Therefore, the smallest regional that encompasses the weather stations has been taken from
the products and the average monthly precipitation calculated for the period 2012 to 2019.
This is then compared with the average monthly weather station precipitation. As the
focus of this study is monsoon change, the comparison between the data sets is primarily
just within the monsoon season of June to September, and no comparison of data products
is done for the winter, spring, or autumn months.
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Figure 3. Annual precipitation for the region 89°–92° E, 27°–28° N, covering the locations of the
weather stations in Bhutan, from ERA5, GPCC, TRMM, and GPM precipitation data sets and
the weather station records. Values shown represent the average rainfall over the period 2012
to 2019 (mm/month).

ERA5 data overestimate annual precipitation whilst GPM/TRMM and GPCC underes-
timate. This underestimation by satellite products is consistent with previous studies [37,38]
and may be due to errors in satellite sensors or retrieval algorithms [37,39]. Uneven dis-
tribution of ground stations, often due to the inadequate number of gauges provided by
GPCC, leads to problems with bias correction procedures, further diminishing the accuracy
of satellite products and also with the GPCC data [40]. The overestimation of ERA5 is
likely due to a prominent wet bias known over the area surrounding the entire foothills of
Himalayas [41] and the southern Tibetan Plateau [42,43]. This is likely due to the inability
of the coarse spatial resolution of reanalysis data in capturing the intricacy of the Asian
summer monsoon and complex surrounding topography.

Concentrating on shape as opposed to values, the sharp peak in monsoon precipitation
occurring in July is seen on the ERA5 data in Figure 3. Satellite and GPCC products show a
less defined peak with similar values across the monsoon season. This implies that they
may not be capturing the true pattern of the monsoon. Various studies have shown TRMM
and GPM satellite products to be insufficient when compared with in situ measurements at
recording monsoons for various locations including the Tibetan Plateau [44], Thailand [45]
and Korea [46]. GPCC has also been shown to be unsuitable to capture extreme events
(both wet and dry) over central Asia [47], and therefore may reflect problems capturing
monsoon precipitation in complex or remote settings.

3.2. Assessment of Spatial Characteristics

ERA5 and TRMM fit best with the weather station data in the high rainfall area
along the southern plains in Figure 4a,d. GPCC records similar levels but only in the
southwest (Figure 4c) and GPM underestimates precipitation. This may be due to the
satellite’s poor estimation of warm orographic rains as the algorithms of both infrared
(IR) or passive microwave (PM) sensors use cloud top temperature thresholds that are too
cold to recognize warm orographic clouds. This was illustrated in previous studies over
the USA [48] and Ethiopia [49]. In the central region, the satellite products and GPCC are
closest to the observed measurements and ERA5 overestimates significantly (Figure 4d).
This overestimation by ERA5 may be due again to the above-mentioned wet bias. Gasa is
the only station available for comparison in the north and all products underestimate here.
Although there is significant overestimation by ERA5, it is the only product to emulate the
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topography of the region. The two prominent valleys that propagate northward within the
central region, identifiable in Figure 1, are only reflected in Figure 4d. These valleys contain
slightly higher precipitation amounts than the surrounding mountainous terrain, as well
as providing a route for moisture to travel northward. Therefore, they play a significant
role in precipitation distribution in Bhutan.

Figure 4. Mean precipitation (mm/day) during the monsoon season (June to September) based on the years 2012 to 2019.
(a) TRMM; (b) GPM; (c) GPCC; and (d) ERA5 precipitation compared with daily weather station precipitation data displayed
in the circles.

No such pattern is shown from either a satellite product or GPCC, instead showing
a movement from high rainfall in the south to low rainfall in the north. This agrees with
previous findings that have shown complex and mountainous terrain to be a reoccurring
challenge for satellite precipitation estimates [46,49] and for GPCC [42]. It is likely the
general assumptions of global satellite products are not accurately representing the specific
atmospheric conditions present [30], and GPCC may be over relying on interpolation
in remote areas. From the evidence presented here, it is clear that ERA5 reanalysis can
reproduce the monsoon peak and is able to capture the effect of Bhutan’s intricate topog-
raphy on rainfall. However, it has also been highlighted that ERA5 often overestimates
the absolute precipitation values. It may be that satellite products and GPCC are closer
to actual precipitation values for some regions of our study site. However, due to their
limited timespan and lack of variables when compared to ERA5, the reanalysis product
may be more appropriate here. Therefore, ERA5 reanalysis is deemed a suitable product to
explore monsoon change, but absolute precipitation values may be used with caution.

4. The Regional and Local Impacts of the 2015/2016 ENSO and IOD Events on the
ISM—A Bhutan Case Study
4.1. Impact on Monsoon Precipitation

At the regional scale, in 2015, there were large precipitation changes during the peak
monsoon months of July and August. In July 2015 (Figure 5f), there is up to 15 mm/day
more precipitation than expected over the Bay of Bengal, whilst 15 mm/day less precipita-
tion than expected over India’s west coast, Nepal, Bhutan, and Northern India. The pattern
is different, however, in August 2015 with reduced precipitation of up to 5 mm/day over
the Bay of Bengal and more precipitation to the north (Figure 5g), whilst reduced rainfall
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remains over India’s west coast. During the following year, there is disruption to the
monsoon onset with a split precipitation pattern across Bhutan (Figure 5i). In July 2016,
there is up to 10 mm/day more precipitation than normal across central India, northern
India, Nepal, and Bhutan, and no areas of reduced precipitation. However, during Au-
gust 2016, this is again reversed with now decreased rainfall of up to 10 mm/day in the
Nepal/Bhutan area (Figure 5k) but 5–10 mm/day more in central India. In Figure 5l, the
region of more precipitation in central India has now spread out, possibly indicating a
slower decay of the ISM in September 2016.

Figure 5. Precipitation (mm/day) during the monsoon season over the whole ISM region. Panels textbfa to textbfd show the
climatology based on 1979 to 2018 JJAS data. Panels e to h and i to m show the mean monthly 2015 and 2016 difference of
precipitation, respectively, calculated by subtracting the 2015 or 2016 monthly values from the 40-year climatology period.

At the local scale, in July 2015 (Figure 6f), there is a reduction in precipitation across
the entire country with over 15 mm/day less in the southern areas. However, August
2015 (Figure 6g) shows the inverse, with higher than normal precipitation across the entire
country and over 15 mm/day more in the southern plains area and 10 mm/day more in the
central valleys. In 2016, there is disruption to the onset with a precipitation split (higher in
SW, less in SE) in June (Figure 6i), but then more precipitation than normal over the whole
country in July (Figure 6j) with greater than 15 mm/day in the west valley transect. August
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2016 (Figure 6k) displays the reverse pattern with a widespread precipitation reduction,
most prominent in the southern region with over 15 mm/day less and the southern to
central region experiencing between 5 to 10 mm/day less. For the decay of the monsoon in
September 2016 (Figure 6l), precipitation is up 7 mm/day more for some central regions.

Figure 6. Precipitation (mm/day) during the monsoon season over over Bhutan. Panels textbfa to textbfd show the
climatology based on 1979 to 2018 JJAS data. Panels e to h and i to m show the mean monthly 2015 and 2016 difference of
precipitation respectively, calculated by subtracting the 2015 or 2016 monthly values from the 40-year climatology period.

4.2. Impact on Vertically Integrated Moisture Flux Divergence and Wind at 850 hPa

The variables’ vertically integrated moisture flux divergence and wind at 850 hPa are
used to explore change to the monsoon flow at the regional scale. The onset of the ISM in
2015 (Figure 7a) is disrupted. The SW monsoon flow has shifted south beneath the Indian
peninsula, and little moisture is propagating up to Bhutan. This may reflect a delay to the
onset of the ISM. In July (Figure 7b), areas expected to experience moisture convergence
are experiencing divergence, indicating that the SW monsoon flow has shifted and air is
flowing instead from the high pressure plateau area to the low pressure area over India
and the Bay of Bengal. In August 2015 (Figure 7c), the wind pattern reflects a weaker than
normal monsoon flow and westerlies, incoming from the Tibetan Plateau, bring moisture
to Bhutan creating an area of moisture convergence here. This pattern is unusual as no
westerly flow is expected here in August. In 2016, during June (Figure 7e), two opposite
areas of moisture flux are meeting in the middle of Bhutan, explaining the precipitation
divide. During July 2016 (Figure 7f), there are elements of the normal monsoon flow and
more moisture convergence over the border with the Tibetan Plateau, Bhutan, and down
into western India. During August 2016, the pattern is again different. Wind is now flowing
inland and moisture is diverging over Bhutan and along the border with Tibetan Plateau
(Figure 7g). In September 2016 (Figure 7h), moisture is diverging over the Bay of Bengal
and moving to India and then spreading up to Bhutan, providing more evidence of a
slower ISM decay.
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Figure 7. The anomaly behavior of vertically integrated moisture flux divergence (kg m−2 s−1) and horizontal wind (m/s)
at the 850 hPa during the monsoon seasons of 2015 and 2016. The mean monthly 2015 and 2016 difference of vertically
integrated moisture flux divergence and horizontal wind is displayed for June, July, August, and September, calculated by
subtracting the 2015 and 2016 monthly values from the 40-year climatology period of 1979 to 2018.

4.3. Temperature and Pressure Gradients during the 2015/16 Monsoon Peaks

During the normal monsoon season, a south to north temperature pressure gradient
is formed due to the warming of the northern Indian Ocean and Indian subcontinent
whilst the southern Indian Ocean remains cooler. This causes the monsoon cross equatorial
flow [3,50] with winds carrying moisture from the warm Indian Ocean to converge on
India’s mountainous west coast, and then on to the Bay of Bengal where the winds turn
north and west around India’s low pressure monsoon trough [3,51]. In July 2015, which
saw great disruption to the normal moisture and precipitation pattern, there was a higher
than normal pressure area over the Tibetan Plateau and a lower than normal pressure area
over the Bay of Bengal (Figure 8a). The flow of air from high to low pressure is therefore
facilitating the movement of moisture away from Bhutan and taking it south to the Bay of
Bengal. This may explain the abnormally low precipitation over Bhutan in July 2015, whilst
there was increased precipitation further south. In August 2015, precipitation and moisture
variables indicated a return to a more normal monsoon flow, and this is supported by
Figure 8b showing slightly higher pressure in the west and lower in the east, maintaining
the normal, but weaker, monsoon flow. A closer to normal monsoon flow is also evident
in July 2016 (Figure 8c) with pressure marginally lower over central India and the Bay
of Bengal when compared to areas to the west and north. During August 2016, which
showed strong variance from the normal pattern, a very steep temperature gradient is
evident (Figure 8d). There is much higher pressure than normal over regions to the south
of the Tibetan Plateau and lower pressure areas over central and west India, which causes
the movement of moisture away from the Tibetan plateau, deflecting it from Bhutan and
Nepal and carrying it to the low pressure systems over central and west India. This is why
a reversed monsoon flow is evident.
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Figure 8. The anomaly behavior of the variables temperature (°C) and mean sea level pressure (hPa)
over the whole ISM region. The mean monthly difference of temperature and mean sea level pressure
is displayed for (a) July 2015, (b) August 2015, (c) July 2016, and (d) August 2016, calculated by
subtracting the 2015 and 2016 monthly values, respectively, from the 40-year climatology period of
1979 to 2018.

5. Discussion

The co-occurrence of a positive IOD and El Niño can incur an anomalously surplus
ISM rainfall. This is due to the weakening of the low-level western Pacific divergence
center associated with the pure El Niño, which means that a new, anomalous divergence
center is created off of Indonesia’s west coast, and an anomalous Walker cell is formed over
the IOD region causing the intensification of the cross-equatorial Hadley circulation [4].
By looking for parallels with other simultaneous IOD and ENSO events, event patterns
may emerge that could explain some of the impacts experienced during the study period.
The 2015/16 El Niño was considered a Super El Niño due to the strength and intensity of
its physical forcing [52]. There have been two other Super El Niños recorded: the 1982/83
and 1997/98 events. All reached similar amplitudes based on SST anomalies [53] and all
occurred alongside a positive IOD [54] as is shown in Figure 9. However, the events had
differing outcomes. During the 1982/83 event, there was a disruption in the inter-annual
ISM anomaly, with a deficit in rainfall during the developing year summer monsoon, but a
surplus rainfall during the decaying year, likely due to the interplay of the strong positive
IOD alongside the strong ENSO [55]. For 1997/98, despite the strong El Niño (as based on
the MEI index [56,57], mean monsoon precipitation was 2% above normal [58]. June and
September of 1997 had a weakened monsoon circulation, but July and August experienced
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near normal monsoon precipitation meaning there was no monsoon deficit [59]. This was
explained by Slingo and Annamalai [58] to be a result of the suppression of convection
over the Maritime Continent and equatorial Indian Ocean leading to a more active TCZ to
the north, which subdued the effect of the Walker circulation in June and September, whilst
enhancing local Hadley circulation in July and August [58].

Figure 9. The IOD and ENSO indexes over the period 1980 to 2019. The ENSO index displays the
SST anomalies for the El Nino 3.4 region in the Pacific (170° W–120° W, 5° S–5° N). The IOD index
shows the SST anomalies calculated from the difference between the SSTs of the eastern area of the
Indian Ocean (90° E–108° E, 10° S–0° S) and the SSTs of the western area (50° E–70° E, 10° S–10° N).

For 2015/16, this impact of a surplus ISM was not apparent. There were both periods
of drought and increased rainfall across the ISM region, and over the Bhutan study area,
a heavily disrupted monsoon in terms of timing rather than rainfall quantity. It may be
important to consider whether the lack of the expected behavior is due to the differences
in ocean events as compared with those that occurred previously. Some have questioned
whether the El Niño was strong enough to be considered “super”. Considering the rapidly
rising worldwide decadal scale SST anomalies, including a 0.5 °C rise in tropical Pacific
SSTs in the three years leading up to the 2015 event, the SST anomaly amplitude for 2015
is 1 standard deviation lower than during the other super El Niños [60]. Furthermore,
the 2015/16 El Niño had a westward shift of SST anomalies when compared to previous
events such as 1997/98. This creates unfavorable conditions for positive IOD develop-
ment [54] as the westward movement of the El Niño causes the rising branch of the walker
circulation to shift from the east to the central tropical Pacific, which means the difference
in the anomalous walker circulation over the Indian Ocean exhibits a negative IOD like
pattern, blocking further development of the positive IOD. From Figure 9, the strength
of the positive IOD during 2015/16 is visibly not as great as in 1997/98. Some studies
have questioned whether it even constituted a positive IOD. The westward movement of
the El Niño caused the rising branch of the walker circulation to shift from the east to the
central tropical Pacific. The difference in the anomalous walker circulation over the Indian
Ocean then exhibited a negative IOD like pattern, which blocked further development
of the positive IOD. This is opposite to what occurred during the 1997/98 event, where
the cold SSTs in the eastern Indian ocean maintained the suppression of convection in the
region, leading to a positive feedback on enhancing the positive IOD [58].

For the following year, the co-occurrence of a negative IOD and a La Niña may cause
an anomalous deficit monsoon situation, due to the reduction of lower level convergence of
air over the ISM region [61]. Again, this expected impact of the co-occurrence of these two
events in 2016 is hard to distinguish. There was less than normal rainfall over southwest
India, supporting previous findings by Sreelekha and Babu [62], but there was also excess
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rainfall over other regions of the Indian subcontinent. Sreelekha and Babu [62] suggested
that this uneven spatial and temporal distribution of rainfall during 2016 was likely to be
due to the propagation of monsoon-organized convections (MOC), which were faster over
southwest India leading to deficit, but slower with a more sustained presence over the
monsoon cloud zone, causing normal monsoon rainfall in other locations. The viability of
the events of 2016 can also be questioned in a similar manner to the previous year. When
compared with other cold events, the 2016/17 La Niña was comparatively weak, whilst the
negative IOD was the strongest in 25 years, driven by a long-term Indian Ocean surface
and subsurface warming trend over the last 55 years [15]. This weakness, when compared
with other events, is clear in Figure 9. Comparison by Lim and Hendon [15] of the 2016
negative IOD with five previous strong negative IODs; 1992, 1996, 1998, 2005, and 2010, of
which only 1988–89, and 2010–11 occurred with a La Niña, showed that only the 1998 event
developed in a similar style. This means both events had anomalous ocean subsurface heat
accumulating in the tropical western Indian Ocean and a surface westerly wind burst in
the tropical central Indian Ocean, but with weaker magnitudes in 1998 than 2016. In 2016,
with one weak and one strong event, can the impact on the ISM during be the result of
the co-occurrence of two ocean phenomena or rather the dominance of a negative IOD?
However, a lesser ISM, the expected impact of a negative IOD acting alone, was only
recorded in some areas during August and was preceded by a rainfall surplus during July
2016. Therefore, the extent of influence of the IOD and ENSO during this period is unclear.

As well as questioning the viability of the ocean events, the weakening of the re-
lationship between ENSO and the ISM [5] may also be the reason why the expected
impacts of the co-occurrence of the two ocean phenomena did not occur. Other drivers
of interannual variability of the monsoon must therefore be considered, such as varying
boundary conditions. This includes changing SST anomalies over the equatorial Pacific
and Indian oceans [63], or winter pressure anomalies due to changes of Eurasian snow
cover changes [64,65]. The SSTs of the North Atlantic also have an influence on the ISM via
the Atlantic Multi-decadal Oscillation (AMO) [66,67]. This produces a continued weaken-
ing (strengthening) of the tropospheric temperature meridional gradient by encouraging
a negative (positive) tropospheric temperature anomaly over Eurasia in the late boreal
summer to autumn. This leads to an early (late) SW monsoon withdrawal and decrease
(increase) of seasonal rainfall. The Pacific Decadal Oscillation (PDO), which describes the
SST variability occurring over 20 to 30 years in the mid latitudes of the Pacific Ocean [68],
can affect the interannual variability of the monsoon rainfall through the Walker circulation
associated with ENSO [69]. The PDO positive phase can strengthen the eastward migration
of the ascending branch of the Walker circulation associated with El Niño conditions. This
causes reduced convection over India during the monsoon and prevents the ascent of
air over the Indian subcontinent leading to a higher pressure zone with reduced cloud
formation [70]. When ENSO and the PDO are in phase (out of phase), then the resulting
ENSO anomalies are intensified (dampened) and may expand (reduce) poleward [42],
meaning the warm phase of the PDO is negatively correlated to precipitation in central
and southern India [71,72], and there are more severe El Niño induced droughts during
the warm phase of the PDO. Currently, we are in a positive phase of the PDO, so ENSO
induced subsidence is more likely to be enhanced and the impact of La Niña reduced [72].
ENSO induced subsidence was possibly enhanced for July 2015 and the associated wetter
impacts of La Niña were possibly subdued during August 2016 over Bhutan, yet there is
no definite impact from which to draw a conclusion that the PDO was causing this.

It is also important to consider that much of the ISM interannual variability is driven
by the internal dynamics involved, operating chaotically [59,69]. For the 1997/98 ENSO
event, the more clearly definable surplus ISM was explained by some to be the result of the
strong positive dipole that was taking place simultaneously [4], but others stated that it was
likely the accidental behavior of an inherently noisy monsoon system [73]. Considering
that the impacts witnessed over 2015/16 are much more turbulent and harder to define
when compared with a more clear cut event like that of 1997/98, it may be that the events
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of 2015/16 are the product of a chaotic monsoon system influenced by numerous drivers
of internal variability.

At the local scale, drivers of monsoon variability are further amplified/modified
by tectonic and orographic processes. Within Bhutan tectonic processes are the primary
control on moisture migration [74], facilitating movement through the deeply incised
valleys to the dry Tibetan Plateau. The split precipitation pattern over Bhutan seen in
September 2015 and June 2016 (Figure 6) is likely the product of local topography. The
Shillong Plateau, the most prominent orographic barrier in the south Himalayas [74], sits to
the south of Bhutan and creates an orographic rain shadow in east Bhutan, whilst the low
elevations of the Sankosh valley in the west enhances precipitation. This may explain the
divided precipitation seen. The strong control of Bhutan’s topography seems to amplify
the alterations to the ISM already occurring at a larger scale. If moisture is diverging over
the country, the most reduced precipitation is found in the deeply incised valleys then
compared to the surrounding areas, whereas, if moisture is converging over the country,
the greatest precipitation occurs in the low lying southern area found before the sharp rise
in topography and the presence of the Himalayan orographic barrier. Therefore, it is likely
that disruption to the ISM at a local scale was the product of numerous drivers of ISM
variability alongside ENSO and IOD, but these are further amplified and/or modified by
the intricate topography and orographic processes. For this reason, a direct link between
ENSO and IOD activity and changes to the monsoon over Bhutan is hard to distinguish.

6. Conclusions

This study aimed to explore how the ISM was affected at local and regional scales
during the 2015 to 2016 period in relation to the ongoing ENSO and IODs. There was clear
disruption to the ISM during the study period. In 2015, the monsoon onset was delayed,
and the entire monsoon flow shifted during July. This caused rain deficits over Bhutan,
Nepal, and central India and rain surpluses over the Bay of Bengal and surrounding area.
In August, the monsoon returned to a normal albeit weaker monsoon flow. During 2016,
the monsoon season onset was disrupted with a southeast/northwest split precipitation
pattern. During July, there was a close to normal monsoon flow rain with surplus over
central India, Nepal, and Bhutan; however, in August, there was a reversed monsoon flow.
Moisture was instead moved away from the southern Himalayan front and transported
inland to northern India, and there was a slow monsoon decay in September.

Whilst it is possible to attribute some of these regional scale changes to the ENSO
and IOD events, the expected impacts of simultaneous ENSO and IOD events are hard to
recognize. This may be due to the viability of the 2015/16 ENSO and IOD events or it could
also be related to the supposed weakening of the ENSO/ISM relationship. ENSO cannot
explain the full scale of changes that occur to monsoons, and it is likely that the 2015/16
monsoon disruption was driven by a combination of factors alongside ENSO and the IOD,
including varying boundary conditions (such as changes to SST anomalies and Eurasian
snow cover), the Pacific Decadal Oscillation (PDO), the Atlantic Multi-decadal Oscillation
(AMO), and internal chaotic variability. This plethora of factors, interacting and influencing
one another, make defining direct impacts of ENSO on the ISM increasingly difficult.
Taking into account the multitude of drivers of monsoon variability acting on the ISM
at a regional level, distinguishing direct ENSO/IOD consequences on a local level over
Bhutan is even more difficult due to the role of topography further altering the already
disrupted monsoon.

Bhutan’s dependency on agriculture and natural resources makes the country em-
inently vulnerable to ISM spatial-temporal variability. With over 60% employed in the
agricultural sector [75] and an estimated economic potential of over 100 million US$ in
annual revenue [76] from its recently developed hydropower industry, disruption to the
monsoon has severe repercussions. Alterations to the onset or offset, as was seen in 2015/16,
has a direct negative affect on both subsistence farming and cash crop yields, whilst changes
to monsoon precipitation patterns across the high altitude Himalayan regions increase the
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risk of flash flooding, landslides, and further diminishing Himalayan glacier extent, which
has long-term repercussions on Asia’s water resources and therefore hydropower [77]. It is
largely unclear how global monsoon variability will change in the future. Multimodel
ensemble projections from CMIP6 indicate that northern hemisphere monsoon rainfall will
likely increase under a warming climate [78] and that late withdrawals of the monsoon may
be more common [79]. There is more ambiguity surrounding how ENSO and IOD events
will change under future climate scenarios, as while one or even several of the processes
that dictate the characteristics of an ENSO event may be altered by climate change, whether
this will lead to enhanced, dampened, more frequent, or more intense ENSO activity is
unclear [80]. Despite this lack of clarity, it is likely there will be a more unpredictable mon-
soon climate over Bhutan in the future. Considering the country’s inherent vulnerability
to climatic change, the threat of a future unpredictable monsoon climate will have severe
repercussions for Bhutan, unless mitigation measures are rapidly employed.
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