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Abstract

The Central Himalayan Region (Nepal Himalayas), comprised of two clear sub-parallel mountain ranges, is a
typical location for studying the impact of rugged topography on spatiotemporal variations of precipitation. The
relationship between topography and diurnal cycles of rainfall have been investigated utilizing 13-year (1998—
2010) high resolution (0.05° x 0.05°) Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR)
data. An investigation of diurnal cycle of precipitation revealed an afternoon maximum during the pre-monsoon
season (March—-May) and midnight—early morning maximum during the summer monsoon season (June-August)
over the southern slopes of the Himalayas. The summer monsoon exhibited a robust spatial variation of diurnal
cycleof precipitation, during afternoon-evening time, primary rainfall peak appeared along the Lesser Himalayas
(~2,000—2,200 m above mean sea level), while early-morning rain in contrast showed maximum concentration
along the southern margin of the Himalayas (~500—-700 m above MSL). An afternoon-evening rainfall peak was
attributed to higher rain frequency, whereas early-morning rainfall peak was attributed to fewer but rather intense
rainfall. It is suggested that, confluence between down slope and moist southeasterly monsoon flow triggers
convection near the foothills of the Himalayas during early morning period. The results further suggested the
morning precipitation moves southward in the mature monsoon season.
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Introduction variation. Several studies have been conducted to study
Nepa Himalayas (NH) isthe central portion of 2500 the diurnal variation of rainfall over the Himalayan
km long Himalayas, which stretchesfrom Afghanistan territory (Neshitt & Zisper 2003, Bhatt & Nakamura
to Myanmar. Thisportionisahome of world'shighest 2006, Romatschke & Houze 2011a, 2011b). A typical
peaks including Mount Everest. In contrast to the feature of the diurnal cycle was observed over the
eastern and western Himalayas, Nepal Himalayas is southern slope of the Himalayas during the mature
characterized by three sub-parallel ranges: the Greater monsoon season. By monitoring precipitation in 2001
Himalayas (GH), the Lesser Himalayas (LH) (also summer monsoon in the Himalayas on the basis of
known as the Mahabharat Range), and the Sub- basin-wide observationsin central Nepal, Barros and
Himalayas (SH) (also known as the Siwalik Range) Lang (2003) observed nocturnal rainfall maximaover
(Bookhagen & Burbank 2006, Shrestha et al. 2012). the southern slope of the Himalayan region. This
The sub-parallel ranges exert a significant influence finding was strongly supported by Bhatt and
on spatial and temporal variation of rainfall (Anders Nakamura's (2005 & 2006) observation on the basis
et al. 2006, Bhatt & Nakamura 2005, Bookhagen & of TRMM PR near-surface rainfall data. They
Burbank 2006, Shresthaet al. 2012). One of the most suggested that a significant increase in moisture,
significant features of precipitation over landisdiurna presence of down-valley wind at midnight, and gravity
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waves might produce favorable conditions for
nocturnal rainfall. Further, it stated that the early-
morning southward shifting of the preci pitation system
isdueto the existence of adown slopedensity current.
Essentially, daytime precipitation is concentrated over
theridgewith strong ridge-valley gradients, and during
midnight—early morning, intenserainfall concentrates
over ridges and in river valleys (Bhatt & Nakamura
2005, Higuchi et al. 1982).

Studying diurnal cycle of precipitation in the Nepal
Himalayas is particularly challenging due to lack of
adequate high temporal resolution data. Direct
measurements of precipitation in mountain
environments are particularly challenging, because of
the need to cover a large range of elevations and
orographic positions. In addition, in the mountainous
region, itisoften difficult toinstall rain gaugesat higher
elevations because of steep hillslopes, harsh weather,
and lack of roadsand transportation. On the other hand,
the physiographic features and the complex
atmospheric processes significantly modify the
distribution of precipitation. Hence, in the mountainous

areaswherelarge variability inthe precipitation exists,
the gauge network is never adequate to define the
detailed precipitation distribution. In this context, the
Preci pitation Radar (PR) onboard the Tropical Rainfall
Measuring Mission (TRMM) revol utionized the global
view of precipitation distribution and mechanisms by
providing high spatial resolution with an ability to
profile the vertical structure of precipitation.

We aim to study and characterize the seasonal diurnal
cycleof precipitation and itsrelationship with altitude
over the southern slopes of the Nepal Himalayas (Fig.
1) by utilizing hourly 0.05° x 0.05° grid datafrom the
TRMM PR. Due to the TRMM PR’s poor temporal
resolution, there are fewer possibilities to study
temporal variability in detail from PR measurements
especialy at small spatial scales (5 km) (Bhatt &
Nakamura 2005). We therefore, make use of
accumulation over 6-h of local time to estimate the
horizontal distribution of the diurnal cycle of
precipitation. Therain total and conditioned rain rate
estimates are used to express spatial variability in
precipitation.
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Fig. 1. Topographic overview of the Himalayan range. International boarders are outlined in black. Eastern and western
Himalayan regions are characterized by one-step topography; the central Himalayas are characterized by two-step
topography. The area bounded by the thin black line represents the study area for statistical analysis.

M ethodology

The data and methods of analysis used in this study
aredescribed by Shresthaet al. (2012). Asin the study,
we used TRMM satellite’'s PR version 6 products for
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pre-monsoon (March-May) (MAM) and summer
monsoon (June-August) (JJA) for 1998-2010 for use
as primary data. Briefly, TRMM PR isthefirst space
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borne radar designed to provide three-dimensional
maps of storm structures (Kumerrow et al. 1998,
2000). PR has horizontal resolution of ~4 x 6 km and
vertical resolution of 250 m at nadir with 215-km swath
width operating at 13.8 GHz. It can detect reflectivities
down to nearly 17 dBZ, equivalent to rain rates of
~0.5 mm/h. Thepixd size, swath width, and sensitivity
torain changed dightly (5-km pixel size, 247-km swath
width and sensitivity reduced by 1.2 dB) after an orbit
boost from 350 km to 402.5 km in 2001. However,
the differenceswereinsignificant and were neglected
inthisstudy. To study rainfall patterns, product 2A25
(Iguchi et al. 2000) was used; it provided near-surface
rain rate from PR. “Near-surface” rain rate was
obtained from the range bin closest to the surface that
isgenerally not corrupted by surface clutter. The near-
surface height ranged from 500 m above ground level
(AGL) at nadir to 2000 m AGL at the edge of the
observation swath. The average rain rate was
calculated as a product of rain frequency (number of
rain samples normalized by total number of samples)
and conditional rain rate (near-surface rain rate only
when it wasraining).

For data processing, we first binned data from each
individual swath onto aregular grid with spacing of
0.05° (about 5 x 5 km). The gridded data were than
averaged over the entire period of record to produce
daily-mean climatologies.

For statistical analysis of altitudinal variations,
precipitation characteristics were averaged for each
200 m altitudeinterval upto 5,000 mintheHimalayas.
The analysis was restricted within 5,000 m elevation
because some of the highest altitude pixels showed
excessively high magnitudes of rainfall which might
be dueto ground clutter contamination in radar echoes
(Shresthaet al. 2012). Another reason to limit thearea
to altitudes below 5000 m elevation is simply to
exclude the northern slopes of the Himalayas.

The area-averaged values were smoothed by a 1:2:1
smoothing filter. Smoothed values (SV) are given as

Voor + 2V, + Vou

5"[_; = 1

¥

where V and a represent the averaged value and
altitude, respectively.
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Other than TRMM PR data, the GTOPO30 data set of
the United States Geological Survey (USGS) with a
spatial resolution of 0.008° x 0.008° was used for
topographic data analysis. For this study, data were
averaged over 0.5° x 0.5° grids.

Results and Discussion

Horizontal distribution

First, we analyzed the horizontal distribution of the
diurnal variation of rainfall for two seasons pre-
monsoon (MAM) and monsoon (JJA). Figure 2 shows
the six-hourly distribution of rainfall total from early-
morning (0000—6000 LST) to midnight (1800-2400
L ST) for the summer monsoon period. It was observed
that rain system was more active during late-afternoon
to early-morning time (Figs. 2c and 2d). The early-
morning (0000-0600 L ST) rain totals appeared more
common over the lower elevation areas (Fig. 2a).
However, the higher terrain (Lesser Himalayas) also
exhibited similar behavior during thistime period. The
late-morning rain (0600-1200 LST) appeared
dominant over thelower elevation areas (Fig. 2b). The
large amount of rainfall in contrast were found over
the higher terrain region around 2000 m contour line
during afternoon periods (1200-—-1800 LST), which
was more significant during evening-midnight periods
(1800-2400 LST). Previously, Bhatt and Nakamura
(2005) found similar spatial patterninthediurnal cycle
of rainfall over the southern slopes of the Himalayas
during monsoon season. Our results showed that large
rain totals appeared below 3000 m MSL. This was
not consistent with the findings of Kurosaki and
Kimura (2002), who showed daytime (0900-1500
LST) rainfall maxima and cloudiness above 3000 m
above mean sea level (AMSL) over the south-facing
slopes of the eastern Himalayas. According to
Kurosaki and Kimura (2002), greater cloud cover
frequency (~75%) of low clouds was observed above
3000 m AMSL over the south-facing slopes of the
eastern Himalayas during the pre-monsoon and
monsoon seasons. Bhatt and Nakamura (2005)
explained that the disagreement might be due to the
existence of non-precipitating-type clouds along the
tallest ridgesin the eastern Himalayas. Thisisbecause
their analysisdid not discriminate precipitating clouds
from non-precipitating clouds. Despitethis, the spatial
variability between the reported cloud field and the
PR-observed rainfall distribution were in agreement
for the south-facing slopes.
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Fig. 2. Mean 6-hourly rainfall amount distribution for JJA of the 13-yr period 1998-2010: (a) Early-morning (0000-0600
LST), (b) Late-morning (0600-1200 L ST), (c) Afternoon (1200-1800 L ST), and (d) Evening-Midnight (1800—2400
LST). Contour lines indicate 500, 2000, and 4000 m elevations. Area enclosed by the black oval lines represents the

central Himalayan region (CHR).
Further, thehorizontal distributionin thediurnal pattern
of rain frequency and conditional rain rate was studied
in order to identify the factor responsible for high rain
totd in particular location and time (Figs. 3and 4). The
PR observations showed that strong/weak conditional rain
frequency exists mornings/afternoons along the
Himalayan foothill region. This inference is consistent
with results shown by Bhatt and Nakamura (2005), and
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Kurosaki and Kimura (2002). Ohsawaet al. (2001) also
noticed convective activity along theeastern Himalayan
foothills in the morning during monsoon period. In
general, early-morningrainfall over foothill regionsand
SH regions is a consequence of strong conditional rain
rate whereas afternoon to midnight rainfall maximaover
LH regions is a consequences of relatively very high
frequency of rainfall.
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Fig. 3. Mean 6-hourly rain frequency distribution for JJA of the 13-yr period 1998-2010: (a) Early-morning (0000-0600
LST), (b) Late-morning (0600-1200 L ST), (c) Afternoon (1200-1800 L ST), and (d) Evening-Midnight (1800-2400

LST).
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Fig. 4. Mean 6-hourly conditional rain ratefor JJA of the 13-yr period 1998-2010: (a) Early-morning (0000-0600
LST), (b) Late-morning (0600-1200 L ST), (c) Afternoon (1200-1800 LST), and (d) Evening-Midnight

(18002400 LST).

Altitudinal variation

To quantify more precisely the relationship between
rainfall characteristics and altitude, area-averaged
total rainfall, rain frequency, and conditional rain rate
over the southern slopes of the Himalayas up to 5,000
m elevation within Nepal region was analysed (Fig.
1). Averaged values of al the three components for
each 200 m elevation area are presented in Fig. 5.
The figure shows a distinct atitudinal pattern of
rainfall during JJA and MAM. There appearsastrong
diurna cyclein JJA (Fig. 5b) comparedto MAM (Fig.
5a). During MAM, afternoon and evening rainfall
appearsdominant, particularly over thehigher atitude
regions. In contrast, evening to midnight (1800-2400
LST) and early-morning (0000-0600 LST) rainfall
wasdominantin JA. Aninteresting result of thisstudy
was distinct altitudinal variation of rainfall during
evening-midnight and early morning rainfall over the
southern slope of the Himalayas. It was observed that
the evening-midnight rainfall typically peaked at a
mean elevation of 2,200 m AMSL with a small
secondary peak at about 500 m AMSL. In contrast,
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early-morning rainfall primarily concentrated at the
foothillsof the Himalayas (~500 mAMSL). However,
there appeared broad secondary rainfall maximaover
the higher altitude areas. During late morning (0600—
1200), rainfall peaked at mean elevation 500 mMSL,
then monotonically decreases with elevation. The
afternoon rainfall exhibited altitudinal pattern similar
to the evening-midnight rain. The figure showed that
the conditional rain rate decreased as elevation
increased throughout the day during MAM and JJA.
In contrast to conditional rain rate, rain frequency
depicted strong diurnal cycleintermsof itsaltitudinal
variations which was similar to the variation of rain
total during both seasons. Over all, these results
demonstrated that the high-altitude rainfall peak is
followed by more frequent nocturnal rainfall rather
than a high conditional rain rate. Despite similar rain
frequency over low- and high-altitude regions in the
early-morning time, a low-altitude rainfall peak was
noticed, which indicated that intense early-morning
rainfall contributed to alarge amount of rainfall over
lower elevation aress.
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Fig. 5. Diurnal variation of rain characteristics (rain rate, conditional rain rate and rain frequency) with altitude for
(@) pre-monsoon (MAM), and (b) monsoon (JJA). Solid black, solid grey, thin solid black (cross mark) and
dashed lines represents 0000—0600, 0600—-1200, 1200-1800 and 1800—2400 L ST, respectively.

Rain-type distribution

Next, the diurnal cycle of rain-type distribution was
analyzed because mountains could generate both
stratiform and convective precipitation. Stratiform
precipitation generally occurs in a statically stable
atmosphere, while convective precipitation results
fromtherelease of staticinstability. Thus, considerable
diurnal variation in rain type was also expected over
the NH. Information about rain-type distribution and
its relationship with altitude could provide valuable
insight into mountain rain systems.

Horizontal distribution of rain type depicted that early
morning rainfall was more stratiform, which appeared
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over the broader areaof the L esser Himalayas (Figure
not shown). In contrast, afternoon and evening rainfall
were mostly convective. The result showed that
convective rainfall was more significant during
evening rather than afternoon time, which mainly,
appeared at high elevation. The atitudinal patternin
diurnal variation of stratiform and convectiverain rate
and number of events are shown in Fig. 6. The figure
showed that thefrequency of stratifomrainfall typically
peaked at higher elevation (mean elevation 2100 m
MSL) during the evening (Fig. 6d). Similar trend was
observed in the afternoon as well with a small
secondary peak at a mean elevation 500 m AMSL
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(Fig. 6¢). Significant stratiform precipitation events
wereobserved at lower elevationsin theearly morning
along with the peak at a high elevation (Fig. 6a). In
contrast, the late-morning rainfall depicted
monotonically decreasing trends in stratiform rain
frequency (Fig. 6b). Thissuggested that the higher rain
total at the higher elevation wasaresult of afternoon-
early morning frequent stratiform rain. There appeared
astrong convectiverain over SH in the early morning
whereas frequency was higher during afternoon.
Convective rainfall activity over higher terrain was

less significant. It gives an ideathat the mid-night to
early-morning rainfall in the SH regionswas generally
convective. Clearly, late-afternoon to early morning
time rainfall over SH was stratiform with very high
frequency. The diurnal cycle of rainfall we observed
in NH was consistent with Barros et al. (2000) and
Barrosand Lang (2003). The mechanismsthat lead to
diurnal behavior in NH were likely the same as noted
by Romatschke and Houze 2011 and Bhatt and
Nakamura 2006 (i.e, daytime upslope wind and
nighttime downsl ope wind).
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In conclusion, an investigation of diurnal cycle of
precipitation reveal ed an afternoon maximum during
the pre-monsoon season and midnight—early morning
maximum during the summer monsoon season over
the southern slopes of the Himalayas. The summer
monsoon exhibited arobust spatial variation of diurnal
cycleof precipitation; during afternoon-evening time,
primary rainfall peak appeared along the Lesser
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Himalayas (~2,000-2,200 m above M SL), while early-
morning rain in contrast showed maximum
concentration along the southern margin of the
Himalayas (~500—700 m above M SL). An afternoon-
evening rainfall peak was attributed to rain frequency,
whereas early-morning rainfall peak was attributed to
fewer but rather intense rainfall. It is suggested that,
confluence between down slope and moist
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southeasterly monsoon flow trigger convection near
the foothills of the Himalayas during early morning
period. The result further suggested the morning
precipitation moves southward in the mature monsoon
Season.
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