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Abstract

This paper describes the establishment of a dense rain gauge network and small-scale
variability in rain storms (both in space and time) over a complex hilly terrain in south-
east peninsular India. Three years of high-resolution gauge measurements are used
to evaluate 3 hourly rainfall and sub-daily variations of four widely used multisatellite
precipitation estimates (MPEs). The network consists of 36 rain gauges arranged in a
near-square grid area of 50 km x 50 km with an intergauge distance of ~ 10 km. Mor-
phological features of rainfall in two principal monsoon seasons (southwest monsoon:
SWM and northeast monsoon: NEM) show marked seasonal differences. The NEM
rainfall exhibits significant spatial variability and most of the rainfall is associated with
large-scale systems (in wet spells), whereas the contribution from small-scale systems
is considerable in SWM. Rain storms with longer duration and copious rainfall are seen
mostly in the western quadrants in SWM and northern quadrants in NEM, indicat-
ing complex spatial variability within the study region. The diurnal cycle also exhibits
marked spatiotemporal variability with strong diurnal cycle at all the stations (except for
1) during the SWM and insignificant diurnal cycle at many stations during the NEM. On
average, the diurnal amplitudes are a factor 2 larger in SWM than in NEM. The 24h
harmonic explains about 70 % of total variance in SWM and only ~ 30 % in NEM. The
late night-mid night peak (20:00-02:00 LT) observed during the SWM is attributed to the
propagating systems from the west coast during active monsoon spells. Correlograms
with different temporal integrations of rainfall data (1, 3, 12, 24 h) show an increase in
the spatial correlation with temporal integration, but the correlation remains nearly the
same after 12 h of integration in both the monsoons. The 1 h resolution data shows the
steepest reduction in correlation with intergauge distance and the correlation becomes
insignificant after ~30 km in both monsoons.

Evaluation of high-resolution rainfall estimates from various MPEs against the gauge
rainfall indicates that all MPEs underestimate the weak and heavy rain. The MPEs ex-
hibit good detection skills of rain at both 3 and 24 h resolutions, however, considerable
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improvement is observed at 24 h resolution. Among different MPEs, Climate Prediction
Centre morphing technique (CMORPH) performs better at 3 hourly resolution in both
monsoons. The performance of TRMM multisatellite precipitation analysis (TMPA) is
much better at daily resolution than at 3 hourly, as evidenced by better statistical met-
rics than the other MPEs. All MPEs captured the basic shape of diurnal cycle and
the amplitude quite well, but failed to reproduce the weak/insignificant diurnal cycle in
NEM.

1 Introduction

Precipitation is ranked among the most variable meteorological parameters in the
Earth’s climate system. Understanding and quantification of the variability of precipita-
tion is important not only for management decisions, but also to unravel the underlying
processes governing the formation of precipitation and its variability. The density of rain
gauges in many operational networks is often too poor to capture the small-scale (both
in space and time) variability of rainfall (Habib et al., 2009). Research networks with
high density of gauges, but covering a limited area, are becoming increasingly popu-
lar to understand the sub-grid and sub-daily scale variability of rainfall and also mea-
surements from such networks are extremely useful for the validation of precipitation
derived from microwave radars and imagers (Krajewski et al., 2003; Habib et al., 2012;
Tokay et al., 2014; Dzotsi et al., 2014; Chen et al., 2015). The complexity in small-scale
spatiotemporal variability of rainfall increases in hilly terrain. The rainfall often becomes
inhomogeneous due to topographic influence and at times highly localized, resulting
large errors in the retrieved precipitation by passive/active remote sensors due to non-
uniform filling of precipitation within the satellite or radar pixel (Tokay and Ozturk, 2012).
In order to understand the physical processes responsible for such variability, several
studies examined the dependency of rainfall spatial variability (in terms of correlation
distance, d,) on rainfall regimes, seasons, spatial and temporal aggregation of data
and geographical features like topography (Habib et al., 2001; Habib and Krajewski,
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2001; Krajewski et al., 2003; Villarini et al., 2008; Luini and Capsoni, 2012; Li et al.,
2014; Chen et al., 2015; Prat and Nelson, 2015). Proper quantification of spatial corre-
lation distance mitigates the uncertainty in the upscaling of rainfall from point-to-areal
and also helps in designing rain gauge networks (Bras and Rodriguez-lturbe, 1993;
Villarini et al., 2008).

At present, only a few research gauge networks are operational worldwide. Even
the gauge locations in operational networks are mostly confined to well-developed
and easily accessible locations. This leaves large spatial data gaps due to the un-
availability of gauges (over open oceans and remote locations) and/or timely inacces-
sibility of data. On the other hand, near real-time high-resolution precipitation mea-
surements are vital for several weather and hydrological forecasting applications (flash
flood forecasting and monitoring) (Li et al., 2009; Kidd et al., 2009). Satellite remote
sensing of precipitation is the only means of obtaining near real-time high-resolution
(both in space and time) precipitation on a global-scale, including over oceans and
hilly terrain where precipitation measurements are lacking. Recently, several merged
satellite products have been developed by effective integration of relatively accurate
microwave and high-temporal sampling infrared measurements. These multisatellite
precipitation estimates (MPEs) are becoming increasingly popular and several such
products are now available providing high-resolution precipitation on near-real time.
They include, among others, Climate Prediction Centre (CPC) morphing technique
(CMORPH), TRMM multisatellite precipitation analysis (TMPA), Global satellite map-
ping of precipitation (GsMAP) and Precipitation estimation from remotely sensed in-
formation using artificial neural networks (PERSIANN) (Hsu et al., 1997; Sorooshian
et al., 2000; Joyce et al., 2004; Huffman et al., 2007; Kubota et al., 2007; Aonashi
et al., 2009). However, several sources of uncertainties, including sensor inaccuracies,
retrieval algorithms, not fully understood physical processes and beam-filling factors,
limit the accuracy of MPEs. Therefore, evaluation of high-resolution MPEs and quan-
tification of their errors are essential before utilizing them further for operational or
research applications. Thus far, a great deal of effort has been put into evaluate the
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MPEs in different climatic conditions (Adler et al., 2001; Ebert et al., 2007; Turk et al.,
2008; Dinku et al., 2010; Prakash et al., 2014; Ghajarnia et al., 2015; Chen et al., 2015;
Sunilkumar et al., 2015 and references therein) and seasons (Tian et al., 2007; Kidd
et al., 2012; Sunilkumar et al., 2015). Though several studies exist on the evaluation of
monthly to seasonal rainfall in the literature, only a few studies focused on evaluating
the rainfall at daily and sub-daily scales (Sapiano and Arkin, 2009; Sohn et al., 2010;
Habib et al., 2012; Kidd et al., 2012; Mehran and Aghakouchak, 2014).

The sub-daily evaluation of five MPEs over the United States and Pacific Ocean
indicates strong performance dependence of MPEs on the region and season (overes-
timates warm season rainfall over the United States and underestimates over tropical
Pacific Ocean) (Sapiano and Arkin, 2009). They also noted that all MPEs faithfully re-
solved the diurnal cycle of precipitation. On the other hand, the evaluation study by
Sohn et al. (2010) over South Korea using a dense rain gauge network shows the un-
derestimation of the amplitude of diurnal cycle by CMORPH, PERSIANN and National
Research Laboratory blended (NRL-blended) precipitation product. The observed bi-
ases and random errors are found to be large at highest resolution (event and hourly
scale), but reduces to smaller values when the evaluations are carried out over the
entire study period or the data are aggregated in time and space (Habib et al., 2012).
The performance evaluation of various MPEs and reanalysis precipitation products
over northwest Europe reveals a strong seasonal cycle in bias, false alarm ratio and
probability of detection (Kidd et al., 2012). A detailed study on the detection capability
of intense rainfall by various MPEs using a meso-network of rain gauges reveals that
none of the high-resolution (3 h) MPEs are ideal for detecting intense precipitation rates
(Mehran and AghaKouchak, 2014).

The above studies clearly elucidated that the error characteristics obtained for
monthly and seasonal scales may not necessarily valid for high-temporal resolutions,
such as sub-daily scale and also the performance of MPEs varies in different climatic
conditions. It is, therefore, highly essential to perform evaluation studies independently
at finer temporal scales over different climatic regions. As mentioned above, while the
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evaluation of MPEs at monthly and seasonal monsoon precipitation was done to some
extent over India (Rahman et al., 2009; Uma et al., 2013; Prakash et al., 2014; Sunilku-
mar et al., 2015), a detailed study on the evaluation of MPEs at shorter time scales
(sub-daily and daily) does not exist due to lack of suitable measurements. Also, there is
no detailed documentation on the small-scale variability of precipitation, discussing the
diurnal cycle of precipitation and correlation distance (its dependence on seasons and
temporal aggregation of data). The objectives of this paper, therefore, are to understand
the small-scale variability (spatial and temporal) of precipitation over a complex hilly ter-
rain and also to evaluate high-resolution MPEs using a dense network of rain gauges
established around Gadanki (13.45° N, 79.18° E). This being the first paper on this net-
work, the establishment and maintenance (stringent calibration procedures adopted)
of the network is also discussed briefly. Though the southwest monsoon (SWM: June
through September) is the main monsoon season for India as a whole, the eastern part
of southern peninsular India (including the study region) receives significant amount of
rainfall in northeast monsoon (NEM: October through December) (Rao et al., 2009).
The final objective of this paper is, therefore, to understand the seasonal differences in
small-scale variability of rainfall and performance of MPEs.

The remainder of this paper is organized as follows. Description of the study region
including topographical features, seasonal differences and prevailing weather condi-
tions is given in Sect. 2. The establishment and maintenance of the meso-rain gauge
network is described in Sect. 3. The morphological characteristics of rain in both the
monsoon seasons, including the intensity, duration and small-scale variability are dis-
cussed in Sect. 4. The evaluation of MPEs at sub-daily and daily scales is performed in
Sect. 5 using a variety of statistical indices. All the results are summarized in Sect. 6.

2 Description of study region

The study region is centered on Gadanki, and spreads in an area of 50km x 50km in
southeastern peninsular India (Fig. 1a). The National Atmospheric Research Labora-
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tory (NARL) located at Gadanki is responsible for the establishment and maintenance
of the gauge network. The topography in the study region is complex with hillocks dis-
tributed randomly on a generally east—-west sloped surface. There is a steep gradient
in the north—south direction also due to the Nallamala Hills (highest peak is ~ 1km)
in the northern side of the study region. The coast is nearly 100 km away from the
center of the study region. The rainfall in this region is influenced primarily by two mon-
soon seasons (SWM and NEM), besides intense thunderstorms in May. While 55 % of
the annual rainfall occurs in the SWM, the NEM comprises of 35 % of annual rainfall
(Rao et al., 2009). The rain is predominantly convective in nature during the SWM,
whereas stratiform rain fraction is significant and comparable to that of convective dur-
ing the NEM (Saikranthi et al., 2014). The rain during the SWM occurs primarily due to
evening thunderstorms or propagating mesoscale convective systems (MCS) (Mohan,
2011). This region is far from the monsoon trough and generally is not under the influ-
ence of monsoon depressions and low-pressure systems that produce copious rainfall
in central and north India (Houze et al., 2007; Saikranthi et al., 2014). However, the
cyclones with varying intensities play a decisive role in altering the spatial distribution
of rainfall during the NEM. During the study period (October 2011-September 2014),
3 cyclones and few depressions formed in the Bay-of-Bengal and produced copious
rainfall in the study region.

3 Meso-rain gauge network around Gadanki

Dense rain gauge networks are an integral part of validation programs. As part of
one such satellite validation program — Megha-Tropiques, an Indo-French collaborative
project, NARL has established a meso-network of rain gauges in 2011, covering an
area of 50km x 50 km centered on Gadanki. The network consisting of 36 rain gauges
with an inter-gauge spacing of ~ 10 km spreads from 78.9 to 79.4° E and from 13.1°N
to 13.6° E (Fig. 1a). Rain gauges employed in the present network are of tipping bucket
type with a 20.32 cm diameter orifice. Each tip corresponds to 0.2 mm (or 6.4 mL) rain-
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fall. The gauge is solar-powered and stores high-resolution data (1 min) at the site in
a memory card, which has the capacity to store 5 years of rainfall data. Also, the 1 min.
data are being transferred on near real-time (in every 30 min) to a server located at
NARL using GPRS technology. The acquisition of near real-time data is of great utility
not only for research but also to monitor the performance of each system. It is possible
to reset the gauge, if required, from the central hub (NARL). Several factors were con-
sidered while choosing the location for rain gauge installation, like its suitability for rain
measurement (no obstacle should be there in a cone of 45°), safety of the instrument,
accessibility to the location and coverage of mobile network (required for data transfer).

The reliability of the assessment of MPEs depends primarily on the availability of ac-
curate ground truth provided by the rain gauge network. On the other hand, the gauge
maintenance can be challenging, especially in remote locations and in extreme weather
conditions, for long durations. The rain gauges are carefully calibrated before deploy-
ing in the field. Strict maintenance schedules are adhered, which includes 2 regular
visits of a qualified technician to all the gauges just before the onset of two principal
monsoon seasons (SWM and NEM) (first visit in May and the second in September)
and also to malfunctioning gauges, whenever required, to maintain high-quality data
essential for evaluating high-resolution MPEs. Three types of checks are performed
during each visit, besides monitoring the health of sub-systems, time shifts (if any, be-
tween the clocks of gauge and a standard laptop) and battery output. (1) To check how
well rain gauge measures the rain amount, known quantity of water sufficient for 5 tips
(5% 6.4mL) is poured slowly in the rain gauge and compared with the number of tips
recorded by the gauge. (2) To know whether or not each bucket takes the same quan-
tity of rain for tipping, 6.4 mL of water is poured slowly in each bucket. The problem,
if any found, is rectified by adjusting the leveling screw. This exercise is repeated till
both buckets take the same quantity of water for tipping. Nevertheless, such incidents
are rare and this kind of adjustments was done only on 8 occasions in 3years. (3)
To test how well the gauge estimates different intensities of precipitation, a reference
calibrator (Young 52 260) with 3 flow rates is employed. The calibrator generates flow
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rates of 1000, 1500 and 2000 mLh‘1, which corresponds to rain rates of 31.5, 54.3
and 72.6mmh™", respectively, corresponding to a rain gauge with orifice diameter of
20.32cm (or 8 in). The calibrator is filled with water (up to the mark recommended by
the manufacturer) and the water is released into the gauge along the walls of the ori-
fice. By changing the nozzle, the gauge is allowed to record each flow rate for 5 min.
The ratios of accumulated rainfall and the estimated rain rate (from calibrator) for each
flow rate are estimated. The ratios are estimated at each rain gauge station for all 3
flow rates and are shown in Fig. 1b. Clearly, the ratios at each station and for each flow
rate are nearly equal to 1, indicating that the gauges are fairly accurate.

4 Small-scale variability of rain

The small-scale variability of rain distribution in a hilly terrain, such as the present study
region, depends on several factors from the horizontal scale of mountains, direction of
wind to complex interactions between flow dynamics and cloud microphysics (Zangl,
2007 and references therein) besides the differences in large-scale forcing. This sec-
tion focuses on the small-scale variability of rain, both in space and time, using 3 years
of gauge measurements.

4.1 Morphological features of rain over the study region

To understand the morphological features of rain and also to test whether its pat-
tern during the study period is similar to that of climatology, the spatial distribution
of seasonal rainfall for SWM and NEM is examined (Fig. 2). The rainfall distribution
is somewhat uniform during the SWM, while it shows an east-west gradient during
the NEM. The magnitude of seasonal rain is larger in the SWM (~ 400 mm) than in
NEM (200-350 mm). The rainfall in SWM and NEM constitutes ~ 55 % of 30-35 %
of annual rainfall, respectively, consistent with the seasonal rain fractions reported by
Rao et al. (2009). In general, the region along the east coast, particularly close to the
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southern tip of India, receives more rainfall during the NEM, the main monsoon season
for that region. However, the rainfall gradually decreases towards west from the East
Coast. The present study clearly shows this gradient in seasonal rainfall with rainfall
varying by > 100 mm in just 50 km. This east—west gradient is not the same at all lat-
itudes, but is larger towards north. The highest mountains in the study region lies in
that part and are responsible for lifting the moist air from Bay-of-Bengal reaching that
region as part of NEM circulation.

The study region receives rainfall due to a variety of processes, starting from small-
scale evening thunderstorms to synoptic-scale cyclones. To know which of these pro-
cesses (small-scale or large-scale) contribute more to total rain amount, the data are
segregated into two groups as small-scale and large-scale (wet spell or active spell)
and rain fractions associated with those systems are estimated at each station during
both monsoon seasons. The system is treated as large-scale, if rain occurs over more
than 75 % of the stations for at least 2 days. Remaining rainfall is treated as associated
with small-scale systems. The number of large-scale systems (or spells) and their du-
ration varied from year to year. On average, the number of large-scale systems during
the SWM and NEM is found to be equal, but their average durations differ (6.9 days
for SWM and 4.4 days for NEM). The rain fraction due to large-scale systems varies
considerably from year to year during both the seasons. However, the probability dis-
tributions of rain fraction by large-scale systems (not shown here), clearly depicts the
seasonal variation. The large-scale systems contribute more to total rain amount during
the NEM with 3/4 of locations receive > 60 % of seasonal rain due to these systems.
However, same amount of rain fraction (> 60 %) by large-scale systems is observed
only at 1/2 of the locations during the SWM. Though, the number of rainy days asso-
ciated with large-scale systems (due to longer average duration) is larger in SWM, but
their contribution at many of the locations within the study region is not much. In other
words, the small-scale systems are also important during the SWM as they produce
considerable fraction of total rain amount.
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4.2 Regional variability in rain rate and rain duration

Based on the topography and spatial distribution of rainfall, the study region is roughly
divided into 4 quadrants (Fig. 1a). The division appears arbitrary but intuitive. The rain
gauge stations toward west, i.e., regions 1 and 3, are on elevated land and receive
nearly equal amount of rainfall in both seasons. The stations in region 2 and 4 are
on lowland, but the amount of rainfall that they receive varies considerably during the
NEM.

To understand the spatial variability within the study region and between the two
monsoon seasons, an event-based analysis is performed. As discussed above, the to-
tal study region is divided into 4 quadrants in such a way that 9 gauges exist in each
quadrant. Rain events at each gauge station within each quadrant are pooled sepa-
rately for all 4 quadrants. In the present study, the rain event is defined (for each rain
gauge station) as an event having rain duration > 5min and an accumulated rain of
> 0.5mm. Further, the time gap between any two rain events should not be less than
25min If rain occurs again within 25 min after the first shower, then it is considered
as part of the first shower. The 25 min threshold is chosen as the gauge takes nearly
25 min for one tip in the presence of drizzle (at 0.5mm h'1) (assuming rain is continu-
ous and evaporation is negligible). Rain duration and accumulations are estimated from
these rain events and their cumulative distributions are shown in Fig. 3. Rain event
statistics (of event duration and accumulated rainfall) for each quadrant, like mean,
maximum and interquartile range (75—25 %) and 90th percentile, are presented in Ta-
ble 2. The 90th percentile is considered for representing the extreme rainfall events.
The above statistics are presented for both SWM and NEM to delineate the seasonal
differences, if any exist.

During both monsoons, the number of rain events is sufficiently large (> 500) in each
quadrant for obtaining robust statistics. The number of events is largest in the 2nd
quadrant in both monsoons, a quadrant in which most of the gauges are located near
the foot hills of relatively high mountains, suggesting possible influence of mountain
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flows in enhancing cloud activity in this quadrant. In general, more rain events are ob-
served during the SWM than in NEM in all quadrants. The SWM is a summer monsoon
and most of the rainfall in this season is associated with evening convection due to
intense heating, mesoscale flows (convection due to mountain and sea-breeze circu-
lations) (Simpson et al., 2007) and propagating systems (Mohan, 2011) (discussed in
detail later). Many of them are short lived as can be evidenced from their cumulative
distributions (Fig. 3). For example, 50 % of the events during the SWM have durations
< 35 min compared to > 40 min in NEM in all quadrants.

During the SWM, the statistics of rain events in two western quadrants are different
from that of eastern quadrants. It is clear from Fig. 3a and Table 2 that both duration of
the event and rain accumulation within the event are larger in quadrants 1 and 3 than in
2 and 4. The difference is quite pronounced in the case of extreme rainfall events (i.e.,
90th percentile). Over the study region, the long lasting events that produce copious
rainfall generally occur during the late night — midnight period in active monsoon spell.
Mohan (2011) has shown that these long-lasting rain bands are propagating systems
from the west coast and ascribed the propagation to wind shear-cold pool interaction.
The intensity of propagating systems gradually diminishes as they move from the west
to east. At times, these propagating systems produce rainfall over the stations in the
western quadrants, but not in eastern quadrants because the rain bands dissipate be-
fore reaching the eastern quadrants. This is depicted in pictorial form in Figs. 4a and b
for SWM and NEM, respectively, showing the event duration and rain accumulation
as a function of local hour in all quadrants. The number, duration and rain accumu-
lation of events during night-late night (19:00—-04:00 LT (local time)) are clearly higher
in the western quadrants than in eastern quadrants. Also, events with longer dura-
tion and greater rain accumulation are almost absent during the morning-noon period
(08:00—12:00LT) in the western quadrants, while a few such events exist in the east-
ern quadrants. It is strikingly apparent from Fig. 4a that there is a clear diurnal pattern
in event duration in all 4 quadrants, though the pattern appears to be smeared in the
eastern quadrants. The eastern quadrants, being relatively closer to the coast, may
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sometimes get rain due to sea-breeze intrusions (Simpson et al., 2007). This coupled
with the inability of some propagating systems to reach these quadrants appear to be
the reasons for a different diurnal pattern.

Significant regional variability is also observed in rain duration and accumulation
during the NEM, wherein the northern quadrants (numbered 1 and 2) experience long
lasting events with more rainfall than their counterparts in the southern quadrants (num-
bered 3 and 4) (Figs. 3b and 4b). Almost all the long-lasting events in northern quad-
rants (1 and 2) produced significant amount of rainfall (> 20 mm), while it is not the
case in southern quadrants, where several events having durations > 6 h. produced
a rainfall < 20 mm. The north—south regional differences are distinctly apparent in ex-
treme rainfall cases also (90th percentile) (Table 2). Events of longest duration and
highest rainfall, on the other hand, are seen in the eastern quadrants. For example,
the 4th quadrant has 6 events with longer than 10 h duration with one event producing
rainfall continuously for nearly one day (1425 min). This event is associated with a cy-
clone, “Neelam”, that passed close (~ 50 km south of Gadanki) to the observational
site on 31 November 2012. In fact, this cyclone has produced steady rainfall over sev-
eral rain gauge stations leading to long-lasting events (16 events are observed during
the passage of Neelam with duration longer than 6 h). This number increased to 53,
when events with 3 h or longer are considered. The observed IQR for rain duration also
shows a different pattern during the NEM, where the values in all quadrants are not
significantly different from each other. In contrast to the clear diurnal pattern in rain
events and duration during the SWM, the NEM does not show any clear signature of
diurnal pattern.

4.3 Diurnal variability

Figure 4 clearly demonstrated the diurnal pattern in number of events and duration
in both the monsoon seasons. This section further discusses the spatial and sea-
sonal variability in the diurnal cycle of rainfall. The diurnal variation is the fundamental
mode of variability in the precipitation time series and the time of occurrence of max-
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imum rainfall depends on several factors, like the underlying surface (land or ocean),
mesoscale circulations, topography, etc. (Nesbitt and Zipser, 2003; Janowiak et al.,
2005; Yang and Smith, 2006; Kikuchi and Wang, 2008). Since the study region is
located in a complex hilly terrain and is about 75-125km from the coast, several
mesoscale circulations triggered by topography and land—sea contrast, besides the
propagating systems could alter the rainfall pattern. To better understand these pro-
cesses in SWM and NEM, the diurnal variation of rainfall at each station has been
studied during the two monsoon seasons.

The conditional mean hourly rainfall (hourly accumulated rainfall from all the days in
a season/number of days) time series at each station is subjected to harmonic anal-
ysis. The amplitude and phase of the diurnal cycle, thus obtained, at each station is
depicted in Fig. 5 for both SWM and NEM. The arrow magnitude and direction repre-
sent the amplitude and phase (time of maximum rainfall in the form of a 24 h clock)
of the diurnal cycle, respectively. For instance, the arrow pointing up (0°), right (90°),
down (180°) and left (270°) denote, respectively, the rainfall maxima at 00:00, 06:00,
12:00 and 18:00LT. The statistical significance of the amplitude is evaluated by using
the F statistic (Anderson, 1971). Statistically insignificant amplitudes are shown with
blue arrows. The topography is also shown in the figure (shading) for easy visualization
of mountain effects, if any, on the diurnal cycle.

Clearly, the rainfall shows distinctly different diurnal cycles in SWM and NEM. Except
for one station, the diurnal cycle is significant with large amplitudes at all stations during
the SWM. Though the diurnal cycle is insignificant at one station (station numbered
10), the seasonal rainfall at this station does not show any anomalous behavior (the
seasonal rainfall at this station is nearly equal to that of its surrounding stations). On
the other hand, the diurnal cycle is insignificant at several locations (15) during the
NEM. Even at those stations, where the diurnal variation is significant, the amplitudes
are smaller than those observed in SWM. For instance, during the SWM, 17 stations
show diurnal amplitudes larger than the largest diurnal amplitude in NEM. On average,
the diurnal amplitudes in SWM are larger than that in NEM by a factor of ~ 2.
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The diurnal cycle also exhibits spatial variability during both monsoon seasons. The
diurnal cycle is stronger in the western quadrants of the study region during the SWM,
as evidenced by large diurnal amplitudes. Though several rain events occur during the
afternoon-evening period (~ 40 % of total events occur during 14:00-19:00LT), most
of them are short lived and contribute only 30 % to the seasonal rainfall. On the other
hand, 50 % of total events occur during the late night-midnight period, but they oc-
cupy ~ 60 % of seasonal rain amount (Fig. 4). Among 4 quadrants, the rain fraction
by events occurring during the late night-mid night hours is highest in western quad-
rants (1 and 3, wherein the rain fraction exceeds 62-67 %). The diurnal cycle shows
a broad peak during the late night-mid night (~ 20:00-12:00 LT) at all the stations with
maxima at 21:00 LT. One would expect an evening peak in the diurnal cycle of rain-
fall over the land, where the convective instability induced by solar heating during the
day increases, resulting cloud formation and precipitation. However, the diurnal cycle
in rainfall in the study region peaks much later and this peak is primarily associated
with the propagating systems (Mohan, 2011).

During the NEM, except for 6 stations that show an evening peak (16:00-18:00 LT)
in the diurnal cycle, all other stations (30) depict a broad peak during the evening-late
night (18:00-22:00 LT). In this season, the rainfall is governed by a variety of processes,
like depressions/cyclones originated in adjoining Bay-of-Bengal, small-scale evening
thunderstorms, advection of morning-time precipitating systems from Bay-of-Bengal,
mountain induced rainfall (either by lifting the moist air reaching the study region with
the synoptic flow or by generating convergence zones for convection during the night).
These processes generate rainfall that either does not show any diurnal cycle (like cy-
clones) or peaks at different timings (solar heating induced convection peaks in the
evening, rainfall due to advection from Bay of Bengal in the morning, mountain induced
rainfall during the night), producing a weaker (in some cases insignificant) diurnal cycle
of rainfall. The spatial variability in the diurnal cycle is also considerable with majority of
the stations in the eastern quadrants show significant diurnal cycle, while it is insignifi-
cant at several stations in the western quadrants.
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The present study mainly focuses only on the first harmonic (24 h component) of the
diurnal variation, as it is regarded as the dominant mode by earlier studies elsewhere.
To examine this issue and also to quantify how much variance the 24h component
explains in the total variance, both total variance and variance due to 24 h harmonic
are estimated. Figure 5¢ shows the contribution of 24 h harmonic to the total variance
at each rain gauge location during SWM and NEM seasons. It is clearly evident from
Fig. 5¢ that the 24 h component is the dominant mode in the diurnal variation of rainfall
during the SWM. It explains 40—90 % of the total variance of the diurnal cycle at different
locations with an average contribution of ~ 70 %. Only one station (No. 10), where the
diurnal cycle is insignificant (Fig. 5a), shows less contribution from the diurnal cycle. On
the other hand, the contribution of 24 h harmonic to the total variance is mere ~ 30 %
(on average) during the NEM, indicating that other high frequency modes might be
important during the NEM. Also, the diurnal component contributes < 20 % to its total
variance at several locations (1/3 of total number of stations). As discussed above,
several processes including the evening convection, early morning rain due to oceanic
clouds, wide spread and continuous cyclonic rain weakens the diurnal cycle during the
NEM.

4.4 Spatial correlation

To understand the similarities and differences in spatial coherence of rainfall between
the two monsoon seasons, correlation analysis is performed. Earlier studies have
shown the usefulness of such analysis in gauge-satellite comparisons, hydrological
and meteorological modelling and setting-up gauge networks (Habib et al., 2001; Kra-
jewski et al., 2003; Ciach and Krajewski, 2006; Villarini et al., 2008; Liechti et al., 2012;
Luini and Capsoni, 2012; Mandapaka and Qin, 2013; Li et al., 2014; Chen et al.,
2015). Spearman correlation coefficients have been computed between each pair of
rain gauge stations for different rain accumulation periods. In the present study, 4 ac-
cumulation periods are considered (1, 3, 12 and 24 h) to understand the spatial corre-
lation structure on varying rain accumulation periods (temporal scales).
10404
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The spatial correlation of rainfall between different rain gauge stations at different
rain accumulation periods (1, 3, 12 and 24 h) is plotted as a function of gauge distance
in Fig. 6 (a for SWM and b for NEM). The spatial correlation distance is obtained by
fitting a modified exponential model on the data samples in correlograms (intergauge
correlation coefficient vs. intergauge distance), as given by Ciach and Krajewski (2006),

o(d) = poexp [—(dio) ] (1)

where p, is the nugget parameter signifying the local decorrelation (caused by random
instrumental errors), d is the distance between the pair of gauges (varies from 4.2 to
73.5km in the present study), d is the correlation distance (or scale parameter) and s,
is the shape parameter. The integration time, d, and s, are also depicted on the figure
for ease of comparison.

It is clearly evident from Fig. 6 that the correlation decreases with increasing gauge
distance and increases with the accumulation time, consistent with earlier studies (Kra-
jewski et al., 2003; Villarini et al., 2008; Luini and Capsoni, 2012; Li et al., 2014). The
steepest decrease of correlation is observed with 1 h integrated rain, which shows in-
significant correlation (< 0.2) after ~ 30 km. Further, the spatial correlation (in terms of
correlation distance and slope) varies rapidly with time scales up to 3 h, but remains
nearly the same for rain accumulations of 12 and 24 h The correlograms for all rain
accumulations show large scatter around the model curve even at shorter gauge dis-
tances. The large scatter indicates that the rainfall in the study region is quite variable
both in space and time. Because of this large variability even at shorter distances, the
nugget parameter shows values in the range of 0.8—0.95 (for different accumulations).
These features are observed in both monsoon seasons, albeit with differing slopes and
correlation distances. The correlation characteristics exhibit some seasonal variation
for all rain accumulations, as evidenced by different correlation distance and slope val-
ues during SWM and NEM. The correlation distances (slope) during the NEM are found
to be larger than in SWM, indicating higher spatial correlation of rainfall in NEM. The
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observation of weaker correlation in SWM than in NEM is consistent and analogous
to earlier reports that show smaller correlation distances during summer than in winter
(Baigorria et al., 2007; Dzotsi et al., 2014; Li et al., 2014). Weak correlation in summer
is attributed to the large spatial variability of rainfall due to highly localized and short-
lived convective systems (Krajewski et al., 2003; Dzotsi et al., 2014; Li et al., 2014).
It indeed is true that such systems occur frequently during the SWM over the study
region (Figs. 3 and 4).

5 Evaluation of high-resolution MPEs

As mentioned in Sect. 1, several evaluation studies exist in the literature focusing on
the assessment of seasonal rainfall over India (Uma et al., 2013; Prakash et al., 2014;
Sunilkumar et al., 2015), but none of them dealt with high-resolution (temporal) mea-
surements. This aspect has been studied in detail in this section, in which the focus is
primarily on the evaluation of high-resolution MPEs using a variety of metrics and sta-
tistical distribution of MPEs and also on the diurnal cycle of rainfall. As seen in Table 1,
MPEs provide information on precipitation with different temporal and spatial resolu-
tions. For proper assessment of MPEs, they need to be uniform and should match with
the reference. First, all MPEs are temporally integrated for 3 h and then remapped onto
0.25° x 0.25°. The study region, therefore, will have 4 satellite grid points. Among them,
one grid point is chosen (for the evaluation) (13.375° N, 79.125°E) in such a way that
the grid point is close to the center of the network and the rainfall and terrain are some-
what homogeneous around that grid (dashed box covering a region of 0.25° x 0.25°
in Fig. 1). Moreover, the diurnal cycle at all stations (9 in number) within the selected
region is somewhat similar. The intergauge spacing within the selected region is in the
range of 612 km, which is much smaller than d, of 3 hourly rainfall in this area (Fig. 6).
It is known from earlier studies that the density of operational gauges is often too small
to resolve the rainfall variations at smaller scales (Habib et al., 2009). However, the
6—12 km inter gauge distance employed here is almost equal to the highest resolution
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given by MPEs (i.e., 8km by CMORPH) and therefore they can serve as a reference
for evaluating high-resolution MPEs. However, to match the resolution of other MPEs
(0.25° x 0.25°), the rainfall data at the selected grid is obtained by interpolating (using
inverse distance weighting) the data at all the stations within the selected region. Fur-
ther, to discard the rain data arising due to the gridding, a rain threshold of 0.5 mm per
3his used as a lower threshold to discriminate the rain from no rain.

The evaluation of rain rates generated by MPEs is performed in a statistical way
by comparing the cumulative distributions of 3 h rain rates for MPEs with that for rain
gauge network (Fig. 7). Note that the frequency bins of cumulative distribution are taken
for logarithmic values of 3 h rain rates. Figure 7 clearly shows that all MPEs severely
underestimate the drizzle rain having rain rates less than 0.8 mm 3h7". Although the
underestimation at low rain rates is seen in both monsoons, but it is severe in NEM.
Later it will be shown that this underestimation is partly due to MPEs inability to de-
tect the light rain and partly to the underestimation of rain rates in light rain (to values
<0.5mm 3h'1, the threshold used to detect the rain). Among different data sets, the
underestimation is severe in the case of TMPA, but is less in PERSIANN. While the dis-
tributions for MPEs and reference show a very good agreement for rain rates 1-8 mm
3h~', but all MPEs overestimate rain rates during the moderate-heavy rain (8—20 mm
3h'1). The PERSIANN hardly shows rain rates greater than 25 mm 3h~". Neverthe-
less, the number of samples in higher rain rate bins is quite small and need to be dealt
carefully.

All MPEs are, then, evaluated for their detection capabilities and also for quantifying
the root mean square error (RMSE) at two temporal resolutions (3 and 24 h). While
3 h corresponds to the highest temporal resolution that most of MPEs provide, the 24 h
rain accumulation is the commonly used temporal integration in such evaluation studies
(Ebert et al., 2007; Habib et al., 2012; Sunilkumar et al., 2015 and references therein).
Table 3 shows evaluation statistics in terms of detection metrics (in %) (probability of
detection (POD) (i.e., both reference and MPEs detect the rain correctly), false alarm
ratio (FAR) (MPEs detect the rain wrongly), misses (missing rain) (MPEs fail to detect
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the rain)), and accuracy metrics (correlation coefficient and RMSE) (Ebert et al., 2007;
Sunilkumar et al., 2015 for formulae). The detection metrics clearly show marked dif-
ferences between the seasons and also between MPEs within the season. All MPEs
exhibit good detection skills of rain at 3 and 24 h temporal resolutions, however, the
24 h accumulation provides relatively better statistics (higher POD in both seasons). Al-
though the detection skill of all MPEs improves with higher temporal accumulation, the
degree of improvement varied from season to season and also between different data
sets. It varied by ~ 20—65 % during the SWM, but the improvement is only marginal for
3 data sets in NEM (< 20 %, but only TMPA shows considerable improvement in POD
with longer rain accumulation).

The FAR values evaluated at 3 h accumulation are quite small and show large sea-
sonal differences. Examination of data reveals that these small values are due to the
large number of non-rainy data points in the reference data (it appears in the denom-
inator). Nevertheless, the FAR values increase with temporal accumulation and are
nearly comparable with those available in the literature (Sunilkumar et al., 2015). The
study region being a semi-arid region with dry atmospheric conditions, evaporation of
rain is found to be significant with higher fraction of virga rain (predominant in SWM)
(Rao et al., 2009; Saikranthi et al., 2014). Since MPEs depend mostly on cloud top
temperature or ice scattering signature for deriving rainfall, significant evaporation and
higher fraction of virga rain results larger FAR values (Sunilkumar et al., 2015). For
the same reason, the missing rain is expected to be less. Contrary, the missing rain is
found to be quite high in both monsoon seasons, particularly with 3 h rain accumulation
data. Although with 24 h accumulation, the fraction of missing rain has reduced con-
siderably during the SWM, but not in NEM. Interestingly, the observed percentage of
missing rain is comparable to that obtained by Sunilkumar et al. (2015) in the southeast
peninsular India using an independent data set as the reference (1° x 1° gridded oper-
ational rainfall data set). The reasons for higher fraction of missing rain in NEM even
with longer time integration are not immediately obvious. Several possibilities exist for
the observed large fraction of missing rain in NEM, like higher occurrence of weaker
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rain, the underestimation of weak rain (0.5—1 mm 3h_1) by MPEs, higher occurrence
of shallow rain in NEM. The data are examined for the existence of such data in both
the seasons. The occurrence percentage of weak rain with rain rates 0.5-1mm 3 h™!
is found to be high (~ 35 %) and nearly equal in both monsoon seasons, indicating that
it may not be the real cause. The second aspect, the underestimation of rain rates by
MPEs could be a decisive factor, particularly in the presence of considerable fraction
of weaker rain. If the underestimation of MPEs is such that the 3 h rain accumulation
by MPEs is < 0.5mm h™, then the algorithm considers it as missing rain. Such cases,
indeed, exist in the data and are more frequent during the NEM than in SWM, but
certainly they are not enough to explain the higher missing rain in NEM. Even if we
include them as rain, the missing rain reduces only by 5 %. The third aspect is higher
occurrence of shallow rain. Earlier studies have shown that the rain top height is in-
deed low with higher occurrence of shallow rain in NEM in the study region (Saikranthi
et al., 2014). It is also known from earlier studies that most of MPEs suffer in identify-
ing the shallow rain, particularly in the vicinity of mountains (Sunilkumar et al., 2015).
Therefore any of the above and or all could be the reasons for the higher occurrence
of missing rain in NEM.

The correlation of rainfall between MPEs and reference is quite weak and insignifi-
cant at 3h accumulation, but improved considerably and is significant at 24 h rain ac-
cumulation. The correlation coefficient does not show any clear seasonal difference.
On the other hand, the RMSE clearly show seasonal differences with smaller values in
SWM than in NEM. Overestimation of heavy rain coupled with higher fraction of missing
rain and lower fraction of POD are contributing considerably to higher RMSE in NEM.
The RMSE increases with the integration time in both monsoon seasons and the daily
RMSEs are comparable in magnitude with those available in the literature (Sunilkumar
et al., 2015).

Among different MPEs, the PERSIANN appears to overdetect the rain as evidenced
by larger POD and FAR and smaller miss values. However, because of its inability to de-
tect very heavy rain (> 25 mm h™', not shown as a separate figure but can be seen from
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Fig. 7 (but with 3 h rain accumulation)) and overdetection of rain, PERSIANN produces
weak correlation with the reference and large RMSE. This feature is more prominently
observed during the SWM. On the other hand, TMPA performs poorly at 3 h resolution
with higher (smaller) values of misses, FAR and RMSE (POD and correlation coef-
ficient) when compared to other MPEs. However, TMPA improves tremendously and
provides much better precipitation estimates at longer temporal integration in both the
monsoon seasons, probably due to gauge adjustment that corrects the overall bias. Ex-
amination of detection and accuracy metrics in Table 3 reveals that CMORPH-derived
precipitation estimates are the best among all MPEs at 3 h resolution.

Evaluation of the diurnal cycle of rainfall could be more intriguing because it is not
only poorly represented by numerical models (Betts and Jakob, 2002; Nesbitt and
Zipser, 2003), but also distinctly different in different seasons over the study region
(Figs. 4-6). Figure 8 shows the comparison of diurnal cycle (with 3 h unconditional rain
rate) obtained by MPEs and reference in both the monsoons. Clearly the diurnal cycle
is quite strong during the SWM and all MPEs captured the basic shape of the cycle,
with nocturnal maximum and morning-noon minimum, quite well. However, all MPEs
overestimate the rainfall rate, albeit with different magnitudes, almost throughout the
day. The overestimation is severe (as high as a factor of 5) in the case of PERSIANN,
while others show relatively small overestimations. While the amplitude of the diur-
nal cycle by all MPEs is nearly equal, the phase is different for different MPEs. The
reference data set peaks at 15:00 UT (universal time = local time — 05:30), which is
equivalent to 20:30LT. All MPEs capture the peak with a time lag/lead. While PER-
SIANN peaks 3 h prior to the reference-peak time, others peak 3—6 h later. It is known
from earlier studies that MPEs that depend heavily on IR data shows a lagged diurnal
cycle due to the lag between the detection of clouds and the occurrence of rainfall at
the surface (Sorooshian et al., 2002; Janowiak et al., 2005). Though all MPEs consid-
ered here use microwave data, IR contribution appears to dominate the final rainfall
product, at least in the case of PERSIANN. On the other hand, MPEs fail to repro-
duce the weak/insignificant diurnal cycle during the NEM. All MPEs show significant
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diurnal cycle, albeit with smaller amplitude than in SWM, with a broad peak centered
on 15:00 UT. Except during evening-midnight, the rain rates derived by MPEs and the
reference agree fairly well. The overestimation of seasonal rainfall is also probably due
to the overestimation of rain intensity during the evening-midnight period. The overes-
timation is severe in the case of PERSIANN, similar to that of in SWM.

6 Conclusions

This paper describes the establishment of a dense rain gauge network, its geometric
configuration and the quality assurance tests employed to generate high-quality and
high-resolution rainfall data. The network consists of 36 rain gauges with an inter-gauge
distance of 6—-12km spread over an area of 50km x 50km, which makes the network
much denser than the operational networks in India. The locations have been chosen to
have a near uniform distribution and considering several practical issues, like accessi-
bility by road, mobile coverage for data transfer and security. The high-resolution rainfall
measurements have been used to understand the small-scale variability (in space and
time) in rain storms and also for evaluating 4 widely used MPEs. A suite of statistical
error metrics (detection and accuracy) are employed for this purpose. Important results
of the analysis are summarized below.

1. Morphological features of rainfall (like spatial distribution and seasonal rain frac-
tion) are consistent with earlier reports. Though the number of large-scale sys-
tems (active monsoon spells) is equal in both seasons, the average duration of
each spell is larger in SWM (6.9 days) than in NEM (4.4 days). These large-scale
systems contribute more than 60 % of seasonal rainfall in NEM at 3/4 of the sta-
tions in the network, whereas the contribution from small-scale systems is found
to be significant in SWM (almost equal to that of large-scale systems). Majority of
these large-scale systems are due to the passage of cyclones in NEM and due
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to propagating systems from the west coast during the active monsoon spell in
SWM.

. The cumulative distributions for rain storm duration and intensity (rain accumu-

lation within the storm) shows regional differences. These regional differences
are more pronounced in 90 % percentile of storm duration and accumulations.
The western quadrants experience longer rain duration storms with more rain ac-
cumulations in SWM. On the other hand, such systems occur more frequently
in northern quadrants in NEM. While the number of rain events and duration of
events clearly show a diurnal pattern in SWM, such pattern is absent in NEM.

. The diurnal cycle exhibits marked seasonal and spatial differences within the

study region. The diurnal amplitudes are significant and large during the SWM,
while they are insignificant at many locations and also small during the NEM. On
average, the diurnal amplitudes are larger in SWM than that in NEM by a factor
of 2. Further, the diurnal cycle explains 70 % of total variance in SWM, but only
30% in NEM. Large diurnal amplitudes are found in western quadrants during
the SWM and in eastern quadrants in NEM. The propagating systems in SWM
appear to be responsible for the observed late night-mid night peak. On the other
hand, the rainfall occurs in NEM due to a variety of processes that either do not
have any diurnal cycle or peak at different timings of the day, making the diurnal
cycle weak and/or insignificant.

. A modified exponential function has been fitted to paired correlations in both

seasons for different temporal rainfall accumulations. Clearly, the correlation in-
creases with increasing integration period up to 12h integration, however, not
much improvement is seen in the correlation with further integration. The correla-
tion falls rapidly when high-resolution data (1 h) are employed for the analysis in
both monsoon seasons with correlation becoming insignificant after an intergauge
distance of ~ 30km. Some seasonal differences are seen in the correlation dis-
tance, but the differences are not pronounced. The scatter in the correlograms is
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wide spread along the fitted exponential curve for all accumulation periods in both
monsoon seasons, signifying the complex variability of rainfall within the study
region.

. Comparison of cumulative distributions for MPEs and reference indicates that all

MPEs severely underestimate the weak and heavy rain. The MPEs exhibit good
detection skills of rain at both 3 and 24 h resolutions, though considerable im-
provement is seen with 24 h resolution data. The FAR values evaluated at 24 h
resolution are nearly equal with those obtained in earlier studies with a differ-
ent independent dataset (Sunilkumar et al., 2015), indicating the consistency
with different datasets. Surprisingly, the missing rain is found to be significant
at higher resolution in both monsoon seasons. Though the occurrence of miss-
ing rain reduced considerably in the SWM at 24 h resolution, such reduction is
absent in NEM. Possible causes (underestimation of weaker rain and predomi-
nance of shallow rain) for the higher occurrence in NEM are examined. Among
various MPEs, the performance of TMPA is found to be poor at 3h resolution,
but improves tremendously with 24 h integrated data. CMORPH produces best
3 h resolution precipitation products in both monsoon seasons, as evidenced by
better accuracy and detection metrics (Table 3).

. All MPEs captured the basic shape of the diurnal cycle and the amplitude quite

well in SWM, but they overestimate the rainfall throughout the day. They fail to
reproduce the insignificant diurnal cycle in NEM, rather MPEs show a significant
diurnal cycle in NEM, albeit with a relatively smaller amplitude.

Acknowledgements. The authors thank various data providers for generating and making it
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Table 1. Description of MPEs used in the present study, their data availability, spatial and
temporal resolutions and input data used to generate the MPE with relevant references.

Name of MPE Data Spatial and Basic input sensors data Data accessibility and Technical
(reference) availability =~ Temporal documentation
resolution
CMORPH 1998 — Till 0.25° x PMW from DMSP 13.14 and 15 http:/ftp.cpc.ncep.noaa.gov/
(Joyce etal. 2004) date 0.25°, (SSM/I), NOAA-25.16,17 and 18 precip/CMORPH_V1.0/RAW/O0.
3hourly (AMSU-B),AMSR-E and TMI, IR 25deg-3HLY/
motion vectors form geostationary
satellite
GsMAP 2010 — Till 0.1°x0.1°, GPM-core GMI, TRMM TMI, ftp://hokusai.eorc.jaxa.jp/
(Okamoto et al. date hourly GCOM-W1 AMSR2, DMSP SS-
2005) Mls, NOAA AMSU, MetOp series
AMSU, and geostationary IR
developed by GsMAP project.
PERSIANN 1997 — Till 0.25° x IR from GOES-8.10, GMS-5, ME-  http://chrs.web.uci.edu/
(Hsu etal. 1997)  date 0.25°, TEOSAT - 6, 7 and PMW from persiann/data.html
3hourly TRMM, NOAA AND DMSP
TRMM 3B42 1997 — Till 0.25° x TMI, AMSR-E, SSM/I, AMSU, http:/mirador.gsfc.nasa.gov/
(Huffman et al. date 0.25°, MHS and microwave adjusted
2007) 3hourly merged geo infrared (IR)
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Table 2. Statistics of rain storms in each quadrant during SWM and NEM. The statistics include of rainfall and

the number of storms and mean, interquartile range, 90th percentile and maximum values for g multisatellite
storm duration and accumulated rain within the storm. g precipitation
Rain duration (min) Accumulated rainfall (mm) S K_Sunilkumar et al.

Region/ No.of Mean IQR 90th Max Mean IQR 90% Max S

Season Events ?

SWM o THePage

1 674 645 55 169 456 658 6.2 174 708

2 792 55.3 47 123 423 6.04 56 16 81 g - -

3 774 701 52 193 592 665 65 178 76 ~ Conclusions  References

4 670 58 47 133 462 583 46 142 864 7

NEM o Tebles  Figues

1 549 65.6 55 167 656 655 6.2 19.6 79.8 D

2 746 671 55 167 478 726 6.2 188 126 = T e

3 565 60.2 56 140 521 576 52 146 654 -

4 514 68 58 138 1425 6.02 51 144 99.6 — - -
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Table 3. Comparison of high-resolution MPEs with reference data in terms of detection (POD, = K. Sunilkumar et al.
MIS and FAR) and accuracy (RMSE and Correlation coefficient) metrics. The comparison has ¥
been made at two temporal integrations, 3 h (first value) and 24 h (second value). s
@
Sw o TePage
CMORPH GsMAP  TMPA PERSIANN CMORPH GsMAP  TMPA PERSIANN - -
RMSE 39,78 44,94 51,77 41,95 55,138 6,16.6 6.2,10.2 54,122 O
CORR. 04,06 01,03 02,06 01,03 03,04 02,05 03,06 01,05 8 - -
FAR 83,188 10.8,244 82,244 165461 36,16 52,72 29,24 7,12 =
MIS 32,188 466,188 50,17.8 477,138 425,383 492,383 53.3,31.6 4540 @
POD 67.9,81.8 53.3,81.8 50.8,82.1 522,861 56.6,61.6 50.8,61.6 46.6, 683 55 60 2 - -
-
QO
o
: [
@
o [EEN IS
(7]
~ Fulsoeen/Eso
(=
(2}
@
o
. Prineriendy Version
=
QO
e
 Imeracive Discussion
@
10421 —

(8)
K] (=)



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/10389/2015/hessd-12-10389-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/10389/2015/hessd-12-10389-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

T 1000
x| 800
';.’ 13.5 -~ = 1
[ o |
Q 13.4 : S ] * 600
3 2 Al x| > % x
2 a % L 400
£ 133 T % e i
s * 3.7 x| x1 > x
13.2- o 200
L N I S
13142

Longitude (Deg.)

T T T T T 0
78.9 79.0 791 79.2 793 794 795

/hr o 543 mm/hr Ao 72.6 mm/hr

1.2

Rl |
nfend

0.8

0.6 -

Measured/Reference

= 31.5mm)
T

A_gA
A" 2 *
1.0 oa © L ,gegeeess ® 4 %

A

A A

A
. l“ gy

=2
ungugNl EEEEEEREOE
¢ A oo 2 &
-

A

n ud

-y

0.4

Figure 1. (a) Location of rain gauges in the meso-rain gauge network. The shading represents
the topography. The region is divided into 4 quadrants and each quadrant is numbered as 1, 2,
3 and 4. The data in dashed box are used for the evaluation of MPEs. (b) The ratio of measured
and reference (calibrator — Young 52 260) values at 3 rain rates are shown for each rain gauge

6

1

16 21 26 31
Station no.

location, illustrating the data quality by each gauge.
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Figure 2. Spatial distribution of seasonal rainfall during (a) SWM and (b) NEM. Also overlaid is
the location of rain gauges.
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Figure 3. Cumulative distributions for storm duration and rain accumulation of storms in 4

quadrants of the study region during (a) SWM and (b) NEM, depicting the regional variability in
rain storms.

Jaded uoissnosiq

o
I

10424

(8)
K] (=)



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/10389/2015/hessd-12-10389-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/10389/2015/hessd-12-10389-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

| ___ ] mm
05 08 14 25 42 71 120 204 347 589 100.0
a)Southwest monsoon b)Northeast monsoon
T T i T e

1000+

H

10047 -
'.
§

RN R T

£ R et .

R R : - 1k
K . e o ——
5 3 4 3 4
351000 E E i.
€

[

> )
. 1

.
. H . .
‘e o*e 3

Time (LT)

Figure 4. Diurnal variation of storm duration and rain accumulation in 4 quadrants of the study

region during (a) SWM and (b) NEM.
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Figure 5. Diurnal variation of conditional rainfall at all rain gauge locations during (a) SWM and
(b) NEM. The vector length and pointing arrows indicate the amplitude and phase (peak rainfall
hour), respectively, of the first harmonic. The shading and blue arrows indicate, respectively,
topography and insignificant diurnal amplitudes. (c) Percentage contribution of variance by first
harmonic to the total variance at each rain gauge location during both monsoons.
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rain accumulations during (a) SWM and (b) NEM. The red curve indicates the fitted modified %
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Figure 7. Cumulative distributions of rain rate (mm/3h) for various MPEs and rain gauge net-
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work at (13.375° N, 79.125° E) during (a) SWM and (b) NEM.
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Figure 8. Comparison of diurnal variation of rainfall obtained by various MPEs and reference
data set (rain gauge network) during (a) SWM and (b) NEM. The rain gauge data are integrated
to match with the timings of MPE. Note that the time is given in universal time (UT).
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