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Extreme, flood-producing precipitation events in mountains threaten human life 

and local and national economies. In the Himalayas, scarce meteorological data 

historically limited understanding of the underlying processes driving extreme events. 

However, the capacity to observe, measure and quantify precipitation on regional scales 

has increased tremendously over the last three decades with the increasing prevalence of 

remotely-sensed data. While remotely-sensed precipitation can add essential information 

for understanding local hydrology, the spatial and temporal scales of the observations 

may result in biases based on the types of events that can be captured by the data. We 

analyze one of the recent remotely-sensed precipitation datasets, collected by the Tropical 

Rainfall Measuring Mission (TRMM), to better understand the spatial and temporal 

context of storm processes that generate flood disasters in high mountain environments. 

The objectives of this study are to 1) analyze the spatial distribution of extreme rainfall 

and convection across the mountain systems of the western Himalayan region, 2) 

investigate the deviations between remotely-sensed and ground-based precipitation 

observations across the orography, and 3) examine the sub-grid heterogeneity of 

remotely-sensed precipitation observations. First, we provide evidence of significant 

deviations between the mean and variance of extreme rainfall and convective intensities 



 
 

 

across mountain systems, which may produce variable over and underestimations of 

precipitation across the landscape. Extreme rainfall values are highest across the Lower 

Himalaya where synoptic weather systems are more prevalent, whereas extreme 

convective intensities are significantly higher across the Inner Himalaya. Second, we 

identify that deviations between extreme precipitation values measured by TRMM and 

GBO stations reverse with increasing topography, indicating that both rainfall regime and 

valley-ridge rainfall distributions vary with elevation and relief. Third, we identify large 

sub-grid differences in the variance of the extreme rainfall distributions within a single 

TRMM pixel, underscoring the complexities of bias correction of gridded rainfall 

measurements using GBO stations. Our findings support the hypothesis that storm 

regimes vary with the orography, uniquely affecting the measurement of remotely-sensed 

precipitation.  
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Introduction 

 

Extreme precipitation events trigger major flooding disasters, particularly in high 

mountain areas such as the Indian Himalayas (Elalem and Pal 2013). Intense rainfall is the main 

contributor to monsoon flooding (NAS 2012), and the number of people killed due to flooding is 

highest in India (Elalem and Pal 2013). Understanding of the underlying processes driving 

extreme rainfall events in the Himalayas is limited for a number of reasons. Hydro-

meteorological data are limited in temporal and spatial extent, while access and reliability of 

existing data can be restricted (Anders et al. 2006, NAS 2012). In addition, Himalayan rainfall 

can change considerably within spatial scales of just a few kilometers with relationships not 

strictly dependent on elevation (Barros and Lang 2003). Furthermore, ground data networks may 

fail during extreme events and may not represent precipitation over larger areas (Anders et al. 

2006, Dingman 2002). As a result, the investigation of local hydrology has been primarily based 

on the application of reanalysis techniques and a few short term basin studies (e.g. Barros et al. 

2000, Barros and Lang 2003, Bookhagen 2010, Das et al. 2006, Thaayen et al 2013). From these 

limited studies, it is clear that heavy convection and stratiform storms occur at high elevations on 

the leeward side of the Himalayas generating rainfall intensities as high as observations from the 

Indian subcontinent (Barros et al. 2000, Craddock et al. 2007, Medina 2010, Romatschke et al. 

2010, Wulf et al. 2010). Across the Himalaya, extreme flood producing storm events often occur 

along ungauged mountain slopes (Lang and Barros 2002, Thaayen et al. 2013) however can be 

indirectly measured using remotely-sensed technology.  

Although remotely-sensing technology provides hydro-meteorological information for 

much of the previously ungauged world, many limitations still exist in its use in hydrologic 

applications. For example, the spatial and temporal resolution of satellite-based precipitation data 

are often too coarse to decipher the duration and intensity of storm events that cause sub-daily 

floods. Furthermore, the incorporation of gridded remotely-sensed precipitation inputs into real-

time streamflow runoff models is not straightforward. In addition to this, resampled gridded 

products, which are widely used in hydrologic applications (e.g. Collischonn et al. 2008, Harris 
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et al. 2007, Valierno et al. 2009), are influenced dissimilarly according to the sub-grid 

distribution of rainfall (Rasmussen et al. 2013).  

The prevailing storm regimes are likely to influence the sub-grid distribution of rainfall. 

Convective and stratiform systems generate characteristic radar echoes that can now be seen 

from space (Houze 2011, Morgan 1970). Convective storms produce a large amount of rainfall 

within a few kilometers of their updraft centers, while stratiform systems are characterized by 

lower precipitation intensities and wide horizontal extent. In order to better understand the spatial 

and temporal context of storm processes that generate flood disasters in high mountain 

environments, we investigate the relationships between storm regime and extreme precipitation 

in the western Himalayas. Our primary objectives are to 1) analyze the spatial distribution of 

extreme rainfall and convection across the mountain systems of the western Himalayan region, 

2) investigate the deviations between remotely-sensed and ground-based precipitation 

observations across the orography, and 3) examine the sub-grid heterogeneity of remotely-sensed 

precipitation observations. 

2. Methods 

2.1 Study Region and ground-based observations 

 

Of the approximately 2500km long length of the Himalayas, our study area encompasses 

a rectangular 3° (~330 km)  x 2° (~220 km) area covering the western Himalayan region and the 

entire Indian portion of the Upper Sutlej, the Beas, upper Ravi, and upper Indus river basins 

(Figure 1). The study area encompasses the three main mountain systems which occur 

throughout the entire Himalaya; the Greater (> 3500 m), Inner (1500-3500 m), and Lower 

Himalaya (350-1500 m). The western Himalayan region is characterized by a one-step 

topography which is similar to mountains along the eastern Himalayan region. Two-step 

topography exists along the central Himalayan region (Bookhagen and Burbank 2006, 

Bookhagen 2010, Burbank and Bookhagen 2012). Each step is characterized by high topographic 

relief. The steepest band of relief throughout the western Himalayas occurs at elevations of 2.1 ± 

0.3 km (Bookhagen and Burbank 2006). Remotely-sensed data have revealed bands of high 
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mean annual rainfall (> 3 meters/year) along the portions of the Himalayas within these steep 

bands of relief (Bookhagen and Burbank 2006). 

 

 

Figure 1.  Western Himalayan mountain systems and precipitation station locations. The 

black outline is the selected 3° x 2º geographic portion of the northwestern Himalaya studied 

(Latitude: 76-79º, Longitude: 31-33 º). Underlying topographic data are generated using a 30-

meter digital elevation model (DEM) from ASTER (2011). Coarse outlines of the three main 

mountain systems are depicted by the white lines. Dotted lines depict TRMM 3B42 pixel 

outlines. The locations of ground based observation stations are depicted by black dots. 

 

The largest river of the western Himalayas, the Indus, derives more than 80% of its 

annual flow from snowfields and glacial melt originating in the western Himalayan region; 

however a few large tributaries of the Indus receive a considerable amount of their flow from 

rainfall that occurs during the monsoon season (Archer and Fowler 2004). For example, the 

largest tributary of the Indus River, the Sutlej River receives just over 50% of its flows from 

snow and glacial melt (Pal et al. 2013). Generally in the Sutlej River there are two runoff peaks 

¯ 0 30 60

Kilometers
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during the wet season of the summer monsoon, one lesser peak at the beginning of the monsoon 

season attributed to snow-melt throughout the Greater Himalayas (Jain S.K. et al. 1998) and the 

latter due to a combination of glacial melt and precipitation across the basin (Pal et al. 2013). 

The Sutlej and Beas rivers drain approximately 70,000 km² from the Tibetan Plateau into the 

state of Himachal Pradesh where it meets India’s tallest (226 m) concrete gravity dam, Bhakra. 

The Sutlej is a major source of hydropower, irrigation, and ecological habitat in northern India. 

Despite the hydrologic importance to this region, ground observation networks are relatively 

sparse given the largely rugged and uninhabited terrain. Ground-based observations of 

precipitation within the study area are available for eight sites ranging over 3000 meters in 

elevation (Table 1), collected on a daily basis. The locations of gauges in this study area, like 

other parts of the Himalaya (Archer and Fowler 2004, Lang and Barros 2002), are biased toward 

valley locations. Available ground-based precipitation data generally cover time-scales greater 

than 30 years with occasional missing data and are located throughout all three mountain systems 

(Table 1). 

 

 

Table 1. Ground based observation network. The relative locations and temporal coverage of 

the available precipitation data within the study area are shown above.  

 

Station name Latitude (N) Longitude (E) Temporal 

Coverage 

 LH-01 32° 25’ 28’’ 76° 49’ 40’’ 1974-2008 

LH-02 31° 12’ 43’’ 76° 46’ 52’’ 1965-2008 

LH-03 31° 21’ 25’’ 76° 52’ 42’’ 1962-2008 

LH-04 31° 25’ 11’’ 76° 38’ 55’’ 1962-2008 

LH-05 31° 14’ 43’’ 77° 6’ 53’’ 1969-2008 

IH-01 31° 26’ 24’’ 77° 37’ 40’’ 1965-2008 

GH-01 31° 23’ 31’’ 78° 21’ 20’’ 1984-2008 

GH-02 31° 48’ 00’’ 78° 40’ 00’’ 1983-2008 
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2.2 Remotely-sensed data and data processing 

  

2.2.1 Precipitation Data 

We analyzed parameters from the Tropical Rainfall Measuring Mission (TRMM), a 

program that was jointly developed by the National Aeronautics and Space Agency (NASA) and 

Japanese Aerospace Exploration Agency (JAXA). Two algorithms, TRMM 3A12 and TRMM 

3B42 are used in this study. TRMM 3A12 algorithm incorporates radar reflectivity 

measurements to generate gridded estimates of the monthly mean instantaneous convective rain 

rate (mm/h) at the surface in 0.5 x 0.5° pixels. TRMM 3B42 algorithm incorporates information 

from the total microwave imager (TMI), visible infrared sounder (VIRS) and total combined 

instrument (TCI) calibration parameters to generate gridded daily precipitation estimates at 

spatial resolutions of 0.25 x 0.25°. All TRMM data are downloaded from Goddard’s Earth 

Sciences Data and Information Services Center (GES DISC). Data are batch processed using 

tools from the geospatial data abstraction library (GDAL). 

 

2.2.2 Topographic Data 

We acquired 30-meter resolution Advanced Space-borne Thermal Infrared Sounding 

Radiometer (ASTER, 2011), a joint product of the Ministry of Economy, Trade, and Industry of 

Japan (METI) and NASA, topographic data from the US Geological Survey’s Earth Explorer. A 

digital elevation model (DEM) of the study area is generated in ArcGIS using a mosaic of the 1 x 

1° data footprints. The topographic data are geo-referenced to the same coordinate system and 

datum as the TRMM data. 

2.3 Analysis techniques 

 

We examine the coarse-gridded TRMM 3B42 and 3A12 dataset to identify the dominant 

storm processes and spatial trends in rainfall and convection measured across the mountain 

systems of the western Himalayas. TRMM pixels are discretized into mountain systems 
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according to their mean underlying elevation derived from the ASTER digital elevation model. 

Pixels with mean elevations between 350-1500 meters above sea level are classified as the 

Lower Himalaya, 1500-3500 as the Inner Himalaya, and 3500-5500 as the Greater Himalaya 

(Figure 1, Table 1).  Of the 96 TRMM 3B42 pixels covering the study area nineteen are located 

within the Lower Himalaya, twenty-three within the Inner Himalaya, and fifty-four within the 

Greater Himalaya. The underlying elevation distributions are recalculated for TRMM 3A12 

pixels and grouped according to their associated mountain system. The boundaries of the 

mountain systems according to TRMM 3A12 were slightly different then the boundaries 

identified previously for the TRMM 3B42 pixels owing to the difference in spatial resolution. Of 

the 24 TRMM 3A12 pixels covering the study area, four are located within the Lower Himalaya, 

five within the Inner Himalaya, and fifteen are located within the Greater Himalaya. The 

underlying elevation distributions for each TRMM pixel are approximately normal given the 

large number of elevation observations within a single TRMM pixel. Both rainfall and 

convective intensity data are characterized using their associated empirical cumulative 

distribution functions 

Consistent with the study by Bookhagen (2010), we define the threshold of extreme 

precipitation and convection (�̂�𝒏) as the value of the upper 90
th

 percentile, estimated from an 

empirical cumulative distribution function for all TRMM pixels in the study area. We use 13 

years of summer monsoon data (1998-2010; May1-October 1) to eliminate the steep monsoonal 

rainfall gradient. The extreme precipitation threshold (�̂�𝒏) for each TRMM pixel is calculated as: 

�̂�𝑛(0.9) = 𝑃𝑛(𝑋 ≤ 0.9) = 𝑛−1 ∑ 𝐼(𝑥𝑖 ≤ 0.9)𝑛
𝑖=1   (1) 

 

where n is the sample size for each TRMM pixel (total number of days), and I is the indicator 

function: 

𝐼(𝑥𝑖 ≤ 𝑥) = {
1, … 𝑤ℎ𝑒𝑛 𝑥𝑖 < 𝑥  
0, … 𝑤ℎ𝑒𝑛 𝑥𝑖 > 𝑥

    (2) 
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In order to identify the spatial variability of TRMM observed extreme rainfall and 

convective intensities across mountain systems we first analyze the groups for heteroskedacity 

between systems using the Levene test (Levene 1960). The Levene test is selected over the 

Bartlett test because it is less dependent on the normality assumption. The L statistic is calculated 

using:  

𝐹𝐿𝑒𝑣𝑒𝑛𝑒 =

∑ 𝑛𝑖(𝐷𝑖̅̅ ̅̅ −�̅�)²𝑡
𝑖=1

(𝑘−1)

∑ ∑ (𝐷𝑖𝑗−𝐷𝑖̅̅̅̅ )²
𝑛𝑖
𝑗=1

𝑡
𝑖=1

(𝑛−𝑘)
     (3) 

Where 𝐹𝐿𝑒𝑣𝑒𝑛𝑒  is the L statistic, 𝑛 is the sample size, 𝑘 is the number of subgroups, 𝐷�̅� is 

the mean of the subgroup, and �̅� is the overall mean. The Levene statistic is compared to the 

significance level, α=0.05.  

The spatial variability of extreme rainfall and convective intensities are further tested 

using a Welch’s ANOVA test. Because our extreme rainfall data are skewed and contain unequal 

variance, Welch’s Anova (WA) and Games-Howell (GH) testing are deemed as the most 

appropriate statistical tests to compare mean extreme rainfall intensities between mountain 

systems. The WA-test is robust to violations of normality and least effected by groups that 

demonstrate heteroskedacity (Mcdonald J.H. 2014). The WA statistic (FWA) is calculated using: 

𝐹𝑊𝐴 =
1

𝑘−1
∑ 𝑤𝑗(�̅�𝑗−𝑥′̅̅̅𝑗)²𝑘

𝑗=1

1+
2(𝑘−2)

𝑘²−1
∑ (

1

𝑛𝑗

𝑘
𝑗=1 −1)(1−

𝑤𝑗

𝑤
)²

   (4) 

Where,  

𝑤𝑗 =
𝑛𝑗

𝑠𝑗²
 , 𝑤 = ∑ 𝑤𝑗

𝑘

𝑗=1
  ,       𝑥′̅ =

∑ 𝑤𝑗�̅�𝑗
𝑘
𝑗=1

𝑤
             

 

Post-hoc, if the null hypotheses of the WA tests are rejected, a GH test is computed to 

test differences between the mean of all unique pairs.  



8 
 

 
 

In order to visualize the differences in extreme value distributions between mountain 

systems we plot the non-parametrically ranked 95 percent confidence intervals, resulting from a 

post-hoc Tukey-HSD test. The Tukey-HSD test compares all possible pairs of means between 

groups based on the studentized range distribution.  

We compare the deviations between TRMM and ground based observations (GBO) to 

identify how the dominant storm processes of each mountain system affect gridded TRMM 3B42 

rainfall data.  TRMM pixels superimposed with each GBO station are identified and grouped 

according to their mountain system. The temporal coverage for all GBO stations ends in 2008, so 

empirical cumulative distribution functions of monsoonal rainfall data are calculated using 11 

years of daily data (1998-2008) and compared with the extremes of the superimposed TRMM 

pixels. GBO stations within each mountain system and their corresponding TRMM pixels are 

compared for equality of variance using a Levene test. That is, we identify 1) whether or not the 

variance within measurement systems is equal and 2) if sub-grid extreme rainfall variance is less 

or greater than their corresponding TRMM pixels. Furthermore, WA and GH tests are computed 

to compare the mean extreme intensity between GBO stations and superimposed TRMM pixels 

with unequal variances. Kruskal-Wallis (KW) tests are computed to compare the mean extreme 

intensity between GBO stations and superimposed TRMM pixels with equal variances (McBean 

and Rovers 1998). The H statistic is calculated using:       

      

 𝐻 =
12

𝑛(𝑛+1)
∑

𝑅𝑖
2

𝑛𝑖

𝑘
𝑖=1 − 3(𝑛 + 1)   (5) 

Where 𝐻 is compared with the appropriate chi squared critical value, 𝑛 is the sample size 

of the group,  𝑅𝑖 the ranks of the values within the group, and 𝑛𝑖 the total number of values 

within each group.  

Deviations between the TRMM rainfall dataset and GBO (Figure 2) are compared across 

ten summer monsoon seasons (1998-2007) to further reveal how deviations in rainfall between 

measurement systems accumulate during the summer monsoon season.  
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In order to further identify why deviations between GBO stations and TRMM 3B42 vary 

across the study area we examine the relationships between the underlying topography of 

TRMM pixels and the relief of the landscape. We plot histograms of the underlying topography 

of a TRMM pixel using the ASTER digital elevation model we derive, and reference the 

elevation of the GBO station. We also calculate the topographic relief across the Sutlej Basin, 

where all GBO stations are located. We define topographic relief as the range of elevation values 

within a kilometer radius. We also demonstrate how sub TRMM grid topographic variability 

could affect the measurement of extremes at the TRMM scale.  

 

 

Figure 2. GBO stations and corresponding TRMM pixels.  TRMM pixels which superimpose 

GBO stations across the Lower Himalaya (yellow), Inner Himalaya (blue), and Greater Himalaya 

(red) are plotted above.  
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3. Results 

 

3.1 Regional-scale variability of rainfall and convective extremes 

The spatial distribution of extreme convection and rainfall across the western Himalayas 

is not uniformly distributed at the regional scale.  Significantly larger mean and maximum values 

and a wider distribution of rainfall extremes are measured across the Lower Himalaya and 

significantly larger convective extremes are measured across the Inner Himalaya. Maximum 

rainfall intensity is 290.6 mm/day across the Lower Himalaya, 191.4 mm/day across the Inner 

Himalaya and 108.0 mm/day across the Greater Himalaya (Figure 3). Based on a Levene test, 

there are significant deviations between the variance of extreme rainfall values across mountain 

systems. The highest variance of extreme monsoonal rainfall occurs across the lower Himalaya 

while the lowest variance occurs across the greater Himalaya. Across the Lower Himalayas the 

variance, is 76 percent higher than the variance of the Inner Himalayas and 476 percent higher 

than the Greater Himalayas. Mean extreme rainfall intensity is 44.1 mm/day across the Lower 

Himalaya, 33.0 mm/day across the Inner Himalaya and 15.7 mm/day across the Greater 

Himalaya.  Median extreme rainfall intensity is 36.8 mm/day across the Lower Himalaya, 27.4 

mm/day across the Inner Himalaya and 12.2 mm/day across the Greater Himalaya. The mode 

extreme rainfall intensity is 19.2 mm/day across the Lower Himalaya, 17.4 mm/d across the 

Inner Himalaya and 11.2 across the Greater Himalaya.  
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Figure 3.  Comparison of variance across mountain systems. Box plots of the variability in 

extreme daily rainfall intensities are plotted for each mountain system. The variance for each 

mountain system is labeled for each plot. 
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Figure 4.  Extreme precipitation variability across mountain systems. The mode, median, 

and mean of the extreme data are respectfully depicted by the black, dark gray, and light gray 

dots.  

 

The shorter tail in the extreme rainfall distribution across the Inner and Greater Himalaya 

reveals less intense rainfall measured by TRMM as elevation increases. Based on Welch’s 

Anova and Games-Howell test, there are significant deviations between the mean extreme 

precipitation intensities measured across mountain systems. Histogram frequency distributions 

across mountain systems indicate that extreme precipitation intensities are non-normal and more 

highly skewed across the Lower Himalaya, followed by lesser skew in the Inner, then Greater, 

Himalaya (Figure 4). Extreme convective intensities measured by TRMM 3A12 further 

distinguish the differences between storm systems across mountain systems. Based on Welch’s 

Anova and Games Howell tests, there are significant deviations between the mean extreme 

convective intensities across mountain systems. Mean extreme convective intensities across the 

Inner Himalaya are significantly higher than both the Lower and Greater Himalaya, while there 
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is no statistical difference between the Lower and Greater Himalayan extreme convective 

intensities. Nonparametric 95 percent confidence intervals (Figure 5) reveal the heterogeneity of 

extreme values of ranked extreme precipitation and convective intensities measured across 

mountain systems. Higher ranked values indicate higher extreme values; disjoint comparison 

intervals reveal statistically different (α=0.05) mean extreme intensities. 

 

 

Figure 5. Non-parametric 95 percent confidence intervals of extreme rainfall and 

convective intensities. The non-parametric 95 percent confidence intervals of A) extreme 

rainfall and B) extreme convective intensity are displayed above for the three mountain systems 

across the study area. 

 

3.2 Comparing deviations between TRMM and GBO  

The mean and variance of extreme precipitation values measured by TRMM and GBOs 

are unequal and reveal unique relationships between topography and measured extreme rainfall. 

With a low number of samples, across the Lower and Greater Himalaya, the variance of extreme 

summer monsoonal precipitation measured by GBOs is heteroskedastic across stations while the 



14 
 

 
 

variance measured by superimposed TRMM pixels is homoscedastic across pixels (Table 2). 

Furthermore, we find evidence that the variance for GBOs is higher than TRMM variance for the 

Lower Himalayas while the opposite is true for the Greater Himalaya (Table 3). Four out of the 

five Lower Himalayan GBO stations measure higher variance then their superimposed TRMM 

pixels while both of the Greater Himalayan GBOs measure lower variance than their 

superimposed TRMM pixels (Table 3). The three lowest GBOs, located in the Lower Himalaya, 

measure higher mean rank extreme precipitation intensities than the superimposed TRMM 

extremes. In contrast, TRMM estimates of extreme precipitation superimposing the five highest 

GBO stations measure higher extreme precipitation intensities. Nonparametric ranked 95 percent 

confidence intervals (Figure 6) reveal how TRMM observes comparatively lower extreme 

precipitation intensities than GBO stations across the three lower elevation sites (LH-01,LH-02, 

LH-03) and comparatively higher precipitation than the higher elevation stations (LH-04,LH-5, 

IH-01,GH-01,GH-02).   

 

Table 2. Variance of GBO stations and superimposed TRMM pixels. The pooled variance of 

each measurement system within a mountain system is displayed above. Statistical significance 

of a Levene test is displayed in the last column as Y (yes) and N (no). The p-values are 

parenthesized in the last column. Only one observation site was available for the inner 

Himalayas hence the comparison of variance was not possible between GBO stations and 

TRMM pixels was not possible. 

Elevation 

Zone 

Number of 

GBO Stations  

Pooled 

variance: 

GBO  

Pooled 

variance: 

TRMM 

Heteroskedacity 

(p-value): 

GBO/TRMM 

Lower 

Himalayas 

 

5 

 

697 

 

488 

 

Y (0.03) / N (0.9) 

Inner 

Himalayas 

1 - - - 

Greater 

Himalayas 

2 61 88 Y (0.02) / N (0.08) 
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Table 3. GBO and superimposed TRMM location and descriptive statistics. Extreme rainfall 

values of ground-based and superimposed TRMM-based observations are compared for 

significant differences between the first and second central moments. Results from KW and L 

tests are presented below. Significant differences (α=0.05) in means are designated as either, y 

(yes) or n (no). A (WA) test was used for comparison at site LH-02 because of the unequal 

variance. Higher first and second moment values are bolded. 

Station 

name 

Elevation 

(MASL) 

GBO station 

mean 

extreme 

precipitation 

value 

TRMM 

mean 

extreme 

precipitation 

value 

KW/(WA)  

significance  

α=0.05 

GBO 

station 

extreme 

rainfall 

variance 

TRMM 

extreme 

rainfall 

variance 

L test 

significance 

α=0.05 

LH-01 515 48.2    40.3 y 462.6 525.9 n 

LH-02 526 50.1    41.4 (y) 979.8 454 y 

LH-03 662 46.6    40.3 y 679 525.9 n 

LH-04 668 40.7 43.5   y 672.4 594 n 

LH-05 701 36.5 38.2  y 564.5 367.1 n 

IH-01 987 24 31.6    y 348.4 317.6 n 

GH-01 3132 11.1 16.2 y 90.8 101.87 n 

GH-02 3688 6.4 12.7    y 39.12 74.3 n 
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Figure 6.  Comparing GBO and TRMM extreme rainfall intensities. Non-parametric ranked 

95 percent confidence intervals of extreme rainfall intensities are computed and displayed in 

order of low (L) to high (H) elevations.  
 

At lower elevations, TRMM consistently measures lower cumulative summer monsoonal 

deviations than GBOs, while the opposite is true for higher elevations (Figure 7, Table 4). GBO 

stations measure up to 0.29 meters more cumulative summer monsoonal precipitation than 

TRMM across the Lower Himalayas and up to 0.45 meters across the Inner Himalaya. 

Cumulative deviations (TRMM-GBO) in precipitation between TRMM and the three lowest 

GBO stations (LH-01, LH-02, and LH-03) are less than the cumulative deviations calculated for 

all other stations.  LH-02 and LH-03 observe the smallest or most negative deviations for eight 

of the analyzed ten years. Cumulative deviations are highest across the five highest elevations 

GBO stations. IH-01 reports the largest positive cumulative deviation for five of the ten years 

studied.  
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Table 4. Ranking annual cumulative deviation between TRMM and GBO. The values of the 

deviation (TRMM – GBO in mm) at the end of the monsoon season (1998-2007) for the highest 

and lowest ranked station are displayed below. 

Year Site: Highest 

positive 

deviation 

Value (mm): Site: Lowest 

deviation 

Value (mm): 

1998 IH-01 446 LH-03 81 

1999 IH-01 399 LH-02 -195 

2000 IH-01 436 LH-02 -161 

2001 IH-01 351 LH-03 -228 

2002 LH-04 288 LH-01 -174 

2003 IH-01 383 LH-01 -137 

2004 LH-05 351 LH-02 -123 

2005 GH-02 295 LH-03 28 

2006 LH-04 288 LH-02 -93 

2007 LH-05 428 LH-03 -121 

 

 

 

Figure 7. 1998 monsoon season measurement deviation. The cumulative deviations between 

TRMM and GBO stations during the 1998 summer monsoon season are plotted above. The line 

of zero deviation is the dashed black line.  
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 Sub-grid precipitation heterogeneity is spatially and temporally unique during TRMM 

measured extreme precipitation events. For example, on the 42
nd

 day of the 1998 summer 

monsoon, TRMM measures its first extreme precipitation event of the season, 63 mm. LH-01 

measures 87 mm while LH-03 measures no precipitation (Figure 8). On the days following the 

extreme event, TRMM measures 8 mm and no precipitation respectively, while LH-01 measures 

92 and 1 mm, and LH-03 measures 90 and 90 mm. Simply put, TRMM records one day of 

extreme rainfall, while LH-01 and LH-03 record two, on different days. We observe this pattern 

throughout the monsoon seasons, with LH-01 generally recording extreme rainfall before LH-03. 

Both LH-01 and LH-03 are located within one kilometer of the main stream channel however 

LH-03 is 13 km upstream of LH-01, ~150 meters higher in elevation, and surrounded by much 

steeper ridge relief (Figure 9). The variance of extreme precipitation intensities is significantly 

higher at LH-03 compared to LH-01 (Table 3). GBO stations are generally located in the lower 

portions of the elevation distribution within a TRMM pixel (Figure 10), located within a 

kilometer of the main channel of the Sutlej, and surrounded by steeper relief as elevation 

increases. 
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Figure 8. Beginning of the 1998 summer monsoon LH1, LH3 and superimposed TRMM 

3B42 pixel. A thin bar represents the TRMM 3B42 precipitation intensity on days 37-45 of the 

1998 monsoon. Precipitation intensities of the underlying GBO stations LH-01 and LH-03 are 

represented by the dashed and thick black lines respectively.  
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Figure 9. Underlying topographic relief LH1 and LH3. The square box outline represents the 

spatial coverage of the TRMM pixel superimposed over LH1 and LH3. Topographic relief (zmax 

– zmin/km) is plotted over the surrounding area. The blue line represents the bed of the Sutlej 

River.  
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Figure 10. Underlying topography of TRMM. The histograms above represent the underlying 

topography of the superimposing TRMM pixel above each GBO station. The thick dashed black 

line represents the elevation of the GBO station. Note the inconsistent ranges of the X and Y 

axes.  

 

4. Discussion 

 

Understanding of flood-producing rainfall events across the Himalaya is primarily limited 

by the high spatial variability of precipitation across the steep and rugged terrain. Additionally, 

there are no ground-based radar systems, precipitation gauges are sparse, and hydrologic data are 

not available at sub-daily scales, further limiting understanding of rainfall-induced floods. 

Gridded, remotely-sensed rainfall data products offer wide areal coverage across the Himalayan 

region, but do not adequately capture local precipitation variability, resulting in large errors 

when modeling floods (Harris et al. 2007).  
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In order to advance understanding about the use of remotely-sensed products to 

accurately model floods, we examine the spatial variability and deviations between remotely-

sensed and ground-based precipitation data. We utilize two resampled gridded products from the 

Tropical Rainfall Measuring Mission, including 3B42 (precipitation) and 3A12 (convective 

intensity). During the summer monsoon season, warm, moisture-laden air carried by low-level 

winds from the Bay of Bengal and Arabian Sea is eventually obstructed by the steep topography 

of the Himalaya, producing significant rainfall near the foothills region of the Western Himalaya 

(Krishnamurthy 2008). TRMM observes low convective intensities and high extreme rainfall 

values across the Lower Himalaya, suggesting that spatial variability may be largely dependent 

on wider, synoptic-scale stratiform systems over the region (Sawyer 1956, Wratt et al. 2000). 

Conversely, within the orographic interior, TRMM observes lower extreme rainfall values, and 

synoptic-scale rainfall is less likely to occur (Bhatt & Nakamura 2006, Houze et al. 2007; 

Shrestha 2012). Results verify previous findings (Barros et al. 2004, Bookhagen 2010, Houze et 

al. 2007, Shrestha 2012) about highest-intensity monsoonal rainfall along the orographic front 

and highest convective intensities within the orographic interior of the western Himalaya.  

Regional differences in storm type potentially influence the distribution of remotely-

sensed rainfall uncertainty uniquely across orography. For instance, stratiform systems, 

characterized by their wide horizontal extent (Houze 1997), will likely generate spatially-

uniform precipitation across a gridded, remotely-sensed rainfall data pixel. Conversely, 

convective systems will likely result in more spatially-skewed distributions of rainfall across a 

similar pixel. Moreover, our results suggest variable, valley-ridge rainfall relationships which 

coincide with a shift from stratiform to convective storm regimes in the orographic interior. Most 

GBO stations are located in valleys, while TRMM indirectly measures rainfall over a larger 

topographic range. At lower elevations, extreme rainfall intensities measured by GBOs are 

higher than superimposed TRMM rainfall intensities, signifying that higher intensity rainfall is 

more likely to occur in valleys than atop ridges. Field experiments across the southern 

Appalachian Mountains reveal enhanced valley-ridge rainfall due to seeder-feeder relationships, 

characterized by rainfall intensities less than 20 mm/hour (Pratt & Barros 2010, Wilson and 

Barros 2014, Duan et al. 2015). We suggest that similar processes may occur across the Lower 
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Himalaya (orographic barrier). The seeder-feeder mechanism is defined as the introduction of ice 

condensation nuclei from a higher (seeder) cloud into a lower level (feeder) liquid cloud, 

initiating precipitation from the feeder cloud (Schneider 2001). Seeder-feeder mechanisms are 

strongly dependent on strong, low-level moist flows (American Meteorological Society 2014), 

similar to the characteristic monsoonal wind patterns observed across India (Houze et al. 2007). 

Contrarily, across the orographic interior, where convective rainfall is more prevalent, GBO 

stations measure lower intensity extreme rainfall than their superimposed TRMM pixels, 

indicating that convection is likely occurring along the steep valley-ridges. High convective 

rainfall intensities across the Inner Himalaya likely reflect atmospheric instability, which is 

caused by warm up-valley winds interacting with cool air flowing down steep mountain slopes. 

This interaction can contribute to the formation of convective rainfall at higher elevations (Egger 

et al. 2000, Barros & Lang 2003, Houze 2012). The regional differences outlined above further 

clarify why gridded, remotely-sensed data products may not adequately resolve precipitation at 

sufficiently-fine scales to improve flood forecasting in mountains. 

Though the spatial resolution of gridded precipitation estimates is improving, our results 

suggests the utility of remotely-sensed precipitation data pixels is severely limited without 

complementary information about the prevailing storm regime. The Global Precipitation 

Measuring (GPM) mission, launched in 2014, has replaced the TRMM and begun collecting 

precipitation observations. One of the objectives of the GPM mission is to advance predictions of 

high-impact floods (Hou et al. 2014). Resampled GPM precipitation estimates (≈ 11 x 11 km) 

are resolved at a finer spatial resolution than the resampled TRMM product (≈ 27 x 27 km). 

However, despite the finer spatial resolution of the GPM mission, gridded precipitation estimates 

may still be too coarse to resolve most of the spatial variability of rainfall that occurs across the 

Himalaya during the summer monsoon (Barros and Lang 2003). Furthermore, traditional 

hydrologic interpolation methodologies and data assimilation techniques have strict assumptions 

(e.g. spatial stationarity and normality) which do not reflect the sub-grid spatial variability in 

rainfall, which can be high (Figure 8). However, raw sensor data from TRMM and the GPM 

Mission are available at fine spatial resolutions and may appropriately supplement gridded, 

remotely-sensed rainfall estimates. Bayesian inference has grown in popularity for hydrologic 
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modeling applications over the last decade and can be used to assimilate prior knowledge (i.e. 

raw sensor data) into precipitation estimates (Cooley 2005; Krzysztofowicz 2002). For example, 

an underlying probability distribution of rainfall intensity can be estimated using fine-resolution, 

raw data in order to provide estimates of input uncertainty across gridded, remotely-sensed 

TRMM pixels. Precipitation estimates defined by probability distributions can be simulated 

using deterministic models to generate probabilistic distributions of streamflow outputs. 

Unifying hydrologic modeling with precipitation uncertainty estimates under a stochastic 

process-based framework could produce more realistic estimates of streamflow during flash 

floods (Montanari 2012). Thus, in order to better model and predict floods using remotely-sensed 

data, new methodologies of interpolation which incorporate sub-grid rainfall distributions are 

needed. In our study, we observe unique deviations between measurement systems which do not 

corroborate with simple elevation-regression interpolation methodology (Daly 2008). However, 

a more thorough assessment of the relationships between storm type, topographic relief and the 

spatial distribution of rainfall using raw sensor data could increase our understanding of rainfall 

uncertainty across mountainous terrain.  

5. Conclusion 

 

Across the Himalaya, flooding is often generated by high intensity, short duration rainfall 

not captured by ground-based observation networks. Gridded space-borne precipitation products 

are capable of regional scale precipitation observation but are limited in their spatial and 

temporal resolution. Because of the relatively coarse spatial resolution of gridded remotely-

sensed precipitation estimates, it is important to identify the specific storm type associated with 

each event in order to better understand the sub-grid uncertainty. TRMM 3B42 and TRMM 

3A12 rainfall products, along with GBO stations, across mountain systems of the western 

Himalayan region were superimposed and statistically compared to investigate the influence of 

storm processes on coarsely-gridded TRMM rainfall products over a 13-year period (1998-

2011). Results indicate that corresponding spatial and temporal deviations between measurement 

systems are likely to be a function of the elemental rainfall regime and underlying topography of 

a single TRMM pixel. First, we find significant deviations between the mean and variance of 
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extreme rainfall and convective intensities across mountain systems, which may produce variable 

over and underestimations of precipitation across the landscape. Extreme rainfall values are 

highest across the Lower Himalayas where synoptic weather systems are more prevalent, 

whereas extreme convective intensities are significantly higher across the Inner Himalayas. 

These convective events are likely attributed to high moisture availability, high ridge relief (~1 

km/km) and resulting atmospheric instability. Second, we identify that deviations between 

extreme precipitation values measured by TRMM and GBO stations reverse with increasing 

topography, indicating that both rainfall regime and valley-ridge rainfall distributions vary with 

elevation and relief. Third, we identify large sub-grid differences in the variance of the extreme 

rainfall distributions within a single TRMM pixel, underscoring the complexities of bias 

correction of gridded rainfall measurements using GBO stations. Neglecting the influence of 

storm type on the final gridded output of areal estimated remotely-sensed products could produce 

a false certainty of the spatial and temporal distribution of extreme rainfall intensities in 

mountainous terrain. Furthermore, since spatial variability of rainfall occurs at highly localized 

scales (<10 km²), flood producing storm events may not be captured by gridded remotely-sensed 

products. Utilizing raw sensor data aboard TRMM and GPM can further improve our 

understanding of the physical processes that occur across the landscape and improve the 

accuracy of flood forecasting in mountains. Furthermore, the development of interpolation 

methods which incorporate prior information of historical or real-time storm type information 

may improve areal estimation of remotely-sensed precipitation estimates and ensuing flood 

models.  
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