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ABSTRACT. Tuned liquid dampers (TLD) are passive dampers. A TLD is a tank rigidly attached to the structure and 

filled partially by liquid. When fundamental linear sloshing frequency is tuned to structures natural frequency large 

sloshing amplitude is expected. In this study set of experiments are conducted on flat bottom and slope bottom TLD at 

beach slope 30º, for different mass ratio to investigate the overall effectiveness of TLD and specific effect of TLD 

parameters. This experimental study shows that a properly designed TLD reduce structural response. It is also observed 

that effectiveness of TLD increases with increase in mass ratio. In this experimental study an effectiveness of slope 

bottom TLD with beach slope 30º is investigated and compared with those of flat bottom TLD in reducing the structural 

response. It is observed from this study that efficiency of sloped bottom TLD in reducing the response of structure is 

more as compared to that of flat bottom TLD.  
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1. INTRODUCTION 

Large civil engineering structures are frequently exposed to severe dynamic loading from several sources 

including earthquakes and high winds. During high winds the sway motion at the top of a tall building and the 

vertical deflection on long suspension bridges may reach tens of feet. Therefore, one of the most important 

problems facing civil engineers today is to find the ways to reduce the motions of a large civil structure to 

ensure structural integrity and human comfort. 

In the last two decades structural control concepts have received considerable attention for the design of large 

civil structures. Several tall building has been constructed with various types of movement control devices 

installed. Most of these movement control devices are passive devices. The most commonly used passive 

systems are base isolation, visco - elastic dampers, and tuned mass dampers. TLD which can effectively 

control vibrations induced by winds (Kareem A. et al 1999, Tuomo Karna 2009 and Tamura Y. et al 1995) 

and has the potential to mitigate earthquake-induced vibrations as well (Banerji P. et al 2000, Banerji P. and 

Samanta A. 2011, Love J. S. and Tait M. J. 2013, Love J. S. and Tait M. J. 2015, and Zahrai S. M. et al 2012). 

Tuned liquid dampers are passive dampers, it is a tank rigidly attached to the structure and filled partially by 

liquid. When frequency of tank motion is close to one of the natural frequency of tank liquid, large sloshing 

amplitude is expected. If these frequencies are reasonably close to each a resonance will occur. By tuning the 

fundamental sloshing frequency of TLD to the structural natural frequency a large amount of sloshing and 

wave breaking will take place and will dissipate a significant amount of energy (Banerji Pradipta et al 2010).   

1.1Flat bottom and slope bottom TLD 

Tuned liquid dampers with flat bottom have been used as a passive structural control device for quite some 

time. The sloped bottom TLD has been investigated recently by Gardarsson S. (1997) and Gardarsson S. et al 

(2001). Its behavior is markedly different from the more familiar flat bottom TLD. The flat bottom TLD is a 

stiffness-hardening system and displays a beating property (Lepelletier TG. and Raichlen F. 1998), when the 

force of excitation has ceased. The motivation for the use of the sloped bottom tank came from the desire to 

reduce or if possible prevent the phenomenon of beating. 
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Fig. 1         Fig. 2 

Figs 1 and 2: Schematic of recirculation zone at a flat bottom TLD corner and   Streamlines inside a 

sloped bottom TLD showing no recirculation zone 

 

The effective liquid mass, for a sloped bottom TLD is much larger than that of a flat bottom TLD. From a 

fluid dynamic perspective, this was expected, as a relatively large portion of liquid mass does not contribute to 

the sloshing force due to recirculation in flat bottom tank corner as shown in fig. 1.The fig. 2 shows 

streamlines inside a sloped bottom TLD. It is immediately evident how the slope bottom geometry almost 

eliminates the recirculation zones and results in a higher contributing sloshing mass.  

As greater amount of water mass participates in sloshing, in slope bottom TLD, resulting greater magnitude of 

the moment and base shear exerted at the TLD base. Figs. 3 and 4 shows comparative schematic of flat bottom 

and slope bottom TLD tanks, where, H is height of tanks, h is depth of water in tanks, b is width of tanks, L is 

overall length of flat bottom tank, θ is beach slope and Lo is horizontal length of slope bottom tank. 

Fig. 3        Fig. 4 

Figs 3and 4:  Schematic of flat bottom and Slope bottom TLD 

The linear natural frequency of water sloshing motion of a flat bottom TLD can be evaluated using the 

dispersion relation is given by Lamb H. (1932) as; 

𝑓𝑤 =
1

2
  

𝑔

𝜋𝐿
 𝑡𝑎𝑛  

𝜋

𝐿
                     (1) 
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Where 𝑓𝑤  is the frequency,𝑔 is the acceleration due to gravity, h is the water depth and L is the overall length 

of tank. In contrast, it is not simple to evaluate the dispersion relation for sloped-bottom TLD because two 

different slopes viz. horizontal and inclined are involved(GardarssonS.1997).Olson D. E. and Reed D. A. 

(2001)determined the experimental frequency of flat bottom TLD and compared with numerical equation as 

given in Eq. (1) by replacing L by wetted perimeterL1 , defined as 

  

𝐿1 = 𝐿0 +
2

𝑠𝑖𝑛 𝜃
                                         (2) 

Where, L0 is the length of the flat part of slope bottom tank and θ is the beach slope. Using the length L1in 

Lamb’s Eq. (1) instead of L resulted in a fairly close estimate of natural frequency. The only limitations of the 

above equation are that it is not defined for sin𝜃 = 0.  

1.2TLD structure interaction 

The response of SDOF structure coupled with a TLD can be found out, using the following equation. 

 

𝑚𝑠𝑢𝑥   + 𝑐𝑠𝑢𝑥   + 𝑘𝑠𝑢𝑥  =  − 𝑢 𝑔𝑚𝑠  +  𝐹 3  

 

Where, 𝑚𝑠 = mass of the structure, 𝑢 𝑥= the acceleration at the top of structure, 𝑢 𝑥  = velocity at the top of 

structure, 𝑢𝑥  = displacement at the top of structure, 𝑘𝑠= thestiffness of structure, 𝑢 𝑔  = the ground acceleration 

and 𝐹 = total sloshing force imparted by liquid in TLD, which is obtained by solving the equation of 

motionsof water in TLD, i.e. Eqs. (3)-(4). 

  

2. EXPERIMENTAL SET-UP AND TEST PROCEDURE  

Fig. 5 shows a schematic representation of the TLD–structure model used for this study. Unidirectional 

spectral dynamic medium force shaker series shaking table model ( SD-10-240/GT1075M) is used for the 

experiments available at Sardar Patel college of Engineering Andheri (West) Mumbai. It is an 

electrodynamics unidirectional shaking table. It is fully automatic shaking table controlled by central 

computer, besides controlling the shaking table it is also used for data acquisition and processing which is 

done by “Puma software”. The size of table in plan is 1.0 m × 0.75 m. The range of maximum displacement is 

± 51 mm. The maximum operating velocity is 0.18 m/sec and the operating frequency is in between 5 to 3000 

Hz, but it also works for from 0 Hz to 5 Hz. In this shaking table many in-build sensors are attached which 

monitor the activity of shaking table. The data acquisition is done with Oras system. It is an instrument in 

which data can be acquired, stored and analyzed. NVGATE is the software used by Oras to process the data. It 

is having 24 channels and it is more users friendly. 

  The picture of the test setup, specimen, shaking table and the behavior of liquid inside TLD during 

experiment is shown in figs. 6 – 7. The TLD tanks were made up of acrylic sheets, having 5 mm thick side 

walls and 5 mm thick base plate. For flat bottom and slope bottom TLD at beach slope 30º,    four TLD tanks 

were stacked one above the other and rigidly connected to each other to act as a single unit. The free board, 

i.e. the gap between the free surface and the roof of the TLD tank was provided on the basis of numerical 

simulations of the expected water profiles, carried out in advance, and with the objective that wave profiles 

should not be disturbed due to splashing on the roof of the tank during the experiments.  A small notch was 

kept on side wall parallel to the direction of excitation to facilitate pouring water in TLD. This TLD tank unit 

was rigidly connected to the top of structure, which was mounted on the shaking table. The structural model 

was made up of mild steel plates of varying thickness to ensure that the mass given in Table 1 was achieved in 

each case, but thick enough to represent a rigid floor, supported on four high tensile steel rods of 6.3 mm 

diameter, which represent the columns. As welding a high tensile rod makes it brittle , which eventually cause 

it to break even at small displacement , a barrel-and-wedge system was used to connect the both the roof and 

base steel plates rigidly to high tensile rods. This innovative technique offered not only the desired flexible 
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structure but also the flexibility in changing the frequency of this single-degree-of-freedom model by 

changing the position of mild steel plates along the high tensile steel rods. The base plate of structural model 

was directly bolted to the shake table to avoid any relative displacement between the structural base and the 

table. Care was taken to ensure that structure is symmetrical. Accelerometers were placed at the top and at the 

base of the structural model (as shown in fig. 7) to measure structural and base acceleration respectively. 

There were two control accelerometers placed at the two extreme corners at the floor level in the direction 

perpendicular to the direction of motion. These were provided to monitor the transverse and torsion motion of 

the floor. It was consistently noted that these accelerometer gave almost a zero signal, which implies that the 

transverse and torsion motions of the floor are negligible and the motion of the floor is along the direction of 

shaking only, as is evident from Fig. 7. 

The mass ratio, µ, which is the ratio of the water mass in the TLD to the structure mass, was controlled by 

selectively filling water in the individual tanks to the desired depth defined by the depth ratio (∆), which is the 

ratio of the depth of water to the length of tank in the direction of shaking. Therefore, in any experiment it was 

possible to consider four different sets of mass ratios, depending on whether one, two or all four of the tanks 

were filled with water to the desired depth ratio. However, in the actual experiments one, two, or four tanks 

were used for specific mass ratios considered. 

 

 

Fig5: Schematic diagram of TLD structure model 
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Fig 6:Test setup, specimen and shaking Table 

 

 

Fig7:Behavior of liquid inside TLD during the test 

 

2.1Structural properties and TLD parameters 

Tables 1- 2 shows structural properties and TLD parameter considered in this study. A set of experiment is 

planned by considering all aspects of TLD design parameter viz. mass ratio and depth ratio. Mass of TLD tank 

which was rigidly attached to the structure was included in structural mass. Depending upon the structural 

frequency, size of TLD’s is designed by using Eq. 1 for given depth ratio. Width of the tank was adjusted to 

get desired mass ratio for different set of experiments. Structural damping was determined before each set of 

the experiment. Set of TLD-structure was subjected to harmonic sinusoidal motions with different excitation 

frequencies and amplitude of motion is kept constant as 0.039 m/s². 
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Table 1 Structural properties and TLD parameters for flat bottom TLD 

  

Table 2 Structural properties and TLD parameters for slope bottom TLD(beach slope 30º) 

 

Case 

No. 

Mass     

kg 

Structural 

period    

(Ts) sec. 

Structural 

damping   

% 

Tank size   

m                                                                          

Depth 

ratio          

∆ 

Mass ratio                             

µ % 

L                     b 

1 83.379 0.80 1.60 0.1185 0.467 0.077 0.5, 1.00, 2.00 

Where, 

L = Wetted perimeter of slope bottom TLD. 

L =Actual Length of Flat bottom TLD. 

b = Breadth of Flat bottom and Slope bottom TLD. 

 

3 EXPERIMENTAL RESULTS AND DISCUSSION  

The comparison of frequency response graph for structure without TLD and with flat bottom TLD and slope 

bottom TLD are presented in figs. 8 and 9 for case 1. From these frequency response graph it can be observed 

that, slope bottom TLD with 30º slope is more effective in reducing the structure response as compared to flat 

bottom TLD.   

 

 

Fig8: Peak acceleration for different mass ratio and varied β ratio, for flat bottom TLD, (Structural 

type Case 1, Ts = 0.80 sec., ∆ = 0.077, Ao = 0.039 m/s²) 
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Case 

No. 

Mass    

kg 

Structural 

period     

(Ts) sec. 

Structural 

damping  

% 

Tank size  

m 

Depth 

ratio          

∆ 

Mass ratio 

µ % 

L b 

1 83.379 0.80 1.60 0.118 0.392 0.077 0.5, 1.00,2.00 
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Fig 9: Peak acceleration for different mass ratio and varied β ratio, for slope bottom TLD, at beach 

slope 30º(Structural type Case 1, Ts = 0.80, ∆ = 0.077, Ao = 0.039 m/s²) 

 

Figs. 8 and 9 shows a comparison of experimental values of  peak acceleration at the top of structure with both 

flat bottom and slope bottom TLD for harmonic base excitation.The graphs are for varying excitation 

frequency ratio, β, (which is the ratio of the frequency of the harmonic excitation and the fundamental natural 

frequency of the structure) and for different mass ratios, µ. 

Table 3 Percentage reduction in peak structural acceleration for structures with Flat bottom and 

Slopped bottom TLD (beach slope 30°) with different mass ratio (%) – Experimental 
 

Mass 

ratio   µ 

% 

Percentage reduction in peak structural acceleration - 

Experimental 

Flat bottom TLD 
Slope  bottom TLD (beach 

slope 30°) 

Case 1 

∆=0.077 

Ts = 0.80 

Case 1 

∆=0.077 

Ts = 0.80 

0.5% 1.85 13.27 

1% 15.74 16.66 

2% 55.55 56.63 
 

3.1 Effect of mass ratio and depth ratio 

The percentage reduction in peak structural acceleration obtained from experiments both for flat bottom and 

slope bottom TLD (beach slope, θ = 30º) for three different mass ratios are presented in Table 3 for case 1. 

In all experiments and in all the cases the amplitude of base excitation is kept constant as 0.039 m/s². 

Amplitude is low because due to the limitations of experiment setup. The diameter of column size in 

experiment setup is 6.3 mm. At high level excitation the structure will behave nonlinear and will get damaged, 

therefore the amplitude of excitation is restricted.  
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3.1.1 Effect of mass ratio 

From Table 3 it is seen that as mass ratio increases, the effectiveness of both flat bottom and slope bottom 

TLD increases. This is because larger volume of water for a higher mass ratio should absorb and dissipate 

more energy. From a practical point of view, however higher water mass implies a greater space requirement 

to install TLD tank in structure which may not always be feasible. In this study three values of mass ratio i.e. 

0.5%, 1%, and 2% are considered which are small enough to be generally practical at large enough for TLD to 

be effective as a control device.  

The percentage reduction response for slope bottom TLD is more than that of flat bottom TLD for the same 

mass ratio. This is due to relatively large portion of liquid mass does not contribute to sloshing force due to 

recirculation in flat bottom tank corner. While slope bottom geometry almost eliminate recirculation zone 

result in higher contributing sloshing mass. 

3.1.2 Effect of depth ratio 

In Table 3, results are presented for depth ratio i.e. Δ = 0.077 for case 1. From these results it can be observed 

that the effectiveness of slope bottom TLD is more as compared to flat bottom TLD  for depth ratio Δ = 0.077.  

This is because the amplitude of base motion is low i.e. 0.039 m/s². The earlier studies have used data 

originally developed from low excitation level and using shallow water theory (Sun L. M. et al 1989, Fujino 

Y. et al 1992 and Chaiseri P. et al 1989). Further Banerji P. et al (2000) has shown that for low level of 

excitation small depth ratio is more effective. 

  

4. SUMMARY AND CONCLUSION 

An experimental study on the effectiveness of flat bottom and slopped bottom TLD in controlling the response 

of a structure subjected to harmonic ground motion is carried out. The experimental results show that a 

properly designed TLD can significantly reduce response of structure. This is because of additional damping 

provided to the structure due to increased sloshing. For the given mass ratio, the effectiveness of slopped 

bottom TLD with 30º beach slope is significantly higher that compared with flat bottom TLD. The 

effectiveness of both flat bottom TLD and sloped bottom TLD increases with increase in mass ratio. In 

present investigation the slope bottom TLD with beach slope 30º is found to be more effective.  

 

REFERENCES  
 

[1] Banerji, Pradipta., Mohan, Murudi., Arvind, H. Shah and Neli, Popplewell (2000), “Tuned liquid dampers for 

controlling earthquake response of structures”, Earthquake Engineering and Structural Dynamics,29, 587–602. 

[2] Banerji, P. and Samanta, A. (2011), “Earthquake vibration control of structures using hybrid mass liquid 

damper”,Engineering Structure, 33, 1291–1301. 

[3] Banerji, Pradipta.,Avik, Samanta and Sachin, A. Chavan (December 2010), “Earthquake vibration control of 

structures using tuned liquid dampers: Experimental studies”, International journal of advanced structural 

Engineering, 2, No. 2, 133-152.  

[4] Chaiseri, P., Fujino, Y., Pacheco, BM. and Sun, LM. (1989). “Interaction of tuned liquid dampers and structure: 

theory, experimental verification and application”, Journal of Structure and Engineering  / Earthquake Engineering 

ISCE, 6, 103-112.  

[5] Fujino Y., Sun, L. M., B. M. Pacheco and P. Chaiseri (1992), “Modeling of tuned liquid damper (TLD)”, Journal of 

Wind Engineering and Industrial Aerodynamics, 41-44, 1883-1894.  

[6] Gardarsson, S., Harry, Yeh and Dorothy, Reed (2001), “Behavior of slopped- Bottom Tuned Liquid Dampers”, 

Journal of Engineering mechanics, 127 No. 3, 266-271. 

[7] Gardarsson, S. (1997), “Shallow-water sloshing”, PhD thesis, University of Washington, Seattle, USA. 

[8] Kareem, A., Kijewski, T. and Tamura, Y. (1999), “Mitigation of motions of tall buildings with specific examples of 

recent applications”, Wind and Structure, 2, No. 3, 201–251.  

[9] Lamb, H. (1932), Hydrodynamics (6
th

edn.), Cambridge University Press, Cambridge. 

[10] Lepelletier, TG. andRaichlen F. (1998), “Nonlinear oscillations in rectangular tanks”, Journal of Engineering 

Mechanics ASCE, 114, 1-23. 



 
 
 

 
 

643 Amardeep D. Bhosale, Dr. Mohan M. Murudi 

 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 4, Issue 5 

May 2017 

[11] Love, J. S. and Tait, M. J. (2013), “Parametric depth ratio study on tuned liquid dampers: Fluid modeling and 

experimental work”, Computers and Fluids, 79, 13-26. 

[12] Love, J. S. and Tait, M. J. (2015), “Multiple tuned liquid dampers for efficient and robust structural control”, Journal 

of Structural Engineering (ASCE), 141(12), 04015045-1-6. 

[13] Olson, D. E. and Reed, D. A. (2001), “A nonlinear numerical model for sloped-bottom tuned liquid dampers”, 

Earthquake Engineering and structural dynamics, 30, 731-743. 

[14] Sun, L. M., Fujino, Y., Pacheco, B. M. and Isobe, M. (1989), “Nonlinear wave and dynamics pressures in 

rectangular tuned liquid damper (TLD) - simulation and experimental verification”, structural engineering 

/Earthquake engineering IJCE, 6 No. 2, 81-92. 

[15] Tuomo, Karna (2009) “Damping methods to mitigate wind-induced vibrations”, Journal of structural mechanics, 42 

No. 1, 38-47.  

[16] Tamura, Y., Fujii, K., Ohtsuki, T., Wakahara, T., and Kohsaka, R. (1995), “Effectiveness of tuned liquid dampers 

under wind excitation”, Engineering Structure, 17, 609–621.  

[17] Zahrai, S. M., Abbasi, S., Samali, B. and Vrcelj, Z. (2012), “Experimental investigation of  utilizing TLD with 

baffles in a scaled down 5-story benchmark building”, Journal of Fluids Structure, 28, 194–210.  

 



See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/314260294

Sedimentary and Geomorphic Signatures of a Cloud burst and triggered flash

floods in the Indus valley of Ladakh Himalaya

Article  in  Himalayan Geology · January 2017

CITATION

1
READS

1,432

6 authors, including:

Some of the authors of this publication are also working on these related projects:

Magnetostraigraphic, Palaeontological and Sedimentological studies of some selected sections of Bhuban Formation of Tripura- Mizoram accretionary belt View project

Geochemical and Rock Magnetic characterization of Deccan Boles. View project

S.J. Sangode

Savitribai Phule Pune University

134 PUBLICATIONS   2,515 CITATIONS   

SEE PROFILE

Suman Rawat

Wadia Institute of Himalayan Geology

23 PUBLICATIONS   309 CITATIONS   

SEE PROFILE

Y. R. Kulkarni

GIT

11 PUBLICATIONS   66 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Suman Rawat on 07 March 2017.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/314260294_Sedimentary_and_Geomorphic_Signatures_of_a_Cloud_burst_and_triggered_flash_floods_in_the_Indus_valley_of_Ladakh_Himalaya?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/314260294_Sedimentary_and_Geomorphic_Signatures_of_a_Cloud_burst_and_triggered_flash_floods_in_the_Indus_valley_of_Ladakh_Himalaya?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Magnetostraigraphic-Palaeontological-and-Sedimentological-studies-of-some-selected-sections-of-Bhuban-Formation-of-Tripura-Mizoram-accretionary-belt?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Geochemical-and-Rock-Magnetic-characterization-of-Deccan-Boles?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sj-Sangode?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sj-Sangode?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Savitribai-Phule-Pune-University?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sj-Sangode?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Suman-Rawat-2?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Suman-Rawat-2?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Wadia_Institute_of_Himalayan_Geology?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Suman-Rawat-2?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Y-R-Kulkarni?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Y-R-Kulkarni?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/GIT?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Y-R-Kulkarni?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Suman-Rawat-2?enrichId=rgreq-8d1810e60f50df14af743fdb1ac14511-XXX&enrichSource=Y292ZXJQYWdlOzMxNDI2MDI5NDtBUzo0NjkyMjE2Mzg0NDcxMDRAMTQ4ODg4MjU2NDMyNg%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Himalayan Geology, Vol. 38 (1), 2017, pp. 12-29, Printed in India

12

Sedimentary and Geomorphic Signatures of a Cloud burst and
triggered flash floods in the Indus valley of Ladakh Himalaya
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Abstract:

Keywords

Post-facto documentation is made to record the signatures of a major cloud burst and triggered flash floods in the

Leh Valley region of the Indus River (Ladakh Himalaya) occurred during 2010. The most notable signatures include linear

imbricate alignment of the sub-rounded boulders, paired bank-erosion, sharp axial incision of the stream beds and overbank

debris flow-sheet flood deposits.After a detailed tape-, compass- and GPS based mapping of total 11 affected streams from

the cloud burst-hit Ladakh batholithic range, a three stage model has been suggested. Stage I involved rapid initial recharge

of the streams and gullies with high volume of entrapped Quaternary sediments generating the granular flow under

accelerated gravitational thrust. Stage I also resulted in the significant bank erosion in the middle- and lower reaches. Stage

II was marked by hyper-concentrated flow that produced sheet flood deposits over the valley floor. Stage III recorded

terminal phase with sediment poor discharge that prolonged with the rains past the main event.

Rapid recharge and discharge from extremely narrow, high gradient transverse streams and gullies, high volume of

entrapped Quaternary sediment mass, combined with a proportionately large de-glaciated catchment yielded the

catastrophic mass transfer downstream. The affected streams appear to have produced several pulses of sedimentation of

large variation in sediment texture and flow viscosity within a short duration. These conditions demand more detailed

studies to describe the cloud burst triggered flash flood deposits within the classical approaches of debris flow mechanism

in the Himalayan setup. Detailed mapping and estimation of the entrapped sediment mass within the transverse stream

valleys of various sectors of Himalaya is required to predict the style of mass transfer during such events. Our study

observed that the present cloud burst have released only a small volume of the entrapped mass offsetting the stage for

additional mass transfer during similar future events in the region.

: Ladakh Himalaya, Indus valley, Flash flood, Cloud burst.
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volknh rFkk Hkwvkd`frd izek.k

,l-ts- lkaxksM+s ] Mh-lh- esJke ] ,l -jkor ] okb- dqyd.khZ ] Mh-,e- pkVs ] ,l-,l- xqMk/ks1 1 2 3 4 1

1

2

4

HkwfoKku foHkkx] lkfo=hckbZ Qqys iq.ks fo|kihB] iq.ks 411007 Hkkjr
okfM;k fgeky; HkwfoKku laLFkku] 33 tujy egknso flag jksM] nsgjknwu Hkkjr

bafM;u baLVhV;wV vkWQ VªkWfidy fefV;ksjksykWth ¼vkb vkb Vh ,e½] iq.ks 411007 Hkkjr

&

]

]
& ]

~ & ]
&

fgeky;½

248001
?kjnk baLVhV;wV vkWQ VsDukWykWWth] ykosy] [ksM] jRukfxjh 415708 Hkkjr

3

lkjka'k fla/kq unh ds ysg ?kkVh Hkkx ¼yn~nk[k esa lu~ 2010 esa gq, izeq[k es?k foLQksV rFkk ifj.kkeLo:i vk;s vkdfLed
iwj dk ?kVuk mijkUr izys[ku fd;k x;kA mixksfyr xksyk'eksa dk jSf[kd dksjNknh ljs[k.k] ;qXe rV vijnu] izokg ry dk
v{kh; dVko rFkk rVksifj eyok izokg & ijr ck<+ fu{ksi eq[; izek.k gSaA yn~nk[k egkLdU/k Js.kh ds es?k foLQksV ls izHkkfor 11
ty izokgksa dk Qhrk] fnDlwpd rFkk th ih ,l }kjk foLr`r ekufp=.k djds bl fØ;kfof/k dh O;k[;k djus ds fy;s ,d
f=Lrjh; ekWMy izLrkfor fd;k x;k gSA igys Lrj ij lfjrkvksa rFkk voukfydkvksa ds izkjfEHkd 'kh?kz iquHkZj.k ls fupys Hkkx esa
c`gr~ DokVuZjh xksyk'eksa rFkk d.kksa dk c<+s xq:Rokd"kZ.k ds dkj.k izy;dkjh LFkkukUrj.k gqvk ftlls izokgksa ds e/;e rFkk fupys
Hkkxksa esa dkQh vijnu gqvkA f}rh; Lrj ij ?kkVh ry esa vfr lkUnz cgko }kjk ck<+ pknj fu{ksi.k gqvkA r`rh; Lrj cgko dk
vafre pj.k Fkk tc eq[; ?kVuk Øe ds ckn tkjh o"kkZ ds lkFk volkn&ty ds de vuqikr dks vafdr fd;k x;kA

vR;Ur ladjh] vfr <ky okyh vuqizLFk lfjrkvksa rFkk voukfydkvksa ls rst iquHkZj.k rFkk foltZu] izkIr foikf'kr DokVuZjh
volkn ek=k dh cgqyrk rFkk vis{kkd`r c`gr~ fofgeufnr tyxzg.k ds ifj.kkeLo:i fupys Hkkxksa esa izy;dkjh c`gr~ LFkkukUrj.k
gqvkA ,slk yxrk gS fd izHkkfor lfjrkvksa us vYi dky esa xBu rFkk izokg ';kurk esa ifjorZu ds lkFk volknksa ds dbZ LiUnu

%
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INTRODUCTION

The Trans-Himalayan Ladakh-Karakorum mountain ranges
are characterized by parallel to sub-parallel high altitude
ridges and intermontane valleys with vegetation-free high
gradient slopes. These valleys with large deposits of entrapped
sediments are susceptible to downstream transfer of the mass
during excessive rain fall, cloud bursts, avalanches,
landslides, river damming and lake outbursts (Jamieson
2004; Hobley 2010; Dortsch 2011; Sangode
2011; Scherler 2011). The Himalayan glaciers are
globally known for their high debris content (Copeland
2009; Scherler 2011) yielding significant sediment mass
production and transfer throughout the Quaternary glacial-
interglacial stages. This large unconsolidated sediment mass is
therefore available for catastrophic transfer during anomalous
weather conditions (e.g., Bookhagen & Burbank 2006; Das

2006; Medina 2010; Immerzeel 2010;
Bookhagen 2011; Herman 2011; Rasmussen &
Houze 2012; Kumar 2014; Haeberli 2016;
Linsbauer 2016).

The catastrophic event that took place during 4 to 6
August, 2010 is probably the worst example in the
documented history of the Himalaya because of its large
geographic extent, significant mass wasting and multiple
trigger of flash floods within short duration. The present study
is based on the post-facto field surveys conducted during two
successive field seasons (2010 and 2011) to record and
interpret the signatures of the cloud burst and triggered flash
floods. Since these signatures can be obscured and overprinted
during succeeding seasons misleading their identification; the
present study makes a rare documentation. Recently, during
2013 the outburst of reservoir in Mandakini valley of
Uttarakhand resulted in flash floods and landslides (Rana
2012, Islam 2012). The high discharge initiated new
channels, activated the abandoned channels and raised the
water of Mandakini River and caused bank erosion and
deepening of the valley (Singh 2014). Such instances
therefore demands field documentation of flash floods as an
important aspect in the Himalayan region to study the
susceptibility, magnitudes and overall response of such events
for advanced experimental approaches as in Segre & Deangeli
(1995), Iverson (1997a,b), Iverson & Denlinger (2001),
Devrani (2015), Arattano (2006), Iverson
(2011), Hobley (2012).
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Study Area

THE CLOUD-BURST EVENT OF 6 AUGUST, 2010

Leh is one of the largest valleys in the NW Himalaya. It
prominently demarcates the structural trend of the Ladakh
Batholith and the folded sedimentary sequence of Indus
formation (Searle 1986). The longitudinally trending NW-SE
Leh Valley extends from Karoo in SE (33°54′48″N,
77°44′14″E) to Pathhar Sahib in NW (34°11′31″N,
77°22′19″E). The entire eastern flank within Leh Valley is
marked by 11 major transverse streams arising from the
Ladakh batholithic range and opening into the main valley
basin (see fig. 1). In the northern part, the valley has several
moraines within the transverse valleys advancing into the
axial (/Indus River) valley. The cloud burst affected area falls
on this eastern ridge comprising of Ladakh granodioritic
batholith which is capped by the glaciated to deglaciated
catchment at the altitudes of 5000 to 6000 m asl.

Detailed geomorphological account on the Leh valley is
reported by Jamieson (2004), Owen (2006), Hobley

(2010), Sant (2011a,b), Sangode (2011) and
Sangode (2013). Based on the morphometric analysis,
Jamiesen (2004) suggested that the long term structural
deformation and exhumation has forced the Indus Valley
laterally into the Ladakh Batholith with the eastern ridge flank
resulting in the transverse catchment asymmetry. Hobley
(2010) derived relationships between the glacial catchment
modifications to hydraulic scaling of the transverse channels
downstream in the Leh valley. They also provided rough time
estimates to which the channel concavities can be
equilibrated. Sant (2011a) identified five formative
surfaces within Leh valley relating it to various Late
Quaternary Marine Isotope Stages. Sant (2011a,b)
elaborated morphostratigraphic relations amongst glacial,
glacio-fluvial and lacustrine phases within the Leh valley.
Sangode (2011) reported a record of lake-outburst in the
extreme downstream part of the Leh valley depicting dynamic
response of the valley to Late Pleistocene climatic changes.
Sangode (2013) inferred the linkage between lithofacies
changes and base level articulation within the Leh Valley
basin. Dortch (2011) revealed differential erosional rates
over the batholithic catchment tending to tectonic causes.

The Himalayan region during monsoon season is susceptible
to cloud bursts when the monsoon clouds associated with low
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fufeZr fd;sA ;s fLFkfr;ka fgeky;h; ifjfLFkfr;ksa esa eyck cgko dh ikjaifjd fØ;kfof/k ds vUrxZr es?k foLQksV ls izHkkfor
vkdfLEd iwj dk o.kZu djuss ds fy;s vkSj vf/kd v/;;u dh vis{kk djrh gSaA ,slh ?kVukvksa esa fgeky; ds fofo/k Hkkxksa esa vuqizLFk
?kkfV;ksa esa inkFkZ LFkkukUrj.k ds vuqeku ds fy;s ikf'kr volknksa dk foLr`r ekufp=.k rFkk izkDdyu fd;k tkuk pkfg;sA gekjs
v/;;u dk fu"d"kZ gS fd bl es?k foLQksV ls cgqr FkksM+h ek=k esa ikf'kr inkFkZ LFkkukUrfjr gqvk gSA vr% Hkfo"; esa ,slh ?kVukvksa ls
blds cgqr vf/kd ek=k esa gksus dh laHkkouk gSA

% yn~nk[k fgeky;] fla/kq ?kkVh] vkdfLed iwj] es?k foLQksVAladsr 'kCn



14

pressure area travel northward e.g., from the Bay of Bengal
across the Ganges plains onto the Himalayas leading to intense
rainfall (>100mm per hour). The associated convective clouds
generally extend up to a height of 15 km above the ground
representing cumulonimbus convection in marked moist
thermodynamic instability, which is accelerated by deep,
rapid, dynamic lifting due to steep orography (Ashrit 2010;
Das 2006; Thayyen 2013).

A hydro meteorological analysis based on high-
resolution, nested Weather Research and Forecasting (WRF)
model and Tropical Rainfall Monitoring Mission (TRMM)
satellite based precipitation estimates for the Leh cloud burst
made by Ashrit (2010) suggested isolated nature of the event.
Their cross sectional analysis inferred that the cloud burst
evolved in a deep humid layer of flow from the northwest of
the Leh capped by relatively cold and dry flow from the east
and southeast. This capping seems to have inhibited the
release of instability that triggerred the cloud cluster that
moved from Nepal in the east. Hobley (2012) with their
pre- and post- cloud burst observations of three streams over
the Ladakh batholith demonstrated the close relation of the
geomorphic record to rainfall intensity and distribution.
Thayyen (2013) produced an integrated hydrologic and
atmospheric model for the Leh event. They derived the peak

flood estimates of the order of 122 to 1070 (±35%) m /s

et al. et al.

et al.

et al.

3

displaying strong dependency with the area of catchment.
They further expressed the limitations of scaling satellite data
for such an event. Documentation of the ground signatures at
the scales of 10 to 100 m (as attempted here) represents an
important contribution for characterizing the event and
producing model inputs or dataset for validation to various
satellite based .

The cloud burst that took place in the early hours of 6
August, 2010 was locally reported as series of events that
occurred within a short duration of several minutes selectively
over the eastern ridge. The event was followed by flash floods
in the Indus River which is joined by the transverse streams
from the western slopes of the eastern ridge. These transverse
streams selectively recharged the Indus River while the left
bank remained passive during or after the event. The short
report Juyal (2010) explained the event as debris flow due to
torrential rainfall resulting into a combination of granular to
fluid flows. Hobley (2012) indicated that the intense
rainfall occurred in a tightly defined band between ~3 and 9
km upstream from the range front with peaks at 4 to 5 km.
They estimate an inundation of 5%-7% of the aerable land due
to debris flows; >200% erosional widening of the channels
and >100 times increase in the bank full discharge in the lower
reaches (Op. Cit).
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Fig. 1. Study area on Google earth image showing the Leh valley with the studied streams marked as 1 to 11. 1: Nimutokpo, 2: Umlahfu, 3: Taru, 4:
Fyangfu (Phyang), 5: Khardung (Tangpo), 6: Sabu, 7: Stakma, 8: Thikse, 9: Nang, 10: Chemre (Shakti), 11: Igu. Inset shows regional
lithotectonic configuration of the Himalaya and Karakorum ranges.
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The cloud burst and associated flash floods damaged a
large part of Ladakh region covering 71 towns and villages
(http://leh.nic.in/). At least 255 people were reported to have
died due to heavy overnight rainfall and triggered flash
floods, mud slides, and debris flows (http://leh.nic.in/). The
government agencies report that overall 9000 people were

directly affected by the event with thousands more rendered
homeless after the flooding, which caused extensive damage
to property and infrastructure. In Leh, many Re-enforced
Cement Concrete (RCC) structures including hospitals, bus
terminal, radio station transmitter, telephone exchange and
mobile-phone towers were destroyed apart from the

Fig. 2. Top figure shows the morphology of the transverse valleys from the eastern ridge. The dark lines are valley margins developed by the arête
crests. The open headed and close headed, and the broad and narrow nature of the valleys can be observed from the dark lines. Bottom diagram
shows the Digital Elevation Model (DEM) for the cloud burst affected area produced using SRTM data.
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destruction of roads and bridges depicting the high intensity of
flash floods. We find that the major destruction in the Leh,
Sabu, Phyang, Nimmu, Taru, Igu and Basgo villages was
caused by debris flows along with boulder strike and not
simply by flooding. Overall more than 1500 homes in 71
settlements across the area were reported to have been
damaged because of the 2010 event (http://leh.nic.in/).

The data from ground monitoring stations is often
misleading for such an event because of spatial
heterogeneity and isolated location of the station from the
directly affected area.. This is well evident from the Ladakh
event as the base station at Leh Airport recorded only 12.8
mm of rainfall. In addition the event is too localised to
accurately represented by satellite data (e.g., TRMM, TMI,
PR, WRF, MODIS) resulting in constrains over the
simulations (See Das 2006; Thayyen 2013). This
study is based on ground observations in the scale of 1 to 100
m, which can provide direct geological information about
the nature and magnitudes of the events. Such studies are not
currently available for the 2010 cloud burst event from the
Leh valley.

Immediately following the 2010 even, we carried out field
surveys in the area extending from Dungti up to Batalik
covering a stretch of >300 km (Fig. 1). This survey included
observations from every transverse streams (Nala in local
parlance) originating from the eastern ridge over the entire
length. It was observed that the debris flow in the transverse
streams occurred selectively over a stretch from Mahe to
Batalik (~245 km) so that many streams are unaffected
adjacent to the affected stream over the same ridge segment.A
great variability was found in the style, intensity, texture and
thicknesses of the mass flow deposits, as well as in the
intensity of erosion and incisions in the affected streams. The
intensity of signatures and the frequency of streams affected
roughly decreased towards Batalik in north. Thus, Leh Valley
was the central part of the spread of cloud burst signatures in
the Mahe to Batalik stretch. Therefore, we further made a
detailed survey and documentation with tape, compass and
handheld GPS in each of the affected streams from valley floor
upto the glacial field catchment (Fig. 2a). The right and left
flanks of these transverse valleys are originally crested by
erosional arêtes. The length of each stream varies from ~6.5 to
17 km from the valley floor margin up to the valley head (see
figs. 2 & 3). Our field documentation included measuring (a)
width of the laterally eroded banks, (b) dimensions of the
mobilized clasts (boulders), (c) thickness of the deposit, (d)
width and depth of the axial incision, (e) flood mark heights on
the built structures and trees, (f) style of damages caused to
property and the trees. In addition we present captioned
detailed photograph inventory as supplementary material with
this paper. The signatures are further classified according to
their positions in upper, middle and lower reaches to constrain

et al. et al.

METHODOLOGY

the observations (see fig. 3). Previously Hobley (2010)
defined the morphometric domains of upper, middle and lower
reaches in the batholithic range. However, the upper reaches of
Hobley (2010) mainly cover the glacial catchment which
was not surveyed by us to selectively focus on the transverse
streams. Our observations of upper, middle and lower reaches
therefore fall within the middle and lower reaches of Hobley

(2010).

The long and cross profiles (see fig. 3) depict the changes
in the valley widths and ridge morphology. All the profiles are
drawn with the help of Shuttle Radar Topography Mission
(SRTM-NASA) images and the GIS software Global Mapper
(Blue Marble Geo) in the Department of Geology (Pune). The
knick points are marked based on the ground observations of
lateral erosion, vertical incision and debris deposition, which
match the major change in profile gradient as seen in figure 3.
We followed the stream ordering method of Strahler (1952) to
document the streams in each transverse valley.

Further we used TRMM data of 3hr interval from the
NASA Godard Space Flight centre's web site. It shows two

significant anomalies (on 4 and 5 August 2010) apart from

the main anomaly of 6 August (see fig. 4). This indicates that
the catchment was already wet to enabling significant mass
flow in this arid region. The mass movement was further
accelerated due to torrential rains following the event.

A brief account of the documentation from individual streams
is given here. The Taru Nala represents the northernmost
stream surveyed for the entire length of ~14 km from valley
floor to upstream (Figs. 1 & 2). This nala is joined by two
major streams each from its right and left banks. In its upper
reaches, the cloud burst resulted into significant lateral cutting
(/bank erosion) increasing the channel widths up to 7 m (Fig.
5a) along with a sharp axial incision of ~2 m in the middle part
of the stream bed (Fig. 5b). The sudden onset of such distinct
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DESCRIPTION OF INDIVIDUAL STREAMS
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Fig. 3. The rainfall data (3hr interval) for the entire week when the cloud burst
event occurred. The data used from TRMM Science data and
information system available at the NASA Godard Space Flight
centre's web site.
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input ranging in size from boulders to mud resulting in severe
damages in the Phyang Village (Fig. 6b). In the middle
reaches, the nala showed significant lateral cutting and

mobilization of the bouldery mass (Fig. 6c). Another 1 order
dry stream from the right bank, originating in the lower
reaches made a notable input to the Phyang nala (Fig. 6d). This
stream was deeply incised, cutting the lower indurated stream
bed. It also had deposits of thick couplet of sandy deposit on
the banks in the similar manner to that of Taru Nala (Fig. 6d).
The debris flow marks are seen on the standing tree trunks
upto the heights of ~2 m while the boulder hit marks can be
traced upto ~1m from the base of tree trunk. Similar to Taru;
the Phyang Nala showed heavy damages by uprooting the
bridge along the Kargil road. Overall the Phyang Nala
produced significant granular mass from the upper reaches. A
seasonally dry nala originating in the lower reaches in the right
bank of Phyang Nala produced remarkable sediment mass in
the form of sand deposits.

The Sabu Nala with a stretch of over 15 km was more in
news due to the damages caused down streams in the densely
populated village of Choklamsar (/Choglamsar). The heavy
damage is also seen at few other villages along with Sabu in
the lower and middle reaches. The Sabu Nala is of relatively
low gradient with wide sloping surfaces opening into the
valley floor. It showed significant lateral cutting in the middle
and lower reaches because of the cloud burst (see fig. 6e & f).
The flood marks up to the level of 2 m above the older stable
surfaces are recorded in the middle and lower reaches (Fig. 6f
& g). The sharp and deep incision along the channel axis
shows an average depth of 1.5 m in the middle reaches. A

1 order stream entering from the left bank of the main Sabu
Nala in the middle reaches produced one of the most intense
flow destroying the settlements in the Sabu Village. This
stream shows deep wide cutting and bouldery mass flow with
remarkably linear alignment and imbrications of the boulders
in its proximal part (Fig. 6h). Sand deposit of ~30-40 cm over
the older, stable surface in the village occurs near the transition
from middle to lower reaches (Fig. 6g). A deep incision in the
stream bed aligned with a mid- channel bar like boulder
alignment (with strong imbrications) as well as straightening
of the original shallow sinuous stream is visible in this
proximal part (Fig. 7a & b). Another dry Nala (unnamed)
arising in the middle reaches from left bank ridge of Sabu
Nala, passing from the Sabu village shown heavy mass flow
causing severe damages.

In the lower reaches, the Sabu Nala produced thick sand
layer varying in thickness from 2 to 3m. This mass flow was
unconfined and spilled-over the banks before entering the
valley floor. The spill-over further took course of the available
gradient which slopes towards the Choklamsar village along
the left bank, resulting in to major damage. The houses and
shops on the immediate banks of the Nala were affected both
by boulder impacts and by the deposition of sandy debris (Fig.
7c-e). We observed that major part of the bouldery mass was
confined to the channel during initial stage of the event.

st

st

incision (Fig. 5c) was common to all other affected streams on
this eastern ridge. The middle reaches showed an average
lateral widening of ~10m after the bank erosion (BE-m in table
1) and the deep narrow incision (Im in table 1) of ~3m in the
channel axis. The middle reaches also showed up to 20 cm of
thick deposition of the sand over the banks. These deposits
typically consisted of medium to coarse grained sands (with
angular clasts) in a muddy matrix with top surfaces showing
desiccation cracks. In the lower reaches, the Taru Nala is
joined by a dry stream from the right bank which resulted in
significant sand deposition during the event. This sand
occurred as two distinct layers (phases) of fining upward
cycles (see fig. 5d). Grain size for this deposit decreases
downstream (although a thickness of ~30-35 cm is
maintained). The muddy matrix also decreases towards the
valley floor and was characterized by well sorted sand
deposited over older oxidised sands (e.g., see fig. 5e).
Otherwise majority of the such deposits are highly viscous
(high sediment: water ratio) being sluggishly draped over
bank (e.g., fig. 5f).

We infer that the distinct deep incision of the stream beds
(e.g., fig. 5b & 5c) indicate prolonged flow of sediment poor
waters after the event. This incision is common in all the
affected nalas as a result of rainfall that intermittently
continued for several days after the event. The standing trees
on the banks of the lowermost reaches show boulder hit marks
up to the trunk heights of ~1m and mud/slurry marks up to
~2m height from the tree base/bank surface (see fig. 5g & h)
marking the respective levels of the bank full discharge of the
flash floods. The Taru Nala further downstream on the valley
floor uprooted the Kargil Road bridge and culvert and
deposited the slurry over the valley floor.

The Taru Nala showed significant lateral cutting even in
its upper reaches. The channel incision in this nala is lower
compared to Phyang, Sabu and Igu Nalas (described later)
probably due its connection to the broad, open, flat valley

floor. The 1 order streams of perennially dry nature, appear to
have produced significant mass input into the main Taru Nala.
This is because of the availability of non-cohesive sediment
mass in each of these first order streams.

The outlet of Phyang Nala (Fig. 2) in the main valley is
marked by thick deposits of glacial moraines, glacial outwash
and the moraine recycled fan deposits of Late Pleistocene age
(Owen 2006; Hobley 2010; Sant 2011a,b,
Sangode 2013). Also there were thick, remnant moraine
deposits in the upper reaches of Phyang Nala. The large
volume of entrapped sediment mass in the Phyang Nala
appears to have produced significant input during the flash
floods triggered by catastrophic cloud burst (Fig. 6a). At the
first knick point in the upper most part of the middle reaches
(falls in the Phyang village), the Phyang Nala is bifurcated into
left and right branches due to a central remnant moraine mass.
Further a perennially dry, first order stream joining from the
left bank of the Phyang Nala at this point produced major mass

st

et al. et al. et al.
et al.
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Whereas the clay rich sand deposits have flowed over the
banks and gained momentum on the sloping in the left bank
during later stage. In the distal part, where Sabu Nala joins
Indus River, the sedimentation became well sorted depositing
medium to fine grained sand like during a sheet flood deposit
(Fig. 7f).

Khardung is a high gradient but extremely broad valley,
filled with moraines and its recycled mass. In this valley, we
did not notice signatures that could be directly assigned to the
2010 flash flood event, except for some shallow incisions and
thin slurry deposits in the lowermost reaches. The villages in
this valley were unaffected. The Khardung Valley directly
opens into the Leh Market area, which was also least affected
by the event. However, a dry stream (called Shasthalu Nala)
originating from the left ridge of the main Khardung Valley
within the lower reaches, showed significant impact and
caused substantial damage on its way down to the Leh town
(Fig. 7g). Shasthalu, in fact, makes a small satellite valley
adjacent to Khardung; and it is situated between Khardung and
Sabu, but merges with Khardung while entering into the Leh
valley floor. It showed erratic incisions and boulders
alignments destroying various properties, such as Leh Bus
Stand, BSNL office and adjacent market on its course due to
the mass flow (Fig. 7g). This nala mainly produced bouldery
mass confined to the channel followed by clayey sand
deposited along with boulders downstream in the city and
towards the Leh valley floor. The sandy debris flow spread to a
long distance in the valley floor and up to the airport ultimately
joining the Indus River.

The valleys Shey, Rangbirpur, Thickse, Nang, Stakhna
and Shakti do not show any significant effect of the event
except sandy deposits from the flash floods and minor self-
incision (<0.5m deep) in the lowermost reaches of the valley.
The middle and upper reaches in all these stream valleys did
not show any notable signatures that could be related to the
cloud burst event as seen in Taru, Phyang and Sabu nalas. This
is also true for the Shakti (/Chemre) valley near Karoo.
However, immediate south of Karoo, the Igu Stream Valley
shows significant effects of cloud bursts described below.

The Igu Nala is ~13 km in length with moderate but
stepping gradients. Notable damage in the middle and lower
reaches of the Igu Nala was observed. The lower reaches also
had downstream destruction of the major bridge on the Upshi

Highway. A nuumber of dry nalas (1 order streams)
approaching from the right bank in the upper and middle
reaches showed remarkable signatures of the cloud burst. In
the uppermost part of the middle reaches, the Igu Nala is fed by
a dry stream showing couplets of sandy deposit. It also showed
flood marks up to ~2m height on the tree trunks. Further in the
upper part of the middle reaches, another dry stream joining
the main Igu Nala had shown significant down cutting
(/incision) and the deposition of slurry (Fig. 7h). In the
downstream, a stream from the right bank joining the Igu Nala
in its lower reaches contributed major mass input.

st

Further an extensive survey was made for the streams in
the Indus valley other than Leh valley in the eastern ridge (of
Indus River) covering an expanse from Nyoma to Batalik with
specific aim of finding the signatures of flash floods triggered
by the cloud burst. The Nimu and Basgo Valleys (downstream
of Leh) show similar signatures to that of the Leh valley. The
Khaltse and Batalik valleys north of Basgo (except Dumkher)
show only few of the affected streams from the right bank of
Indus, producing bouldery mass with incision. At Dumkher
(north of Khaltse on Batalik road) we found peculiar hyper-
concentrated viscous deposit with deep auto-incision and
spectacular surface textures resembling ropy lava texture (Fig.
8a-c). We found a paleolake deposit in the immediate
catchment of this nala responsible for the hyper-concentrated
and high viscosity flows.

Table 1 lists the observations noted on representative
streams. We have taken several criteria for comparison; such
as open-headed or close-headed nature of the valley,
narrow/broad valleys, gradients, and the angularity between

1 and 2 order streams. From figure 2 and table 1 it can be
observed that there is no first order relation among the
geometry of the valley and the observable intensity of the flash
floods. Lack of relationship indicates that the effect of cloud
burst on the streams was mainly controlled by heterogeneity of
the downpore, in addition to morphometry, gradients, and
available sediment mass unique to the valley. The nature of
cloud burst and flash floods in the individual nalas were
guiding factors to studying the response of the valley to such
event. However, many of the erosional and depositional
signatures, including the width of lateral bank erosion in upper
reaches (BE-u, in table 1), incision in stream beds (I-u, I-m, I-
l), flood marks and boulder hit marks, dimensions of largest
clasts mobilised towards valley floor and the thickness of
sandy deposition were similar in all the streams and they were
related to a single event. We observed that the valleys were not
evacuated by this event. Further there was significant
sediment mass available to potentially be released if such an
event repeats in future. Whereas the available sediment mass
in each valley differed and needed to be estimated to predict
the downstream delivery during such an event. Overall the
recorded signatures depict severity of the cloud burst
generated flash floods in this cold arid environment. This issue
demands better attention given the potential linkage with the
climate change.

In all the affected streams, where the transition from upper to
middle reaches occur showed the initiation of deep axial
incision in the central part of the stream bed along the channel
axis (e.g. shown in figs. 5b, 5c,7h). These narrow, deep cuts
further widen in the lower part of the middle reaches and
merge with the lateral cutting in the lower reaches. In many of

st nd

CHARACTERISTIC SEDIMENTARY AND GEO-
MORPHIC FEATURES

Deeply incised axial sharp cuts in the Stream bed
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Fig. 8. (a-c) Hyper concentrated flow showing various features resembling the lahar flow and the ropy lave texture (inset of 8b) due to high
sediment water ratio for the deposit, (d) Sheet flood like laminated deposition in the distal part of Sasthalu Nala towards the airport,
(e) Sandy deposit splash-over in the Nang valley floor showing the lower- older undisturbed sands, also note the desiccation cracks
over the surface, (f) and (g) general morphology and height of the clouds when it rained over the Ladakh batholithic ranges after the
event.
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the streams, these deep cuts have incised the older indurated
beds of their channels. These unique feature therefore appear
to have resulted from a prolonged linear flow of sediment-
poor water. The main rainfall event occurred in the early hours

of 6 August while the high stream discharge continued for
over 48 hours (see you-tube recording available at:
https://youtu.be/gE3SA76oTcE) with enhanced stream
discharge lasting for more than 10 days. Evidence suggests
dynamic velocity and viscosity changes across the flow
profile, with highest velocities occurring in the central/axial
part. Further, the prolonged late phase of the flash flood event
is marked by sediment poor linear flows auto-incising the
linearly deposited tracts of sediments of early phases of the
flash floods. The late stage linear flow therefore appears to
have caused the deep incision. Although an alternative
explanation is needed after detailed experimentation.

In the lower reaches of all the affected streams we observed
two layers (couplet) of sand deposition (e.g. fig. 5d). This
deposit composed of medium to coarse grained sands with
angular clasts in the muddy matrix occurred as two fining
upward cycles (layer 1 and 2). The boundary between the two
layers is physical i.e., there was no visible compositional
changes. The fining upward gradient of the grain size in the
upper layer is higher (relative to the lower layer). Also the
upper layer has more mud content, suggesting its deposition
during the release of slack waters.

The anomalous rainfall during two to three days prior to
the main event (Fig. 3) produced ideal conditions to yield
lubrication (easy mass movement), resulting in the movement
of large debris mass downstream. Grain size analysis (sieve

th

Couplet of Sand Sheet flood deposits

method) for the surface samples, collected from a long profile
(~450m) of slurry deposited in the Igu Nala where the couplet
is not distinct (see fig. 9) showed a bimodal distribution with
the dominant grain size being in the range of -5 phi (coarse
pebbles) and 2.25 phi (fine sand).

Further in the distal part of the valley floor the layers were
not distinct and appeared as single sheet flood deposits (see
figs. 7f, and 8d & e). These deposits are marked by rapid
progradation from coarse to fine grained sands and silt with
better sorting and low mud contents towards the distal part.
These sands appear to have spread laterally like a spill-
over/splash so that even the underlying (pre-existed)
unconsolidated oxidized sands remained un-disturbed.

Straightening of 1 order streams was seen prominently in the
Sabu and Phyang Nala (see fig. 7a & b). This straightening was
produced by the straight axial cutting of the banks and
formation of the highly aligned mid-channel bar like feature
which we refer to as boulder alignment (line-up). The boulder
alignment had shown good imbrications, even for larger
boulders (>2m). There were parallel, deep grooves on both
sides of the bar (Fig. 7a & b), which appears to have been
developed by high stream power discharge abrading the
channel base. This boulder alignment is prominently observed

where the 1 order streams entered from a rocky mountain
base within the transverse stream valley. Therefore, it can be
considered as one of the characteristic features of the cloud
burst. Otherwise the lateral bank erosion was common to the

2 order streams.

Lateral erosion, straightening of channel course and the
boulder alignment

st

st

nd
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Table 1. A compilation of the signatures of dynamic mass movements in the upper, middle and lower reaches of some of the
representative streams from the East ridge of the Leh Valley.

Transverse Average BE-u BE-m SD I-u I-m FM FM LB-u LB-m LB-l Remarks on

Stream (Nala) Valley Crest
Width (km) (m) (m) (cm) (m) (m) (m) (m) (dia-cm) (dia-cm) (dia-cm) mass transport

BE u m SD

I FM FM

FM FM LB u

m l NS

L S B

L

S B

B S

Taru Nala 4.16 <7 <10 30-35 2 3 2 1 60 97 133 Significant deposition in the
lower reaches and valley floor

Phyang Nala 6.39 <15 <25 30-40 2 2-3 2 1 112 125 157 Significant boulder mass
mobilized

Sabu Nala 4.73 <8 <13 200-300 1 1.5 2 1 38 113 145 Significant slurry as well as
irratic boulders

Khardung with 9.73 NS NS 20-30 NS <1 2 1-2 NS NS NS Significant slurry spread over
Shasthalu Nala valley floor

Igu Nala 6.95 <8 <30 50-100 1.5 <1 2 1 68 156 160 Significant channelized slurry
deposition that ends within the
valley due to high viscosity.
Less bouldery mass.

: the lateral bank erosion width in the upper ( ) and middle ( ) reaches of the given transverse stream; : average thickness of the slurry deposition in the

lower reaches in the immediate valley floor; : incision in the stream bed; : flood marks of slurry over the tree trunks from the stable surface of the bank; :

Boulder hit marks over the tree trunks ( and as seen prominently in the lower reaches); : diameter in meters for the largest boulder in the upper ( ),

middle ( ) and lower ( ) reaches; : Not seen/studied.



Boulder transport and mud flow

Boulder clast size variation (Fig. 9) had an inverse grading
from the upper to lower reaches. The average distribution was
10-70cm in the upper reaches, ~50-130 cm in the middle
reaches; and 60-150 cm in the lower reaches. With reference to
the geometry of the clasts, the majority of tabular clasts (large
difference between long and short axis lengths) occurred in
isolation over the banks of lower reaches; that probably
floated with the highly viscous debris flow.

Boulders appear to have responded chaotically during the
initial (/triggering-) stage. This is evident from the presence of
erratic boulders over the banks and their hit marks upto ~1m
level on the tree trunks in the lower reaches (Fig. 5g & h).
Based on the observations of such boulders in the lower
reaches and valley floor we suggest that the transportation of
the boulders occurred in two phases: I) during the initial wave

of flood water from the cloud burst, most likely in the upper
and middle reaches; and II) hyper concentrated to inertial
slurry flows carrying (/recycling) the boulders downstream.
These boulders created greater damage to built structures on
its way (e.g., see figs. 6c & f and 7c-e).

When the sediment/water ratios were highest, the event
produced thick hyper-concentrated viscous flow with
spectacular surface textures, resembling to ropy lava flow, as
seen near Dumkher and Khaltse (Fig. 8a-c). Interestingly, this
flow also auto-incised the channel in the central (axial) part
(Fig. 8a-c). The ropy texture developed due to highly viscous
mass flow. The axial incision of this flow indicates the
succeeding discharge of sediment-starved waters. Since the
ropy texture is well maintained, we assume that this area did
not receive much rainfall after the cloud burst.

The hyper-concentrated sand/mud flow
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Fig. 9. The histograms showing boulder clast size variation individually in the upper, middle, lower reaches and the valley floor for the representative streams. The
diagram in box shows the grain size variation in one of the slurry deposits of the Igu nala. Details discussed in text.
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REASONS FOR THE UNIQUENESS OF THE
SIGNATURES

The characteristics of the flash floods triggered by the 2010
cloud burst in the Himalaya like setup are not prominent in the
classical literature (e.g., Postma 1986; Pierson & Costa 1987;
Laronne & Reid 1993; Segre & Deangeli 1995; Iverson
1997a,b; Reid 1998; Hungr 2001; Remaitre
2003; Arattano 2006; Iverson & Denlinger 2001;
Arattano 2006, Kaitna 2007; Iverson 2011).
The dynamic spatio-temporal changes in the debris flow are
anticipated in the cloud burst triggered events in the Himalaya
due to rapid changes in the viscosity and inputs of the mass
flow, high gradients and the gravitational acceleration. The
present account based on the post-facto survey therefore
highlights the uniqueness of the signatures demanding
detailed work.

The uniqueness of these signatures can be accounted for
the following reasons.

i) The large catchment compared to the small stream
drainage area produced extra stress on the pre-existing
narrow channels, forcing the rapid lateral erosion and
mass transfer.

ii) The individual streams have produced several pulses of
sedimentation marked by some of the lowest to highest
sediment : water ratios (/flows), large textural variability
from silt to boulders and rapid changes in the slope
gradients. The pulsating nature of sedimentation probably
suggests an artefact of the rugged stream topography
(stream bed morphology) where the first order streams
might have released the masses like numerous small
landslides giving rise to pulses.

iii) Substantial granular mass available for mobilization in
the upper and middle reaches mainly in the form of
entrapped debris and eroded moraines formed during
older glacial stages makes the event more catastrophic.

iv) The excessive rainfall for >24 hours prior to the cloud
burst, produced better conditions for mass movement
generating sand and mud rich slurry.

v) Rapid, downstream spatio-temporal changes in the
velocity, viscosity and surface morphology for the mass
flow resulted in a wide range of conditions needing more
detailed studies.

The majority of cloud bursts in the Himalayan region are
single events restricted to small valleys (several unpublished
reports and local witnesses). The extent and variety of the
ground signatures of the Ladakh event however depict a series
of cloud bursts differentially covering a large area with their
isolated down drifts (e.g., fig. 8g). All the above observations
depict a unique relation amongst catchment morphology,
availability of sediments, valley widths, valley gradients and

nature and angle of the approaching 1 order streams.

et al. et al. et al.
et al.

et al. et al. et al.

st

The catastrophic triggering mechanism of the cloud burst
produced initial motion, later-on taken over by various other
processes that are generally independently explained under
non-Newtonian flow regime (op. cit). However the unique
nature of triggering mechanism of the cloud burst and the
underlying processes are not available in literature. The
present signatures therefore need more detailed work in order
of generalization.

With the present field observations we attempt reconstruction
of the August 2010 episode by proposing a simplistic three
stage model (see fig. 10). The studied stream profiles (Figs. 2

& 3) shows an average gradient of 20-40 for the upper

reaches, 15-30 for middle reaches and 5-20 for lower reaches.
Our observations indicated that the upper reaches have mainly
acted as the zone of erosion, sediment production, and
sediment transfer. The middle reaches constituting a larger
length within the total profile and acted as the zone of
sediment accumulation, recycling and initial incision. The
lower reaches showed majority of deposition of finer grained
material together with coarse sand and silty- mud of highly
prograding nature. The first row in the model (Fig. 10) depicts
an average morphology of the long profile, drainage pattern
and the cross sections for lower, middle and upper reaches. In

the upper reaches the 1 order streams (and majority of
seasonally dry gullies) meet the main stream at a low angle
(and high gradient), compared with the higher angles (and
lower gradients) of streams in the lower reaches. The mass
transfer from the first order streams in the upper reaches
substantiated the mass flow, amplifying the gravitational

thrust in the 2 order streams. The greater gravitational thrusts
from these first order streams can be attributed to their acute
angles of confluence with the second order streams, in

addition to their high gradients (Fig. 10). Whereas the 1 order
streams in the lower reaches appear to have resulted in
reducing the velocity and depositing the majority of mass at or
beyond the confluence as coarse sand and silt rich deposits.
The transition from confined to unconfined conditions within
the lower reaches further promoted the massive sedimentation
over the valley floor. With the conditions and observations
documented here, we reconstruct the event as below.

The initial flow triggered by the cloud burst continued for
about <30 minutes (local witnesses). This 'Initial stage' (Fig.
10) characterizes the granular mass flow with colliding
boulders (evident from sounds, as per local information) under
highly turbulent waters. The collision amplified the
gravitational thrust, at least for some boulders. The
catastrophic activity of the initial stage resulted in widening
and straightening of the channels and the boulder alignment as
described above in the middle reaches. It followed the
'intermediate stage' where the intermixed sand, silt and mud
mass gathered momentum due to a 'funnelling effect' (Fig. 10).
It resulted in sediment-rich waters producing several pulses

RECONSTRUCTION OF THE EVENT
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downstream. This followed the drop in velocity of the flow
producing the conditions similar to slack-waters (which
released immediately) depositing the final layer of sand (layer
2) over the banks (e.g., marked in fig. 5d).

The present post-facto record demonstrates the
uniqueness of the signatures produced from the cloud burst
triggered flash floods. Because the phenomenon is common in
the Himalayan region (e.g., Das 2006; Thayyen
2013) more detailed work should be undertaken for mapping
and dating such deposits and finding their hydro-meteorologic
relations based on various advanced and experimental studies
(e.g., Segre & Deangeli 1995; Iverson 1997a,b; Iverson &
Denlinger 2001; Arattano 2006; Das 2006; Ashrit
2010; Iverson 2011; Hobbley 2012; Thayyen
2013). The occurrence of massive mud debris deposits in the
mountain front regions is common in the Himalaya. The
observed signatures therefore may have wider implications to
trace and identify the paleo- deposits of cloud bursts generated
flash floods. Detailed work based on experimental modelling
with geomorphic inputs and sediment mass availability is
warranted for better understanding of the process and apply it
for preventive measures.

Several field, experimental and computational
approaches are routinely adopted for the study of events such
as landslides, debris flow and flash floods under varied
geomorphic and climatic setups ( , Postma 1986; Pierson &
Costa 1987; Laronne & Reid 1993; Segre & Deangeli 1995;
Iverson 1997a,b; Reid 1998; Hungr 2001; Remaitre

2003; Arattano 2006; Kaitna 2007). However
a specific approach for the cloud burst triggered mass flows is
not available demanding field documentation from more such
events in the Himalaya.

The cloud burst affected region of Ladakh is marked by high
ratio of catchment area to stream drainage area facilitating
dynamic conditions in the narrow high gradient transverse
streams. Further these streams incorporate large entrapped
Quaternary sediment mass available for transfer downstream.
These characteristics alongwith large spatial extent of the
2010 Ladakh cloud burst event resulted in one of the most
catastrophic flash floods in the recent past of the Himalaya.
The individual streams recorded several pulses of sediment
discharge with some of the lowest to highest sediment:water
ratios, large textural variability and rapid changes in the
gradients appears to have produced some of the critical
boundary conditions under classical approaches of debris flow
mechanism. The pulsating nature of sediment mass discharge
suggest an artefact of the rugged stream topography where the
first order streams released the masses stimulating small scale
landslides. The excessive rainfall for >24 hours prior to the
cloud burst, produced better conditions for mass movement.
Substantial granular mass is available for mobilization in the
upper and middle reaches; along with the entrapped debris and

et al. et al.

et al. et al.
et al. et al. et al.
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et al. et al.
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CONCLUSION

eroded moraines and the large open valley floor. Our field
observations noted that a large amount of sediment mass is
available in these transrvese valleys to be potentially released
during similar future events. This demands mapping and
estimation of the entrapped sediment mass in such valleys to
predict the vulnerability. The field documentation also
encourages detailed experimental and theoretical approaches
to further understand the mass flow processes in the Himalaya
like setup.
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DOA by Antenna Array Plane Rotation
Minimizes Antenna Elements and Phase
Error
Sachin Khedekar1 and Mainak Mukhopadhyay2

ABSTRACT

Using smart antennas for transmission and reception in communication systems ensure efficient energy utilization.
When used on the receive side, the receiver can focus only in the intended direction where the source is located.
This can be achieved by extra capability to track the signal and interferer both using direction of arrival (DOA)
estimation. This work investigates and compares DOA estimation for a smart antenna system and compares it with
new approach of rotation of antenna array plane. It has been proved in the conclusion that, by using mechanical
rotation of antenna array plane, DOA estimation can be done more accurately. Moreover, it also minimizes number
of antenna elements required in an array for high resolution DOA estimation.

Keywords: DOA, MUSIC, ESPRIT, adaptive beam forming, smart antenna system

1. INTRODUCTION

Smart antenna systems are those which have additional capability of detecting the direction and location of
the intended signal source. Such antenna system then is able to rotate its radiation pattern to the corresponding
node’s direction. This capability is gained by incorporating appropriate signal processing block into the
system [1-3]. This type of antenna system helps to utilize transceiver power to be used more efficiently.
Several null steering techniques are available [4-5] in which a null in the radiation pattern is rotated towards
the interfering signal source. Accurate DOA estimation is achieved by processing all the signal impinged
on an antenna array and determining their relative phase shifts and signal power values.

DOA estimation algorithms very broadly can be categorized in subspace based and quadratic algorithms
[6]. Examples of quadratic algorithms are Bartlett and Capon [7]. Accuracy and angle resolution of these
algorithms are function of array aperture and array factor [8]. Subspace based algorithms are based on
Eigen value decomposition. MUSIC and ESPRIT are examples of this type [9]. MUSIC and ESPRIT
algorithm is not limited to antenna array aperture and can be extended by novel approaches. However,
MUSIC algorithm faces limitations in terms antenna array shape and size. It had been proved that MUSIC
algorithm has limitations when used with uniform linear array (ULA). However, yields good results with
uniform circular array (UCA).

Though individual antenna beam width is limited, a circular array can provide coverage of 360° in
azimuth and elevation. Albeit the circular array is used, it poses certain restrictions on the antenna system.
First, resolution of DOA is function of antenna array radius [10]; resolution and radius are directly proportional
to each other. Second, higher resolution requires more number of antenna elements required. First and
second restrictions make antenna array larger, which help in increasing the array aperture but such larger
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arrays can be impractical in some applications. Third important restriction is, theoretically, number of
antenna elements in an array should be more than number of incident signals. This is basically aligned with
second restriction. But when considered separately, in some situations it is very difficult to predict a number
of possible incident signals. Rotation of antenna base-line can be one option to overcome these restrictions
and obtain better DOA as proposed in [11].

In this paper, DOA estimation accuracy and resolution is compromised by keeping limited number of
elements in antenna array and limiting the array radius. However, phase error is minimized by rotating the
array axis with respect to array reference direction. Results of the proposed technique are compared with
MUSIC and ESPRIT algorithms. Remaining paper is organized as follows. Section II gives system signal
model and assumptions considered. Section III gives MUSIC and ESPRIT implementations for fixed uniform
circular array. Cramer-Rao bound for the system is derived in Section IV. Section V provides proposed
method of antenna array plane rotation and its implementation. Simulation results are compared here.

2. SYSTEM SIGNAL MODEL

Following assumptions are considered when the system signal model was derived:

1. All the elements in an antenna array are identical and equi-spaced in an array. All individual antennas
have same gain.

2. Receiver receives all signal components during channel symbol period.

3. Signals emitted from the sources are narrowband and can be modeled by random processes.

4. All the signal sources and interferers are located in far field of antenna array.

5. Noise present in the medium is modeled by AWGN.

Figure 1: Antenna array diagram used for signal modelling of system

Also, complete system block diagram for DOA estimation is shown in figure 2.

Assume uniform circular array with N antenna elements is impinged by M signals at a given time.
There are P number of sources transmitting signals at azimuth values �

i
 and elevation values �

i
. Radius of

antenna array is R and noise present can be modelled by AWGN. Assuming zero mean Gaussian noise
array output is represented as,
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We have,

x(t) = a(�) s(t) + n(t) (2)

Here terms can be given and defined as x(t) = [x1(t), x2(t),..., xN(t)]T and a(�) = [a(�
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)] are

received array data and array manifold matrix, respectively. Also, s(t) is source waveform vector while n(t)
is noise vector. Array manifold vector relates to array beam steering vector as,
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In the above equation, d stands for antenna separation in the array and � is wavelength of operation of
array. Correlation matrix of order N × N can be obtained assuming that received signal as stationary random
process,

[( ( ) ( )).( ( ) ( )) ]� � � H
x xR E x t m t x t m t (4)

Here, (�)H indicates conjugate matrix. While calculating these equations some important assumptions
have been made, these are, first, signals and Gaussian noise are stationary processes and ergodic zero mean
complex valued. Calculation of covariance matrix then done as,
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At this stage, we can apply DOA algorithms for accurate estimation.

3. MUSIC AND ESPRIT IMPLEMENTATIONS

3.1. MUSIC algorithm

MUSIC stands for Multiple Signal Classification. MUSIC algorithm basically transforms the problem of
DOA into spectral estimation of signal [12]. MUSIC decomposes co-variance matrix into noise subspace
and signal subspace. Major assumption done here is noise in sub-channels is uncorrelated. Covariance
matrix for the source signals S can be written as,

S = E[s(t) sH (t)] (6)

Figure 2: System block diagram considered
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MUSIC requires S to be non-singular matrix. However, this assumption exempts linear uniform array.
From the given array structure, eigenvalues can be decomposed into matrix and we plot MUSIC pseudo-
spectrum using,

1

( ) ( )
�

� �MUSIC H H
N N

P
a E E a (7)

MUSIC algorithm is applied to uniform circular array with 8 elements for frequency components of 2.4
GHz and SNR variation between -25 to +35 dB. Snapshot values varied from 16 to 160. Accuracy of
MUSIC for varying SNR is shown in Table 1. Table 2 gives DOA Estimation with variation of snapshots.

Table 1
Accuracy of MUSIC for SNR variation

SNR(dB) Estimated Frequency (MHz) Actual DOA(°) Estimated DOA (°)

-25 2355 60 50.56

-20 2387 45 38.315

-15 2455 15 18.455

-10 2388 78 74.221

-5 2411 25 28.547

0 2391 35 32.524

5 2401 24 21.756

10 2430 88 84.525

15 2390 46 43.112

20 2405 72 68.624

25 2416 30 26.452

30 2441 42 40.214

35 2435 48 47.225

DOA by Antenna Array Plane Rotation Minimizes Antenna Elements and Phase Error

Table 2
Accuracy of MUSIC for snapshot variation

Actual DOA(°) Number of Snapshots

16 80 128 160

60 35.12 45.34 52.45 50.56

45 51.52 25.13 32.15 38.315
15 32.44 18.45 12.42 18.455
78 93.25 82.11 70.41 74.221

25 42.11 32.52 22.65 28.547
35 60.27 40.62 26.71 32.524
24 41.54 30.44 18.54 21.756

88 22.35 92.15 89.33 84.525
46 28.33 32.52 37.21 43.112
72 41.31 51.32 59.11 68.624

30 11.15 37.54 15.21 26.452
42 57.25 49.66 32.14 40.214
48 61.45 54.12 43.33 47.225
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MUSIC algorithm is then applied to three dimensions for DOA estimation with the scenario of multiple
signal sources and interferers. Results of the algorithm are shown in figure 3 where it was able to detect two
signal sources accurately.

Figure 3: MUSIC algorithm results

3.2. ESPRIT algorithm

Advantage of using ESPRIT over MUSIC is that ESPRIT takes into account the antenna array geometry
imperfections [13]. Rotational invariance characteristics of the signal subspace is the main feature used in
ESPRIT. When array elements placed equidistant and form matched pairs with N array elements. Total

number of doublets are, .2� Nn  Signal subspace is computed for two sub-arrays, which in turn result into

two vectors. Signal subspace is computed for two sub-arrays, which in turn result into two vectors. It also
assumes existence of non-singular matrix which will help in eigenvalue decomposition. ESPRIT is based
on the fact that between any two adjacent antennas in antenna array, phase shift is constant; whenever
steering vector is taken into consideration. General steps applied in ESPRIT are [14]:

1. Estimate correlation matrix R and find it Eigen value decomposition.

2. Partition the matrix Q, so as to obtain matrix corresponding to N largest Eigen values which span
the signal subspace.

3. Obtain estimate for order NxN.

4. Find Eigen values for NxN matrix. Diagonal elements of this matrix are the estimates for angles.

5. Calculate DOA using ESPRIT estimates.

Author has developed MATLAB code for ESPRIT algorithm, assuming same data as in MUSIC
implementation. The result obtained for three dimensional simulation using ESPRIT are shown in Table 3
and Table 4. Figure 4 shows histograms of azimuth and elevation angles for four sources. It is clear that the
algorithm can identify their azimuth and elevation angles distinctly.

Table 3 shows accuracy of ESPRIT algorithm for SNR variation; it is found that estimated angles
of DOA are fairly accurate comparing MUSIC. When ESPRIT algorithm applied in three dimensions
for multiple signal sources, it was able to distinguish four signal sources distinctly than the interfering
sources.



898 Sachin Khedekar and Mainak Mukhopadhyay

Detailed results for the ESPRIT implementation are shown in Table 3.

Table 3
Accuracy of ESPRIT for SNR variation

SNR(dB) Estimated Frequency (MHz) Actual DOA(°) Estimated DOA (°)

-25 2310 60 53.23

-20 2320 45 40.15

-15 2378 15 18.01

-10 2452 78 72.21

-5 2390 25 26.51

0 2391 35 31.74

5 2367 24 20.16

10 2442 88 86.52

15 2458 46 44.31

20 2461 72 69.56

25 2421 30 28.23

30 2410 42 44.52

35 2392 48 47.01

4. CRAMER-RAO BOUND

Cramer Rao bound gives lower bound for unbiased parameter estimation. Consider angle parameter vector
v [15-16],

[ , ]� � �T T Tv (8)

Where sub-matrices are given as,

� = [�
1
, �

2
, ..., �

M
] (9)

��= [�
1
, �

2
, ..., �

M
] (10)

Cramer-Radio bound for the angle parameters is given as,

var (v) � CRB (11)

ˆ ˆvar( ) {( ) ( ) ]� � � Tv E v v v v (12)

Figure 4: Histogram plots obtained from ESPRIT algorithm
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Fisher information matrix (FIS) for parameter v is given by,

Ø Ø

Ø

� �

� ��

� �
� � �
� �

F F
F

F F (13)

5. PROPOSED METHOD

5.1 Antenna array plane rotation

Mechanical rotation of antenna array method is proposed in [11] [17-19] which discusses DOA estimation
by rotating the antenna array plane for azimuth direction. At any antenna element from the array, available
signal is given by,

cos� �
��

n
j

nx Ae (14)

Equation (14) gives any time instance, A being the amplitude of signal. � in the above equation gives
DOA. Now, we want to mechanically rotate the antenna array plane, then � becomes (��+ ��). Equation
(14) then modified in terms of (��+ ��).

cos( )� ����
�� �

n
j

nx Ae (15)

Taking the frequency ratios from equations (14) and (15), we can obtain the constant value K, which is
known from spectral analysis of the signals. Rearranging the equation in terms of �.

1 cos( )
tan

sin ( )
� � ��� �

� � � ���� �

K
(16)

5.2. Proposed Antenna Rotator System

Proposed system consists of two major components: phase shifter lookup table and stepper motor controller.
Digital phase shifter is 6 bit phase shifter and gives resolution of 5.625°. Command signal decides the
phase shift for the antenna rotation angle by comparing the Phase Shifter Look-Up Table (LUT) and DOA
feedback. DOA feedback is angle estimated by DOA algorithm with maximum possible resolution. The
result of comparison is the angle by which stepper motor rotates the axis of the antenna array to compensate
the DOA error and point exactly towards the intended signal source. DOA error between desired angle and

Figure 5: Proposed system for antenna array rotation
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available angle from phase shifter without stepper motor rotation reflects in phase and gain error [20-22].
This is illustrated in Table 4 for DOA of 0° to 90°; but the table can be extrapolated till complete 360°
DOA. Available azimuth of 360° is divided into 64 sectors and antenna HPBW is assumed to be 25°,
5.625° of resolution is available as mentioned earlier.

Figure 6: Antenna pointing error due to phase shift error

Table 4
DOA error calculation

Sr. No. Desired beam Required phase shift Phase shifter Phase shift error Corresponding Antenna pointing
direction (°)  to antenna (°) value (°)  to antenna (°)  gain error (dB)  error (°)

1 0 0 0 0 1 0

2 5.625 17.6430 16.875 0.768 0.705 -17.5491

3 11.25 35.1162 33.75 1.3662 0.0666 -34.9276

4 16.875 52.2512 50.625 1.6262 -0.3223 -51.9661

5 22.5 68.883 67.5 1.383 0.0436 -68.4986

6 28.125 84.8514 84.375 0.4764 0.8865 -84.3635

7 33.75 100.0026 101.25 -1.2473 0.222 -99.4052

8 39.375 114.1907 112.5 1.6907 -0.4293 -113.5156

9 45 127.2792 129.375 -2.0957 -1.1961 -126.4772

10 50.625 139.1418 140.625 -1.4831 -0.0998 -138.2452

11 56.25 149.6645 151.875 -2.2104 -1.443 -148.6602

12 61.875 158.7458 157.5 1.2458 0.2239 -157.6803

13 67.5 166.2983 168.75 -2.4516 -2.0053 -165.0829

14 73.125 172.2492 174.345 -2.0957 -1.196 -170.9297

15 78.75 176.5413 174.345 2.1963 -1.4119 -175.2218

16 84.375 179.1332 180 -0.8667 0.6243 .-177.5625

17 90 180 180 0 1 -178.4292
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This algorithm considers four place resolution after decimal point. The calculated error is fed into
phase shifter. Phase shifter produces angle value through which antenna array to be rotated and fed to the
stepper motor driver. Stepper motor driver is operates motor in micro-stepping mode with resolution of
0.45°. All the description here compensates the azimuth angle error providing single degree of freedom to
the antenna array. Another stepper motor is used and command signal is fed to this motor for compensating
the error in elevation angle. Set of two stepper motors (for elevation and azimuth) provide two degrees of
freedom and system is able to minimize the error in azimuth as well as elevation.

As mentioned during introduction part, better resolution in DOA can be obtained increasing number
antenna elements in an antenna array. However, with the proposed method, better resolution can be obtained
keeping number of antenna elements same.

During start of the system and DOA estimation, residual phase in the phase shifter and in stepper motor
driver need to be restored to default values (pointing the antenna array in 0° direction). A calibration need
to be performed to nullify these residual values.

4. CONCLUSION

DOA estimation methods MUSIC, ESPRIT and mechanical rotation of antenna array are compared. By
comparison it was concluded that mechanical rotation of antenna array elements gives combines features
of MUSIC and ESPRIT. It provides accuracy and robustness. With the proposed method, better resolution
can be obtained keeping number of antenna elements same.
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