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The shallow water equations (SWE)
Phases of a tsunami

Origin in deep water at the coast
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The shallow water equations (SWE)
Phases of a tsunami: Origin
Plate Tectonics, Seismicity 1900-2012
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The shallow water equations (SWE)
Phases of a tsunami: Origin

Courtesy: http://www.tectonics.caltech.edu/outreach/animations/
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The shallow water equations (SWE)
Phases of a tsunami: Origin

Model physics
Complicated to simulate the full model physics

Exact source often unknown - largest uncertainty in tsunami early
warning!

Simple approach: Add vertical bottom displacement to sea level.
Works surprisingly well!
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The shallow water equations (SWE)
Phases of a tsunami: Propagation in deep water

Model physics
Shallow water equations

Simple: Pressure gradient suffices

Very fast models only simulate this phase
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The shallow water equations (SWE)
Derived from the Navier Stokes Equations

with the assumptions

λ� H,

incompressible fluid,

constant density ρ
(neglect temperatur, salinity!),

Vertical velocity constant in the
water column.

=⇒ vertical average
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The shallow water equations (SWE)

conservation of momentum

∂v
∂t

+

pressure
gradient

g∇η +

Coriolis

f k×v+

non-lin.
advection

(v·∇)v +

bottom
roughness

r
H

v|v| +

viscosity

∇(Kh∇v) = 0,

conservation of mass
∂η

∂t
+∇ · (H v) = 0

with Coriolis parameter f , coefficients for bottom roughness r and
viscosity Kh.
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The shallow water equations (SWE)
Phases of a tsunami: At the coast

Model physics
Shallow water equations stretched to the limit
Very sensitive to bathymetry, topography, bottom roughness
Compute intensive (high grid resolution, short timestep)
Important for time series: Reflection at the coast
Fast models assume border at 50m-100m depth, extrapolate wave
height by Green’s law: η(1m) ≈ η(xm) 4

√
x
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TsunAWI
The computational domain reflects the characterics of tsunamis:
Small triangles (50m-200m) at the coast,
large triangles in the deep ocean (up to 25km).

∆x ≈

min

(
cCFL√

gH
,
cbathy

|∇H|

)
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TsunAWI
Discretisation in space with finite elements

Triangulation T with N nodes nk ∈ N , k = 1, . . . ,N

Linear conforming basis functions

ϕi(x(nk )) = δik

Approximate η as linear combination

ηT (x) =
N∑

i=1

ηiϕi(x)
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TsunAWI
Verification: Run-up on a sloping beach

X
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TsunAWI
Verification: Run-up on a sloping beach
For higher initial waves, the hydrostatic shallow water equations are
no longer valid. Furthermore, numerical errors occur.

However, diagnostic variables like arrival time and maximum run up
are still met well.
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TsunAWI
Verification: Real event, Japan 2011

Source: USGS
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GITEWS System Overview
Warning Center Badan Meteorologi, Klimatologi dan Geofisika, Jakarta
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GITEWS System Overview
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GITEWS System Overview
Model domain for scenarios 2011 and extension 2013
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GITEWS System Overview
Earthquake magnitude and maximum amplitude

M=7.2 7.4 7.6 7.8 8.0

8.2 8.4 8.6 8.8 9.0

Mw = 2
3(log10 M0 − 9.1) with M0 = µdS [Nm], rigidity µ,

displacement d , area of rupture S.
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GITEWS System Overview
Epicenter location and maximum amplitude

M=8.0 8.0 8.0 8.0

8.0 8.0 8.0 8.0

At the coast, epicenter at large depth in rigid rock (large µ),
at the trench, low epicenter in softer sediments and rock (small µ).
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Scenario data products
ETA isochrones and maximum amplitude
Example: Magnitude 9.0 in the Eastern Sunda Arc

Maximum SSH and ETA isochrones in the whole domain
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Scenario data products
Coastal forecast points
Example: Magnitude 9.0 in the Eastern Sunda Arc, zoom to Lembar, Eastern Lombok

Maximum SSH and ETA
at 134.000 coastal
forecast points

Time series at tide gauge
locations
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Scenario data products
Example: Small tsunami on 7 April 2010
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Scenario data products
Deriving evacuation maps e.g., Kuta, Bali

tsunami risk exposed people evacuation time

risk map (with shelters)

=⇒, local
community

evacuation map
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Scenario data products
Verification: Banda Aceh 2004

Simulation shows good
agreement with measurements.

However, calibration remains
difficult. The result is sensitive to

source model,
Manning coefficient
(bottom roughness),
mesh resolution and
numerical scheme,
topography data.
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Scenario data products
Sensitivity study on topography data

Three groups AIFDR, ITB, AWI,
Three models ANUGA, TUNAMI-N3, TsunAWI,
Three regions Padang (Sumatra), Maumere (Flores), Palu (Sulawesi)
One conclusion High quality topography data is crucial!

Free SRTM data (90m horizontal resolution, ≤16m vertical
accuracy) only for rough estimates,
Intermap (5m; 0.7m) and LiDar (1m; 0.15m) comparable for
shallow water models,
Results more sensitive to varying data sets than to varying
resolution.
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Scenario data products
Sensitivity study on topography data
Example: synthetic scenario for Maumere, Flores

Rakowsky et al. Tsunami Modelling Bremerhaven, 15.11.2016 29 / 28


	Overview
	The shallow water equations (SWE)

	0.0: 
	0.1: 
	0.2: 
	0.3: 
	0.4: 
	0.5: 
	0.6: 
	0.7: 
	0.8: 
	0.9: 
	0.10: 
	0.11: 
	0.12: 
	0.13: 
	0.14: 
	0.15: 
	0.16: 
	0.17: 
	0.18: 
	0.19: 
	0.20: 
	0.21: 
	0.22: 
	0.23: 
	0.24: 
	0.25: 
	0.26: 
	0.27: 
	0.28: 
	0.29: 
	0.30: 
	0.31: 
	0.32: 
	0.33: 
	0.34: 
	0.35: 
	0.36: 
	0.37: 
	0.38: 
	0.39: 
	0.40: 
	0.41: 
	0.42: 
	0.43: 
	0.44: 
	0.45: 
	0.46: 
	0.47: 
	0.48: 
	0.49: 
	0.50: 
	0.51: 
	0.52: 
	0.53: 
	0.54: 
	0.55: 
	0.56: 
	0.57: 
	0.58: 
	0.59: 
	0.60: 
	0.61: 
	0.62: 
	0.63: 
	0.64: 
	0.65: 
	0.66: 
	0.67: 
	0.68: 
	0.69: 
	0.70: 
	0.71: 
	0.72: 
	0.73: 
	0.74: 
	0.75: 
	0.76: 
	0.77: 
	0.78: 
	0.79: 
	0.80: 
	0.81: 
	0.82: 
	0.83: 
	0.84: 
	0.85: 
	0.86: 
	0.87: 
	0.88: 
	0.89: 
	0.90: 
	0.91: 
	0.92: 
	0.93: 
	0.94: 
	0.95: 
	0.96: 
	0.97: 
	0.98: 
	0.99: 
	0.100: 
	0.101: 
	0.102: 
	0.103: 
	0.104: 
	0.105: 
	0.106: 
	0.107: 
	0.108: 
	0.109: 
	0.110: 
	0.111: 
	0.112: 
	0.113: 
	0.114: 
	0.115: 
	0.116: 
	0.117: 
	0.118: 
	0.119: 
	0.120: 
	0.121: 
	0.122: 
	0.123: 
	0.124: 
	0.125: 
	0.126: 
	0.127: 
	0.128: 
	0.129: 
	0.130: 
	0.131: 
	0.132: 
	0.133: 
	0.134: 
	0.135: 
	0.136: 
	0.137: 
	0.138: 
	0.139: 
	0.140: 
	0.141: 
	0.142: 
	0.143: 
	0.144: 
	0.145: 
	0.146: 
	0.147: 
	0.148: 
	0.149: 
	0.150: 
	0.151: 
	0.152: 
	0.153: 
	0.154: 
	0.155: 
	0.156: 
	0.157: 
	0.158: 
	0.159: 
	0.160: 
	0.161: 
	0.162: 
	0.163: 
	0.164: 
	0.165: 
	0.166: 
	0.167: 
	0.168: 
	0.169: 
	0.170: 
	0.171: 
	0.172: 
	0.173: 
	0.174: 
	0.175: 
	0.176: 
	0.177: 
	0.178: 
	0.179: 
	0.180: 
	0.181: 
	0.182: 
	0.183: 
	0.184: 
	0.185: 
	0.186: 
	0.187: 
	0.188: 
	0.189: 
	0.190: 
	0.191: 
	0.192: 
	0.193: 
	0.194: 
	0.195: 
	0.196: 
	0.197: 
	0.198: 
	0.199: 
	0.200: 
	0.201: 
	0.202: 
	0.203: 
	0.204: 
	0.205: 
	0.206: 
	0.207: 
	0.208: 
	0.209: 
	0.210: 
	0.211: 
	0.212: 
	0.213: 
	0.214: 
	0.215: 
	0.216: 
	0.217: 
	0.218: 
	0.219: 
	0.220: 
	0.221: 
	0.222: 
	0.223: 
	0.224: 
	0.225: 
	0.226: 
	0.227: 
	0.228: 
	0.229: 
	0.230: 
	0.231: 
	0.232: 
	0.233: 
	0.234: 
	0.235: 
	0.236: 
	0.237: 
	0.238: 
	0.239: 
	0.240: 
	0.241: 
	0.242: 
	0.243: 
	0.244: 
	0.245: 
	0.246: 
	anm0: 
	0.EndLeft: 
	0.StepLeft: 
	0.PauseLeft: 
	0.PlayLeft: 
	0.PlayPauseLeft: 
	0.PauseRight: 
	0.PlayRight: 
	0.PlayPauseRight: 
	0.StepRight: 
	0.EndRight: 
	0.Minus: 
	0.Reset: 
	0.Plus: 


