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Source: Jocelyn Augustino / FEMA - http://www.fema.gov/photdata/original/38891.jpg

http://www.fema.gov/photdata/original/38891.jpg
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Hurricane Sandy
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Reuters - Marc C. Olsen - U.S. Air Force
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Hurricane Maria
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Maria

CNN.com
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Hurricane Michael
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Mexico Beach, FL - NOAA
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Harvey
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Storm Surge Vulnerability
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Scientifically, single-event attribution may not be the most rational
activity… but humans (and governments, and businesses) are 
motivated by real events.

Charles Sykes/AP
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Transportation Vulnerability
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Hoboken, NJ PATH station

Port Authority

Hoboken Path Station, NJ - Port Authority
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Utility Vulnerability
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Residential Vulnerability
13

boston.com

Tuckerton, NJ - boston.com

http://boston.com
http://boston.com
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How does sea-level rise effect surge?
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IPCC, 5th assessment report
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How does sea-level rise effect surge?
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Hay et al., 2015

Hay et al., 2015
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NASA and NHC

Will dangerous storms become 
more frequent?
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NOAA

Will dangerous storms become 
more powerful?
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Can we predict surge probabilities?
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Can we predict surge probabilities?
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An open-source tropical cyclone risk model
(C. Lee, M. Tippett, S. Camargo, A. Sobel)

C. Lee, M. Tippett, S. Camargo, A. Sobel (LDEO - Columbia)
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Can we forecast events?
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NOAA - NHC
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Can we quantify uncertainty?
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How do we protect ourselves?
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Can we protect ourselves?
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Can we protect ourselves?
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The report contained very specific predictions 

US Army Corps, 1995US Army Corps 1995
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Overland Precipitation flooding

26

Harvey
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Storm Surge Modeling
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NASA Modis Satellite
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Storm Surge
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Wind
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Storm Surge + Sea-Level
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Wind
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Shallow Flow
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Shallow Water - Topography

31



Kyle T. Mandli

Storm Surge Model
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Storm Representation
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CIMMS:  http://cimss.ssec.wisc.edu/tropic2
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Holland Hurricane Model
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Holland, G. J. An Analytic Model of the Wind and Pressure Profiles in Hurricanes.  Monthly 
Weather Review 108, 1212-1218 (1980)
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Holland Hurricane Model
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Storm Surge Computing
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Adaptive Mesh Refinement
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Adaptive Mesh Refinement
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GeoClaw
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www.clawpack.org

Randy LeVeque
(U. Washington)

Marsha Berger (NYU)

Dave George
(USGS)

Berger, M. J., George, D. L., LeVeque, R. J. & Mandli, K. T. The GeoClaw software for depth-averaged flows with 
adaptive refinement. Advances in Water Resources 34, 1195–1206 (2011).

http://www.clawpack.org
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Adaptive Discretization
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Adaptive Discretization
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Reduced Order Models
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Sraj, I., Mandli, K. T., Knio, O. M., Dawson, C. N., & Hoteit, I.  Uncertainty Quantification and Inference of Manning’s Friction Coefficient using 
DART Buoy Data during the Tohoku Tsunami. Ocean Modelling (2014).
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Approach
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Forward Model Runs

Parameter Estimation

0 0.05 0.1 0.15 0.2
0

2

4

6

8

n
1

p
d

f

0 0.05 0.1 0.15 0.2
0

5

10

15

20

25

n
2

p
d

f

0 0.05 0.1 0.15 0.2
0

2

4

6

8

10

n
3

p
d

f

0.01 0.015 0.02 0.025 0.03
0

100

200

300

400

σ
2

p
d
f

Reduced Order Model

G(x, t, ξ) ≈ g̃(x, t, ξ)
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Polynomial Chaos Expansions
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Quantity of Interest (simulation)
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Spectral Galerkin Projection
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POD-Galerkin Method

48

(u(µ1), u(µ2), . . . , u(µS))
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SVD

un+1(µ) = r(un(µ), un+1(µ); ⇠, µ) 8⇠ 2 Vrb
<latexit sha1_base64="afqHWuO2UYH0lvy/K5edjnmb4bQ="></latexit><latexit sha1_base64="afqHWuO2UYH0lvy/K5edjnmb4bQ="></latexit><latexit sha1_base64="afqHWuO2UYH0lvy/K5edjnmb4bQ="></latexit><latexit sha1_base64="afqHWuO2UYH0lvy/K5edjnmb4bQ="></latexit>

M = dim(Vrb) ⌧ dim(V) = N
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<latexit sha1_base64="ZQbMv3p6eKgwyU9W08Di2EQJzRk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyWRgi6LbtyoFewD2lAm00k7dDIJM5NCCf0TNy4UceufuPNvnLRZaOuBgcM593LPHD/mTGnH+bYKa+sbm1vF7dLO7t7+gX141FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77J/PaESsUi8aSnMfVCPBQsYARrI/VtuxdiPSKYpw+zyh26P+/bZafqzIFWiZuTMuRo9O2v3iAiSUiFJhwr1XWdWHsplpoRTmelXqJojMkYD2nXUIFDqrx0nnyGzowyQEEkzRMazdXfGykOlZqGvpnMcqplLxP/87qJDq68lIk40VSQxaEg4UhHKKsBDZikRPOpIZhIZrIiMsISE23KKpkS3OUvr5LWRdV1qu5jrVy/zusowgmcQgVcuIQ63EIDmkBgAs/wCm9War1Y79bHYrRg5TvH8AfW5w9lN5LU</latexit><latexit sha1_base64="ZQbMv3p6eKgwyU9W08Di2EQJzRk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyWRgi6LbtyoFewD2lAm00k7dDIJM5NCCf0TNy4UceufuPNvnLRZaOuBgcM593LPHD/mTGnH+bYKa+sbm1vF7dLO7t7+gX141FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77J/PaESsUi8aSnMfVCPBQsYARrI/VtuxdiPSKYpw+zyh26P+/bZafqzIFWiZuTMuRo9O2v3iAiSUiFJhwr1XWdWHsplpoRTmelXqJojMkYD2nXUIFDqrx0nnyGzowyQEEkzRMazdXfGykOlZqGvpnMcqplLxP/87qJDq68lIk40VSQxaEg4UhHKKsBDZikRPOpIZhIZrIiMsISE23KKpkS3OUvr5LWRdV1qu5jrVy/zusowgmcQgVcuIQ63EIDmkBgAs/wCm9War1Y79bHYrRg5TvH8AfW5w9lN5LU</latexit><latexit sha1_base64="ZQbMv3p6eKgwyU9W08Di2EQJzRk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyWRgi6LbtyoFewD2lAm00k7dDIJM5NCCf0TNy4UceufuPNvnLRZaOuBgcM593LPHD/mTGnH+bYKa+sbm1vF7dLO7t7+gX141FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77J/PaESsUi8aSnMfVCPBQsYARrI/VtuxdiPSKYpw+zyh26P+/bZafqzIFWiZuTMuRo9O2v3iAiSUiFJhwr1XWdWHsplpoRTmelXqJojMkYD2nXUIFDqrx0nnyGzowyQEEkzRMazdXfGykOlZqGvpnMcqplLxP/87qJDq68lIk40VSQxaEg4UhHKKsBDZikRPOpIZhIZrIiMsISE23KKpkS3OUvr5LWRdV1qu5jrVy/zusowgmcQgVcuIQ63EIDmkBgAs/wCm9War1Y79bHYrRg5TvH8AfW5w9lN5LU</latexit><latexit sha1_base64="ZQbMv3p6eKgwyU9W08Di2EQJzRk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyWRgi6LbtyoFewD2lAm00k7dDIJM5NCCf0TNy4UceufuPNvnLRZaOuBgcM593LPHD/mTGnH+bYKa+sbm1vF7dLO7t7+gX141FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77J/PaESsUi8aSnMfVCPBQsYARrI/VtuxdiPSKYpw+zyh26P+/bZafqzIFWiZuTMuRo9O2v3iAiSUiFJhwr1XWdWHsplpoRTmelXqJojMkYD2nXUIFDqrx0nnyGzowyQEEkzRMazdXfGykOlZqGvpnMcqplLxP/87qJDq68lIk40VSQxaEg4UhHKKsBDZikRPOpIZhIZrIiMsISE23KKpkS3OUvr5LWRdV1qu5jrVy/zusowgmcQgVcuIQ63EIDmkBgAs/wCm9War1Y79bHYrRg5TvH8AfW5w9lN5LU</latexit>



Kyle T. Mandli

Hyperbolic PDEs are Low-dimensional
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Snapshots are orthogonal Inverse CDFs are low-rank
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u0(x+ ⌘1w1(y(x)) + ⌘2w2(y(x)))
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DEIM as a Solution
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Discrete Empirical Interpolation Method (DEIM)

un+1(µ) = r(un(µ), un+1(µ); ⇠, µ) 8⇠ 2 Vrb
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Main Idea = Transport interpolation points

(F (u(x;µ)), ⇠m) ⇡
PX

p=1

u(xp;µ)⇠m(xp)
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Vrb = {⇠m}Mm=1
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I = {xp}Mp=1
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Moving Basis
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Example:  Translation and Dilation Parameters
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Storm Surge Computing
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Adaptive Mesh Refinement Multilayer Shallow Water

Package Cores Wall 
Time Core Time

ADCIRC 4000 35 
minutes

2333 
hours

GeoClaw 16 2 hours 32 hours

GeoClaw 4 2 hours 8 hours

Single Layer
Two Layer
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Storm Surge Forecasting
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Mandli, K. T. & Dawson, C. N.   Adaptive Mesh Refinement for Storm Surge. Ocean Modelling 75, 36–50 (2014).
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Multi-Fidelity Models
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Return Curve Sensitivities
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Two-Layer Shallow Water
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80–91 (2013).
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E. Kubatko, adapted from Munk, W. H. Origin and generation of waves. Coastal Engineering Proceedings (1950).Colton, C. J. , Mandli K.T., Kubatko, E., Fractally homogeneous, air-sea turbulence with Frequency-integrated, 
wind-driven gravity waves. Submitted to Ocean Modelling.
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Global Internal Tide Forecasting
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Simmons, H. L., Hallberg, R. W. & Arbic, B. K. Internal wave generation in a global baroclinic tide 
model. Deep Sea Research Part II: Topical Studies in Oceanography 51, 3043–3068 (2004).
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UQ and Data Assimilation
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Sraj, I., Mandli, K. T., Knio, O. M., Dawson, C. N., & Hoteit, I.  Uncertainty Quantification and Inference of Manning’s Friction Coefficient using 
DART Buoy Data during the Tohoku Tsunami. Ocean Modelling (2014).
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“Exotic” Computing
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Discipline Problem descrip-
tion

Representative
solver

Solving approach Dominant kernel Dominant kernel
time

Fluid dynamics 3D transonic tran-
sient laminar vis-
cous flow

SPEC CPU2006
410.bwaves (test)

finite difference discretization with im-
plicit time stepping on the compressible,
viscous Navier-Stokes equations

Bi-CGstab 76.68 + 11.74%

Magneto-
hydrodynamics

2D Hartmann
problem

OpenFOAM finite difference discretization on incom-
pressible, viscous Navier-Stokes equa-
tion, coupled with Maxwell’s equations

preconditioned CG 45.78%

Fluid dynamics lid-driven cavity
flow

OpenFOAM finite volume discretization on incom-
pressible, viscous Navier-Stokes equa-
tions

preconditioned CG 13.06%

Engineering me-
chanics

Cook’s membrane deal.II finite element discretization with nonlin-
ear spring forces

Solving Helmholtz elliptic PDE using
preconditioned SOR and CG

15.3%

Table 1: Function profile of some nonlinear PDE solvers. In all solvers the dominant kernel is a system of equation solving
subroutine working on a nonlinear system. The computing time is more concentrated in linear algebra when space is discretized
using structured grids such as finite difference. Finite volume and finite elements are less structured. The resulting less regular
memory accesses shift computation time away from solving systems of equations.
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Figure 2: An analog circuit for continuous Newton’s method
for solving Equation 1. Clockwise from the center left, the
major blocks are analog function units: an integrator for
holding the present guess of u, a block for evaluating the
derivative, a block for doing division using gradient descent,
and a block for evaluating the nonlinear function. Integrators
are physically realized using capacitors. Constant values are
generated using digital-to-analog converters (DACs). Num-
bers are summed by joining wires to sum currents. Numbers
are represented as analog current and voltage, and the cir-
cuit values change continuously in time, with no concept of
clock cycles or steps.

The quotient would be negated and fed to the input of the
u(t) integrator as du

dt , the rate of change of u. The values
change continuously, without any notion of clock cycles or
time steps, and so the whole system is described as an ODE.
When the continuous Newton’s method converges, the in-
puts to the integrators tend toward zero, the output of the
integrators are steady, and at that point we can measure the
output using analog-to-digital converters.

Semilinear PDE test case: We test the continuous New-
ton’s method running on an analog accelerator to solve Equa-
tion 1. We know the solutions should be the roots of a
quadratic equation with the closed form solution:

u =
�1±

p
1+4RHS
2

The square root causes real solutions to exist only when
RHS ��0.25.

Analog accelerator result: The leftmost panel of Fig-

ure 3 shows the analog solution compared to the correct so-
lution, which has the shape of half of a parabola. Looking
at the closed form solution, we’d expect two valid solutions
when RHS>� 1

4 . The analog accelerator returns only one of
the two expected results, depending on the configuration of
the accelerator. The bottom half of the plot needs the deriva-
tive to be less than zero, which is not compatible with the
way we find the quotient. To allow the derivative be nega-
tive, we can modify the Newton’s method to be

up+1 = up �
� f (up)

� f 0(up)

The continuous Newton’s method then returns the bottom
half the parabola.

Initial conditions: When we use the analog accelerator,
we need a correct choice of the initial conditions for the two
integrators, one storing r0 and the other storing the quotient
f (r0)
f 0(r0)

. We show the influence of these choices in the center
and right panels of Figure 3. Viewed edge-on, these pictures
show the parabolic shape in the left panel of Figure 3; on the
new third axis, we plot the choice of initial conditions. The
center panel of Figure 3 shows that the initial condition on
the quotient integrator has no special meaning, and a neu-
tral choice of zero offers the best guarantee of converging
to a solution. So in the case studies in the rest of this pa-
per we will initialize the quotient integrators to zero. The
right panel of Figure 3 shows that the best initial condition
on the integrator containing ~u = r0 is a value close to the
actual solution. Luckily, in the context of solving nonlinear
PDEs, there is usually a good initial guess coming from the
boundary conditions of the PDE.

3.3 Nonlinear root-finding: hybrid analog &
digital

Thus far, we have considered solving nonlinear equations
in digital and analog separately. The digital methods allow
use of binary floating point numbers, which have higher pre-
cision and accuracy, but encounter problems in selecting a
Newton step size. The analog methods have more reliabil-
ity, but the computational results have lower accuracy and
precision. A standalone analog accelerator may be useful in
graphics and embedded systems applications where approxi-
mate solutions for nonlinear PDEs may be useful. But nearly
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