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Abstract7

Accurate inundation forecasting provides vital information about the behaviour of fluvial flood water.8

Using data assimilation with an Ensemble Transform Kalman Filter we combine forecasts from a numerical9

hydrodynamic model with synthetic observations of water levels. We show that reinitialising the model10

with corrected water levels can cause an initialization shock and demonstrate a simple novel solution. In11

agreement with others, we find that although assimilation can accurately correct water levels at observation12

times, the corrected forecast quickly relaxes to the open loop forecast. Our new work shows that the time13

taken for the forecast to relax to the open loop case depends on domain length; observation impact is longer-14

lived in a longer domain. We demonstrate that jointly correcting the channel friction parameter as well as15

water levels greatly improves the forecast. We also show that updating the value of the channel friction16

parameter can compensate for bias in inflow.17

Keywords Data assimilation, inundation forecasting, fluvial flooding, observation impact, joint state-parameter18

estimation, ensemble Kalman filter.19

Highlights20

• Data assimilation is applied to simulated flood forecasts and SAR-like observations21

• Reinitialisation shock due to water level correction is removed using a novel method22

• Observation impact is linked to domain length when updating only water levels23

• Updating the channel friction parameter leads to marked improvement in forecast skill24

• Updating the channel friction parameter can compensate for biased inflow25

Software Availability26

The inundation simulations in this work were generated using Clawpack 5.2.2, a collection of FORTRAN and27

python code available from http://www.clawpack.org/. Details of the amended Clawpack source code as used28

in this work are freely available on request from the corresponding author, as is the python code used to perform29

data assimilation on the inundation simulation output. Please contact e.s.cooper@pgr.reading.ac.uk for details.30
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1 Introduction31

Data assimilation can improve the accuracy of predictions from flood inundation models by combining forecasts32

from the model with observations of the system, taking into account uncertainty in both the model predictions33

and the observations. In this study we use a sequential data assimilation method comprising a forecast-update34

dynamic feedback loop. During each forecast step, the numerical model runs an inundation simulation. When35

an observation (or set of observations) is available the simulation is interrupted and the update step is performed;36

updating combines observational data and model predictions to give a better estimate of the state. The next37

forecast step then starts, with the adjusted water levels as the initial condition. An update is carried out each38

time a new observation or set of observations is available.39

There are a number of numerical inundation models that can predict the behaviour of flood water given40

information about the topography of the domain and the amount of water flowing into the area, e.g. HEC-41

RAS, Telemac, LISFLOOD-FP (HEC-RAS Development Team; Hervouet, 2000; Neal et al., 2012). In a real42

flood situation, topographical information is often available in the form of a digital terrain model (DTM) and43

inflow estimates may come from an upstream gauge, or as output from a hydrological model. Observations44

of the flood may be available from a variety of different sources. These include river depth and flow rate45

measurements from gauges, and authors have used these data in assimilation schemes , e.g. Mure-Ravaud et al.46

(2016). However, many catchments are ungauged and the number of gauges worldwide is in decline (Vrsmarty47

et al., 2001). Observations of flood extent can be obtained from aerial photos, although the cloudy conditions48

associated with heavy rainfall often limit the usefulness of this information source. Recently, much attention49

has been paid to the use of synthetic aperture radar (SAR) satellite images in delineating flood extent, since50

such observing systems have all weather and day and night capability. Water depth information can then be51

retrieved from SAR satellite images using a high quality digital terrain model (DTM) as described in Mason52

et al. (2012) and Brown et al. (2016). Such techniques for extracting information from SAR images are well53

established, e.g.Thornhill et al. (2012), Mason et al. (2010), Scott et al. (2008) and Scott and Mason (2007).54

Various authors e.g. Lai and Monnier (2009), Matgen et al. (2007) and Schumann et al. (2009) have55

used data assimilation techniques to highlight the fact that although observations from SAR can cover a large56

spatial area, the usefulness of the information they contain is limited in time. Assimilating data from one or57

more river gauges can help to mitigate this, as shown by Lai and Monnier (2009) and Hostache et al. (2010),58

but we consider here the situation in which only time-sparse satellite derived water level data is available for59

assimilation. This leads to a situation in which data assimilation can provide a good analysis - i.e. can correct60

water levels very well at the time of observations, but the model forecast then moves quickly away from the61

true water levels during the subsequent forecast step. This short lived improvement in the water levels has been62

shown in studies such as Andreadis et al. (2007), Neal et al. (2009) and Garcia-Pintado et al. (2013), which use63

ensemble Kalman Filter data assimilation algorithms, as well as in Matgen et al. (2010), where a particle filter64

approach is taken. This result indicates that water levels in a river flood situation are not strongly sensitive to65
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initial conditions. In fact, water levels are likely to be more dependent on inflow and model parameter values,66

and updating one or a combination of these is therefore necessary.67

In order to address the short-lived nature of the forecast improvement, authors such as Andreadis et al.68

(2007), Matgen et al. (2010), Giustarini et al. (2011), Garcia-Pintado et al. (2015), Garcia-Pintado et al. (2013)69

and Mason et al. (2015) have carried out data assimilation including on-line correction of inflow along with70

water levels. Inflow correction is shown in all of these studies to give much better forecast accuracy over time71

than correcting water levels alone. Less attention has been paid to the effect of errors in model parameters72

in sequential data assimilation, despite the fact that several studies, including Andreadis and Schumann (2014)73

and the comprehensive review paper by Grimaldi et al. (2016), indicate that model parameters are likely to have74

an important influence on the behaviour of the flow.75

One study in which parameter effects are investigated is Garcia-Pintado et al. (2015), in which water levels,76

inflows and several model parameter values were updated simultaneously using an ensemble Kalman filter tech-77

nique. The study used LISFLOOD-FP to model the flooding of the river Severn and tributaries near Tewksbury,78

UK, in 2014, assimilating real SAR-derived water level observations. A large improvement in forecast skill was79

seen when inflow was corrected along with water levels, leading to good agreement between the forecast and80

independently measured gauge data. In this case, channel friction parameter estimation alongside estimation of81

water levels, inflows and other parameters was not found to improve the forecast significantly, despite the fact82

that water behaviour is strongly influenced by this parameter. The question of whether the retrieved friction83

parameter value was correct was left open as the true value for the system was not known.84

In this study we address open questions about the role of the channel friction parameter in data assimilation85

for inundation modelling. We use a similar data assimilation technique to that in Garcia-Pintado et al. (2015)86

in twin experiments with an idealised topography and an unbiased inflow. This allows us to separate out and87

further investigate the effect of channel friction retrieval on the forecast. We find that, in contrast with Garcia-88

Pintado et al. (2015), online estimation of the channel friction parameter along with water levels leads to a89

large improvement in the forecast skill in our experiments. The twin experiments also show that our data90

assimilation method is capable of finding an accurate value for the channel friction parameter, even when water91

depth observations are only available on the flood plain during a flood.92

We also investigate the effect of domain length on forecast skill, showing that because the assimilation93

is able to correct water levels in areas where there are no observations, the time taken for corrected water94

levels to decay back to the open loop (no assimilation) case is longer for a physically longer domain. Further,95

we demonstrate that when reinitialising the numerical model after an assimilation, an initialisation shock can96

occur. We demonstrate an efficient and effective technique for removing this shock, leading to more accurate97

forecasts in the hours immediately following an assimilation.98

This paper is organised as follows: In section 2 the numerical inundation model is described, the data99

assimilation method is outlined and our novel re-initialisation method is demonstrated. In section 3 the exper-100

imental configurations for various simulations are described. Section 4 shows the effect of including online101
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channel friction parameter estimation along with water level estimation, and compares results from different102

length domains. Section 5 draws conclusions about the effects of domain length and channel friction parameter103

estimation.104

2 Methodology105

In this section we describe the methods used in this study. In section 2.1 the numerical inundation model is106

outlined. Section 2.2 contains information about the data assimilation method used. In section 2.3 we discuss107

the impact of assuming the water has only hydrostatic momentum at the start of a forecast step and describe108

our approach to dealing with problems caused by this assumption.109

2.1 Numerical inundation model110

In this study we use a numerical flood model we have developed using Clawpack (Clawpack Development111

Team, 2014; Mandli et al., 2016; LeVeque, 2002), an open source collection of FORTRAN and python code112

that can be used to solve a wide variety of conservation laws. Clawpack uses finite volume methods and113

sophisticated Riemann solvers to treat systems of partial differential equations; in this work the equations of114

interest are the 2D shallow water equations that describe how river and flood water will move in space and115

time. The model splits the domain of interest into N cells and calculates the water depth in each cell. The code116

is capable of dealing with shocks in the solution, such as bores that may occur following a sudden increase of117

inflow into a particular river stretch. Clawpack deals effectively with the wet-dry interfaces which are present118

in an inundation event, and preserves depth non-negativity (George, 2008).119

The shallow water equations for two spatial dimensions, x and y, can be written as (e.g.LeVeque (2002))120

∂q
∂t

+
∂F(q)
∂x

+
∂G(q)
∂y

= R(q), (1)

where R(q) is a source term and q is a vector of conserved quantities121

q =


h

hu

hv

 , (2)

h represents depth of the fluid, and u and v represent velocity in the x and y directions respectively.122

In equation (1), F(q) and G(q) represent fluxes of the conserved quantities in the x and y directions respec-

tively. For the shallow water equations these are

F(q) =


hu

hu2 + 1
2gh

2

huv

 and G(q) =


hv

huv

hv2 + 1
2gh

2

 , (3)

where g is acceleration due to gravity.123
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The effect of friction is modelled as a source term in Clawpack, since the friction force acts to reduce the124

momentum of the water. The magnitude of the momentum reduction is strongly dependent on a Manning’s125

friction coefficient, n, and the flow of water is very sensitive to the value of this parameter. We have also added126

an inflow source term to the Clawpack code to model water arriving in the river stretch of interest, as further127

described in Appendix A and Cooper et al. (2013). The time step for the hydrodynamic model is variable, and128

automatically adjusted in the code to preserve numerical stability.129

Correct specification of the solution at the boundaries of the computational domain is vital for the stability130

of any numerical scheme. To achieve this, Clawpack adds a user-specified number of ‘ghost’ cells (2 by131

default) next to each cell at a domain boundary. The domain is effectively extended in all directions by the132

addition of these ghost cells and the behaviour of the solution at the boundaries then depends strongly on the133

values of calculated model quantities in the ghost cells. We use non-reflecting outflow (extrapolating) boundary134

conditions in which values of q are extrapolated from the cell next to the boundary into the ghost cells at each135

time step. This is called a zero order extrapolation in LeVeque (2002).136

Another important factor is the representation of the domain topography at and across the domain bound-137

aries. The default in the code is to copy the value of the domain elevation at the boundary into the ghost cells.138

This represents a situation where there is no slope in bathymetry or topography across any boundaries. This139

is not suitable for the downstream boundary in our experiments, at which the majority of the water leaves the140

domain. A more physically realistic situation for the downstream boundary is to extrapolate the slope of the141

domain into the ghost cells at the boundary and changes have been made to the code to accommodate this.142

2.2 Data assimilation143

2.2.1 State estimation144

In data assimilation, a state vector is used to represent the state of a physical system. In this work the state vector,145

x ∈ RN , comprises water depths in each of N computational cells. Sequential data assimilation algorithms146

comprise two steps: a forecast (or prediction) step and an update (or analysis) step. In the prediction step, an147

estimate of the state, x is evolved forward in time using the forecast model148

x(tk+1) = M(x(tk)), (4)

where M is the forecast model, in this case the non-linear numerical shallow water equation model described149

in section 2.1. In the update step the forecast is updated to take account of observations of the state. We assume150

that the observations can be described by151

y = Hx + ε, (5)

where y ∈ Rp is a vector of observations and x is the true state of the system. Since the observations may be152

indirect and not located at model cell centres, an observation operator, H : RN → Rp is required, which maps153

the state vector into observation space. For this work, H is assumed to be a linear operator. The observation154
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noise, ε is assumed to be unbiased stochastic noise with covariance R ∈ Rp×p. The ensemble Kalman filter155

used here is based on the Kalman filter. In the Kalman filter, whenever observations are available the state and156

error covariance matrix are updated Kalman (1960) according to157

xa = xf + K(yobs −Hxf ) (6)

and158

Pa = (I−KH)Pf , (7)

where forecast and analysis quantities are denoted by f and a superscripts respectively, I ∈ RN×N is the159

identity matrix and P ∈ RN×N is the state error covariance matrix. The matrix K ∈ RN×p is the Kalman gain,160

given by161

K = Pf HT (HPf HT + R)−1, (8)

and R ∈ Rp×p is the observation error covariance matrix.162

In the ensemble Kalman filter (Evensen, 1994), an ensemble of state vectors is used to represent a statistical163

sample of the forecast or analysis uncertainty. Each ensemble member represents one possible realisation of164

the true state of the system, given uncertainties in initial conditions and/or model parameters. For an ensemble165

comprising M state vectors, xi, (i = 1, 2...M ), a mean state at any time can be defined as166

x =
1
M

M∑
i=1

xi. (9)

The mean of the ensemble, x, represents an estimate of the true state of the system.167

For any ensemble, an ensemble perturbation matrix X ∈ RN×M can be defined as168

X =
1√

M − 1
(x1 − x x2 − x ...... xM − x). (10)

The ensemble error covariance matrix, P ∈ RN×N can then be calculated from169

P = X(X)T . (11)

The forecast step for an ensemble system requires each state vector in the ensemble to be evolved by the170

forecast model according to equation (4). In the update step the forecast ensemble is combined with observa-171

tions of the state to produce a ‘corrected’ ensemble of state vectors called the analysis ensemble. The analysis172

ensemble is then used as a set of initial conditions for the next forecast step. This forecast-update cycle can be173

repeated many times and an analysis ensemble calculated whenever observations of the system are available.174

The ensemble update equations separately update the ensemble mean and the ensemble perturbations according175

to176

xa = xf + K(y−Hxf ) (12)
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and177

Xa = Xf T. (13)

The vector xa is the analysis state (the mean of the analysis ensemble), xf is the mean of the forecast ensemble178

and K ∈ RN×p is an ensemble version of the Kalman gain (as shown in equation (16)). The matrix T ∈ RM×M
179

updates the perturbations such that the state error covariance calculated by using Xa in equation (11) matches180

that given by the Kalman covariance update, equation (7) (Kalman, 1960). There is not a unique solution181

for T; here we use an unbiased, symmetric square root formulation known as an ensemble transform Kalman182

Filter (ETKF), following the approach of Livings et al. (2008), Livings (2005) and Garcia-Pintado et al. (2013).183

In this approach we define a forecast observation ensemble comprising M forecast observation vectors, yf
i ,184

(i = 1, 2...M ) such that185

yf
i = H(xf

i ). (14)

The forecast observation ensemble has a mean, and a perturbation matrix Yf , defined in the same way as for186

the state ensemble matrix.187

We define a matrix D as188

D = Yf (Yf )T + R; (15)

the Kalman gain K can then be written in terms of the forecast perturbation matrices Xf and Yf ,189

K = Xf (Yf )T D−1. (16)

Substituting equation (16) for K on the right hand side of equation (7), and using equations (13) and (11) on190

the left hand side shows that the matrix T in equation (13) then needs to satisfy191

T(T)T = I− (Yf )T D−1(Yf ). (17)

Using the Sherman-Woodbury-Morisson identity for the right hand side of equation (17), as in equation (15) of192

Tippett et al. (2003), this becomes193

T(T)T = (I + (Yf )T R−1Yf )−1. (18)

A scaled forecast observation ensemble perturbation matrix can then be introduced,194

Ŷf = R− 1
2 Yf . (19)

Performing a singular value decomposition (Golub and Van Loan, 1996) of (Ŷf )T gives a factorisation such195

that196

(Ŷf )T = UΣVT , (20)

where U and V are orthogonal matrices with dimensions (M by M ) and (p by p) respectively. The columns of197

U and V are the left and right singular vectors of (Ŷ
f
)T respectively, and the diagonal elements of the (M by198

p) matrix Σ are the singular values of (Ŷ
f
)T . Combining equations (18), (19) and (20) gives199

T(T)T = U(I + ΣΣT )−1UT , (21)
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and a solution for T is therefore200

T = U(I + ΣΣT )−
1
2 UT . (22)

This is the solution used in this work.201

2.2.2 Joint state-parameter estimation202

Section 2.2.1 describes how the ETKF can be used to update the water levels in a computational domain, given203

observational data. It is also possible to update values of uncertain forecast model parameters as part of the204

same process. This is achieved by state augmentation, in which parameters are appended to the state vector205

(Smith et al., 2013; Navon, 1998; Evensen et al., 1998; Smith et al., 2009, 2011). The augmented state vector,206

xaug, is then given by207

xaug =

x

b

 , (23)

where b ∈ Rm is a vector of m parameters and xaug ∈ RN+m. In this work, we are interested in updating just208

one parameter, the Manning’s friction coefficient in the river channel, nch. This means that b is scalar in this209

case.210

We assume that the value of nch does not change with time over the course of a particular flood. This means211

that the value of nch is constant during the forecast step and only updates at assimilation times. The forecast212

equation for the augmented state vector is then given by213

xaug(tk+1) =

M(x(tk))

b(tk)

 , (24)

where M is the forecast model as in equation (4).214

The ETKF update equations (12) and (13) can be applied to the augmented state vector in the same way215

as described in section 2.2.1. The ensemble assimilation scheme then takes into account covariances between216

errors in the state vectors and the parameter(s). These covariances act to correct the parameter value according217

to information from observations as part of the same process that corrects water levels in the domain.218

Estimating parameter values in this way has a number of advantages over a more traditional offline cal-219

ibration approach. Firstly, the updating of the parameter values is performed with information from current220

observations. Calibrating parameters with data from previous events risks using out of date information which221

does not take into account changes to the river bed due to, for example, erosion or sediment transport. Calcu-222

lating parameters using data assimilation also allows the value to change on shorter timescales during a flood223

event as the value is assumed to be constant during forecast steps, but updates each time new observational224

information is available. Additionally, off-line calibration and tuning of parameters can be computationally225

costly and needs to be performed ahead of a flooding event which may occur with little warning.226

In our synthetic experiments we have assumed that the channel friction parameter, nch is the same value227

for the whole channel. In a real setting, it would be necessary to take an approach like that in Garcia-Pintado228
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et al. (2015), where different values of nch were assumed for different types of channel such as large rivers and229

small streams.230

2.3 Hydrostatic initialisation shock231

The ETKF is a sequential method and this means that each time observations are available an assimilation can232

be carried out. In order to perform an assimilation, the forecast model is interrupted. The ensemble states (water233

levels) are updated by the ETKF and each ensemble member then restarts running in Clawpack, reinitialised234

with the new water levels. In some approaches to data assimilation for inundation modelling, e.g. Lai and235

Monnier (2009); Hostache et al. (2010); Ricci et al. (2011), the state vector contains information about water236

flow or discharge rates as well as water levels. The flow rates are therefore updated along with water levels as237

part of the assimilation process. In contrast, in this study, as in Garcia-Pintado et al. (2015), the state vector238

contains only water depth information (plus parameters when considering the joint state-parameter estimation239

problem).240

In Garcia-Pintado et al. (2015), a hydrostatic assumption was made for reinitialisation, i.e. the water was241

assumed to have zero momentum at each forecast restart time. The effect of this assumption in our domain can242

be seen by interrupting a simulation and restarting without performing any data assimilation, i.e. reinitialising243

with identical water levels as before, but with zero momentum everywhere. Comparing the root mean square244

error (RMSE) between the water depths predicted by a reinitialised version and continuous version of the245

simulation then gives a measure of how the hydrostatic assumption at restart affects the forecast. The RMSEs246

are measured over the whole domain and defined as247

RMSE =

√√√√ 1
N

N∑
i=1

(hr
i − hc

i )2, (25)

where hr
i is the forecast water depth after reinitilaisation in the ith cell and hc

i is forecast water depth in the248

same cell without reinitialisation. The number of cells in the domain is N , as before.249

The open circles in figure 1 show RMSEs between the reinitialised forecast and the continuous forecast.250

Figure 1 shows that the consequence of using a hydrostatic assumption is that the error between the continuous251

and restarted cases is large at times less than approximately four hours in this system. This means that forecast-252

ing the behaviour of flood water at these times is problematic. The error becomes negligible by approximately253

four hours after the assimilation time.254

In order to correct for this without adding flow information to the state vector, we assume that the water in255

each cell has the same velocity (u and v in the x and y directions respectively) after the assimilation as it did256

before the assimilation. This gives a state vector of lower dimension (approximately one third as many entries)257

than the approach of Lai and Monnier (2009), Hostache et al. (2010) and Ricci et al. (2011), thus reducing258

computational expense, while avoiding problems caused by assuming zero flow rates at the start of each forecast259

step as in Garcia-Pintado et al. (2015). Reinitialising with the same flow rate (hu and hv) values in each cell260
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would also be possible, but since the water levels will have changed in some cells due to the assimilation, this261

is likely to lead to unrealistic behaviour. Reinitialising the water with the pre-analysis velocity values removes262

the large shock shown in figure 1; the resulting RMSE values are shown in figure 1 with filled circles. The very263

small RMSE values shown by the filled circles show that the method is effective in removing the initialisation264

shock.265

Figure 1: RMSE in water depth over the domain. Open circles show the RMSE between the continuous truth

and restarted truth for a hydrostatic assumption. Filled circles show the RMSE when reinitialising with forecast

velocities.

We performed a simple comparison of the values of hu and hv obtained using our approach (‘simple266

calculation value’) with those calculated during an assimilation in which hu and hv were included in the state267

vector (‘analysis value’). We compared values at each assimilation time in an identical twin experiment in268

which we update both the water levels and the channel friction parameter. Figure 2 shows some typical results269

(from the assimilation at 28h in the SPL experiment as described in section 3.2).270
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(a) (b)

Figure 2: Comparison of (a)hu and (b)hv values at one assimilation time.

Figure 2a shows the values of hu obtained using the simple method described here plotted against the values271

of hu calculated by including hu and hv in the assimilation state vector; figure 2b shows the same results for272

values of hv. The values are close to the identity line and therefore in broad agreement. We found that the273

agreement between the methods was better at later assimilation times, when the forecast error is low. This is274

because both methods provide values close to the pre-assimilation (forecast) values when the adjustment by275

the assimilation is relatively small. The values of nch obtained when including hu and hv in the state vector276

were almost identical (less than 0.001% difference) to the values obtained when the state vector comprises only277

water levels. We observed no instabilities in the solution at initialisation times using our technique.278

3 Experimental design279

3.1 Model domain280

All of the experiments referred to in this paper are carried out in domains with a simplified river valley-like281

topography. We use two domains in this work, the ‘long’ domain describes an area of 20 km by 250m and is282

shown in figure 3. Note that the axes are not to the same scale. The ‘regular’ domain is 5km by 250m, and283

is identical to the long domain for 15 ≤ y ≤ 20km and 0 ≤ x ≤ 250m. The domains are gently sloping284

symmetrical valleys with a 50m wide central river channel as shown in figure 3. The grid cell size for the285

computation is 10m by 10m in all cases. The river channel is defined to be the central 5 grid cells in the x286

direction for all values of y; the rest of the domain is defined as the flood plain. The cross section for both287

domains is the same. The domain has an upstream-downstream slope of 0.08% and the slope of the floodplain288

towards the river is 0.8%.289
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Figure 3: Elevation in metres of the long test domain used for the assimilation experiments. The regular domain

is defined by 15 ≤ y ≤ 20km and 0 ≤ x ≤ 250m . The black circles indicate the positions of water elevation

observations used in the data assimilation.

3.1.1 Identical Twin Experiments290

In this study, we use an ETKF in identical twin experiments. Identical twin experiments are commonly carried291

out in order to test a data assimilation system as well as to generate information about the model to which data292

assimilation is applied, e.g. Evensen (1994). In such experiments, a numerical model is used to generate a293

‘truth’ output for a set of known initial conditions and model parameters. The truth run for these experiments294

is a continuous run of our inundation model for 112 hours using a time varying inflow shown by the solid black295

circles in figure 4. For the first four hours, the inflow is set to be constant in order to fill the river channel with296

water in a spin-up period. The inflow from t = 4 hours onwards is based on some real hydrograph data from a297

flood of the river Severn near Tewksbury in the summer of 2007. The inflow comprises hourly values and linear298

interpolation is used to give flow rates between the hourly points. The truth run uses a value for the channel299

Manning’s friction parameter of nch = 0.04, which is the value given for a natural stream by Maidment and300

Mays (1988). The Manning’s friction parameter on the flood plain, nfp, is likely to be higher due to vegetation301

and here we use a value of nfp = 0.05.302

The inundation model is also used to generate a 100 member ensemble of flood realisations. This ensemble303

represents a forecast of the true flood given uncertainty in upstream inflow and the channel friction parameter304

values. The number of ensemble members is relatively small compared to the dimension of the state vector,305

which contains 125,000 water depths for the short domain and 500,000 for the long domain. However, none306

of the problems which indicate undersampling of a system (spurious correlations or ensemble collapse as out-307
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lined by Petrie and Dance (2010)) are seen, suggesting that this number of ensemble members is sufficient to308

represent the system in this case. It was therefore not necessary to apply any localisation or inflation in these309

experiments.310

Each member of the ensemble is driven by a different inflow and has a different friction parameter. The311

ensemble inflows are generated by adding time correlated random errors to the ‘true’ inflow; the ensemble312

inflows and true inflow are shown in figure 4. The variance for the inflow distribution is a proportion of the313

inflow, since the error in measured or predicted flow is likely to be flow-dependent as in Garcia-Pintado et al.314

(2015). The standard deviation for the generated inflow distribution is 0.15× inflow, which is the same as the315

value used by Garcia-Pintado et al. (2015) and fits within the range of errors in measured flow rates (4% to316

43%) reported in Di Baldassarre and Montanari (2009). No bias was applied to the inflow ensemble so that the317

mean inflow is very similar to the true inflow. An unbiased inflow removes the effect of an incorrectly specified318

inflow, since this has already been studied elsewhere. Choosing to use an unbiased inflow allows the effect of319

the incorrect channel friction parameter value to be studied in isolation; we briefly address the effect of biased320

inflow at the end of section 4.2.321

Figure 4: Inflow ensemble with time. Circles show the true inflow values and the grey lines show the ensemble

inflows.

Ensemble channel friction parameters were generated by selecting from a Gaussian distribution centered on322

a ‘wrong’ initial value to reflect the fact that this parameter varies between catchments and will not generally323

be known before the start of a flood event. The channel friction parameter is also not likely to be directly324

measurable as it relates to the specific way in which Clawpack models friction. Different numerical models325

with different friction parameterisations have been shown to generate different optimal friction parameters326

for the same data for this reason (Horritt and Bates, 2002). Centering the channel friction ensemble on an327
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incorrect value also enables us to test whether the data assimilation scheme can retrieve the correct value from328

an incorrect starting point. The channel friction parameter for each ensemble member was selected from a329

Gaussian distribution, N (0.05, 0.01). The true value of nch = 0.04 falls within one standard deviation of the330

mean of this distribution. The value for the friction parameter on the flood plain was set to the true value for all331

ensemble members, i.e. nfp = 0.05.332

Data assimilation using an ETKF is carried out on the forecast ensemble, using synthetic observations333

generated from the truth as described in the next section. Since the ETKF is a sequential method the ensemble334

is evolved forward in time with Clawpack between observation times, and an assimilation is carried out every335

12 hours. We also consider the ‘open loop’ case in which a forecast ensemble runs with no assimilation.336

3.2 Experimental configurations337

Various data assimilation experiments are carried out, each for a total period of 112 hours, including a 4 hour338

spin-up period with constant inflow to allow the river channel to fill up (as shown in figure 4). Synthetic339

observations of water depth are taken from the truth at 12 hourly intervals and assimilated with an ETKF.340

Twelve hourly assimilation intervals were chosen as this represents the smallest likely return time for SAR-341

equipped satellites at present.342

Since we are running identical twin experiments, we know the true water levels everywhere in the domain,343

as well as the water levels forecast by the ensemble. It is theoretically possible to use SAR derived flood extent344

observations along with a high quality digital terrain model (DTM) to derive water levels in all parts of a real345

domain. One approach in a synthetic experiment is therefore to directly use water level observations in all parts346

of the domain as a proxy for SAR derived information. Such an approach is used by, for example, Lai and347

Monnier (2009). In reality, SAR images can reliably provide information about water elevation only at a few348

points along the flood extent, as demonstrated in Mason et al. (2012).349

In this paper, we do not use all the available water levels. Instead we use synthetic observations of water350

levels taken directly from the truth run in the positions shown by black circles in figure 3. This approach351

replicates a situation in which four reliable flood delineation positions are available from a SAR image at y =352

16, 17, 18 and 19km. We assume that we have a SAR image covering the domain from y = 15 to 20km, and that353

water elevation at each of the four flood edge positions can be obtained from a DTM; this water level can then354

be extrapolated perpendicular to the channel to give water elevation in each floodplain cell in the cross sections355

where we have delineation observations (i.e. y = 16, 17, 18, 19km). Although extrapolating water elevation356

across a cross section in this way would also give information about the water elevation in the channel, we357

exclude observations in the channel in this experiment. This is because topography information in the channel358

is likely to be much less accurate than that for the floodplain, making water depths less certain. Noise was359

added to the synthetic observations to represent uncertainty due to instrument error, flood extent determination360

and typical DTM errors. The noise added to the observations is Gaussian with a standard deviation of 0.25m;361

this is the same value as used in experiments with real data in Garcia-Pintado et al. (2015).362
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We perform a series of experiments using both the regular and long domain. Further details of the individual363

experiments are as follows:364

• Case SOR: State-only estimation in the regular domain, with the ensemble of channel friction parameters365

distributed about an incorrect ‘first guess’ as described in section 3.1.1.366

• Case SOL: State-only estimation in the long domain; all other details as for case SOR.367

• Case SPR: State and channel friction parameter estimation in the regular domain with the initial channel368

friction parameter distributed about an incorrect ‘first guess’ as described in section 3.1.1 .369

• Case SPL: State and channel friction parameter estimation in the long domain; all other details as for370

case SPR.371

• Case OR: Open loop ensemble forecast in the regular domain; this is a free running ensemble forecast372

with the same initial conditions as cases SOR and SPR but without assimilation of observations.373

• Case OL: Open loop ensemble forecast for the long domain.374

The positions of the observations are the same for both the long and regular domains. This corresponds to375

observations spread throughout the whole of the regular domain, and observations only in the upstream part of376

the long domain. The observation errors are the same for the four different configurations that use observations.377

4 Results and discussion of assimilation378

4.1 State only estimation (SOR and SOL)379

Results from state-only assimilation experiments are shown in figure 5. The graphs shows the RMSE over380

the whole domain between the forecast ensemble mean water depths and the true water depths at three hourly381

intervals from the time of the first assimilation at 16h. Here, RMSE is defined as382

RMSE =

√√√√ 1
N

N∑
i=1

(hf
i − ht

i)2, (26)

where hf
i and ht

i are the forecast ensemble mean and true water depth in cell i respectively. This definition383

means that the error is averaged over a larger area for the longer domain than for the regular domain. The384

values of RMSEs, though broadly similar, are therefore not directly comparable between domains.385
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(a) RMSE between the ensemble forecast mean and the true water depth (xf − xt) in the regular

domain. Triangles show results for state only estimation (SOR), with assimilation carried out at

t=16h, 28h, 40h, 52h, 64h, 76h, 88h and 100h. Circles show the open loop (OR) case for the

regular domain (no assimilation).

(b) RMSE between the ensemble forecast mean and the true water depth (xf − xt) in the long

domain. Triangles show results for state only estimation (SOL), with assimilation carried out at

t=16h, 28h, 40h, 52h, 64h, 76h, 88h and 100h. Black circles show the open loop case (OL) for

the long domain (no assimilation).

Figure 5: RMSEs for state-only estimation in the regular and long domains.

Figure 5a shows the RMSE between the forecast ensemble mean and true water depths with time for the386

regular domain (SOR). Figure 5b shows the same results for the longer domain (SOL). In both domains the387

ETKF produces a good analysis. The difference between the analysis ensemble mean water levels and the true388

water levels is very small at the time of each observation, and a large improvement is seen compared to the389

open loop forecast. However, for the regular domain in particular, the forecast skill is quickly lost during each390

subsequent forecast step and the RMSE quickly relaxes towards the open loop case. Comparing 5a and 5b391

shows that the RMSE at each analysis time is broadly similar for the two different domains. The results also392
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show that the forecast skill persists for longer in the long domain; the forecast takes longer to relax to the open393

loop case in the longer domain than in the regular domain. This means that the same observations are having a394

longer-lived impact on the forecast when a longer stretch of river and floodplain is considered.395

In order to further understand why the observation impact is longer-lived in the long domain, the evolution396

of the error during the forecast step can be investigated. Figure 6 shows the long domain in plan view with the397

error between the forecast ensemble mean and the true water levels in each cell. The errors are shown at several398

times during the forecast after assimilation at t = 52h and before assimilation at t = 64h. In this particular399

forecast period the inflow is increasing steadily, but similar patterns are seen for forecast periods in which the400

inflow is varying in other ways.401
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(a) t = 0 (b) t = 1 hours (c) t = 2 hours

(d) t = 5 hours (e) t = 8 hours (f) t = 12 hours

Figure 6: Forecast (ensemble mean) water depth minus true water depth in the long domain, shown in plan

view for case SOL. Times are measured from assimilation at t = 52h. For reference, the true water depth on the

floodplain varied between 0 and 0.4m during this forecast period. Water depth in the centre of channel varied

between 5.9m and 6.4m.

Figure 6a shows the difference between the forecast ensemble mean water depths and the true water depths402

at the observation/assimilation time. The error between the forecast ensemble mean and true water depths is403

small at all points in the domain at this time. The difference between the forecast ensemble mean and the truth404

is highest in the channel; this reflects the fact that there are no observations of channel water depth used in405

the assimilation. Figure 6b shows the error between the forecast ensemble mean and the truth 1 hour after the406

assimilation. The error at the downstream end of the domain remains small, while a large, positive error can407

be seen in the upstream part. A positive error here means that the forecast is overestimating the water depth.408
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In figure 6c, the errors at 2 hours after assimilation are shown. The physical area in which the forecast is409

overestimating water depths has grown in the hour between 6b and 6c, and penetrated further downstream into410

the domain. This pattern of error growth from upstream to downstream continues over time in figures 6d (5411

hours after assimilation), 6e (8 hours after assimilation) and 6f (12 hours after assimilation).412

The observed pattern of error growth explains why the observations have impact in the longer domain for a413

longer time. The regular domain is defined by 15 ≤ y ≤ 20km and 0 ≤ x ≤ 250m (as shown in figure 3). The414

errors in water depth in this part of the long domain become very large within a few hours of the assimilation,415

as can be seen in figure 6c. This means that the error in the whole of the regular domain becomes large very416

quickly. In contrast, the RMSE for the long domain includes the downstream area where the water levels are417

still corrected from the assimilation; the RMSE is therefore lower for a longer time as the error takes a longer418

time to reach the downstream part of the longer domain.419

During the forecast step, figure 6 shows that the error in the forecast resulting from incorrect specification420

of the nch parameter starts at the upstream end of the domain, and propagates downstream with time. This421

pattern of error growth is the same as that which would be expected from a bias in inflow, as noted in e.g.422

Andreadis et al. (2007). A biased inflow acting on corrected water levels will clearly degrade the forecast water423

levels close to the upstream boundary first and this error will propagate downstream with the flow. The results424

shown in figure 6 therefore indicate that errors due to incorrect inflow specification and those due to incorrect425

specification of the channel friction parameter may be difficult to separate out in a real flood event.426

The low RMSEs between the analysis and the truth in the long domain highlight the fact that the ETKF is427

able to correct the water levels in areas for which there are no observations. The state error covariance matrix428

generated by the ensemble perturbations is such that information from the observations is spread throughout the429

domain, enabling corrections to be made to the state at the downstream part of the domain when observations430

are available only at the upstream end. This is further demonstrated in figure 7, which shows the difference431

between the forecast ensemble mean and the truth pre-assimilation (figure 7a) and post-assimilation (figure 7b),432

plotted in the long domain at t = 52h. Figure 7c shows the increments applied in the long domain as a result433

of observations in the upstream part of the domain only. The figure clearly shows that adjustments are made to434

water levels in the whole domain.435

19



(a) Difference between the forecast ensemble mean and the truth

(xf − xt) plotted in the long domain (pre assimilation) at t = 52

hours.

(b) Difference between the analysis ensemble mean and the

truth (xa − xt) plotted in the domain (after assimilation) at t

= 52 hours.

(c) Increments applied to the forecast ensemble mean for the as-

similation at t = 52 hours

Figure 7: Difference between the forecast ensemble mean and the truth at t = 52 hours, (a) pre assimilation and

(b) post assimilation; (c) shows the increment applied to the forecast to compute the analysis (xa− xf ). In each

plot the black circles show the position of the observations.

For a reliable ensemble, the RMSE should be close to the spread of the ensemble, where the spread is436

defined as the square root of the average ensemble variance (see e.g. Fortin et al. (2014)). Reliability plots (of437

RMSE vs. spread) should therefore produce points which lie close to the identity line. Such plots can be used438

to diagnose ensemble collapse, where the spread of an ensemble becomes unrealistically small.439

20



Figure 8: Reliability plot for the SOR and SOL experiments, showing forecast and analysis RMSE vs ensemble

spread at each assimilation time. Circles are for the long domain, crosses for the regular domain. For an ideal

ensemble, all points would lie on the identity line.

Figure 8 is a reliability plot for the SOR and SOL experiments. The points all lie close to the identity line,440

indicating that the ensemble spread is adequate to capture the uncertainty in the forecast. There is no indication441

of ensemble collapse. The points form two clusters, with large error, large spread values before an assimilation442

and low error, small spread values for analysis ensembles.443

4.2 State and parameter estimation (SPR and SPL)444

Considering a longer stretch of river in our idealised domain, as in section 4.1, shows an improvement in the445

forecast skill of the ETKF, in that the RMSE increases more slowly. By design, much of the error between the446

truth and the forecast comes from the incorrect channel friction parameter in these experiments. In this section447

we show results from using data assimilation to jointly estimate the state and the channel friction parameter in448

both domains.449
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Figure 9: RMSE between the ensemble mean and the truth over the whole domain for joint state-parameter

estimation; crosses denote RMSE for the long domain (SPL) and squares denote RMSE for the regular domain

(SPR).

Figure 9 shows the RMSEs with time for the state-parameter estimation experiments in the regular and450

long domain. Comparison of figures 5 and 9 demonstrates a very clear improvement in the forecast for joint451

state-parameter estimation over the state only case (note the different scales on the y axes). Joint state-parameter452

estimation markedly increases the observation impact for exactly the same observations. The extra computional453

cost of estimating the friction parameter along with the state is extremely small, as it adds only a single extra454

component to the state vector. Joint state-parameter estimation is therefore a very efficient way of producing a455

much better forecast in this situation.456

The small RMSE between the truth and the forecast for joint state-parameter estimation is of the order of457

the observation error. There is no longer any significant difference between the results for the different length458

domains and this implies that the error growth must occur at similar rates along the length of the long domain459

when the friction parameter is estimated.460
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(a) t = 0 (b) t = 1 hours (c) t = 2 hours

(d) t = 5 hours (e) t = 8 hours (f) t = 12 hours

Figure 10: Forecast (ensemble mean) water depth minus true water depth in the long domain, shown in plan

view for case SPL. Times are measured from assimilation at t=52h. For reference, the true water depth on the

floodplain varied between 0 and 0.4m during this forecast period. Water depth in the centre of channel varied

between 5.9m and 6.4m.

Figure 10 shows the the difference between the forecast ensemble mean and the true water levels, plotted461

in plan view in the long domain, at several times during the forecast step starting at t = 52 hours for the SPL462

experiment. Note that the scale in figure 10 is ten times smaller than in figure 6. Figure 10a shows the difference463

between the forecast ensemble mean water depths and the true water depths at the observation/assimilation time.464

As in the SOL experiment, the error between the forecast ensemble mean and true water depths is small at all465

points in the domain at this time. Figure 10b shows the error between the forecast and the truth 1 hour after466

the assimilation; figures 10c (2 hours after assimilation), 10d (5 hours after assimilation), 10e (8 hours after467
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assimilation) and 10f (12 hours after assimilation) show how the error evolves. Unlike in the SOL experiment,468

the error does not propagate from upstream to downstream; instead, the error grows at a similar rate along469

the length of the domain. This further suggests that the upsteam-downstream error growth seen in the SOL470

experiments is due to incorrect friction parameter specification.471

Figure 10 shows that the mean forecast overestimates water depth on the floodplain but underestimates472

water depth in the channel. This reflects the fact that although each ensemble member predicts a physically473

realistic water level that is flat in cross section, the ensemble mean forecast is not necessarily flat and therefore474

not physically realistic. This is because the forecast mean water depth in each cell is the average value predicted475

by the ensemble members. An example of this situation is shown in figure 11.476

(a) (b)

Figure 11: Cross section of the domain showing bathymetry as a solid black line. The true water level is

shown as a dashed red line, water levels predicted by each ensemble member are shown as blue cirlces. The

mean forecast in each model cell is shown as a cross. Figure 11a shows the central part of the domain from

65 ≤ x ≥ 185m. Figure 11b shows the forecast water levels and resulting forecast mean in the cell centred at

75m in greater detail.

Figure 11 shows the true flood level at one cross section of the domain and the water level predicted by477

each ensemble member. The crosses show the mean ensemble water level in each cell in the cross section. In478

the channel (e.g. at x = 125m), figure 11a shows the ensemble predictions are such that the ensemble mean479

is slightly lower than the true water level. Beyond the edge of the true flood on the flood plain, the true water480

depth relative to the topography is zero, and most ensemble members also predict zero water depth. However,481

as shown in figure 11b for the cell at x = 75m, there are cells beyond the flood edge in which some ensemble482

members predict non-zero water depth and the ensemble mean is therefore a very small positive water depth;483

this simply follows from equation 9. It is therefore possible for the ensemble mean to predict water levels484

deeper than the truth in cells beyond the true flood edge where there are a number of ensemble members which485

predict non-zero depth, even when the water level is under-predicted in the channel. It should be noted that the486

errors are very small.487
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Figure 12: Calculated (analysis) mean channel friction parameter values at each assimilation time. The true

value is shown by the horizontal line. Open circles show the values for the long domain, crosses for the regular

domain. The error bars show one standard deviation of the analysis parameter distribution for the long domain;

values for the regular domain are very similar.

Figure 12 shows the analysis ensemble mean value of the channel friction parameter at each assimilation488

time. The true value of the channel friction parameter, nch, indicated by the solid horizontal line, and the489

incorrect initial mean value is shown at time zero. The error bars show one standard deviation of the analysis490

nch distribution. The results show that the joint-state parameter data estimation produces a good estimate of491

the value of nch, and that the ensemble mean values are almost identical for both the regular and long domains.492

It is notable that the convergence of the estimated channel friction parameter value to the truth is achieved with493

water depth observations only taken on the floodplain.494
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(a) (b)

Figure 13: Reliability plot for the SPR and SPL experiments. Circles are for the long domain, crosses for the

regular domain. Plots show error vs spread for (a) the ensemble of water levels and (b) the nch distribution.

Reliability plots for the ensemble of state vectors are given in figure 13a and for the calculated parameter495

distributions in figure 13b. The plots show no evidence of ensemble collapse, which can be a problem in496

ensemble data assimilation schemes. In fact the spread of the state and parameter distributions remains broader497

than the size of the error in our experiments, which minimises the risk of overfitting the value of nch at a498

particular time in the simulation. If the spread of either the parameter or the state ensembles became too small499

it would be necessary to use inflation techniques (see e.g. Anderson (2007)).500

These results show a clear advantage in jointly estimating the channel friction parameter alongside the501

model state; this contrasts with the findings of Garcia-Pintado et al. (2015), where no clear improvement in502

forecast water levels was seen. There are a number of possible reasons for this, one being that in Garcia-503

Pintado et al. (2015) convergence of the channel friction parameter value to a steady value was slow compared504

to the timescales of the flood event. The difference between our results and those in Garcia-Pintado et al. (2015)505

may also be related to the fact that there are more sources of uncertainty in Garcia-Pintado et al. (2015), which506

used real data and real topography, rather than the idealised situation in this study. One significant source of507

time-varying error not accounted for in the setup used by Garcia-Pintado et al. (2015) and not present in our508

experiments is lateral inflows (see Bermudez et al. (2017)). It may also be that the initial parameter value used509

in Garcia-Pintado et al. (2015) was already close to the true value, such that the error in the parameter was not a510

large source of error, whereas our initial guess was incorrect by design. A better initial guess would also explain511

the smaller changes to nch produced by the data assimilation in Garcia-Pintado et al. (2015). Alternatively, it512

may be that the presence of the initialisation shock in Garcia-Pintado et al. (2015) prevented convergence to a513

more accurate channel friction parameter.514
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Another possible reason for the contrasting importance to the forecast of updating the channel friction515

parameter may be that in Garcia-Pintado et al. (2015) a bias correction was also made to the inflow as part of516

the data assimilation. It may be that inflow correction was also indirectly including some of the effects of the517

incorrect nch parameter. This seems likely, since the upstream-downstream error propagation pattern seen in518

figure 6 would also be expected for an incorrectly specified inflow. Thus it may be that no added benefit was519

gained from including nch estimation in addition to inflow bias estimation because correcting error in inflow520

bias also compensates for any error in nch. To test the interdependence of inflow error and error in nch we521

conducted some state-parameter estimation experiments exactly as for the SPL experiments but with biased522

inflows. No correction was made to the biased inflow, but the value of nch was updated at each assimilation523

time.524

Figure 14: RMSEs between the mean forecast and the truth for positive inflow bias in the long domain shown

as open circles. The corresponding RMSEs for the unbiased inflow are shown as crosses for comparison.

Figure 14 shows water level RMSEs with time for the long domain with biased and unbiased inflows, and525

demonstrates that correction of the channel friction parameter allows the forecast to predict accurate water526

levels, even with a biased inflow. The correction to the value of nch is therefore compensating for inflow bias.527
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Figure 15: Calculated values of mean nch for biased inflow in the long domain shown as squares. Circles show

the corresponding values for unbiased inflow. The horizontal line shows the true value and the error bars show

one standard deviation of the calculated nch distribution.

The updated values of nch with time for biased inflow are shown in figure 15. When the inflow is biased,528

the value of nch does not converge to the true value, but instead to a value which allows it to compensate529

for inflow bias and minimise errors in water levels in the domain. This clearly indicates an interdependence530

between errors in channel friction parameter value and inflow.531

Whatever the reason for the differences to the results in Garcia-Pintado et al. (2015), the work presented532

here shows that our inundation forecast model is sensitive to the channel friction parameter, and that the correct533

value of the parameter can be retrieved from observations of water depth by using joint state-parameter data534

assimilation during a flood event with unbiased inflow information.535

5 Conclusions536

In this study, we have investigated the effect of domain length and channel friction parameter estimation in537

data assimilation for flood inundation forecasting. We have also demonstrated that assuming water has zero538

momentum at the start of each forecast step can cause an initialisation shock. The period of time for which this539

shock then causes problems for the forecast is likely to be domain dependent; in this study we found that the540

impact of the shock disappeared within a period of approximately 4 hours. We developed a novel method to541

reinitialise water velocities in each model grid cell with pre-assimilation values, and showed that this approach542

eliminated the initialisation shock.543

In agreement with Andreadis et al. (2007), Neal et al. (2009), Garcia-Pintado et al. (2013) and Matgen544

et al. (2010), we found that assimilating SAR-like water levels in a state-only data assimilation system gives545

a time limited improvement in the forecast skill, since such improvement can only persist for as long as the546

information is relevant in the domain. We have shown that considering a longer domain extends the time over547

which observations have an impact on the forecast, even when no extra observations are used. This is because548
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the ETKF is able to correct water levels downstream of the observations due to strong covariances between the549

errors in water levels in different parts of the domain. In a domain with more realistic topography, the correla-550

tions between the errors in water depth in different parts of the domain may not be as strong, and are likely to be551

more complex. However, work by authors such as Garcia-Pintado et al. (2015) indicates that water level errors552

in large, real domains are correlated, as depths can be corrected at considerable distances from SAR-derived ob-553

servations. Additionally, understanding the effects of domain length and friction parameter estimation without554

the extra complications of topographical features is important in understanding the fundamental sensitivities of555

such systems.556

We have shown that in the forecast period following an assimilation, the difference between the forecast557

and the truth when the channel friction parameter is incorrectly specified and not updated grows faster in558

the upstream part of the domain, and then propagates downstream. This error propagation is the reason that559

the forecast ensemble retains skill for a longer time in the long domain; the errors grow more slowly in the560

downstream areas which are not considered in the regular domain.561

Jointly estimating the channel friction parameter along with the water levels is shown to produce a signif-562

icantly better forecast for the same observations at very little extra cost. This was not seen in Garcia-Pintado563

et al. (2015), in which inflow and parameters were estimated simultaneously. Correcting the channel friction564

parameter also eliminates the differences in forecast error growth for the two different domain lengths, as errors565

grow at similar rates in the upstream and downstream parts of the domain. We have shown that it is possible to566

estimate a good value for the channel friction parameter, even when water level observations are available only567

on the floodplain.568

In summary, we have shown that in the case where there is no inflow bias but channel friction is incor-569

rectly specified, assimilating SAR-like water levels from floodplains provides a time limited improvement in570

the forecast when only water levels are corrected. The time over which the forecast is improved depends on the571

length of the domain of interest. Authors such as Andreadis et al. (2007); Matgen et al. (2010); Giustarini et al.572

(2011); Garcia-Pintado et al. (2015, 2013) have shown that inflow correction can lead to a marked improvement573

in forecast skill. We have shown that jointly estimating the channel friction parameter along with the water lev-574

els also provides a clear improvement in the forecast at all times and can retrieve an accurate channel friction575

parameter value. Our results suggest that it may be difficult to separate out errors due to incorrect specification576

of inflow and incorrect specification of channel friction when carrying out ensemble data assimilation for inun-577

dation modelling. This is because the character of the errors in the forecast resulting from these two sources of578

uncertainty are similar; this interdependence explains our finding that updating the value of the channel friction579

parameter can compensate for a bias in inflow. Further study is required to see how well each of these conclu-580

sions are applicable to more complex and realistic topography, and for real satellite derived observations. In581

this way, the work here may serve to enhance operational flood forecasting potential.582
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Appendix A Inflow and friction source terms589

In order to model fluvial flooding in a stretch of river, the amount of water flowing into that stretch needs to be590

modelled. Here we describe the implemetation of a new inflow source term in Clawpack. Clawpack is able to591

solve systems of partial differential equations with or without source terms and is designed such that the user592

can introduce new code to describe additional source terms. Our new inflow source term has been implemented593

in the code in a similar way to the pre-existing friction source term. The code for the friction source term is594

outlined in section A.1 and the new inflow source term is described in section A.2.595

A.1 Pre-existing friction source term596

Friction between the fluid and the channel in which it is flowing acts as a momentum source in the shallow597

water equations. This is represented in Clawpack with a source term of the form598

R(q)friction =


0

−γ(hu)

−γ(hv)

 , (A.1)

where γ is given by599

γ =
gn2

√
(hu)2 + (hv)2

h
7
3

, (A.2)

h is water depth and u and v are velocities in the x and y directions. Acceleration due to gravity is denoted g600

and n is Manning’s friction coefficient. This coefficient describes the roughness of the channel bed in which601

the water is flowing and in practical applications its value is usually determined empirically. The value of n is602

specified by the user in the Clawpack code, and can vary over the domain if specified in the simulation setup.603

The units of n are sm−1/3.604

In Clawpack, inhomogeneous sets of equations are solved using the method of fractional stepping described605

in LeVeque (2002) p.380-395. This method splits the equation into two simpler problems; one homogeneous606

conservation law and one inhomogeneous partial differential equation - which can be solved independently over607

the same time step. The solutions are then combined in an alternating fashion to give a solution to the whole608

problem. For a friction source term, the set of problems to be solved are the homogeneous system609
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∂q
∂t

+
∂F(q)
∂x

+
∂G(q)
∂y

= 0, (A.3)

and the source term equation610

∂q
∂t

= R(q)friction, (A.4)

with R(q)friction as in A.1 and q a vector of conserved quantities (see equation (2)). For each time step in the611

code, equation (A.3) is advanced from ti to ti+1 to give intermediate values of h∗, hu∗ and hv∗ in q∗. The612

values in q∗ are then used to solve equation (A.4) over the same time step. This introduces a ‘splitting error’613

into the solution of order ∆t = ti+1-ti, making the whole method only first order accurate. A more accurate614

splitting method (‘Strang splitting’) is available for implementation in the code, but the first order accuracy has615

been found to be more stable and sufficient in practice for a wide range of applications (LeVeque, 2002, 1997).616

A.2 Novel inflow source term617

For inundation simulations, water entering the domain of interest can be modelled as a source term. We have618

added a novel inflow source term to the Clawpack code to model river-like flow. In operational situations,619

information regarding this source term may be available from an upstream gauge as a mass flow rate, Q,620

measured in m3s−1. In an ungauged catchment, the same information could be generated using a rainfall run-621

off model. Here we use hourly values of Q based on gauge data; linear interpolation is carried out between the622

hourly values. A water mass flow rate can be turned into a source term, S expressed in ms−1 (c.f. the term623

‘Sce’ in Hervouet (2007) p.31, which has the same units and can include rainfall, infiltration etc) as long as624

the area of the domain or ‘footprint’ over which the water is added is known. For water added over an area A,625

S = Q/A. The equation for the inflow source term is then given by626

∂q
∂t

= R(q)inflow, (A.5)

where627

R(q)inflow =


S

0

0

 . (A.6)

Equations A.5 and A.6 show that for each time step ∆t, the change in h due to the incoming water will628

depend on the value of the inflow source, S, over the same ∆t. The extra water arriving in the domain creates629

extra water height, and is assumed here to arrive without any momentum; the water is subject only to hydrostatic630

momentum effects. This inflow source term has been implemented in the code in the following way631

• determine in which grid cells the source term will be applied. This is reasonably arbitrary but must be632

such that the solution remains stable (we used trial and error in this experiment);633
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• calculate the total area that the inflow cells cover in the domain, A;634

• for a given mass flow rate Q, calculate S for each value of Q by dividing by A;635

• at the relevant grid points extract depth , h∗, as calculated from equation (A.3);636

• calculate the change to h∗ due to incoming water from a discretisation of equation (A.6) using a Crank-637

Nicholson scheme (Crank and Nicolson, 1996)638

h = h∗ + ∆t
S(t) + S(t+ ∆t)

2
; (A.7)

• use the new value of h from equation (A.7) to solve for the next time step.639

A.3 Combining friction and inflow source terms640

The source terms described in this section are applied in a sequential manner in the code. For each time step,641

the inflow source term calculates the new water depths in the relevant parts of the domain and then the friction642

source term is applied to the new water depths.643
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G. Evensen, D. P. Dee, and J. Schröter. Parameter Estimation in Dynamical Models, pages 373–398. Springer670

Netherlands, Dordrecht, 1998. ISBN 978-94-011-5096-5. doi: 10.1007/978-94-011-5096-5 16.671

V. Fortin, M. Abaza, F. Anctil, and R. Turcotte. Why should ensemble spread match the rmse of the ensemble672

mean? Journal of Hydrometeorology, 15(4):1708–1713, 2014. doi: 10.1175/JHM-D-14-0008.1.673

J. Garcia-Pintado, J. C. Neal, D. C. Mason, S. L. Dance, and P. D. Bates. Scheduling satellite-based SAR ac-674

quisition for sequential assimilation of water level observations into flood modelling. Journal of Hydrology,675

495:252 – 266, 2013. ISSN 0022-1694. doi: http://dx.doi.org/10.1016/j.jhydrol.2013.03.050.676

J. Garcia-Pintado, D. Mason, S. L. Dance, H. Cloke, J. C. Neal, J. Freer, and P. D. Bates. Satellite-supported677

flood forecasting in river networks: a real case study. Journal of Hydrology, 523:706–724, 2015.678

D. L. George. Augmented Riemann solvers for the shallow water equations over variable topography with679

steady states and inundation. Journal of Computational Physics, 227(6):3089–3113, 2008.680

L. Giustarini, P. Matgen, R. Hostache, M. Montanari, D. Plaza, V. R. N. Pauwels, G. J. M. De Lannoy,681

R. De Keyser, L. Pfister, L. Hoffmann, and H. H. G. Savenije. Assimilating sar-derived water level data682

into a hydraulic model: a case study. Hydrology and Earth System Sciences, 15(7):2349–2365, 2011. doi:683

10.5194/hess-15-2349-2011.684

G. H. Golub and C. F. Van Loan. Matrix computations. 1996. Johns Hopkins University, Press, Baltimore, MD,685

USA, pages 374–426, 1996.686

S. Grimaldi, Y. Li, V. R. N. Pauwels, and J. P. Walker. Remote sensing-derived water extent and level to687

constrain hydraulic flood forecasting models: Opportunities and challenges. Surveys in Geophysics, 37(5):688

977–1034, 2016. ISSN 1573-0956. doi: 10.1007/s10712-016-9378-y.689

HEC-RAS Development Team. Hec-ras software. http://www.hec.usace.army.mil/software/hec-ras/.690

33



J. M. Hervouet. Telemac modelling system: an overview. Hydrological Processes, 14(13):2209–2210, 2000.691

ISSN 1099-1085. doi: 10.1002/1099-1085(200009)14:13 <2209::AID-HYP23 >3.0.CO;2-6.692

J.-M. Hervouet. Hydrodynamics of Free Surface Flows. John Wiley and Sons Ltd, 2007.693

M. Horritt and P. Bates. Evaluation of 1D and 2D numerical models for predicting river flood inundation.694

Journal of Hydrology, 268(14):87 – 99, 2002. ISSN 0022-1694. doi: http://dx.doi.org/10.1016/S0022-695

1694(02)00121-X.696

R. Hostache, X. Lai, J. Monnier, and C. Puech. Assimilation of spatially distributed water levels into a shallow-697

water flood model. Part II: Use of a remote sensing image of mosel river. Journal of Hydrology, 390(34):257698

– 268, 2010. ISSN 0022-1694. doi: http://dx.doi.org/10.1016/j.jhydrol.2010.07.003.699

R. E. Kalman. A new approach to linear filtering and prediction problems. Transactions of the ASME–Journal700

of Basic Engineering, 82(Series D):35–45, 1960.701

X. Lai and J. Monnier. Assimilation of spatially distributed water levels into a shallow-water flood model. Part702

I: Mathematical method and test case. Journal of Hydrology, 377(12):1 – 11, 2009. ISSN 0022-1694. doi:703

http://dx.doi.org/10.1016/j.jhydrol.2009.07.058.704

R. J. LeVeque. Finite Volume Methods for Hyperbolic Problems. Cambridge University Press, 2002.705

R. J. LeVeque. Wave propagation algorithms for multidimensional hyperbolic systems. Journal of Computa-706

tional Physics, 131(2):327–353, 1997.707

D. Livings. Aspects of the Kalman filter. MSc thesis, Unversity of Reading.708

http://www.reading.ac.uk/web/FILES/maths/Livings.pdf, 2005.709

D. M. Livings, S. L. Dance, and N. K. Nichols. Unbiased ensemble square root filters.710

Physica D: Nonlinear Phenomena, 237(8):1021 – 1028, 2008. ISSN 0167-2789. doi:711

http://dx.doi.org/10.1016/j.physd.2008.01.005.712

D. Maidment and L. Mays. Applied Hydrology. McGraw-Hill series in water resources and environmental713

engineering. Tata McGraw-Hill Education, 1988. ISBN 9780070702424.714

K. T. Mandli, A. J. Ahmadia, M. Berger, D. Calhoun, D. L. George, Y. Hadjimichael, D. I. Ketcheson, G. I.715

Lemoine, and R. J. LeVeque. Clawpack: building an open source ecosystem for solving hyperbolic pdes.716

PeerJ Computer Science, 2:e68, 2016. doi: 10.7717/peerj-cs.68.717

D. Mason, T. Scott, and S. Dance. Remote sensing of intertidal morphological change in Morecambe Bay, U.K.,718

between 1991 and 2007. Estuarine, Coastal and Shelf Science, 87(3):487 – 496, 2010. ISSN 0272-7714.719

doi: http://dx.doi.org/10.1016/j.ecss.2010.01.015.720

34



D. Mason, G.-P. Schumann, J. Neal, J. Garcia-Pintado, and P. Bates. Automatic near real-time selection721

of flood water levels from high resolution synthetic aperture radar images for assimilation into hydraulic722

models: A case study. Remote Sensing of Environment, 124:705 – 716, 2012. ISSN 0034-4257. doi:723

http://dx.doi.org/10.1016/j.rse.2012.06.017.724

D. Mason, J. Garcia-Pintado, H. Cloke, and S. Dance. The potential of flood forecasting using a variable-725

resolution global digital terrain model and flood extents from synthetic aperture radar images. Frontiers in726

Earth Science, 3:43, 2015. ISSN 2296-6463. doi: 10.3389/feart.2015.00043.727

P. Matgen, G. Schumann, F. Pappenberger, and L. Pfister. Sequential assimilation of remotely sensed water728

stages in flood inundation models. In IAHS-AISH Symposium on remote Sensing for Environmental Moni-729

toring and Change Detection, number 316, pages 78–88, 2007.730

P. Matgen, M. Montanari, R. Hostache, L. Pfister, L. Hoffmann, D. Plaza, V. R. N. Pauwels, G. J. M. De Lannoy,731

R. De Keyser, and H. H. G. Savenije. Towards the sequential assimilation of sar-derived water stages into732

hydraulic models using the particle filter: proof of concept. Hydrology and Earth System Sciences, 14(9):733

1773–1785, 2010. doi: 10.5194/hess-14-1773-2010.734

M. Mure-Ravaud, G. Binet, M. Bracq, J.-J. Perarnaud, A. Fradin, and X. Litrico. A web based tool for opera-735

tional real-time flood forecasting using data assimilation to update hydraulic states. Environmental Modelling736

& Software, 84:35 – 49, 2016. ISSN 1364-8152. doi: http://dx.doi.org/10.1016/j.envsoft.2016.06.002.737

I. Navon. Practical and theoretical aspects of adjoint parameter estimation and identifiability in meteorology738

and oceanography. Dynamics of Atmospheres and Oceans, 27(1):55 – 79, 1998. ISSN 0377-0265. doi:739

http://dx.doi.org/10.1016/S0377-0265(97)00032-8.740

J. Neal, G. Schumann, P. Bates, W. Buytaert, P. Matgen, and F. Pappenberger. A data assimilation approach to741

discharge estimation from space. Hydrological Processes, 23(25):3641–3649, 2009. ISSN 1099-1085. doi:742

10.1002/hyp.7518.743

J. Neal, G. Schumann, and P. Bates. A subgrid channel model for simulating river hydraulics and floodplain744

inundation over large and data sparse areas. Water Resources Research, 48(11):n/a–n/a, 2012. ISSN 1944-745

7973. doi: 10.1029/2012WR012514. W11506.746

R. E. Petrie and S. L. Dance. Ensemble-based data assimilation and the localisation problem. Weather, 65(3):747

65–69, 2010. ISSN 1477-8696. doi: 10.1002/wea.505.748

S. Ricci, A. Piacentini, O. Thual, E. L. Pape, and G. Jonville. Correction of upstream flow and hydraulic state749

with data assimilation in the context of flood forecasting. Hydrology and Earth System Sciences, 15(11):750

3555–3575, 2011.751

35



G. Schumann, P. D. Bates, M. S. Horritt, P. Matgen, and F. Pappenberger. Progress in integration of remote752

sensing derived flood extent and stage data and hydraulic models. Reviews of Geophysics, 47(4), 2009. ISSN753

1944-9208. doi: 10.1029/2008RG000274. RG4001.754

T. Scott and D. Mason. Data assimilation for a coastal area morphodynamic model: More-755

cambe Bay. Coastal Engineering, 54(2):91 – 109, 2007. ISSN 0378-3839. doi:756

http://dx.doi.org/10.1016/j.coastaleng.2006.08.008.757

T. R. Scott, P. J. Smith, S. L. Dance, D. C. Mason, M. J. Baines, N. K. Nichols, K. J. Horsburgh, P. K.758

Sweby, and A. S. Lawless. Data assimilation for morphodynamic prediction and predictability. In759

Coastal Engineering, Proceedings of the 31st International Conference, pages 2386–2398. 2008. doi:760

10.1142/9789814277426 0197.761

P. J. Smith, S. L. Dance, M. J. Baines, N. K. Nichols, and T. R. Scott. Variational data assimilation for parameter762

estimation: application to a simple morphodynamic model. Ocean Dynamics, 59(5):697, 2009. ISSN 1616-763

7228. doi: 10.1007/s10236-009-0205-6.764

P. J. Smith, S. L. Dance, and N. K. Nichols. A hybrid data assimilation scheme for model parameter estimation:765

application to morphodynamic modelling. Computers & Fluids, 46(1):436–441, July 2011. 10th ICFD766

Conference Series on Numerical Methods for Fluid Dynamics (ICFD 2010).767

P. J. Smith, G. D. Thornhill, S. L. Dance, A. S. Lawless, D. C. Mason, and N. K. Nichols. Data assimilation for768

state and parameter estimation: application to morphodynamic modelling. Quarterly Journal of the Royal769

Meteorological Society, 139(671 Part B):314–327, January 2013.770

G. Thornhill, D. Mason, S. Dance, A. Lawless, N. Nichols, and H. Forbes. Integration of a 3D variational data771

assimilation scheme with a coastal area morphodynamic model of Morecambe Bay. Coastal Engineering,772

69:82 – 96, 2012. ISSN 0378-3839. doi: http://dx.doi.org/10.1016/j.coastaleng.2012.05.010.773

M. K. Tippett, J. L. Anderson, C. H. Bishop, T. M. Hamill, and J. S. Whitaker. Ensemble square root fil-774

ters. Monthly Weather Review, 131(7):1485–1490, 2003. doi: 10.1175/1520-0493(2003)131 <1485:ESRF775

>2.0.CO;2.776

C. Vrsmarty, A. Askew, W. Grabs, R. Barry, C. Birkett, P. Dll, B. Goodison, A. Hall, R. Jenne, L. Kitaev,777

J. Landwehr, M. Keeler, G. Leavesley, J. Schaake, K. Strzepek, S. Sundarvel, K. Takeuchi, and F. Webster.778

Global water data: A newly endangered species. Eos, 82(5):54+56+58, 2001. doi: 10.1029/01EO00031.779

36


