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Abstract

River basin management can greatly benefit from short-term river discharge predic-
tions. In order to improve model produced discharge forecasts, data assimilation al-
lows for the integration of current observations of the hydrological system to produce
optimal forecasts and reduce prediction uncertainty. Data assimilation is widely used
in operational applications to update hydrological models with in situ discharge or level
measurements. In areas where timely access to in situ data is not possible, remote
sensing data products can be used in assimilation schemes.

While river discharge itself cannot be measured from space, radar altimetry can track
surface water level variations at crossing locations between the satellite ground track
and the river system called virtual stations (VS). Use of radar altimetry in operational
settings is complicated by the low temporal resolution of the data (between 10 and 35
days revisit time at a VS depending on the satellite) as well as the fact that the loca-
tion of the measurements is not necessarily at the point of interest. Combining radar
altimetry from multiple VS with hydrological models could overcome these limitations.

In this study, a rainfall runoff model of the Zambezi River Basin is built using remote
sensing datasets and used to drive a routing scheme coupled to a simple floodplain
model. The Extended Kalman filter is used to update the states in the routing model
with data from 9 Envisat VS. Model fit was improved through assimilation with Nash-
Sutcliffe model efficiencies increasing from 0.21 to 0.63 and from 0.82 to 0.87 at the
outlets of two distinct watersheds. However, model reliability was poor in one watershed
with only 54 % and 55 % of observations falling in the 90 % confidence bounds, for the
deterministic and assimilation runs respectively, pointing to problems with the simple
approach used to represent model error.
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1 Introduction

Accurate short-term predictions of river flows are necessary for optimal river basin
management, in particular for river systems with large reservoirs or in areas subject to
flooding. The hydrological models used to generate river flow predictions are however
subject to high uncertainties due to uncertain model structure, inputs, parameterization
and initial conditions (e.g. Liu and Gupta, 2007).

In order to reduce prediction uncertainty, data assimilation can be used to combine
the information from models and independent observations. Taking into account their
respective uncertainties, models and data are combined to obtain the best possible
estimate of the current state of the hydrological system. The improvements obtained
from assimilation of in situ data to hydrological models, in particular water levels and
discharge, have been successfully proven since the 1980s and data assimilation is
commonly used in operational flood forecasting models (e.g. Kitanidis and Bras, 1980;
Refsgaard, 1997; Madsen and Skotner, 2005). However, such applications require the
availability of timely in situ data which can be challenging in large remote river basins
or in situations where riparian countries are unwilling to share their data. A solution to
bypass such challenges is the use of remote sensing data.

The direct measurement of river discharge from space is not possible with current
technology, but radar altimetry can be used to track water level variations in surface
water bodies. While initially designed for ocean monitoring, radar altimetry has suc-
cessfully been used to measure river level variations in many areas of the globe (e.qg.
Koblinsky et al., 1993; Birkett, 1998; Berry et al., 2005; Frappart et al., 2006).

The two main challenges in using radar altimetry for hydrological models are the
conversion of river level variations to discharge as well as the low temporal resolution
which has been of between 10 and 35 days for radar altimetry missions up to now.

Previous studies have focused on using radar altimetry in combination with hydro-
logical models in order to overcome these limitations. Leon et al. (2006) and Getirana
et al. (2009) obtained rating curves from discharges estimates from calibrated hydro-
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logical models. Getirana (2010) and Getirana et al. (2013) showed that altimetry could
be used in the calibration of hydrological models with similar results to those obtained
using in situ flow data.

Work preparing for the Surface Water Ocean Topography (SWOT) mission has
shown that virtual wide swath altimetry could be used to update hydrodynamic models
and improve modeled depths and discharge (Andreadis et al., 2007; Biancamaria et al.,
2011). The hydrodynamic models however rely on the availability of detailed bathymet-
ric data which is not globally available. In terms of assimilation using nadir altimetry,
Pereira-Cardenal et al. (2011) used altimetric measurements of reservoirs levels to im-
prove modeled reservoir levels and Paiva et al. (2013) showed that stream flow and
water level forecasts in the Amazon could be improved through the assimilation of river
altimetry.

The objective of this study is the assimilation of river altimetry to a routing model
of the Zambezi River basin in order to improve inflow predictions for the Kariba and
Itezhi-Tezhi reservoirs. The assimilation is carried out using the Extended Kalman filter
and model states are updated using altimetry data from the Envisat mission.

2 Study area: the Zambezi River Basin

The Zambezi River basin is the largest of southern Africa, and the fourth largest in
Africa. The basin covers over 1390 000 km? and eight countries have land areas within
its boundaries. Precipitation in the basin is highly seasonal with almost all of the rainfall
occurring in the rainy season between the months of October and March.

The study focuses on two distinct watersheds, both located in the western part of the
Zambezi River basin: (1) the Zambezi River upstream of Lake Kariba (draining approx-
imately 5.2 x 105km2), and (2) the Kafue River upstream of Lake ltezhi-Tezhi (draining
approximately 9.5 x 1O4km2) (Fig. 1). Both Lake Kariba and Itezhi-Tezhi are used for
hydropower generation and their operation could benefit from improved predictions of
inflow.
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The two watersheds were divided into subbasins based on the availability of in situ
data as well as altimetric virtual stations (VS) which are the locations where the satellite
track and river network intersect. The outlet of watershed (1) is located approximately
160 km upstream of Lake Kariba and the outlet of watershed (2) is located approxi-
mately 90 km upstream of Lake Itezhi Tezhi in order to coincide with in situ gauging
stations.

The major feature located in the study area is the Barotse Floodplain which is located
in watershed (1) (see Fig. 1) and has a storage capacity of 8.5 km? and extends over
7700 km?. The floodplain has a damping effect on flow through evaporation and was
taken into account in the routing scheme.

While the water resources in the Zambezi River basin are not currently subject to
major stress, there are large variations in the temporal and spatial distribution of water
availability across the basin. Water demand is also expected to increase rapidly with
population and economic growth and there is a large potential for further development
including plans for further hydropower installations and expansion of irrigated areas.

In this context, recent studies have focused on water management issues in the
basin. Among these, Tilmant et al. (2010) focused on the optimization of reservoir
operation in order to take into account tradeoffs between ecological conditions down-
stream and hydropower generation and Beck and Bernauer (2011) studied the com-
bined effects of increased water demand and climate change and predicted that water
shortages were likely to occur in the basin, stressing the need to further develop water
management strategies in the basin.

In order to achieve the objectives of efficient water management, reservoir inflow
predictions are highly valuable. Assimilation of remotely sensed data to hydrological
models can be used in order to improve discharge forecasts. One example of such
a study is the work by Meier et al. (2011) who used remotely sensed soil moisture in
a data assimilation framework to improve discharge forecasts with the objective of im-
proving reservoir management. The objective of the current study is similarly to improve
inflow forecasts using radar altimetry in a data assimilation framework.
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3 Materials and methods
3.1 Altimetry data

The altimetry data used in this study was the River AlTimetry (RAT) product developed
at the Earth and Planetary Remote Sensing Lab (E.A.P.R.S.) (Berry et al., 2005). The
RAT data product was obtained by retracking the 18 Hz Envisat waveforms. The data
points have a 369 m along-track spacing and the return period for one virtual station
is of 35 days. The data extraction procedure for the Zambezi River basin is detailed in
Michailovsky et al. (2012).

The location of the 9 VS (6 in watershed (1) and 3 in watershed (2)) used in the
study is shown in Table 3. The VS used are classified as “good” with standard errors
(std) of less than 40 cm or “moderate” with expected standard errors of less than 70 cm.
The values reported in Table 1 include amplitude adjustments for VS which had to be
evaluated against in situ gauges at a different location along the same reach to account
for cross section variability (see Michailovsky et al., 2012 for details on the uncertainty
estimation and classification procedure).

3.2 Modeling

The altimetry data was assimilated to a routing model of the Upper Zambezi and Kafue
Rivers. The Barotse floodplain was modeled as interacting with the adjacent reaches
through a first order exchange driven by head differences between the reach and flood-
plain. Inflows to the routing model were generated using a rainfall-runoff (RR) model of
the study area.

3.2.1 Rainfall runoff model

The rainfall-runoff model was built using the Soil and Water Assessment Tool (SWAT)

which is a widely used semi-distributed semi-physically based hydrological modeling

tool which operates on a daily time step (Neitsch et al., 2005). The SWAT model was
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chosen because it is well suited for large scale applications and is easily applicable in
data sparse areas (Gassman et al., 2007).

The model was set up using remote sensing data only. The general set up as well as
soil and vegetation parameters were taken from Schuol et al. (2008). Other datasets
were taken from freely available data sources: the digital elevation model used was
from the Shuttle Radar Topography Mission (SRTM, Farr et al., 2007), precipitation
forcing was the Famine Early Warning Systems Network (FEWS-Net) rainfall estimate
product (RFE) and temperature forcing was the European Centre for Medium Weather
Forecast (ECMWF)ERA-Interim product.

The SWAT model was run using the Hargreaves method for the calculation of evap-
otranspiration which requires only temperature data as input. The calibration of the RR
model focused mostly on the groundwater parameters which were found to be the most
sensitive parameters not related to soil and land cover data which were not calibrated
in order to preserve the physical representation and reduce the number of calibration
parameters. Table 2 presents the main calibration parameters and their values.

3.2.2 Reach routing
Channel routing was modeled using a Muskingum routing scheme expressed in terms
of water storage. The propagation model for stored water volume in the Nth reach
downstream can be written:

N-1 N-1
Snjr1 = AN D | (Muzijur +Maig) T C1,k] (1)

i=0 k=N—i

+ 4AN ‘ C1,k] + CS,NSN,j
i L2 K (1= Xnei) + Bty
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Where Ay, is defined as:

At-Ky
AN=
At+2-Ky-(1-Xy)

and C4y and C5), are defined as in Chow et al. (1988)
At-2-Ky-Xy
C1,N=
2-Ky-(1-Xy)+ At
_2:Ky-(1-Xy) - At
T 2.Ky-(1-Xy) + At

(3)

Csn (4)

Where S, ; is the storage in reach N at time step j [m3] and My, ; is the rainfall-runoff

model generated inflow to reach N at time step j [m3 3'1] and At is the model time
step [days]. The two Muskingum parameters, X), a weighing factor and K, the travel
time of the flood wave through the reach [days], were assumed constant for each reach
segment (e.g. Chow et al., 1988, p. 258).

3.2.3 Floodplain model

Because storages in Eq. (1) are expressed only as a function of the states of the pre-
vious time step, the routing through the reaches and the floodplain processes can be
carried out sequentially. A simple floodplain model was built following an approach sim-
ilar to that used by Dincer et al. (1987) to model the Okavango swamp. Two processes
were modeled in the floodplain: water transfers with the main reach and evapotranspi-
ration from the floodplain. Direct rainfall onto the floodplain was not considered here
as it is already taken into account in the rainfall-runoff model. The floodplain/reach
interaction was modeled as a first order exchange driven by the difference in water lev-
els between the floodplain and reach. The open water evaporation rate was assumed
equal to the potential evaporation (PET) rate from the subbasin in which the floodplain
is located. The PET value was obtained from the RR model.
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The basic equations for the floodplain/reach interaction for a floodplain located in
a reach rc are then:

Vo ot () A T, ®
ar rc p p

dSrC _

s msk(s, M) — coeff- (h,, - hfp) ©)

Where I, is the floodplain volume [m3], coeff is the transfer coefficient [m2 3'1], h,, and
hy, are the water levels in the reach and the floodplain [m], A, is the floodplain area

[m2], ET, is the potential evaporation [ms"1], Sc is the water stored in the reach [m3],
msk is the Muskingum routing operator as presented in Eq. (1), s is the state vector of
volumes in all reaches and M the inputs from the RR model [m3 3‘1].

The one-day time step used for the modeling was assumed small relative to the time-
scale of the floodplain processes and the floodplain equations were therefore solved
assuming mean daily volume in the floodplain equal to the volume at the end of the

previous day, minus the evaporation which was assumed to be removed before any
transfers take place. The explicit solution is then:

Vipx = Vip k-1 + CO€ff- (A o = hip k1) = Ao k-1 -ETg (7)
Srok = MSK(Sy_1,My_q1,M,) — coeff- (A . — he 1) (8)

Where h, . is the level in the reach after the addition/subtraction of volume from the
Muskingum routing but before any transfers with the floodplain have taken place.

The geometry of the reach and floodplain need to be known in order to obtain levels
and floodplain areas from the modeled water volumes. Figure 2 presents the geometry
which was assumed for the reach and floodplain on one side of the reach. The flood-
plains extend on both sides of the reach, and are assumed symmetrical with respect
to the reach.

The reaches were assumed to have trapezoidal cross sections with constant bank
slope, a,, and the elevation of the bottom of the floodplain was assumed to rise with
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distance from the reach following:
hi = (B-x)" ©)

Where B and m are shape parameters and x is the distance from the side of the flood-
plain closest to the reach (Fig. 1) The relative values of 8 and m were fixed based on
literature values for floodplain extent (770 000 ha) and storage (average annual storage
of 8.5 km3) (Beilfuss and dos Santos, 2001).

Reach width and bank slope were determined based on Landsat imagery. Bank
slope was estimated by measuring low and high flow widths as well as high and low
flow altimetric heights from the same location. Bank slope was then calculated as:

altih' h— alti|
a, =tan™ ( < o
(Whigh = Wiow) /2
The base width of the reaches was assumed equal to measured low flow widths.
The calibration of the RR model was carried out manually using in situ discharge

data. The Muskingum K parameter as well as the floodplain exchange coefficient, coeff,
and shape parameter, m, were calibrated using both in situ flows and altimetric levels.

(10)

3.3 Assimilation

3.3.1 The Extended Kalman filter

The Extended Kalman filter (EKT) is the non-linear extension to the Kalman filter which
can be used when measurement and model operators are non-linear.

The standard Kalman filter is a sequential data assimilation scheme which can be
split in a propagation and an analysis phase.

In the propagation phase, a forecasted state and covariance are calculated using:

(11)
(12)

f
sk+1
f
I:’k+1

= F '32 + G U + Mg Wy
=FP F" + T, QI
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Where s' and P are the forecasted state vector and state covariance matrix, u is the
model forcing, w is a sequence of white Gaussian noise with covariance Q, F is the
state transition matrix, G the control input matrix and I the noise input matrix.

In the analysis phase, the analysis or updated state vector and covariance at a time
m when a measurement is acquired are obtained through the following equations:

-1
52 = Sty + Ply Hl - (Hpy P HL +Ry) T (v = iy -y (13)

a - four - f
Pm=[I—Pm-Hm-<Hm-Pm-Hm+Rm) -Hm]-Pm (14)
Where s® and P? are the analysis state vector and covariance matrix, and H is the
measurement operator which is defined as:
szHm'sfn"'Vm (15)
Where y,, is the measurement at time m and v is a sequence of white Gaussian noise
with covariance R,,,.

In the EKf, the non linear model and measurement operators are used directly in
Egs. (10) and (14). The H and F matrices needed in Egs. (11) to (13) are obtained by

linearizing the measurement and model operators around the forecasted state. So if h
denotes the non-linear model operator and f the non-linear model operator:

_on

~ s

of
dF= —
an 5s

s=sf s=sf

3.3.2 Measurement operator

The measurement operator, A, maps the model state in the observed space i.e. in this
study, h is used to convert the stored volume in a reach to an altimetry reading.
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Reaches were assumed to have trapezoidal cross section with bottom width w, bank
slope a, and length L. The storage in the reach, s, can then be expressed as a function
of the water depth d as:

2
s=L-(w-d+ d
( tan(ab)>

Solving for depth yields:

(16)

—wL+\J(WL + 4L /tan(ay) - s

d= (17)
2L /tan(ay)

Finally, a common reference was needed between modeled depth and measured al-
timetry. This was done by running the routing model and shifting the altimetric heights
by the difference in mean between coincident modeled depths and measurements over
the calibration period leading to the definition of A:

L+ \JWLP +4L/180(@)S 5t (1) -8

fts) = 2L /tan(ay) ny

(18)

Where (alti) are the altimetric height measurements.
3.3.3 Error model

The measurement error on the altimetry values was assumed normally distributed
with zero mean. Standard error estimates were based on the values reported in
Michailovsky et al. (2012) (see Table 1).

Specification of model uncertainty is one of the major tasks in data assimilation be-
cause of the many different sources of error which are poorly known and typically
extremely difficult to separate from one another (Liu and Gupta, 2007).
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The approach chosen for this study was to assume that the rainfall-runoff forcing
was the main source of model error. As the magnitude of the error on model-generated
runoff is typically proportional to the magnitude of the runoff, the error was applied
as a multiplicative term on the RR forcing and the model error representation was
therefore determined by analyzing the normalized runoff residuals.

In order to obtain in situ measurements of runoff, gauged flow was assumed equal to
runoff for upstream catchments. For catchments located further downstream gauged
runoff from a given area was assumed equal to the difference between downstream
and upstream gauged runoff.

While model error is assumed white Gaussian (see Eq. 11), the runoff residuals were
found to be highly autocorrelated. This was taken into account by assuming a first-order
auto-regressive (AR1) model:
W, =Qa-W,_q+& (19)
Where (w) are the runoff residuals, «a is the AR1 parameter and ¢ is a sequence of
Gaussian white noise which has a covariance Q'.

This type of AR1 error model can easily be implemented in the EKf by augmenting
the state vector with the correlated noise term. By setting (e.g. Jazwinski, 1970):

S| g Frit Tiat / Gt ’ 0
s= [w] Frer = [ 0+ a?L| Gy = 0+ candl =1

where | is the identity matrix and all other terms have been defined previously, Eq. (10)
can then be written:

(20)

/ ! !
Sk+1 =Fk+1-sk+Gk+1-Uk+1+rk+1-8k (21)

and all other equations for the EKf can then be directly applied using the matrices and
vectors defined in Eq. (19).
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3.4 Model evaluation

In any model prediction, the performance can be evaluated using a number of different
criteria in order to characterize its performance in terms of accuracy (i.e. how close the
value of the model estimate is to the observations) and precision (i.e. how uncertain
the model prediction is).

In order to fully assess the performance of the deterministic and assimilation model
runs, the following measures were used:

— Coverage: the percentage of observations which fall within the predicted nominal
confidence interval.

— Nash-Suitcliffe Efficiency (NSE).
— Root Mean Square Error (RMSE).
— Sharpness: the width of the predicted nominal confidence interval.

Because a tradeoff must usually be made between sharpness and coverage, a mea-
sure combining both criteria, the Interval Skill Score (ISS) was also used. The ISS is
defined as follows (Gneiting and Raftery, 2007):

ISS, = D iss, (/,u,x;) (22)
(u=1 ifl<x<u

where iss,(/,u,x)=< (u-1)+2/a-(/-x) ifx<l/ (23)
w-N+2/a-(x-u) ifx<u

where u and / are the upper and lower confidence bounds at the significance level
a for the model estimate and x is the observed value. The ISS should therefore be
minimized as a lower ISS value will indicate sharper confidence intervals and fewer
observations located outside of the confidence bounds.
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4 Results and discussion

Model calibration was carried out over the years 2001-2004 (calibration of Musk-
ingum’s K using altimetry levels could only be carried out from October 2002 which
is the date from which Envisat data is available). The model was run up to the end of
2008 as this was the most recent year for which we were able to obtain in situ data for
model validation.

Model calibration yielded NSE values between 0.54 and 0.90 which decreased to
values between 0.18 and 0.8 over the validation period (Table 1).

Analysis of the RR residuals yielded AR1 parameters between 0.9918 and 0.9978
and the standard deviations on the white Gaussian error were found to be between
0.035 and 0.49. For some subbasins, this produced unrealistically high estimates of
model error. In particular for subbasin 17 as well as for subbasins located downstream
of the Barotse floodplain.

For subbasin 17, further investigation showed that applying the method detailed in
Sect. 3.3.3 led to using only residuals from the year 2004 because it is the only year
for which data was available upstream. However 2004 is a poor year in terms of model
performance for subbasin 17 (Fig. 3) and the runoff residuals were therefore analyzed
over the whole of watershed (2) to obtain the error parameters at subbasin 17.

For the Barotse floodplain, the assumption that the error is mainly attributable to the
RR forcing breaks down as the floodplain model uncertainty is not taken into account
though high uncertainties are expected on the volume-area relationship, the transfer
coefficient and the ET rate from the floodplain. This led to the attribution of unrealisti-
cally high errors to the RR forcing in the residual analysis. For subbasins downstream
of the floodplain (24, 29, 32 and 34), the RR error parameterization from the nearest
upstream subbasin (sub. 14) was therefore used.

Table 4 presents the results for all subbasins where in situ data from the validation
period (post 2005) was available and Fig. 3 presents the results graphically at the
outlets of the two watersheds.
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Major improvements in RMSE and NSE were observed in all subbasins with the
range of NSE values at the watershed outlets going from 0.21 to 0.65 for watershed (1)
and from 0.82 to 0.88 for watershed (2).

All subbasins showed improvements in all measures except for coverage for sub-
basins 17 and 24. In subbasin 17, the loss of coverage observed was minor (< 3 %)
while in subbasin 24 approximately 14 % fewer observations fell within the confidence
bounds after assimilation.

As a consequence, subbasin 24 was the only one for which the ISS increased in the
assimilation meaning that the loss of coverage outweighed the gains in sharpness for
this subbasin.

The results show that the main weakness in the assimilation scheme is the repre-
sentation of model errors. This can be observed in the coverage values, in particular for
reach 34 where in the deterministic run only 54 % of observations fall within the 90 %
confidence bounds. This issue affects subbasins downstream of the Barotse floodplain
where the deterministic model performance is poor (NSE values of 0.18 and 0.21)
which suggests both that the modeling in the area needs to be improved and that in
complex river environments including floodplains, a separate error term representing
the floodplain processes is needed.

A first step towards better error representation would be to take evaporation uncer-
tainty into account by adding for example a multiplicative error term on the ET forcing
which would not require altering the assimilation scheme. A separate additive error
term could also be added to floodplain subbasins. However, as the model error repre-
sentation becomes more complex, it may be necessary to use a different assimilation
scheme such as the Ensemble Kalman Filter in which non-linear processes can more
easily be taken into account.

Figure 3a presents the results for the outlets of watershed (1) and shows that im-
provements from the assimilation are not equally distributed over the simulation time
period. For example, in 2007 the assimilation performs poorly for reach number 34.
Figure 4b shows the timing of the altimetric measurements between October 2006 and
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October 2007 and it can be observed that only one altimetric measurement is avail-
able over a period of 67 days, between 9 February and 17 April 2007, and that the
update which is carried out in this period decreases model performance. The satellite
passes occur on different days at the different VS over the 35 day repeat period and
the maximum delay between satellite passes at any VS within watershed (1) is of 16
days. However many of the VS are located on narrow rivers (< 200 m wide) and this in-
creases the risk of no data point being acquired or of incorrect values/outliers because
only one data point will be available per satellite pass.

In contrast, Fig. 4b shows that when no such data gaps exist the assimilation per-
forms well, the use of multiple VS over the watershed compensating the low temporal
resolution at each individual VS.

For watershed (2), the problem is magnified by the fact that only 3 VS are used for
the update and that these 3 VS are all visited by the satellite within 6 days of the 35 day
repeat period. Therefore, while the benefits from assimilation are clear in a year where
the model consistently over or under-predicts discharge such as in 2005 (Fig. 3), the
altimetry dataset will be unable to capture the shorter term flow variability as is shown
in Fig. 5.

5 Conclusions

In this study, radar altimetry from the Envisat satellite was used to update the reach
storages in a Muskingum routing scheme coupled to a simple floodplain model and
driven by the output of a rainfall runoff model. Assimilation improved Nash-Sutcliffe
model efficiencies from 0.21 to 0.65 and from 0.82 to 0.88 at the outlets of two distinct
watersheds located upstream of Lake Kariba and Lake ltezhi-Tezhi. Model reliability
was good for the outlet of watershed (2) but was found to be low at the outlet of water-
shed (1). This was due to lower model quality and error representation in watershed (1)
which is more complex hydrologically, including the large Barotse floodplain. The study
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also highlighted the limitations of using the current altimetric dataset in areas where
only few VS are available due to its low temporal resolution.

While this study has only used altimetry over rivers, floodplain levels can also be
tracked through altimetry and further work including altimetric data over the floodplain
could potentially improve the results obtained in and downstream of the Barotse.

Nonetheless, the high potential for the use of radar altimetry in assimilation has been
demonstrated as the use of multiple VS was able to compensate for the low repeat pe-
riod of the satellite where sufficient VS were available. These results should be greatly
improved in the future with higher spatial resolution altimeters or swath altimetry as
planned in the Surface Water Ocean Topography (SWOT) mission which will allow for
more, narrower, rivers to be monitored through altimetry.

Acknowledgements. The authors thank Danida, Danish Ministry of Foreign Affairs for funding
the research presented in this paper (project number 09—043DTU). The authors thank Philippa
Berry and Richard Smith at the Earth and Planetary Remote Sensing Laboratory (E.A.P.R.S),
De Montfort University for providing altimetry data and the Zambian Department of Water Affairs
(DWA) for providing gauge data.

References

Andreadis, K. M., Clark, E. A., Lettenmaier, D. P., and Alsdorf, D. E.: Prospects for river dis-
charge and depth estimation through assimilation of swath-altimetry into a raster-based hy-
drodynamics model, Geophys. Res. Lett., 34, L10403, doi:10.1029/2007GL029721, 2007.

Beck, L. and Bernauer, T.: How will combined changes in water demand and climate affect
water availability in the Zambezi river basin?, Global Environ. Change, 21, 1061-1072,
doi:10.1016/j.gloenvcha.2011.04.001, 2011.

Beilfuss, R. and dos Santos, D.: Patterns of hydrological change in the Zambezi delta, Mozam-
bique, Working paper #2 Program for the sustainable management of Cahora Bassa dam
and the Lower Zambezi Valley, 2001.

9632

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

HESSD
10, 9615-9644, 2013

Operational reservoir
inflow forecasting
with radar altimetry

C. I. Michailovsky and
P. Bauer-Gottwein

' I““ II“


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9615/2013/hessd-10-9615-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9615/2013/hessd-10-9615-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007GL029721
http://dx.doi.org/10.1016/j.gloenvcha.2011.04.001

10

15

20

25

30

Berry, P. A. M., Garlick, J. D., Freeman, J. A., and Mathers, E. L.: Global inland water monitoring
from multi-mission altimetry, Geophys. Res. Lett., 32, L16401, doi:10.1029/2005GL022814,
2005.

Biancamaria, S., Durand, M., Andreadis, K. M., Bates, P. D., Boone, A., Mognard, N. M., Ro-
driguez, E., Alsdorf, D. E., Lettenmaier, D. P.,, and Clark, E. A.: Assimilation of virtual wide
swath altimetry to improve Arctic river modeling, Remote Sens. Environ., 115, 373-381,
doi:10.1016/j.rse.2010.09.008, 2011.

Birkett, C. M.: Contribution of the TOPEX NASA radar altimeter to the global monitoring of large
rivers and wetlands, Water Resour. Res., 34, 1223—-1239, doi:10.1029/98WR00124, 1998.
Chow, V. T., Maidment, D. R., and Mays, L. W.: Applied hydrology, McGraw-Hill series in water

resources and environmental engineering, McGraw-Hill, New York, 1988.

Dincer, T., Child, S., and Khupe, B.: A simple mathematical-model of a complex hydro-
logic system — Okavango Swamp, Botswana, J. Hydrol., 93, 41-65, doi:10.1016/0022-
1694(87)90193-4, 1987.

Farr, T. G., Rosen, P. A,, Caro, E., Crippen, R., Duren, R., Hensley, S., Kobrick, M., Paller, M.,
Rodriguez, E., Roth, L., Seal, D., Shaffer, S., Shimada, J., Umland, J., Werner, M., Os-
kin, M., Burbank, D., and Alsdorf, D.: The shuttle radar topography mission, Rev. Geophys.,
45, RG2004, doi:10.1029/2005RG000183, 2007.

Frappart, F., Calmant, S., Cauhope, M., Seyler, F., and Cazenave, A.: Preliminary results of EN-
VISAT RA-2-derived water levels validation over the Amazon basin, Remote Sens. Environ.,
100, 252—264, doi:10.1016/j.rse.2005.10.027, 2006.

Gassman, P. W., Reyes, M. R., Green, C. H., and Arnold, J. G.: The soil and water assessment
tool: historical development, applications, and future research directions, T. Asabe, 50, 1211—
1250, 2007.

Getirana, A. C. V.: Integrating spatial altimetry data into the automatic calibration of hydrological
models, J. Hydrol., 387, 244-255, doi:10.1016/j.jhydrol.2010.04.013, 2010.

Getirana, A. C. V,, Bonnet, M. P, Calmant, S., Roux, E., Rotunno, O. C., and Mansur, W. J.: Hy-
drological monitoring of poorly gauged basins based on rainfall-runoff modeling and spatial
altimetry, J. Hydrol., 379, 205-219, doi:10.1016/j.jhydrol.2009.09.049, 2009.

Getirana, A. C. V., Boone, A., Yamazaki, D., and Mognard, N. M.: Automatic parameterization of
a flow routing scheme driven by radar altimetry data: evaluation in the Amazon basin, Water
Resour. Res., 49, 1—-16, 2013.

9633

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

HESSD
10, 9615-9644, 2013

Operational reservoir
inflow forecasting
with radar altimetry

C. I. Michailovsky and
P. Bauer-Gottwein

' I““ II“


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9615/2013/hessd-10-9615-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9615/2013/hessd-10-9615-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2005GL022814
http://dx.doi.org/10.1016/j.rse.2010.09.008
http://dx.doi.org/10.1029/98WR00124
http://dx.doi.org/10.1016/0022-1694(87)90193-4
http://dx.doi.org/10.1016/0022-1694(87)90193-4
http://dx.doi.org/10.1016/0022-1694(87)90193-4
http://dx.doi.org/10.1029/2005RG000183
http://dx.doi.org/10.1016/j.rse.2005.10.027
http://dx.doi.org/10.1016/j.jhydrol.2010.04.013
http://dx.doi.org/10.1016/j.jhydrol.2009.09.049

10

15

20

25

Gneiting, T. and Raftery, A. E.: Strictly proper scoring rules, prediction, and estimation, J. Am.
Stat. Assoc., 102, 359-378, doi:10.1198/016214506000001437, 2007.

Jazwinski, A. H.: Stochastic processes and filtering theory, in: Mathematics in Science and
Engineering, Academic Press, New York, 209-215, 1970.

Kitanidis, P. K. and Bras, R. L.. Real-time forecasting with a conceptual hydro-
logic model, 1. Analysis of uncertainty, Water Resour. Res., 16, 1025-1033,
doi:10.1029/WR016i006p01025, 1980.

Koblinsky, C. J., Clarke, R. T., Brenner, A. C., and Frey, H.: Measurement of river level variations
with satellite altimetry, Water Resour. Res., 29, 1839-1848, doi:10.1029/93WR00542, 1993.

Leon, J. G., Calmant, S., Seyler, F.,, Bonnet, M. P., Cauhope, M., Frappart, F.,, Filizola, N.,
and Fraizy, P.: Rating curves and estimation of average water depth at the upper Negro
River based on satellite altimeter data and modeled discharges, J. Hydrol., 328, 481-496,
doi:10.1016/j.jhydrol.2005.12.006, 2006.

Liu, Y. Q. and Gupta, H. V.: Uncertainty in hydrologic modeling: toward an integrated data as-
similation framework, Water Resour. Res., 43, W0740, doi:10.1029/2006 WR005756, 2007.

Madsen, H. and Skotner, C.: Adaptive state updating in real-time river flow forecast-
ing — a combined filtering and error forecasting procedure, J. Hydrol., 308, 302-312,
doi:10.1016/j.jhydrol.2004.10.030, 2005.

Meier, P., Fromelt, A., and Kinzelbach, W.: Hydrological real-time modelling in the Zambezi river
basin using satellite-based soil moisture and rainfall data, Hydrol. Earth Syst. Sci., 15, 999—
1008, doi:10.5194/hess-15-999-2011, 2011.

Michailovsky, C. I., McEnnis, S., Berry, P. A. M., Smith, R., and Bauer-Gottwein, P.: River moni-
toring from satellite radar altimetry in the Zambezi River basin, Hydrol. Earth Syst. Sci., 16,
2181-2192, doi:10.5194/hess-16-2181-2012, 2012.

Neitsch, S. L., Arnold, J. G., Kiniry, J. R., Srinivasan, R., and Williams, J. R.: Soil and Water
Assessment Tool — Input/Output File Documentation — Version 2005, 2004, Grassland, Soil
and Water Res. Laboratory, Agricultural Research Service and Blackland Research Center,
Texas Agricultural Experiment Station, Temple, Texas, 2004.

Neitsch, S. L., Arnold, J. G., Kiniry, J. R., and Williams, J. R.: Soil and Water Assessment Tool
— Theoretical Documentation — Version 2005, 2005, Grassland, Soil and Water Res. Lab-
oratory, Agricultural Research Service and Blackland Research Center, Texas Agricultural
Experiment Station, Temple, Texas, 2005.

9634

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

HESSD
10, 9615-9644, 2013

Operational reservoir
inflow forecasting
with radar altimetry

C. I. Michailovsky and
P. Bauer-Gottwein

' I““ II“


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9615/2013/hessd-10-9615-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9615/2013/hessd-10-9615-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1198/016214506000001437
http://dx.doi.org/10.1029/WR016i006p01025
http://dx.doi.org/10.1029/93WR00542
http://dx.doi.org/10.1016/j.jhydrol.2005.12.006
http://dx.doi.org/10.1029/2006WR005756
http://dx.doi.org/10.1016/j.jhydrol.2004.10.030
http://dx.doi.org/10.5194/hess-15-999-2011
http://dx.doi.org/10.5194/hess-16-2181-2012

10

15

Paiva, R. C. D., Collischonn, W., Bonnet, M.-P., de Gongalves, L. G. G., Calmant, S., Geti-
rana, A., and Santos da Silva, J.: Assimilating in situ and radar altimetry data into a large-
scale hydrologic-hydrodynamic model for streamflow forecast in the Amazon, Hydrol. Earth
Syst. Sci. Discuss., 10, 2879-2925, doi:10.5194/hessd-10-2879-2013, 2013.

Pereira-Cardenal, S. J., Riegels, N. D., Berry, P. A. M., Smith, R. G., Yakovlev, A,
Siegfried, T. U., and Bauer-Gottwein, P.: Real-time remote sensing driven river basin mod-
eling using radar altimetry, Hydrol. Earth Syst. Sci., 15, 241-254, doi:10.5194/hess-15-241-
2011, 2011.

Refsgaard, J. C.: Validation and intercomparison of different updating procedures for real-time
forecasting, Nord. Hydrol., 28, 65-84, 1997.

Schuol, J., Abbaspour, K. C., Yang, H., Srinivasan, R., and Zehnder, A. J. B.: Mod-
eling blue and green water availability in Africa, Water Resour. Res., 44, W07406,
doi:10.1029/2007WR006609, 2008.

Tilmant, A., Beevers, L., and Muyunda, B.: Restoring a flow regime through the coordinated
operation of a multireservoir system: the case of the Zambezi River basin, Water Resour.
Res., 46, W07533, doi:10.1029/2009WR008897, 2010.

9635

Jladeq uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD
10, 9615-9644, 2013

Operational reservoir
inflow forecasting
with radar altimetry

C. I. Michailovsky and
P. Bauer-Gottwein

11 L


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/9615/2013/hessd-10-9615-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/9615/2013/hessd-10-9615-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/hessd-10-2879-2013
http://dx.doi.org/10.5194/hess-15-241-2011
http://dx.doi.org/10.5194/hess-15-241-2011
http://dx.doi.org/10.5194/hess-15-241-2011
http://dx.doi.org/10.1029/2007WR006609
http://dx.doi.org/10.1029/2009WR008897

Table 1. Measurement uncertainty, numbers in parenthesis refer to the VS numbers in
Michailovsky et al. (2012). (*) No in 3 situ data was available to analyze the VS at subbasin
11, it was classified as “good” based on good coherence with other VS 4 on the same reach.

Subbasin Id. 3(187) 8(222) 10(150) 11(126) 12(267) 16(250) 24 (153) 29 (338) 32 (299)

Measured std [m] 0.47 0.37 0.34 0.5% 0.42 0.60 0.37 0.61 0.74
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Table 2. Main calibration parameter values in the SWAT model. For detailed description of the
parameters see (Neitsch et al., 2004).

Parameter Baseflow alpha Groundwater Groundwater “revap” Surface runoff lag  Soil evaporation
factor [days‘1] delay time [days]  coefficient [-] (allows coefficient [days] compensation
water to move from factor [-]

shallow aquifer to
unsaturated zone)

Range 0.003-0.025 5-80 0.2-0.45 3 0.1
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Table 3. NSE values for calibration and validation.

Watershed (1)

Watershed (2)

Subbasin Id. 14 24 32 34 12 17
NSE Calibration 0.80 0.85 0.69 0.54 0.90 0.82
Validation 0.42 0.58 0.18 0.21 0.72 0.82
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Table 4. Assimilation results. Coverage, sharpness and ISS refer to a 0.1 significance level.

Id  Coverage RMSE NSE Sharpness 1SS
det% assim%  detm®s™ assimm®s™' diff %  det— assim-  detm’s™' assimm’s™' dif%  detm®s™' assimm’s™' diff %

14 838 80.0 596.8 351.7 -41 0.42 0.80 1398 810 -42 1938 1359 -30
24 799 66.0 503.0 343.2 -32 0.58 0.81 1091 569 -48 1611 1814 +13
32 544 58.0 784.9 459.6 -41 0.18 0.72 1413 594 -58 2732 2631 -4
34 54.0 55.4 896.5 598.6 -33 0.21 0.65 1211 545 -55 4252 3958 -7
12 735 78.2 76.7 55.1 -28 0.72 0.86 153 93 -40 374 304 -19
17 86.7 84.3 1215 99.0 -19 0.82 0.88 227 174 -23 306 288 -6
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Fig. 1. Study area and location of subbasins and VS (only gauging stations on modeled reaches ! !
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Reach

Fig. 2. Cross-section of reach and floodplain (a symmetrical floodplain is located to the left of
the reach) and illustration of river network/floodplain interaction.
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Fig. 3. Assimilation results at the outlet of (a) watershed 1 and (b) of watershed 2.
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a) Oct 2004 - Oct 2005 b) Oct 2006 - Oct 2007
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Fig. 4. Timing of altimetry measurements in watershed (1) and assimilation performance at
reach 34 for October 2004 to October 2005 (a) and October 2006 to October 2007 (b).
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Fig. 5. Timing of altimetry measurements in watershed (2) and assimilation performance at

reach 17 for October 2006 to October 2007.
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