Response to reviewer 1

General comment;

The manuscript presents a global framework for assessing flood risk and risk reduction strategies for
compound flooding. The framework was applied to Sofala province in Mozambique. The Authors showed
that coastal flooding causes the greatest impact regardless of the other drivers.

The manuscript is well-written and with a clear structure. However, there are a few criticalities that need to

be addressed.

We would like to thank the reviewer for the thorough review and comments, which we believe have
improved the clarity of the manuscript. We are pleased to read that the reviewer considers the manuscript

to be well written and clearly structured.

The novelty of this work compared to the current literature and to previous works from the same Authors
is difficult to grasp. In its current form, the manuscript reads as a case study which is not enough. The
advice is to highlight how this work addresses the limitations of previous studies and goes beyond what has

been already done.

We have added several lines to the introduction to highlight the novelties of the paper (line 66).
Furthermore, we have changed the title to emphasize that we present an application of the globally-

applicable framework rather than a stand-alone case study.

“Compared to earlier compound flood risk studies, this study provides three advancements. First, it goes
beyond compound risk modeling and includes the effectiveness of different adaptation measures. Second,
it assesses compound flood risk with a generic approach that is suitable for more than two drivers. Third,
the approach is based on global datasets, methods and models, building on the globally-applicable
framework for compound flood hazard modeling from Eilander et al. (2023), which makes it globally

applicable.”

The global applicability claimed by the Authors is not really proven since they validated and applied it to

the same location (line 82). How does this model apply and perform in other locations?

The model framework is indeed only applied for one location, but it has distinct and critical features which
make it globally applicable. In this paper we introduce and apply it for one location. We have added

discussion about the global applicability in section 3.5 (line 416):



“In this paper, we applied the framework to one location, but it has two distinct features which make it
globally applicable. Firstly, the schematizations of the hydrodynamic and impact model are automated and
based on global datasets only. Secondly, the flood drivers (i.e., the model boundary conditions) are derived
from global models. These features make it possible to easily apply the framework at a different location.
While the use of global open-source datasets and global models comes with the large benefit of global
applicability of the model setup, the performance of the model will differ from case to case based on the

local quality of the global data and skill of the global models.”

The description of the probabilistic model needs improvements. First, the Authors should clarify the data
used in the vine-copula models, whether they are annual maxima (annual maxima obtained independently
in each time series) or whether such data are shifted relative to each other (see table 1). It seems like the
annual maxima of 5 different variables occur within a window of +-10 days, which seems a bit unlikely.
Moreover, the introduction of a rate of occurrence of annual maxima should be better explained in the
relation to the copula model. Why is this necessary? The vine-copula is built to generate sets of dependent
variables, including sets in which all of the variables are extremes. This point also relates to the distinction
the Authors made between compound events and non-compound events. What does make an event

compound? Is this related to the impacts? How can it be defined a priori then?

Our modeling approach does not assume annual maxima (AM) to be co-occurring but instead allows for a
flexible description of compound flood drivers, needed to capture the diversity of these events. The
probabilistic modeling of the flood drivers considered is based on our analysis of the joint magnitude and
temporal co-occurrence of AM of flood drivers. The AM time series are used to: (1) fit marginal
distributions for each driver; (2) fit a Vine Copula to simulate the annual joint dependence, and (3)
determine the empirical distribution of temporal co-occurrence based on the dates at which the AM
occurred. With the Vine Copula (point 2) we assess the joint dependence in the magnitude of the AM flood
drivers. With the empirical co-occurrence distribution (point 3) we assess the chance that the AM flood
drivers occur during the same event. To generate the stochastic event set, we first sample from the Vine
Copula to obtain a set of correlated AM flood drivers. Then, we sample from the empirical co-occurrence
distribution to determine if the sampled AM co-occurred and hence how many events occurred in that year.
For example, if the AM discharge in both rivers and the rainfall co-occur and the surge and wave height
AM occur during separate events, we obtain a total of three events (1 joint river and rainfall event, 1 surge
event and 1 wave height event). The non-extreme drivers are randomly sampled from all daily values lower

than the 1-year return period. We have clarified the approach in section 2.5.



For the hydrodynamic modeling, the timing between the boundary conditions is assumed to be constant
with respect to the Buzi discharge and is based on maximum cross correlation between daily maxima values
of all drivers, as listed in Table 1. Our sensitivity analysis found that a zero lag time assumption changes
the simulated water levels (section 3.2) but has a relatively small effect on the simulated flood risk (section
3.3). Therefore, the assumption of a constant timing between flood drivers is acceptable in this case.

We define compound flood events as any combination of flood drivers (extreme and non-extreme) that lead
to flooding, in line with the definition used by Zscheischler et al. (2018). Any confusion about this

(especially in section 3.1) has been resolved.

Based on the provided feedback on the methods section we have decided to restructure it to better reflect
the actual workflow and make it easier to understand how different steps are connected. The intro to section

2 now reads (line 72):

“In order to model compound flood risk, five main steps are performed: univariate extreme value analysis
to derive the marginal distributions (section 2.2); flood hazard modeling using a 2D hydrodynamic model
for all combinations of derived extreme values (section 2.3); flood impact modeling by combining the
simulated flood hazard with exposure and vulnerability data (section 2.4); multivariate probabilistic
modeling to derive a large stochastic event set accounting for the joint magnitude and temporal co-
occurrence of extremes (sections 2.5); and finally flood risk modeling combining the stochastic event set

and simulated flood impacts for a base scenario and three risk reduction scenarios (section 2.6).”
Point-by-point comments:
Line 36: Do the Authors refer to the joint likelihood or the joint probability? The two concepts are different.

Indeed, these two concepts are different and joint probability should have been used here. This has been

modified in the introduction (line 37) as well as in the abstract (line 10).
Line 49: Specify what are the “four drivers”.

The four drivers, discharge (fluvial), surge and waves (coastal) and rainfall (pluvial), are mentioned earlier

in line 35, but I agree this is not clear and we therefore repeat these in line 49.

Lines 68-74: this paragraph is difficult to read. For example, what is an event set? How is a “model event
set from univariate distribution” different from a “stochastic event set from a multivariate probabilistic

model”? (see also general comment)



The “model event set” refers to the hydrodynamic and impact model simulations, which have been
performed for all combinations of one normal (non-extreme) condition and six extreme univariate
conditions (2, 5, 10, 50, 100 and 500-year return values) for all drivers, i.e., 2401 events. This step provides
a response surface between the magnitude of the flood drivers and the impact obtained for each location of
the case study area. The “stochastic event set” refers to the sample drawn from the Vine Copula model in

combination with the co-occurrence distribution.

However, we agree with the reviewer that this terminology might be confusing, and we have rewritten this
section using “simulated flood impacts” rather than “model event set”, see also earlier reply to last general

comment.
Lines 82: Please further elaborate on the reason why global models are useful in data-scarce regions
We have elaborated on the potential usefulness of global models in the manuscript (line 89):

“In absence of better local data and models, global models have been shown to be useful in supporting risk
management in data scarce areas (Ward et al., 2015), for instance for post disaster response in this area

by providing bulletins with flood impact forecasts from global models (Emerton et al., 2020).

Line 89: Add some information on the boundary conditions. For example, are the boundary conditions
generated independently? How are the normal and extreme boundaries selected and combined? Are all

normal or are all extremes?

The boundary conditions of the hydrodynamic model simulations are based on all combinations of one
normal (non-extreme) condition and six extreme univariate conditions (2, 5, 10, 50, 100 and 500-year return
values) for all drivers and generated independently from the joint dependence analysis (see also our

penultimate reply). We have combined information about the model boundary condition in subsection 2.3.2.

Section Discharge and Total water level. Clarify the link between annual maxima analysis and hydrograph
generation. What are the raw data used for annual maxima analysis and how this annual maximum relates

to the hydrograph?

The total water level hydrographs are based on annual maxima events of a fixed mean high water spring
tide and non-tidal (surge and wave setup) component, which is scaled such that the total water level peak
equals the extreme total sea level. The non-tidal hydrograph component is based on annual maxima peaks

from superimposed storm surge and wave setup time series. This is clarified in section 2.3.2.



Line 150: why did the Authors use annual maxima if the temporal resolution of the data is hourly?

We calculated annual maxima of rainfall for different durations from 1 to 24 hours, which makes use of the
hourly temporal resolution of the data, to construct intensity-duration-frequency curves. This is clarified in

section 2.3.2.

Line 155: Relative timing between drivers: it seems like the annual maxima of each driver occur around
the same time, is it the case? Or the correlation in table 1 is the correlation obtained between the annual
max Buzi discharge and the corresponding driver around that period (even if not extreme)? Discuss whether
the timing in Table 1 makes sense. Also, why the Authors selected river discharge at Buzi and not a

precipitation event? Precipitation might drive high water in the river unless other processes are of relevance.

An assumption on the relative timing between drivers is required to set up boundary conditions for the
hydrodynamic model. Here, we estimate this lag based on the co-variability between the drivers estimated
from the maximum cross correlation of daily maxima. The cross correlation is not only based on events
with co-occurring annual maxima as this sample size is simply too small to infer a lag time. A fixed lag
time is an additional simplification, but including a varying lag time in the hydrodynamic and probabilistic
modeling would drastically increase the computational effort. Furthermore, the assumption of a fixed lag

time is in line with other compound flood studies (e.g. Bates et al., 2021). In addition, we performed a

sensitivity analysis of this assumption in comparison with a zero lag time assumption and found it has effect

on the flood hazard but little impact on the total flood risk in this case (line 388).

“When assuming a zero lag time between flood drivers the risk is 58.19 (55.61-60.59) million USD EAD
and 30,080 (28.690-31.330) EEAP. While this assumption results in notable differences in flood hazard
(Section 3.2), the relative change in risk is small (0.28%) as the differences are at locations with little flood

’

exposure.’

Discharge is selected as it reflects the rainfall-runoff process in the catchment upstream from the
hydrodynamic model domain. Hence there is a lag time between discharge at the model boundary and

rainfall within the model domain.

Line 171: Add some discussion on the rate at which different combinations of drivers co-occur. Should not
this come from the vine-copula? Please, clarify this second step. (see also general comment)

In our approach, the joint magnitude and temporal co-occurrence of flood drivers are modeled separately,

as explained earlier in our reply to the last general comment and clarified in section 2.5.



Lines 179: Do you try all the possible vine copulas? It would be good to show somewhere what the vine-
copula selected looks like and the associated bi-variate copulas.

The vine copula selected is the one with lowest AIC values based on 10 parametric and the independence
bivariate copula model (section 2.5). We have added a table showing the selected Vine Copula in section
2.5.

Line 189: How is an event defined?

Events are defined based on a maximum lag time between independently sampled annual maxima for each
driver. If annual maxima of two drivers occur within the set maximum lag time these are grouped into one
event. If the time between two subsequent annual maxima is larger than set maximum lag time, these are
modeled as two independent events. Hence, events with single and multiple annual maxima are obtained.

We have clarified this in section 2.5.

Line 240: The Authors made a distinction between exposure and vulnerability. However, their definitions
are missing. How is exposure defined? How is vulnerability defined? How do they contribute to the

impacts? It is not clear which variables have been used to quantify these two concepts.

In this study exposure is expressed by the building value and population. The vulnerability is simulated
based on a depth-damage function that provides the percentual potential damage / people affected as a

function of the water depth. We have added the following sentence to section 2.4 for clarification (line 219):

“Exposure is here defined by assets and people in the floodplain, the vulnerability as the susceptibility of

these assets and people to flooding.”
Line 243: Why is a bias correction needed?
We have clarified this sentence be rephrasing it as (line 221):

“As limited flooding is obtained in the simulation with only non-extreme flood drivers, even though this
does not occur in reality, all hazard maps are bias-corrected with the flood depths of this simulation. This
model bias in the hazard maps is likely due to inaccuracies in the absolute coastal elevation and river

bathymetry.”

Line 266: Is this return period associated with the univariate case? Is 5-years realistic for the case study? It
would be good to justify the choices made.



These return periods are indeed based on the simulations with only coastal or riverine flooding. We have
clarified this in the text and added the following sentence to section 2.6 (line 298) to justify the choice of

protection levels:

“Current flood protection standards are estimated to be around a 2-year return level with the FLOPROS

modeling approach (Scussolini et al., 2016). ”

From lines 287 — flood drivers. It is a bit unclear how an event is defined and the time series used in the
vine-copula models. Why would a compound event be the event in which one variable is extreme? When
generating a set of dependent variables, any results in terms of water depths, in this specific case, can be

classified as compound (see also general comment)

We agree with the reviewer that any event (both where one or multiple drivers are extreme) is a compound
event and this use of the term “compound event” might be confusing. Instead of single versus compound
events we now refer to these as events with single versus multiple co-occurring annual maxima. This

sentence in section 3.1 (line 319) now reads:

“In total 141 events are found in 42 years during which at least one driver is extreme. From these events,

’

45 have more than one extreme flood driver and these events have a maximum duration of 7 days.’

Flood Hazard: Please, specify how the 100-year fully dependent event is identified, i.e., how the value of
each variable is quantified. Also, are the drivers 4 or 5?

The 100-year fully dependent event is based on the simulation where all marginal 100-year return period
events co-occur. There are 5 flood drivers, but four boundary conditions as the surge and wave setup drivers
are combined (together with tide which is not considered to be a flood driver) into a single total sea water

level boundary condition. We have clarified both in section 3.2 (line 334):

“In this section we discuss the flood hazard based on the 100-year univariate and compound event under
the assumption of full statistical dependence (i.e. all 100-year flood drivers co-occur). Figure 6 shows the

pluvial, coastal (combined surge and waves), and Buzi and Pungwe fluvial flood maps.”

Figure 9: The definition of the percentage of base risk is not fully clear. What is the component of the total
risk? Is the total risk different per strategy?

We are not fully sure what the reviewer is referring to with "the component of the total risk", as we do not

use the term “total risk” in the manuscript. However, we believe that this refers to the scenario without any



adaptation measure which is referred to as the base scenario. The effectiveness of each measure is expressed
as the risk reduction relative to the base scenario, i.e., without any adaptation measure. We have clarified
this in section 3.4 (line 399):

“Figure 9 shows the risk in terms of EAD and EAAP for these measures in absolute values on the left y-
axis and as a percentage of the base risk (i.e., without any risk reduction measure) on the right y-axis. ”



Response to reviewer 2

This manuscript presents a case study of a modeling framework that could be applied globally to investigate
the impact of compound flood risk, at least for initial investigation. The manuscript is for the most part very

well written and has a very clear structure.

We would like to thank the reviewer for the review and comments, which we believe will improve the
clarity of the manuscript. We are pleased to read that the reviewer considers the manuscript to be mostly

well written and clearly structured.

Despite this, there are a small number of comments that need to be addressed. These are listed in page order
below but the more important ones are highlighted by *.

Section 2.2.3 Rainfall. Lines 152-153: Design rainfall events with a 24- hour duration were created. Why
was this duration chosen? How is this related to catchment response for the chosen area?

The rainfall design events are applied within the SFINCS model domain where the response time of the
small tributaries is indeed expected to be in the order of one day. However, provided local rainfall
observations (which are not available for this case) an analysis could be done to estimate the typical duration
of extreme rainfall events. The limitations of a fixed duration rainfall design events and how this can be
improved is discussed in section 3.5. We have clarified the chosen design event duration in the methods
section 2.3.2 (line 197):

“The duration is based on the approximate response time of the small tributaries based on the Soil

Conservation Service (SCS) time to concentration approach (US SCS, 1965).”
Line 160: How was the plus/minus ten days determined?

This range is only chosen to calculate the cross-correlation between the drivers. We find a maximum
correlation for a lag time of -3 and 1 day. This confirms that the peak in cross correlation is found within
the 10-day range. As expected, the cross correlation decreases as expected towards the boundaries of the
range, see Figure 1 below. Any range between plus/minus 4 to 10 would result in the same relative lag
times and larger time ranges would at some point pick up on cross correlation related to seasonal rather

than event-based correlations. We have clarified this in the methods section 2.3.2 (line 204).

“This range is only chosen to calculate the cross-correlation between the drivers and decreases as expected

’

towards the boundaries of the range.’
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Figure 1: Cross-correlation between the primary flood driver (i.e., discharge at the Buzi river) and other floods

drivers (gp: discharge at the Pungwe; p: rainfall; s: surge; w: total water level).

Line 176 and throughout the manuscript. The authors use both Pair Copula Constructions and Vine Copula
interchangeable throughout the manuscript.

We have edited the manuscript to use Vine Copula consistently in the manuscript.

*Section 2 and in particular section 3 (3.2). The authors present the results and talk about inaccuracies
(Line 243). However, these are never combined . In Section 3.2 there is a lack of quantifying the statements
and relating to the relevant inaccuracies in the data. For example, Line 322-323, the authors states
interactions decrease flood depth in the estuary but upstream increases flood depth. By how much and how
does this relate to the overall errors in the datasets. This is needed to understand if these changes are
significant relative to the data errors. Again Line 326, the authors do not quantify the lower volume of

coastal water entering the river mouth and if this is a significant amount.

We appreciate the importance of uncertainty analysis to support any statements made about the physical

behavior of the system. In this manuscript we have performed a sensitivity analysis for some of the



assumptions taken in the risk modeling framework, such as the assumption of a constant relative lag time
between flood drivers. The sensitivity of the model to uncertainties in the globally applicable model were
assessed in a previous paper (Eilander et al., 2023). We have added more discussion about the uncertainties
in the used datasets and model layers based on relevant literature in section 3.5:

“While the use of global open-source datasets and global models comes with the large benefit of global
applicability of the model setup, the performance of the model will differ from case to case based on the
local quality of the global data and skill of the global models. A validation for two events based on a
comparison with flood extents derived from remote sensing and sensitivity analysis of the globally-
applicable model has been performed in a previous study (Eilander et al., 2023). Based on a comparison
with observed flood extents from remote sensing, we found that the model skill is not very sensitive to the
river depth, but most sensitive to the Manning roughness and dynamic forcing. We also investigated the
sensitivity of hydrodynamic interactions between flood drivers to river and estuarine bathymetry. Based on
that analysis, we found that with a deeper estuary the transition zone (i.e., where hydrodynamic interactions
between flood drivers amplify water levels) in the Pungwe estuary extends further inland, but this change

is relatively small compared to the total extent of the transition zone.

Finally, it should be noted that the framework allows for integration of higher quality (local) datasets
which, if available, could improve the accuracy of the model. Datasets that would improve the risk
assessment are for example a local LiDAR-based DEM, local observations of river bathymetry, observed
damages from historical flood events or observed time series of any flood driver. Furthermore, with
sufficient coverage of (new) remote sensing missions, such as ICESAT 2 and SWOT, it will become easier

to quantify uncertainties in global datasets for local flood studies and go beyond sensitivity analysis.”

Section 3.3. (Line 345-348). The authors state that the damage caused by pluvial damage is mostly related
to the infiltration capacity. Can this be quantified and what are the other factors that influence this.

There appears to be a misunderstanding. We state that the infiltration capacity and the 15cm flood depth
threshold for damage results in no damage for low magnitude events up to 10 years. We have clarified this
in the text (line 372).

“The low damage for events up to a 10-year return period is mostly related to the flood depth threshold of
15 cm (Section 2.5), below which we assume flooding has no impact, in combination with the infiltration

capacity of the soil (Section 2.4).”



*Section 3.5 Limitations and way forwards (Line 390 - 395). The authors mentioned the accuracy of the
input data should be considered. It would be nice to see this point discussed in more detail. This is similar
to the point above.

See reply to comment on Section 2 above.

*Line 436-439. This statement sums up the entire manuscript excellently. However, it needs to be stated
more strongly throughout the manuscript and include in the manuscript (more clearly) the weaknesses in

the approach.

We have included a sentence in the conclusions (line 476) and abstract to reflect on use and limitations of

global datasets and possible ways forward

“As the framework is based on global datasets and is largely automated, it can easily be repeated for other
regions for first order assessments of compound flood risk. While the quality of the assessment will depend
on the accuracy of the global models and data, it can readily include higher quality (local) datasets where

available to further improve the assessment. ”
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