
Dear Yves Bühler, 

We would like to start by thanking you and the anonymous reviewers for your positive and 

constructive comments. Please find below a documented list of changes we have made to the 

manuscript in response to both sets of reviewer comments (marked R: in blue font). We have edited 

figures, added the recommended table and flowchart describing the GCM and synthetic hurricane 

rainfall event production, and provided additional explanation in the manuscript and SI. In addition, 

the probability of inundation maps produced in the paper are now available to accompany the 

manuscript, as detailed in the Data Availability section. We hope that these clarifications will improve 

the reader’s understanding of our work.  

Kind Regards, 

Leanne Archer 

Anonymous Referee #1 Comments 

The manuscript provides a valuable analysis of rainfall-driven flood risks from hurricanes in Puerto 
Rico under current and projected climate warming scenarios. The topic is timely and of significant 
importance, given the vulnerability of Puerto Rico to climatic extremes. The manuscript is well-
written and methodologically sound and provides a significant contribution to the understanding of 
climate impacts on flood risks in small island regions. However, there are a few aspects of the 
manuscript that require further attention and clarification before publication. I have provided a few 
editorial comments on the PDF. Here are my main comments. 

R: Many thanks for these comments! 

1. Please specify the future climate scenarios (CMIP5/6; SSPs/RCPs). 

R: We have added the RCP scenarios used to represent 1.5°C and 2°C into the text where the 
HAPPI ensemble members are introduced in Section 2.1, starting on Line 168, Page 6: 

“Representative Concentration Pathway (RCP) 2.6 was used for model boundary conditions at 
1.5°C, using a weighted combination of RCP2.6 and RCP4.5 at 2°C.” 

2. Lines 416-418: The basic information on these models is critical for interpreting the results. I 
recommend that the authors summarize the basic information about the GCMs, including 
their resolution. This information will enhance the reader's understanding of GCMs applied 
in the study. 

R: A table outlining the horizontal resolution, the number of simulated years of climate model 
data for each climate scenario, and the reference for each of the four HAPPI Global Climate 
Models has been added to Section 2.1, on Line 175, Page 6: 

HAPPI Climate Model Horizontal 

Resolution 

Number of simulated years of climate 

model data  

Reference 

Present 

day 

1.5°C 2°C 

CanAM4 2.81° x 2.81° 332 346 332 Wehner et al., (2014) 



CAM5-1-2-025degree 0.31° x 0.23° 409 365 396 Von Salzen et al., (2013) 

ECHAM6-3-LR 1.88° x 1.88° 427 378 383 Stevens et al., (2013) 

NorESM1-HAPPI 1.25° x 0.94° 423 382 351 Bentsen et al., (2013) 

Iversen et al., ( 2013) 

Kirkevåg et al., (2013) 

 

We have also now referenced this table in the above mentioned section of text to make this 
clearer to the reader, now on Line 466, Page 16: 

“However, one climate model (CanAM4) shows the opposite trend above the 10-year return 
period (see Figure 7). One key reason for this is likely to be the differences in resolution of the 
underlying Global Climate Model (GCM) data: CanAM4 GCM has a coarser resolution 
(2.81°x2.81°) than the next most coarse GCM ECHAM6-3-LR (1.88°x1.88°) (see Table 1).” 

And on Line 181, Page 7: 

“For each climate model, the number of simulated years was calculated as the sum of the 
number of simulated events per year divided by the simulated annual frequency of events in the 
climate model data (see Table 1).” 

And on Line 483, Page 17:  

“The lower bound here represents the results from the CanAM4 model, which has the lowest 
GCM resolution (see Table 1).” 

3. This study does not incorporate storm surge component in the modeling process. Rappaport 
(2014) has highlighted that storm surge accounts for roughly half of the fatalities from 
Atlantic hurricanes in the US between 1963 and 2012. The authors should offer a 
comprehensive rationale for excluding storm surge from the model and discuss the 
implications this may have on the validity and applicability of the study's findings. 

R: We agree with your comment that storm surge associated with hurricanes is an extreme 
hazard that has a large impact on exposed populations. To include storm surge in our model, we 
would need to additionally simulate the storm surge associated with each synthetic hurricane 
rainfall event using a storm surge model, before then additionally modelling the associated flood 
hazard and its interactions with rainfall-driven flooding on the island. Due to the computational 
costs that would be involved in this - and given the large event set and computational simulation 
time already involved in modelling rainfall-driven flooding - it was therefore not feasible to also 
include storm surge in the modelling process in this study. As a result, we decided to focus on 
inland flooding driven by rainfall, as there are several papers that have demonstrated the 
considerable impact rainfall has on flooding in Puerto Rico (Smith et al., 2005; Hernández Ayala 
et al., 2017). However, we do agree that this approach means that the population exposure 
estimates may be underestimating the absolute numbers of people exposed to overall flooding 
from tropical cyclones, as coastal flooding is not modelled. As a result, we have added a few 
sentences in Section 4.3 of the Discussion where we outline the uncertainties in absolute 
population exposure numbers to highlight this, starting on Line 633, Page 23: 



“On the other hand, as this study does not include estimates of coastal flooding, the population 
exposure estimates may also be an underestimate. This means that it is important to consider 
that the exposure estimates outlined in this study are for inland rainfall-driven flooding only.” 

4. The manuscript would be improved by the inclusion of a flowchart that delineates the 
methodology for generating synthetic hurricane rainfall events. Given that the terms 
'synthetic hurricane event' and 'hurricane rainfall event' can be easily misunderstood, a 
visual representation would greatly assist in distinguishing these terms and clarifying the 
approach used in the study. 

R: We have now included a flowchart in Section 2.1 as Figure 2 starting on Line 160, Page 6 
which demonstrates how the synthetic hurricane rainfall events are generated, as well as how 
these are used as input to the event-based hydrodynamic model: 

 

5. The choice of the future data period (2106 - 2115) needs further explanation. The rationale 
behind selecting this particular decade should be elucidated to justify its relevance to the 
scenarios under investigation. 

R:  We have added the rationale for the future data period in Section 2.1, starting on Line 185, 
Page 7:  

“This future time period was selected in the HAPPI climate ensemble as the future time slice, 
chosen to represent a 1.5°C and 2°C world at around 2100 (which was the generally accepted 
time period for these temperature scenarios in the IPCC Special Report on 1.5°C (IPCC, 2018)), 
whilst also providing 100 years of simulated GCM data following the present day time slice 
(2006-2015) (Mitchell et al., 2017).” 

6. While IMERG and NCEP datasets are used as observational data sources, there is no 
discussion about their reliability or the uncertainties associated with satellite data. Authors 
should elaborate on these aspects, possibly including error metrics or validation studies, to 
affirm the credibility of these data sources and their suitability for this analysis. 

                    
               

                  
                

                 
              

                     
                  

Data produced by  osper et al., (2020) for the Caribbean  egion

Process data fields from 332  
427 simulated years of global
climate data from the  APPI
ensemble (Mitchell et al.,

2017):
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initiated in space and time as warm core
vortices with maximum wind speeds of
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2008).
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survive depending on potential intensity
conditions. Intensity is predicted using the
Coupled  urricane Intensity Prediction
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generated using three key

steps:
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considering interaction with
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LIS L  D  P models rainfall 
driven flooding



R: We have added a detailed description of the credibility and suitability of these datasets in two 
additional places in the manuscript, outlining findings from studies that have validated and 
compared these products. Firstly, we now discuss the capacity of IMERG and NCEP Stage IV to 
represent extreme rainfall from tropical cyclones in Section 2.4, starting on Line 323, Page 10: 

“IMERG has been widely compared to gauge-based rainfall data over many locations globally, 
demonstrating good performance in estimation of total rainfall ( reitas et al., 2020  Pradhan et 
al., 2022), as well as good representation of temporal (Yu et al., 2021) and spatial event structure 
( mranian et al., 2018   ios Gaona et al., 2018  Pradhan et al., 2022). For example,  ios Gaona et 
al., (2017) shows IMERG has a low relative bias over the Netherlands (-1.51%), and  an et al., 
(2017) reports a correlation coefficient of 0.78 against radar and gauge-based observations in 
the United States. IMERG has also been shown to perform well at capturing rainfall from tropical 
cyclones ( ios Gaona et al., 2018  Yu et al., 2021). For example,  mranian et al., (2018) found 
IMERG correctly predicted 62% of rainfall from Hurricane Harvey. Nonetheless, some studies have 
identified a tendency for IMERG data to underpredict rainfall intensity during extreme rainfall 
events ( reitas et al., 2020  Mazza and Chen, 2023   ian et al., 2018  Yu et al., 2021). For example, 
Yu et al., (2021) found that extreme precipitation rates from IMERG were 7.53% lower than 
gauge data for Typhoon Lekima in 2019.  
 
NCEP Stage IV is a ground-based gauge and radar observation product that is often used in multi-
product comparison studies as the baseline observed dataset (Nelson et al., 201 ). These studies 
have demonstrated that NCEP Stage IV produces good representation of overall rainfall rates 
across the United States (Nelson et al., 201   Prat and Nelson, 201 ), as well as the spatial and 
temporal structure of rainfall ( abib et al., 200 ); including for tropical cyclones (Gao et al., 2020  
 illarini et al., 2011). Prat and Nelson, (201 ) compare annual rain rate for the conterminous 
United States using NCEP Stage IV against gauge data, finding a correlation coefficient of 0.93 
(R2). Gao et al., (2020) show that NCEP Stage IV only overestimated rainfall from Hurricane 
Harvey by 2%. However, underestimation of extreme rainfall has been shown in some studies due 
to an increase in the number of missed events as rain rate increases ( abib et al., 200   Prat and 
Nelson, 201 ). For example, Prat and Nelson, (201 ) report that NCEP Stage IV has a tendency to 
underestimate rainfall in comparison to surface observations across the conterminous United 
States (-14%-  +1% depending on location). This is likely a product of the inherent limitations of 
radar-based precipitation products (see Nelson et al., (201 )).  
 
The model used to produce the synthetic hurricane rainfall event set utilized in this study has 
previously been compared to NCEP Stage IV data over Puerto Rico, showing very good agreement 
( eldmann et al., 201 ). This demonstrates the suitability of the use of NCEP Stage IV as an 
observation dataset for comparison against in this study.  mranian et al., (2018) showed IMERG 
was able to represent 62% of rainfall from Hurricane Harvey in comparison to NCEP Stage IV, thus 
suggesting that IMERG is also likely capable of adequately representing extreme rainfall 
associated with Hurricane Maria. However, the performance of IMERG and NCEP Stage IV data 
can be dependent on the number of gauge-based observations available ( ang et al., 2018   ian 
et al., 2018). 14 out of 24 USGS gauges were damaged during Hurricane Maria in Puerto Rico 
(Bessette Kirton et al., 2020). As a result, this is a key limitation of using observed data products 
to estimate tropical cyclone rainfall that should be considered when drawing conclusions about 
the accuracy of flood hazard associated with these rainfall products.“ 
 
Secondly, we have also expanded on a previous point in Section 4.1 of the Discussion to better 
explain the reasons for the di erences in the observed rainfall datasets, starting on Line  48, 
Page 20: 
 



“Moreover, there are limitations of the observation precipitation datasets used, which propagate 
into the flood estimates. Many studies have compared the performance of NCEP Stage IV and 
IMERG rainfall data (Li et al., 2022  Mazza and Chen, 2023   mranian et al., 2018   illarini et al., 
2011). Tropical cyclone precipitation in the conterminous United States between 2002-2019 was 
much higher in NCEP Stage IV than in satellite products such as IMERG (Mazza and Chen, 2023). 
Other studies support this conclusion and find that the explanation for this difference is more 
likely an underestimation of other products, and not an overestimation bias in NCEP Stage IV 
itself ( illarini et al., 2011).  For example, IMERG is likely to underestimate orographic rainfall, 
which could explain why the flood extent using IMERG is lower than using NCEP Stage IV (see 
Figure 3). This provides an incentive for the event set approach outlined in this study, as it allows 
a consideration of a wider range of plausible events to get a greater understanding of uncertainty 
than just the observed.” 

7. In Figure 6, it is recommended that the range of the x-axis be consistent across all four 
results to facilitate a straightforward fair comparison. This will improve the figure readability 
and allow for a clearer interpretation of the data presented. 

R: We have updated Figure 6 (now Figure 7) to reflect a consistent x-axis across the four 
subplots, starting on Line 473, Page 17. 

8. Section   should be entitled “Conclusions” (plural). 

R: This has been changed on Line 658, Page 23.  

9. In the SI, please clarify what satellite imagery was used when evaluating the HWMs. 

 : We have now clarified this in the SI on Page 1: 

“The satellite imagery used was ( S I, 2023) (ArcGIS/World Imagery) at 0.5m resolution, as this 

was readily available for comparison with the HWMs in GIS applications.” 

 

Anonymous Referee #2 Comments 

The authors used forcings of a synthetic hurricane rainfall simulator as inputs to LISFLOOD-FP 
hydrodynamic model to estimate flood inundation maps in Puerto Rico. Magnitude in precipitation 
simulations are adjusted to expected changes due to warming under future 1.5C and 2C scenarios. 
Model results allow to estimate the increase in population that is exposed to flooding. 

I enjoyed a lot reading and reviewing this manuscript. It is very well written, the methodology is 
sound, and addresses the problem of changes in flooding in small islands, where more scientific 
literature is very needed. 

I think the manuscript is ready for publication in its current state. I only have minor questions that 
might be clarified in the manuscript. 

R: Many thanks for these comments! 

 he manuscript could benefit from including a chart describing the methodology, the path from 
climate forcing to flood inundation maps. 



R: We have now included a flowchart in Section 2.1 as Figure 2 starting on Line 160, Page 6 which 
demonstrates how the synthetic hurricane rainfall events are generated from the climate forcing 
data, as well as how these are used as input to the event-based hydrodynamic model: 

 

 

Are MRMS precipitation estimates available for Puerto Rico. If so, could those be used as a 
substitute for Stage IV which has coarser resolution ? MRMS have shorter availability than Stage IV, 
but includes a better QPE algorithm and finer spatial resolution (1km). 

R: MRMS precipitation estimates are only archived from 2020 onwards on the MRMS Operational 
Product Viewer (https://mrms.nssl.noaa.gov/qvs/product_viewer/), which means we are not able to 
access and utilise MRMS precipitation estimates from Hurricane Maria (2017). As a result, NCEP 
Stage IV was the next best available alternative. Nonetheless, MRMS data does have coverage over 
Puerto Rico, so we do agree with you that this dataset could be used to model hurricane rainfall in 
our hydrodynamic model for future events instead of NCEP Stage IV where the data are available. To 
clarify this in the manuscript, we have added a sentence on Line 320, Page 10 summarising this:   

“NCEP Stage IV was used instead of the higher resolution Multi-Radar Multi-Sensor (MRMS) rainfall 
product as the landfall year of Hurricane Maria (2017) falls outside of the MRMS archive period 
(2020-onwards) (MRMS Operational Product Viewer, 2023).” 
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