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ABSTRACT
August 27, 2015, the distant passage of Tropical Storm Erika saw over 450 mm rain fall
over a 10 hour period on the island nation of Dominica. The result was widespread flooding,
destruction of property, and considerable loss of life. In late October 2015, I traveled to
Dominica to perform indirect peak discharge measurements on 10-20 impacted rivers for the
purpose of providing flow data to aid in design of replacement bridges. I worked closely with
two teams of Dominican surveyors, one from the Ministry of Public Works and one from Lands
and Surveys. Over the approximately 10 days I was in Dominica, I visited most river sites
where surveys were performed. Weather and time prevented me from visiting all the sites. I
trained the two survey crews, and they submitted their surveys to me. The USGS Slope-Area
method was employed to calculate indirect peak discharges. The slope-area method involves
considerable uncertainty from both measurement and natural sources. This report provides those
peak discharge values for the surveyed rivers, and provides a narrative that will help in
interpreting the values. Radar-rainfall estimates were computed from observations by the
MeteoFrance Le Moule weather radar on Guadeloupe. These radar-rainfall estimates were biasadjusted using tipping bucket rain gauge data provided by the Dominican Meteorological
Service. The U.S. Army Corps of Engineers Gridded Surface/Subsurface Hydrologic Analysis
(GSSHA) model was employed as a diagnostic tool to (1) detect landslide-affected peak flows,
and (2) reconstruct plausible runoff hydrographs. Analysis of 16 indirect peak discharges
revealed that five of them were severely affected by landslide failure, producing peak flows
significantly greater than the envelope curve values for the flood of record for identically-sized
watersheds on the planet. For the remaining events, the GSSHA model simulated them with
38% mean absolute error, and validated that the indirect peak flow measurements varied from
40% to nearly 100% of the envelope curve value. The information contained within this report
can be used to identify peak design flows for Dominica to design replacement bridges. Those
replacement bridges should be designed to pass a reasonably large flow, such as some percentage
of the maximum global envelope curve, through the bridge opening. The designs should also be
resilient to the peak design flow, using low approaches that will allow a significant portion of
flood flows to pass over the roadway and not through the bridge opening.
Intelligent
transportation systems can warn motorists of flooded roadway conditions.

Introduction
The 2015 tropical Atlantic hurricane season was mostly quiet by most measures.
However, one particularly devastating counterpoint is the impact of tropical storm Erika on the
island nation of Dominica. Even though the center of TS Erika passed over 150 km north of
Dominica, the synoptic scale mid-level flow produced a region of significant convergence in the
vicinity of Dominica. Dominica has a pronounced orographic effect, and the net effect of
regional convergence with topographic interactions on Dominica was over 500 mm of rainfall in
10 hours on 27 August, 2015 (Dominican Met. Services).
The rainfall was not accompanied by strong winds, because the center of circulation of
TS Erika passed 150 km north, between Guadeloupe and Antigua. According to the US National

2

Weather Service, on 27 August the hurricane hunter flight from the U.S. had difficulty
identifying the center of circulation. Furthermore, the storm was contained within a region of
very high precipitable atmospheric water in excess of 60 mm (Votaw et al., 2015).
There was considerable forecast uncertainty (Franklin, 2015) but the storm was not
forecast to be a significant weather event. When torrential rains fell overnight in Dominica on 27
August, 2015, most people were caught by surprise. The preceding two weeks were quite rainy,
with about 200 mm of rain falling. The net result was an extreme rainfall event that caused the
most significant flooding in Dominica since Hurricane David in 1979. Many of the bridges on
the island were damaged or destroyed. Most portions of the island were impacted. The far
northeast portion of Dominica was the only part of the island that did not experience damaging
rains and subsequent floods.

River Surveys
The scope of work called for post-flood high-water mark and cross-section surveys of
between 12 to 20 rivers. The candidate rivers were identified by the Hydromet. Working Group
of the Government of Dominica. Those rivers as identified by that group were provided as a
compiled amalgamation of three lists, provided by Public Works, National Water Utility
DOWASCO, and the Dominican Meteorological Service.
Table 1 lists the rivers where indirect peak discharge measurements were made. The
actual location of the survey varies in terms of distance from the coast. This is because the
suitability of a particular reach of a river depends upon local conditions, such as: identifiable
high-water marks, access, post-event changes, channel morphology, presence of large woody or
other debris. The 16 sites surveyed are shown in Figure 1 with an x-box symbol. This figure
also shows watershed boundaries and their names in the legend. Appendix A contains detailed
information about each river reach surveyed, photographs, and a simulated hydrograph
containing relevant information.
Table 1 List of Rivers Surveyed
Belfast
Belle Fille
Boeri near Canefield

Castle Bruce

Check Hall

Colihaut

Coulibistrie

Dubuc

Geneva

Hampstead

Macoucherie

Malabuka

Melville Hall

Pointe Ronde

Rosalie

Roseau
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Figure 1: Major watersheds in Dominica. Surveyed river
reaches are shown with an x-in-box symbol. The name of
the rivers where indirect peak measurements were made
are given in the legend.
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Methods
The two survey crews were given instructions and documents related to the U.S.
Geological Survey (USGS) Slope-Area Method (USGS 1994). The essence of the method is
that Manning's equation is used based on the channel cross-section and slope of the water
surface. High water marks are identified, and surveyed using a total-station. If the high water
marks on the left and right banks differ by more than 0.5 m in elevation, then it is likely that one
of them was incorrectly identified. Identifying high water marks on vertical or near-vertical
surfaces is difficult.
The value of the Manning roughness coefficient was identified based on personal
experience, and using visual clues from the USGS report entitled “Roughness Characteristics of
Natural
Channels”,
which
is
available
online
at
the
following
site:
http://pubs.usgs.gov/wsp/wsp_1849/html/pdf.html . The USGS slope-area program “SAC” was
compiled in Linux and run on the surveyed data sets. This program requires identification of
Manning n values for the main channel, as well as the left- and right-overbank areas.
The quality of the indirect peak discharge measurement is noted in each instance.
Factors considered include: agreement of the left- and right-hand high water marks, whether or
not I have visited the site, obvious indications of large changes in cross-section during the event,
uncertainty regarding roughness coefficient values, or the one-dimensionality of the flow. These
quality indicators were used to subjectively indicate an uncertainty bound on the indirect peak
flow measurement of ±25%, or ±50% as advised by the U.S. Geological Survey (USGS 1994).

Results
The survey points are listed in Table 2. The confidence of the GPS survey coordinates
are noted (good, fair, poor), as per how well they coincide with a stream location determined
from the 10 m DEM. The 10 m DEM was obtained from Jerry Meyers of the World Bank, and
was derived from a JICA Synthetic Aperture Radar project (J. Meyers, pers. comm.). Details of
surveys, notes, and photos are given in Appendix A.
The indirect peak flow measurements determined using high-water marks, channel crosssection surveys, and the US Geological Survey slope-area method are listed in Table 3. This
table also lists the subjective uncertainty associated with each measurement. Furthermore, this
table compares against the global maximum envelope curve (ICOLD 2002, IAHS 1984) for
instantaneous peak flood flows (m3 s-1), as a function of watershed area (km2). This comparison
provides an indication of the appropriateness of the magnitude of the indirect peak discharge
measurements. Only values below or near the envelope are valid. Values of peak flow in excess
of the envelope curve are either erroneous, or the result of failure of a landslide dam above the
measurement site.
The indirect peak discharge measurement is also listed as a ratio of the envelope value.
This ratio should be less than 1.0 for realistic measurements. Ratios in excess of 1.0 are affected
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by landslide dam failure, incorrect high-water mark identifications, survey blunders, or the use of
incorrect roughness coefficients.
Table 2. Geographical coordinates of survey points WGS84 associated with the approximate
locations of survey reaches.
River Name

Latitude (N)

Longitude (W)

Easting (m)

Northing (m)

Belfast

15:22:50

61:23:14

673100

1701100

Belle Fille

15:25:09

61:16:33

685000

1705400

Boeri

15:19:06

61:22:18

673200

1695683

Castle Bruce

15:25:42

61:16:35

684900

1706400

Check Hall

15:20:36

61:23:11

673100

1696800

Colihaut

15:29:24

61:27:18

665700

1713100

Coulibistrie

15:27:58

61:26:50

666600

1710500

Dubuc

15:15:00

61:18:19

682000

1686700

Geneva

15:15:56

61:18:36

681400

1688493

Hampstead

15:34:10

61:22:26

674400

1721990

Macoucherie

15:25:58

61:24:20

671100

1706800

Malabuka

15:15:18

61:17:08

684100

1687300

Melville Hall

15:32:28

61:18:49

680800

1718900

Pointe Ronde

15:32:09

61:28:23

663700

1717900

Rosalie

15:22:22

61:16:09

685700

1700300

Roseau

15:18:14

61:22:28

674500

1692600

The quality of the high water marks in the surveyed reaches varied considerably. The
Belle Fille, Castle Bruce, Melville Hall, and Rosalie Rivers all had well defined high water
marks, flows confined to one main channel, and a reasonably straight channel reach. For these
reasons, indirect peak flow measurements in those channels are given 25% uncertainty. The
high water elevations identified on the left and right banks of the Hampstead River below
Chaudier's Pool, Malabuka River, and Rosalie River were about 2.0 m difference in elevation.
For this reason, the uncertainty of the peak flow measurement in those rivers is given as 50%.
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Table 3. Indirect Peak Discharge Measurements and Comparison with Global Envelope Curve
with Uncertainty.

Notes on Table 3: “-” in the column denoted as “Uncert.” indicates that the indirect peak
discharge was likely affected by the failure of a land-slide dam above the indirect peak discharge
measurement site, as indicated by a Q/Qenv ratio in excess of 100%. This is clearly the case in
the Malabuka, Geneva, Dubuc, Coulibistrie and Belfast Rivers. The global maximum envelope
curve peak discharge values as a function of drainage basin area were calculated from the
International Conference on Large Dams (ICOLD, 2002) for watersheds less than 300 km2 in
area.
Differences in high water mark elevations on left and right banks of Hampstead,
Malabuka and Rosalie rivers were greater than 2 m.

Discussion
The global peak discharge envelope curve provides an excellent measure by which to
detect high outlier indirect peak discharge measurements. The global envelope curve and
supporting data from ICOLD (2002) and the International Association for Hydraulic Research
(IAHR) is shown in Figure 2. The blue triangles in Fig. 2 represent indirect peak discharge
measurements in this study. Those blue triangles above and to the left of the ICOLD (2002)
envelope are most certainly landslide dam-failure affected peaks.
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Figure 2: Global peak flood discharge envelope curve (red line), and supporting data
points (black). The blue triangles represent Dominica watersheds during TS Erika based
on indirect peak discharge measurements from Table 3.
The peak flood discharge Q envelope curve below 300 km2 watershed area is constructed
using Equation 1. This is the portion of the envelope curve above the blue triangles shown in
Figure 2 for the watersheds in Dominica where indirect peak discharge measurements are valid.
(1)
with:
A = watershed area km2
Q1 = 10000 m3 s-1
A1= 300 km2
R = 2.1 (coefficient)

The indirect peak discharges from Dominica during TS Erika above the envelope curve
shown in Fig. 2 are almost certainly affected by landslide dam failure. Flows below the envelope
curve range from 23% to 94% of the envelope curve, with a mean value of 59%. It is not
possible to assign a probability of exceedance to this percentage of the envelope curve value,
because it depends on a host of factors that are not well understood such as climate and runoff
generation mechanism, as well as the period of record (Castellarin et al. 2005). It is safe to say
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that 59% of the envelope curve is an extreme event, as demonstrated by the extent of the
destruction seen during TS Erika.

Indirect Peak Discharge Measurement Conclusions
Indirect peak discharge measurements were made in 16 rivers in Dominica following
Tropical Storm Erika, which impacted the island on 27 August, 2015. These measurements will
provide guidance flows for re-designing failed bridges and other infrastructure on the island.
Two surveying teams were trained in post-event high-water mark identification and cross-section
surveys. Survey data were used as input, together with professional judgment based on personal
experience, with the USGS SAC slope-area method computer program to compute peak
discharges.
Results indicate that peak discharges in a subset of five of the 16 rivers surveyed, the
Belfast, Coulibistrie, Dubuc, Geneva and Malabuka, were impacted by the failure of large
landslide dams in upstream areas. Those are shown in the results listed in Table 3 as having
peak flows larger than any ever observed for catchments of that size, the so-called “envelope
curve”.
Design using the envelope curve is justified for truly high-risk infrastructure, but
probably cost-prohibitive for most highway bridges.
Designing for some fraction of the
envelope peak discharge given by Eqn. 1 is a way to advance. Empirical data from this study
have demonstrated that flows ranging from 23% to 94% of the envelope curve occurred as the
result of rainfall from TS Erika. The mean percentage value of the envelope discharge observed
was 52%. Some fraction of the envelope curve value might provide a suitable design standard.
Note that in addition to design standards based on peak discharges, the lessons of the past
should be heeded. Roadway embankments that do not completely block the flood plain and
force all flood flows to pass through the bridge opening are preferable in that they help to
promote flood survivability of infrastructure. When combined with proper warnings and road
closure mechanisms during floods, the safety of life can be protected.
The analysis presented in this report does not represent design. Selection of a
suitable design percentage of the peak discharge envelope curve shall be the responsibility of an
engineer licensed to practice engineering in the Republic of Dominica. The designer is
encouraged to design bridges that are resilient in the face of extreme events. The best example
from TS Erika is the condition that exists at the Macoucherie River. The 1909 bridge is still
standing, while the more contemporary bridge has failed. The difference in the resilience of the
design of these two bridges is stark.
The 1909 bridge was designed so that it did not block the entire flood plain and force all
the flow through the bridge opening. The approaches of the 1909 bridge are at an elevation that
is considerably lower than the bridge itself. This design allows extreme flows to pass over the
highway, reducing flow magnitudes, velocities, and erosive potential through the bridge opening.
This is exemplified in Figure 3.
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Figure 3: Example design of resilient bridges that are less likely to completely fail during
extreme events.
The resilient bridge design represents a driving hazard when water is passing over the
roadway. Flashing warning signs at both approaches can warn of dangerous conditions. These
signs extol drivers to “Turn Around, Don't Drown”. Intelligent transportation systems can detect
roadway flooding and activate solar-powered high-intensity solar-LED flashing lights on the
caution signs.
Resilience includes deep abutment/pier foundations designed
maximum scour depth. The roadway approaches shall be designed
The downstream slope of the roadway embankment should employ
from erosion. Energy dissipation is necessary on the downslope side
scour and undermining.
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to withstand the probable
to withstand overtopping.
grouted rip-rap to protect
of the roadway to prevent

Flow Calculation Example:
Given a watershed area of 11.5 km2 above a bridge site, determine the stream flow corresponding
to 60% of the peak discharge envelope curve.
Solution:
Using Eqn. 1 with A=11.5 km2 , Q1 = 10000 m3 s-1, A1= 300 km2, and R = 2.1, gives:

.
This is the envelope discharge for the 11.5 km 2 watershed area. If we want to use 60% of this
value, we must multiply by 0.6:
. This is the calculated discharge.
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Analysis of MeteoFrance Radar Data from TS Erika
The French Meteorological Agency MeteoFrance operates two S-band weather radars on the
islands that are adjacent to Dominica. The best radar is the one on Martinique, which is called
“Daimant”. This is a very nice S-band radar with a 1.3- degree beamwidth antenna, that is
installed on a 10 m tower that is at 380 m elevation at coordinates 14.50139N 61.0750W.
Unfortunately, this radar site results in significant beam blockage over the entire west coast of
Dominica as shown in Figure 4.

Figure 4: Radar image from the Daimant Radar on the French island of Martinique, during
tropical storm Erika. This image shows significant beam blockage over the western coastal
regions of Dominica. Note outline of Dominica under beam blockage path.
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The blockage in the direction of Dominica from the Daimant radar is severe. Analysis of
the radar reflectivities from 27 August 2015, revealed that this radar greatly underestimated the
storm-total rainfall. The underestimation was so severe as to render observations of TS Erika by
the Daimant radar worthless over Dominica.
The MeteoFrance radar on Guadeloupe is called “Le Moule”. This S-band radar has a
smaller parabolic reflector than the Daimant radar, which results in a larger beam width of 2.1
degrees. This larger beam width is less desirable because it results in a number of negative
factors with regards to radar-rainfall estimation. However, the Le Moule radar in Guadeloupe is
much better sited for observing precipitation over Dominica. This radar is sited at 16.31611N
61.34583W, at an elevation of 30 m, and the pedestal holding the reflector is 13 m above ground
level.
MeteoFrance stores and transfers data files in the 'BUFR' file format, which is one of the
worst file formats imaginable for transferring radar data. It is enormously inefficient and results
in huge data files that are poorly defined, incompatible with standard radar data processing
software, and virtually impenetrable by any potential data user without a lot of assistance from
someone who knows the transformations employed by MeteoFrance to get the radar data into the
BUFR format. Processing the original radar data was an extremely difficult process, and I have
processed a lot of weather radar data.
The sequence of images below show the progression of TS Erika across Dominica on 27
August, 2015, all times in UTC, as observed by Le Moule radar on Guadeloupe. As the storm
approaches, the center of circulation is about 125 km northeast of the radar at 05:37 UTC.
However, before 08:00 UTC, a secondary center of circulation becomes established over the
island of Dominica as orographic convection triggers a local surface low pressure center over the
island. I placed on YouTube: https://www.youtube.com/watch?v=WOA0lF30oms an animation
of the radar observations from Guadeloupe of TS Erika.
One important consideration is selection of radar data from an antenna elevation angle
that does not result in significant ground clutter. Because the mountains on Dominica are quite
tall, the 0-degree elevation angle is likely not satisfactory. To answer this question, a radar path
analysis was performed using atmospheric soundings recorded at 12:00 UTC on 27 August,
2015.
The results of that beam path analysis are shown in Figure 5. The atmospheric sounding
values used were from Guadeloupe. Atmospheric variables used in the beam path analysis are
listed in Table 1. Note that the atmosphere is very nearly saturated below 605 mb (4323 m elev.).
This condition was noted by the US National Oceanic and Atmospheric Administration as one of
the factors that led to extreme rainfall in the case of TS Erika in their post-event analysis.
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Table 1. Atmospheric soundings from Station 78897, La Raizet, Guadeloupe, 12:00 UTC 27
August 2015. [Data source: Atmospheric Science Dept., University of Wyoming]
Height (m)

Temperature (C)

Pressure (hPa)

Rel. Humidity (%)
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25

1008

95

73

24.8

1000

95

719

21.6

929

96

1428

18.3

856

97

1828

16.4

817

97

2672

10.3

739

98

3123

8.6

700

98

3609

7.2

660

99

3914

6.4

636

99

4323

4.2

605

99

5152

-0.2

546

83

5405

-2.1

529

78

5850

-5.7

500

84

6433

-9.5

464

92

7570

-15.7

400

85

Figure 5 shows calculated radar beam paths for different antenna elevation angles
(degrees). Notice that the 0-degree beam path is completely intercepted by the island of
Dominica. In fact, the first beam elevation angle that completely clears the island is the 0.8degree angle. However, because Le Moule radar has a 2.1-degree beam width, then the first
beam elevation angle that completely clears the topography of Dominica is the 2.0-degree beam
path. However, this beam path is 3 km above sea level at the north end of Dominica and 5 km
above sea level at the south end of Dominica. At the time of this sounding, the precipitable water
amount was 67 mm. This is a high amount of precipitable water for the tropics (Vatow et al.
2015, Fig. 6), which indicates that the circulation associated with TS Erika encountered abundant
moisture over Dominica.
Evaluation of the 2.0-degree beam path data revealed that this beam elevation angle
results in the radar overshooting the precipitation and having generally poor returns over the
southern two-thirds of Dominica. Because of the 2.1-degree beam width of Le Moule radar, the
1.6-degree beam path does slightly encounter the highest peak in Dominica, Morne Diablotins,
which is 1,447 m in height. However this is minimal and can be avoided with the use of a clutter
filter.
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During TS Erika on 27 August, some episodes of abnormal propagation were observed
when the radar beam from Le Moule radar on Guadeloupe did strike the mountains of Dominica.
The clutter filter also helped to remove that influence, but the extent is slightly uncertain.

Figure 5: Beam path analysis for Le Moule radar, Guadeloupe, at an azimuth of
approximately 180-degrees. Shown on the figure is the spine of the island of Dominica.
The radar reflectivity factor Z is proportional to the sixth moment of the raindrop size
distribution. For this reason, Z can take on a very wide range of values. The data shown in Figs.
6-9 represent a time series of the radar reflectivity factor Z shown in decibel units (dBZ). The
conversion between Z and dBZ is given by the equation: dBZ=10log10Z, where log10 denotes the
logarithm base 10 of the radar reflectivity factor Z. The units of Z are mm6 m-3.
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Figure 6: Early approach on 27 August, at 05:37 UTC. The center of circulation is at
about 45-degrees, and 100 km range. Note outline of Dominica directly south of the radar
site between 75 and 125 km range.
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Figure 7: Le Moule radar image of TS Erika causing heavy rainfall over Dominica at 08:57
UTC on 27 August, 2015. Note that almost the entire island is covered by > 45 dBZ reflectivity
that is indicative of heavy rainfall.
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Figure 8: Le Moule radar image of TS Erika causing heavy rainfall over Dominica at 12:07
UTC on 27 August, 2015. Note that despite the passing of three hours since the radar image
shown in Figure 5, that almost the entire island is still covered by > 45 dBZ reflectivity that is
indicative of heavy rainfall.
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Figure 9: Le Moule radar image of TS Erika at 15:12 UTC. The island of Dominica is covered
at this time by reflectivies >40 dBZ, which indicates moderate to some heavy imbedded rainfall
where the reflectivity is > 45 dBZ as indicated by the red areas.
The form of the widely used radar reflectivity Z vs. rainfall rate R relation is:
(1)
Where:
Z=
radar reflectivity factor (mm6 m-3),
R=
rainfall rate (mm h-1),
α=
empirical coefficient, and
β=
empirical exponent.
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There are published Z-R relations to cover many different situations, but in reality the
relationship between radar reflectivity factor and the rainfall rate varies in both space and time.
The standard “tropical” Z-R relation uses α=250 and β=1.2, with the reflectivity in decibel units
(dBZ) limited to 50 dBZ.

Comparison Against Hourly Rain Gauge Data
This standard tropical Z-R relation was applied to the Le Moule radar data set and
compared at the hourly level against 8 rain gages operated by Dominican Met. Services for the
duration of TS Erika. Those results are shown in Fig. 10.

Figure 10: Comparison of 17 hourly radar rainfall estimates calculated using the
standard tropical reflectivity-rainfall relation Z=250R1.2 against 8 tipping bucket rain
gauges.
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The slope of the best fit line in Figure 10 is 0.57, which indicates that the standard
tropical Z-R relationship underestimated the rainfall on average relative to the rain gauges.
Adjusting the leading coefficient in the Z-R relationship for a particular storm to force the slope
of the radar vs. gauge regression line to be 1.0 is known as mean field bias adjustment (Steiner et
al. 1999). This approach was taken by varying the value of the coefficient α in Eqn. 1 until the
slope of the regression line is 1.0. Another step that was taken was to evaluate outliers before
regressing the best fit line. In the case of this storm, four hours of data from the Springfield rain
gage were eliminated from the regression as outliers, where the rain gauge greatly
undermeasured the rainfall values for those four hours compared to all other gauges in the
network and the radar. The reason for this gauge undercatch is unknown.
The resulting best fit set was found when the coefficient α was equal to 132. Those
hourly radar-vs. rain gauge values are shown in Fig. 11, and the outliers from the Springfield rain
gauge are noted. A reflectivity factor limit of 50dBZ was applied as is traditional for use of the
tropical Z-R relation.

Figure 11: Radar vs. rain gage comparison with 17 hourly rainfall accumulations at 8
rain gauges during tropical storm Erika, with four hourly values from the Springfield
rain gauge removed as outliers as shown. Z<= 50dBZ.
The results shown in Figure 11 indicate that the Le Moule radar in Guadeloupe does a
reasonably good job of estimating the rainfall from TS Erika over the rain gauge sites. This is
despite the relatively large 2.1-degree beam width, approximately 100 km range, and the
necessity of using a relatively large 1.6-degree elevation angle to avoid topographic
21

contamination of the radar signal. The calibrated exponent eliminated the bias, and the
coefficient of determination (r2 =0.85) indicates an acceptable linear fit. This Z-R relation was
used to calculate the time-series of radar-rainfall values across the island of Dominica.

Storm Total Rainfall Hyetograph
The total rainfall amount over the island for TS Erika was integrated at individual radar
rainfall pixels. The first cut did not consider the possibility of beam abnormal propagation (AP)
leading to the radar beam striking the terrain and producing false echoes. At several times during
the storm of 27 August, 2015, AP occurred in significant amounts. Analysis of those time
periods allowed creation of a clutter mask, wherein radar-reflectivity values in those pixels that
are affected by AP were ignored, and the rainfall rate calculated from surrounding non-clutter
influenced pixels were interpolated to estimate the missing values in clutter prone regions. This
method can result in significant underestimation of orographic precipitation near mountaintops
where AP is most likely to occur. The clutter mask applied is shown in Figure 12, with clutter
prone areas shown in pink. Rainall within the clutter-prone regions were interpolated from the
three nearest pixels outside of the clutter mask using the inverse-distance squared method.

Figure 12: Clutter prone areas. Pixel size 1 km2.

The storm-total rainfall spatial distribution after clutter removal is shown in Figure 13. This
figure shows that the topography of the island clearly played a dominant role in triggering
precipitation.
22

Figure 13: Isohyetal map for TS Erika rainfall (mm) over the island of
Dominica, August, 2015. Note two maxima near the highest mountains on the
island. Contour interval 50 mm. Rainfall estimated using radar data from Le
Moule radar on Guadeloupe, with Z=132R1.2.with Z≤50dBZ.
The temporal distribution of island-wide rainfall from TS Erika is shown in Figure 14.
Hourly average island-wide rainfall rates were integrated from the Le Moule radar data, with
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rainfall rates calculated using Z=132R1.2. For three contiguous hours the average rainfall rate
over the entire island of Dominica exceeded 90 mm h-1 for an entire hour.

Figure 14: Temporal distribution of island-wide average rain rate and cumulative rainfall
from TS Erika on 27 August, 2015.
Also shown on Fig. 14 is the cumulative island-wide average rainfall. Note that the
cumulative island-wide average rainfall was 610 mm. This estimate was produced by biasadjusted radar rainfall, and is likely contaminated by unknown errors. The radar-rainfall
estimation accuracy as determined by correlation of radar-rainfall estimates within 25 km of rain
gauges used in bias adjustment has a mean of 0.56 (Rogalus and Ogden, 2013).

GSSHA Modeling
The Gridded Surface/Subsurface Hydrological Analysis (GSSHA) model is a processbased numerical hydrological simulator (Downer and Ogden, 2006). GSSHA is maintained by
the US Army Corps of Engineers for Engineering hydrology studies and hydraulic design
(Fatichi et al. 2016).
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Landslide Dam Failure Identification
Regarding the flood peaks shown in Figure 2, some of them may have been affected by
landslide dam failure. This happens when naturally occurring landslides block the channel, fill
with water, then fail. This failure releases a torrent of water that represents a much larger flood
peak than what would have occurred due solely to rainfall-runoff processes.
On 27 August, 2015, many landslides occurred throughout most of Dominica. This
provides strong evidence enough rain fell to fill most of the pore space in tropical saprolitic soils,
because soil saturation is associated with the occurrence of landslides. Previous studies indicate
that the saturated hydraulic conductivity of tropical saprolites in the absence of macropores is
approximately 2.0 cm h-1 (Hassler et al. 2011). The GSSHA model was run with a very small
value of soil saturated hydraulic conductivity (Ks = 0.001 cm h-1). If the model using this small
value of Ks and driven by bias-adjusted radar-rainfall could not produce a peak larger than that
which was indirectly measured, then it is certain that the peak was influenced by landslide dam
failure.
In general, it is possible with the GSSHA model to simulate any range of soil or land-use
dependent parameter values. The model is quite sensitive to the soil hydraulic conductivity,
overland and channel roughness coefficient, retention storage and plant interception of rainfall.
In this study we neglected interception. In most studies, tropical forest intercepts about 17
percent of rainfall, which evaporates off the leaves before falling to the ground as throughfall.
However, in truly extreme events such as TS Erika, it was highly unlikely that 17 percent of
rainfall is evaporated during the event because the lower troposphere was nearly saturated with
water vapor. Interception was most likely greatly reduced during TS Erika.
GSSHA is sensitive to channel cross-section parameters, particularly the channel width
and roughness coefficient. Because we do not have channel width data except at the sixteen
surveyed cross sections, I constructed a subjective empirical channel model that is a function of
drainage area. The same channel width estimator was used for all channels in all watersheds.
The Watershed Modeling System interface was used to set up the GSSHA models. A 10
m digital elevation model provided by Mr. Jerry Meyer of the World Bank was aggregated to 30
m, smoothed and watershed delineated using the TauDEM package. Channels were identified
using a channel initiation threshold of 0.1 km 2 in watersheds greater than 3 km 2 in area and 0.04
km2 in smaller watersheds. The identified channel network was trimmed to eliminate short
channels and smoothed to eliminate adverse slopes. The channels were assumed trapezoidal in
shape with side slopes of 1.0 H:V and channel bottom widths b (m) assigned based on the
contributing area A (km2) using:
(1)
(m)
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GSSHA Model Results
Using the mean-field bias-adjusted Le Moule radar-rainfall estimates, and a saturated
hydraulic conductivity value of 0.001 cm h-1, the GSSHA model was used as a diagnostic tool to
identify obviously landslide-affected peak flows. Given the reasonable radar-rainfall estimates,
uniform soils and land use, this is an appropriate use of the GSSHA model. The sixteen
watersheds where indirect peak discharges were made are shown in Figure 15. GSSHA model
results are listed in Table 2.

Figure 15: Watersheds where indirect peak discharge measurements were
made.
The same 16 watersheds with indirect peak discharge measurements were simulated
using GSSHA using literature parameter values were used because of the lack of infiltration
parameters or calibration data. Infiltration was simulated using the Green & Ampt with
Redistribution method (Ogden and Saghafian, 1997), assuming the soil saturated hydraulic
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conductivity Ks=2.0 cm h-1, the Green and Ampt soil capillary head parameter Hc=10 cm, pore
distribution index λ=0.234, residual saturation θr=0.015, field capacity θf=0.30, and wilting point
water content θw=0.15. Those simulation results are shown in Table 3.
Table 2. Comparison of indirect peak discharge measurements vs GSSHA simulations assuming
relatively impervious or waterlogged soils. Relative difference defined as ((GSSHA)/Indirect1.0)*100%.
Obviously
Drainage Indirect peak GSSHA peak
Relative
landslide dam
Area
discharge
discharge with
difference
affected?
2
3 -1
-1
Watershed Name
km
m s
Ks=0.001 cm h
(%)
(Y/N)
Belfast

13.62

1320

650

-51

Y

Belle Fille

24.22

656

991

51

N

Boeri

15.96

574

741

29

N

Castle Bruce

13.49

201

471

134

N

Check Hall

6.19

163

285

75

N

Colihaut

5.89

218

374

72

N

Coulibistrie

7.37

855

508

-41

Y

Dubuc

0.90

243

42

-83

Y

Geneva

7.26

1220

354

-71

Y

Hampstead

18.71

677

1042

54

N

Macoucherie

12.12

742

777

5

N

Malabuka

1.62

2876

72

-97

Y

Melville Hall

27.05

1196

1229

3

N

Pointe Ronde

6.16

232

251

8

N

Rosalie

22.48

1233

1017

-18

Y

Roseau

31.44

923

1425

54

N

Twenty four other watersheds were simulated using GSSHA with channel widths
predicted using Eqn. 1, with uniform Ks=2.0 cm h-1 (Hassler et al., 2011). Some of the
watersheds from Table 2 were repeated because the indirect peak discharge measurements were
made were far enough from the coast that the watershed area changed appreciably.
Land use effects were not considered because most of the watersheds simulated are
predominantly intact tropical forest. Except in coastal regions, Dominica is largely forested.
Interception of rainfall by forest canopy is important for average rainfall events. Prediction of
interception during extreme rainfall events when the atmosphere is nearly saturated with water
vapor and evaporation is limited (Table 1) is highly uncertain, and was not simulated. This is
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because the reason why interception is important in tropical forests during average rainfall events
is that the wet canopy is a very efficient evaporating surface. This results in significant
evaporation of intercepted water during rainfall. However, during extreme events with rainfall
rates in excess of 100 mm h-1 and relative humidity ≥ 95%, the evaporation rate from the canopy
is likely insignificant compared to the rainfall rate (Ogden et al. 2013).
Table 3. Peak flow results of GSSHA simulations with soil saturated hydraulic conductivity
Ks=2.0 cm h-1 on 16 watersheds compared with indirect peak discharge measurements.
Obviously
landslide
Drainage
Indirect peak
GSSHA peak
Relative
dam
Watershed Name
Area
discharge
discharge with
difference
affected?
km2
m3 s-1
Ks=2.0 cm h-1
(%)
(Y/N)
Belfast

13.62

1320

561

-58

Y

Belle Fille

24.22

656

827

26

N

Boeri

15.96

574

634

10

N

Castle Bruce

13.49

201

363

81

N

Check Hall

6.19

163

245

50

N

Colihaut

5.89

218

341

56

N

Coulibistrie

7.37

855

465

-46

Y

Dubuc

0.90

243

36

-85

Y

Geneva

7.26

1220

306

-75

Y

Hampstead

18.71

677

936

38

N

Macoucherie

12.15

742

705

-5

N

Malabuka

1.62

2876

62

-98

Y

Melville Hall

27.05

1196

1168

-2

N

Pointe Ronde

6.16

232

201

-13

N

Rosalie

22.48

1233

870

-29

Y

Roseau

31.44

923

1222

32

N

The mean relative difference of the non-landslide affected watersheds in Table 3 is 27
percent. The mean absolute relative difference for the non landslide-affected events in Table 3 is
31 percent.
The losses associated with simulating infiltration are indistinguishable from those
associated with interception, because in the GSSHA simulations both abstractions are removed
and cannot become runoff, because the GSSHA simulations did not simulate groundwater.
While strictly not correct, the effect is equivalent. However, with an atmosphere near saturation
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and rainfall in excess of 450 mm over most of the island (Fig. 13), the amount of interception
after the initial storage (a few mm) is filled, will be small.
Differences between GSSHA simulated peak discharge and the indirect peak discharge
measurement can be caused by a large number of factors. Radar-rainfall estimation errors and
uncertainty in soil hydraulic properties are the most likely error sources. Because the GSSHA
model was driven with literature soil hydraulic properties and assumed initial relative soil
moisture equal to 80%, and neglected land-use effects.
Assuming that landslide dam failure affected peaks if the indirect peak measurement was
more than 15 percent greater than the GSSHA simulated peak discharge, then 10 of the 16
watersheds represent plausible GSSHA simulations. The error calculations on those are given in
Table 4.
Table 4. Comparing GSSHA simulated peak discharges versus indirect peak discharge
measurements for likely non-landslide affected peaks. GSSHA simulations assumed soil
saturated hydraulic conductivity of 2.0 cm h-1.
Qp indirect
Qp GSSHA
Difference (%)
Watershed
(m3 s-1)
(m3 s-1)
Belle Fille

656±160

827

26%

Boeri

574±140

633

10%

Castle Bruce

200±50

362

80%

Check Hall

163±40

246

51%

Colihaut

218±55

341

56%

Hampstead

677±340

936

38%

Macoucherie

742±190

705

-5%

Melville Hall

1196±300

1168

-2%

Pointe Ronde

232±60

201

-13%

Roseau

923±230

1222

32%

The sign on the difference in Table 4 is positive if GSSHA overestimated the peak flow
rate and negative if GSSHA underestimated it. The average difference of the simulations
tabulated in Table 4 is 27%, while the average absolute difference is 32%. These differences are
less than the 25% nominal indirect peak discharge measure uncertainty in four of the 11
watersheds. The hydrographs are plotted in Appendix A for these watersheds. These results
indicate that the GSSHA model has some skill using literature soil parameters, radar-rainfall
estimates, and geomorphologically-estimated channel cross-section properties.
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Figure 16: The 24 watersheds simulated with watershed outlet near the coast as part of this
project. The colors correspond to elevation, with red being lowest and blue being highest
terrain.
The watersheds in Figure 16 were simulated and the results are listed in Table 5,
including the latitude and longitude of the simulated outlet point of the watershed at the
coastline. Also included in the Table 4 are the simulated watershed area, modeled peak
30

discharge, watershed average rainfall, runoff, and runoff efficiency. The runoff efficiency was
calculated as the depth of runoff (mm) divided by the watershed average rainfall (mm) and
converted to a percentage. These simulations were driven by radar-rainfall estimates calculated
using Z=132R1.2.
Table 4. Modeled runoff for 24 additional watersheds around Dominica shown in Figure 16.
River names taken from map by Government of Dominica Ordinance Survey, 1991.
Area
Qp
Rainfall Runoff Runoff Latitude
Longitude
2
3 -1
Watershed
km
(m s )
(mm)
(mm) eff. (%)
(N)
(W)
Layou

75.40

2495

564

348

62

15:24:09

61:24:42

Macoucherie

19.12

1061

630

416

66

15:25:45

61:25:37

Batali

14.20

905

654

427

65

15:27:12

61:26:39

Dublanc

7.45

338

514

270

53

15:30:53

61:27:57

Pointe Ronde

8.12

246

405

206

51

15:31:58

61:38:36

Picard

12.41

382

501

262

52

15:33:36

61:27:22

Blenheim

18.91

863

442

252

57

15:35:32

61:23:27

Hampstead

19.54

931

534

291

55

15:35:29

61:21:57

Penton

5.85

266

527

340

65

15:35:26

61:21:49

Mamelabou

10.81

522

529

318

60

15:35:06

61:20:08

WoodfordHill

5.59

240

585

368

63

15:34:51

61:19:20

Toulaman

16.52

722

591

330

56

15:33:16

61:18:27

Pagua

38.11

1319

625

362

58

15:32:50

61:17:52

Castle Bruce

44.07

855

483

263

54

15:31:03

61:16:29

St. Sauveur

7.13

211

459

244

53

15:24:16

61:15:14

Rosalie

29.87

987

494

272

55

15:22:19

61:15:11

Toberi

8.27

221

478

255

53

15:20:31

61:14:53

La Ronde

3.20

88

468

247

53

15:19:14

61:14:46

Boetica

2.23

75

499

274

55

15:18:37

61:14:48

Mulatre

20.70

739

567

317

56

15:16:35

61:15:23

Geneva

22.92

724

491

258

52

15:14:39

61:18:26

Soufriere

4.77

121

399

174

44

15:14:17

61:18:53

Gillon

3.36

89

366

146

40

15:15:33

61:22:27

Malabuka

2.96

111

512

298

58

15:14:35

61:16:59
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Results in Table 4 show that simulated runoff efficiencies varied from a low of 34 percent
in the case of the Gillon watershed, to a high of 69 percent in the Batali and Macoucherie river
watersheds. The organization of the watersheds in Table 4 largely follows a clockwise path
around the island starting from the Layou, which at 75.4 km 2 is the largest watershed on the
island and drains to the Caribbean sea. The GSSHA simulated peak discharge values from the 24
watersheds listed in Table 4 plus the 16 watersheds listed in Table 3 are plotted vs. drainage area
in Figure 17. This figure also includes the ICOLD peak discharge envelope for watersheds less
than 300 km2 in area. The best fit line through the simulated flood peaks has a slope of 1.02 on
log-log axes.

Figure 17: Simulated peak discharges using GSSHA with soil saturated hydraulic
conductivity Ks=2.0 cm h-1 driven by TS Erika radar-rainfall on 16 watersheds were indirect
peak discharge measurements were made plus the 24 ungauged watersheds (40 total).
The results in Figure 17 provide an indication that the GSSHA simulations of ungauged
basins with soil hydraulic parameters previously given provide plausible peak discharges relative
to the ICOLD maximum discharge envelope. The regression line through the peak discharges
indicate that if the GSSHA model represents the response of watersheds in Dominica to extreme
rainfall, then the peak discharge scales approximately linearly with drainage area.
This linear response is likely an artifact of the relatively small range of basin sizes.
Studies in the U.S. have indicated area scaling relationships with an exponent up to 0.77 (Ogden
and Dawdy, 2003) up to 20 km2. The relationship given in Figure 17, taken in the context of
indirect peak discharge measurements shown in Figure 2, provides a basis for flow calculations
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that may be used in design. Resilient bridge designs such as that shown in Figure 3 could
accommodate a much smaller flow on average, but be designed to pass a much higher discharge
and survive the event.

Analysis of GSSHA Simulated Peak Runoff Extremity
Truly extreme runoff events approach a condition where the amount of water leaving the
watershed is very nearly the amount of rainfall entering the watershed less some constant loss
rate. This is the physical justification behind the concept of the peak runoff rate envelope curve.
In smaller catchments, the envelope limit is reached when the atmosphere provides the
maximum possible rainfall rate for a long enough time that the entire watershed area contributes
to runoff. The 300 km2 break in the ICOLD envelope curve is approximately the upper limit of
the areal extent at which atmosphere can produce torrential rainfall. Above this 300 km 2 limit,
the likelihood that torrential rainfall covers the watershed is diminishingly small.
The radar-rainfall data from TS Erika, were analyzed in terms of the watershed-average
peak rainfall rate ip in mm h-1. Similarly, the peak discharge from GSSHA simulations were
converted to peak runoff rates rp in mm h-1. A key dimensionless parameter is the dimensionless
runoff rate rp*, which is calculated as:
(2)

The independent variable of interest is the peak runoff rate Qp that is normalized by the
envelope curve peak runoff rate Qpe that is assumed to be solely a function of watershed area A to
produce a dimensionless peak discharge Qp*:
(3)

Figure 18 plots Qp* versus r* to identify which watersheds more closely approached
equilibrium conditions, and were therefore more severely impacted by the rainfall from TS Erika.
These results provide a visual indication of which watersheds were most impacted by the storm.
Those watersheds in the upper right-hand portion of the figure were most severely affected with
Q*>80%, which include the Macoucherie, Coulibistrie, Hampstead and Colihaut watersheds. A
second group with 50<Q*<80% include the Belfast, Belle Fille, Melville Hall, Roseau, Rosalie,
and Boeri. Those watersheds with Q* less than 0.5, the Pointe Ronde, Castle Bruce, Dubuc and
Malabuka received considerably less rainfall that the other watersheds and the GSSHA models
had notably lower peak flow values compared to the envelope maximum.
As previously stated, the peak flows in the Dubuc, Geneva, and Malabuka watersheds
were obviously affected by landslide dam failures. If it were not for these landslide dam failures,
the peak discharge in those watersheds would have been less than 40% of the envelope for the
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Dubuc and Malabuka river, and about 60% in the case of the Geneva River. In actuality, the
peak discharge in those three rivers was considerably greater than the envelope value because of
landslide dam failures.

Figure 18: Simulated peak discharge normalized by the envelope peak discharge
(Q*) versus the peak observed runoff rate normalized by the peak instantaneous
excess rainfall rate (R*). Both quantities are dimensionless. Watersheds with
larger Q* values were worst affected. Effects of landslide dam failure not included.
The rainfall and runoff rates (mm h-1) for the Macoucherie river, one of the worst
affected are plotted together in Figure 19. This figure indicates that the peak rate of runoff was
very nearly the same as the peak rainfall rate.
The severity of TS Erika in the Macoucherie river watershed is apparent in Figure 19.
The peak runoff rate from GSSHA is 238 mm h-1, while the peak rainfall rate is 270 mm h-1. The
difference is only 32 mm h-1, which is only 10 mm h-1 less than the simulated infiltration rate of
approximately 20 mm h-1 at this point in the storm. This is seldom seen, and indicates that for
the Macoucherie watershed and others with Qp* values near 1.0 on Figure 18, the event was near
the envelope curve maximum value.
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Figure 19: The 12.15 km2 Macoucherie River watershed neared equilibrium
conditions during TS Erika, with runoff rate nearing rainfall rate during peak flow.
Error bars on indirect peak discharge measurement represent ±25 percent.

Conclusions
The results from the indirect peak discharge measurements indicate that with some
uncertainty, the peak flows resulting from the extreme rainfall associated with TS Erika were
near the ICOLD envelope of maximum flood events recorded anywhere on the planet. In five of
the 16 watersheds the failure of landslide dams led to much larger peak flows than the ICOLD
envelope. Those events are random and unpredictable. Furthermore the peak flows from
landslide dam failures are typically of low volume and short duration.
Designs that
appropriately incorporate features of resilience including resistance to scour, erosion, and
overtopping that incorporate low elevation approaches can withstand these short-duration highintensity flood peaks due to landslide dam failures.
The bias adjusted radar-rainfall estimates obtained by processing radar data from the Le
Moule radar on Guadeloupe represent reasonably accurate values. The rain gauge data set
provided by the Dominican Meteorological Service and used to perform the bias adjustment are
located in the southern half of Dominica, which provides an indication that range effects from Le
Moule radar were not a significant impediment to accurate radar-rainfall estimation for this
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event. Beam propagation analysis indicated that the 1.6-degree elevation angle from Le Moule
barely contacts the top of Morne Diablotins with the 2.1-degree radar half-power beamwidth.
However, data analysis indicated episodes of abnormal propagation that resulted in false echoes
near mountaintops. Those false echoes were mostly removed with the application of a clutter
mask. The rainfall isohyetal map shown in Figure 13 may contain some effects of radar ground
clutter. Far from mountain peaks it does not.
The bias-adjusted radar-rainfall estimates exhibit a coefficient of determination r2=0.85 at
the hourly level, using 17 hours of radar-rainfall accumulations evaluated over 8 tipping bucket
rain gauges. Spatial analysis of rainfall indicated that portions of Dominica received over 750
mm of rainfall, and the island-wide average rainfall for the event was 610 mm, almost twice the
preliminary 320 mm reported in the aftermath of the event based on the recorded accumulation at
the Canefield airport.
The U.S. Army Corps of Engineers, Gridded Surface/Subsurface Hydrological Analysis
(GSSHA) model was used to simulate the 16 basins where indirect peak discharge measurements
were made. These simulations served two purposes. The first set of simulations, which were
driven by radar-rainfall estimates, assumed that the soil was relatively impervious and saturated
with a very small value of saturated hydraulic conductivity Ks=0.001 cm h-1. The purpose of
those simulations was to compare the worst-case, saturated soil condition against the indirect
peak discharge measurements. This comparison provided a diagnostic to identify the likely
occurrence of landslide dam failure affected peak flows. This diagnostic test agreed quite closely
with the comparison against the ICOLD envelope curve, and similarly identified that five of the
16 indirectly measured peak flows were influenced by landslide dam failure.
The GSSHA model was next used to simulate the 16 measured catchment, using a value
of soil saturated hydraulic conductivity measured for saprolitic soils of Ks=2.0 cm h-1, (Hassler et
al. 2013) and literature values of other soil hydraulic parameters. 11 of 16 simulations with
peaks of similar magnitudes to the measurements had an average error of 38% and a mean
absolute error of 39%. This error is similar to the 25% error that is attributed to indirect peak
discharge measurements. This supports the notion that GSSHA peak discharge estimates with
the assumed soil hydraulic parameters are plausible indirect peak discharge estimates.
The atmospheric conditions that caused tropical storm Erika to drop extreme rainfall on
the island of Dominica probably were due at least in part to the topography of the island. It is
likely that events such as Erika are not particularly rare in the context of extreme events. The
height of the topography of Dominica seemed to trigger convection that created low level
convergence and local circulation that lingered over Dominica for several hours.
The peak discharge values shown in Figure 17 might be used by the appropriate licensed
professional to design replacement bridges in Dominica. The GSSHA model will allow
transposition of different rainfall fields from TS Erika or other tropical storms/hurricane onto
Dominican watersheds or possibly other Caribbean islands. The designer of replacement bridges
shall focus on resiliency. Designs that can pass both the annual average discharge and survive

36

large flows that are a significant fraction of the envelope peak discharge are ideal, using
contemporary intelligent transportation systems to protect the public from flooded waterways.
The linear regression shown in Fig. 17 indicates that the simulated peak discharges scaled
linearly with the drainage area for TS Erika in Dominica. This result supports the hypothesis that
the watersheds simulated throughout the island approached equilibrium conditions, where the
peak outflow was determined by the peak rainfall rate minus a small constant abstraction rate.
This condition indicates both that the event was truly extreme, and that the non-landslideaffected estimate of the peak discharge depended solely on the constant specific discharge of
37.3 m3 s-1 km-2.
The design of replacement bridges in Dominica shall include features to promote
resiliency. These features shall include: low approaches that allow overtopping and that are
designed to prevent erosion due to overtopping, scour resistant abutments and piers, and solarpowered blinking signs to warn against overtopping conditions.
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Appendix A
Description of Cross Sections Surveyed with Photographs
including GSSHA Simulated Hydrographs
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A-1

Site Name: Belfast River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:22:50

Longitude (W)
DD:MMSS
61:23:14

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Garmin Model 60
Channel Properties:
Well defined according to survey data.
High Water Marks: Not described.
Other remarks:
No photos provided.
Comments from field book:
Unknown

A-2

Belfast River continued

Figure A-1. Belfast R. GSSHA Simulation with saturated hydraulic conductivity 2 cm/h.

Model conclusion: Obviously landslide affected.

A-3

Site Name: Belle Fille River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:25:09

Longitude (W)
DD:MMSS
61:16:33

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Garmin Model 60CSx
Channel Properties:
Narrow, well contained on right side where steep banks and cliffs present, otherwise poorly
contained. Near encroachment of a banana plantation, river bank erosion, sand of deposition,
large woody debris.
High Water Marks:
High water marks on right bank sparse. On left bank there were plenty of signs of river flow in
the root field.
Other remarks:
Photo#: P1090776, P1090782, P1090785, P1090786, P1090797, P1090798, P1090801,
P1090807, P1090813, P1090816
Comments from field book:
Survey site located ~1.5 km above confluence with Castle Bruce River. Mr. Ali Cuffy, et al.
started alone as per Stephen Durand went upstream quite far. When I visited them it seemed to be
a very 2-D reach. Sure enough there was an island in the channel with significant bypass flow.:
Moved D.S. about 300 - 400 m to a spot by a cliff that was less 2-D, more 1-D.

A-4

Belle Fille River continued

A-5

Belle Fille River continued

Figure A-2. Belle Fille R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.

Model conclusion: Not landslide affected.

A-6

Site Name: Boeri River near Canefield
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:19:06

Longitude (W)
DD:MMSS
61:22:18

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Garmin 60
Channel Properties:
See photos
High Water Marks:
Not described.
Other remarks:
Photo#: Boeri River, Boeri R1, Boeri R5
Comments from field book:
None

A-7

Boeri River near Canefield continued

Figure A-3. Boeri R. GSSHA Simulation with saturated hydraulic conductivity 2 cm/h.

Model conclusion: Not landslide affected.

A-8

Site Name: Castle Bruce River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:25:42

Longitude (W)
DD:MMSS
61:16:35

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Other (Survey completed by Public Works team)
Channel Properties:
Narrow, well contained, river bank erosion, woody debris, damage to bridge.
High Water Marks:
Flow contained within channel. One huge boulder in the channel- did not seem to move. High
water marks fairly easy to find on both banks consisting of wedged vegetation or linear debris
deposition.
Other remarks:
Photo#: 1090760,1090761, 1090766
Comments from field book:
Survey completed by Public Works, Mr. Malcolm Belle, et al. at site located about ~1 km
upstream from 1st bridge over Castle Bruce River.

A-9

Castle Bruce River continued

Figure A-4. Castle Bruce R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.
Model conclusion: Not landslide affected.

A-10

Site Name: Check Hall River north of Canefield
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:20:36

Longitude (W)
DD:MMSS
61:23:11

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Garmin Model 60CSx
Channel Properties:
Narrow, well contained canyon above head of alluvial fan, river bank erosion, signs of
deposition, large woody debris
High Water Marks:
The group received good training on high water mark identification at this site. High water marks
were relatively easy to find. Channel was well confined within valley walls above the head of the
alluvial fan. STEEP.
Other remarks:
Photo#: (includes high water mark*): 1090626, 1090628, 1090631*, 1090639, 1090648,
1090663, 1090667, 1090668
Comments from field book:
Check Hall River north of Canefield is a straight and uniform reach in a canyon above head of
alluvial fan. Crew from Lands & Surveys Department led by Mr. Ali Cuffy.

A-11

Check Hall River north of Canefield continued

A-12

Check Hall River north of Canefield continued

Figure A-5. Checkhall R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.

Model conclusion: Not landslide affected.

A-13

Site Name: Colihaut River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:29:24

Longitude (W)
DD:MMSS
61:27:18

Quality of Reach
Good, Fair, Poor
F

GPS Used:
Garmin Model 60CSx
Channel Properties:
Wide, river flowed out of former river path, extensive river bank erosion and sand-gravel
deposition, submerged buried bridges, road damage, undercut concrete footings or curbs, large
woody debris present.
High Water Marks:
High water mark identification pretty easy. Lots of signs consisting of clean swept surfaces and
linear deposits of floating matter. One major question is when did this large gravel bar deposit,
there is some uncertainty regarding when it eroded. For this reason given Fair rating.
Other remarks:
Photo#: 1090946, 1090953, 1090963, 1090970, 1090977
Comments from field book:
River path change?, submerged buried bridges, x-sec drawing=river bed filled with sediment
which was a nearly vertical wall 1.0-2.0 in height.

A-14

Colihaut River continued

A-15

Colihaut River continued

Figure A-6. Colihaut R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.

Model conclusion: Not landslide affected.

A-16

Site Name: Coulibistrie River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:27:58

Longitude (W)
DD:MMSS
61:26:50

Quality of Reach
Good, Fair, Poor
F

GPS Used:
Garmin Model 60CSx
Channel Properties:
Narrow, above the head of an alluvial fan. Well contained on left and right banks where cliffs or
deep banks are present, poorly contained in other areas, extensive river bank erosion and sandgravel-rock deposition, large woody debris, property debris in alluvial area. Post-event channel
changes, extensive flood damage to infrastructure and buildings in the town of Coulibistrie.
High Water Marks:
High water marks abound on remnants of large trees bashed and broken by this extreme flow.
Pure devastation. Influence of large woody debris makes one wonder what this wild flow looked
like, and how much it was affected by the woody debris.
Other remarks:
Photo# (includes high water mark*): 1090870, 1090872, 1090874, 1090882,1090883, 1090889,
1090891*, 1090902, 1090903, 1090922*, 1090924, 1090942
Comments from field book:
None

A-17

Coulibistrie River continued

A-18

Coulibistrie River continued

Figure A-7. Coulibistrie R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.
Model conclusion: Obviously landslide affected.

A-19

Site Name: Dubuc River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:15:00

Longitude (W)
DD:MMSS
61:18:19

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Other
Channel Properties:
Well confined channel.
High Water Marks:
Good visibility.
Other remarks:
Photo#: Dubique R1, P1100703, P1100705, P1100706, P1100708, P1100709
Comments from field book:
None

A-20

Dubuc River continued

Figure A-8. Dubuc R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.
Model conclusion: Obviously landslide affected.

A-21

Site Name: Geneva River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:15:56

Longitude (W)
DD:MMSS
61:18:36

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Garmin 60CSx
Channel Properties:
Broad, very large sediment. Massive distruction along banks.
High Water Marks:
Good visibility, even in March, 2016.
Other remarks:
Photo#: Geneva 1, Geneva 2, Geneva 3, Geneva 5, Geneva 7, Geneva R1, P1100611, P1100615,
P1100617, P1100619
Comments from field book:
Stephen Durand reported that people living upstream said at approximately 5:00 am on August,
27, 2015, the river sounded like a train.

A-22

Geneva River continued

A-23

Geneva River continued

Figure A-9. Geneva R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.

Model conclusion: Obviously landslide affected.

A-24

Site Name: Hampstead River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:34:10

Longitude (W)
DD:MMSS
61:22:26

Quality of Reach
Good, Fair, Poor
P

GPS Used:
Garmin Model 60CSx
Channel Properties:
Narrow, well contained due to steep and deep rock wall outcrops and cliffs, river bank erosion,
signs of sand deposition, large woody debris
High Water Marks:
High water marks sparse on steep left bank. Thought I saw a raft of deposited twigs atop left
bank. Right bank flows were into the trees, and there were many high water marks. Floating
objects hung up in stiff vegetation in a linear fashion. Left and right bank high water marks at
this site did not agree particularly well. For this reason site is classified as Poor.
Other remarks:
Photo# (from below Chaudiere's Pool): 1090739, 1090742, P1090749
Comments from field book:
I went with team from Public Works to survey Hampstead River. Walked upriver from bridge
over ~1km and saw much overbank flow and large woody debris. Stephen Durand suggested
another point a couple of km upriver near the town of Bense. We found a good reach on
Hampstead River just below a tributary that enters just below Chaudiere's Pool.

A-25

Hampstead River continued

Figure A-10. Hampstead R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.
Model conclusion: Not landslide affected.

A-26

Site Name: Macoucherie River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:25:58

Longitude (W)
DD:MMSS
61:24:20

Quality of Reach
Good, Fair, Poor
Good

GPS Used:
Garmin Model 60CSx , Other
Channel Properties:
Canaliform. Bedrock control. Steep. Excellent hydraulics.
High Water Marks: Apparent on both banks.
Other remarks:
Photo#: Macoucherie, Macoucherie 1, Macoucherie 2, Macoucherie - first S point, P1100776,
P1100778, P1100780, P1100781, P1100782, P1100783
Comments from field book:
None

A-27

Macoucherie River continued

A-28

Macoucherie River continued

Figure A-11. Macoucherie R. GSSHA Simulation with saturated hydraulic conductivity
2 cm/h.

Model conclusion: Not landslide affected.

A-29

Site Name: Malabuka River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:15:18

Longitude (W)
DD:MMSS
61:17:08

Quality of Reach
Good, Fair, Poor
F

GPS Used:
Garmin 60CSx
Channel Properties:
Broad, massively disturbed. Automobile-sized sediment jumbled.
High Water Marks:
Apparent on both banks.
Other remarks:
Photo#: Malabuka 2, P1100739, P1100741, P1100743, P1100744, P1100745, P1100748,
P1100751, P1100752, P1100753, P1100755, P1100756
Comments from field book:
None

A-30

Malabuka River continued

A-31

Malabuka River continued

Figure A-12. Malabuka R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.

Model conclusion: Obviously landslide affected.

A-32

Site Name: Melville Hall River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:32:28

Longitude (W)
DD:MMSS
61:18:49

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Garmin Model 60CSx
Channel Properties:
Narrow, contained where cliffs present, evidence of over flow in low and deep banks, extensive
river bank erosion, sand-gravel-deposition, extensive flood damage to Douglas-Charles Airport
and surrounding infrastructure, large woody debris.
High Water Marks:
High water marks were a bit hard to find here. Along steep left bank there were few signs. Some
cleaned leaf fall. On right bank, slackwater deposits were obvious. Right bank flows were over
bank and in grass and trees on the right flood plain for some distance.
Other remarks:
Photo#: 1090669, 1090671, 1090675, 1090680, 1090682, 1090686, 1090688, 1090691,
1090695, 1090697, 1090698, 1090702
Comments from field book:
Melville Hall River above Douglas-Charles Airport. Crew from Lands & Surveys Department
was led by Mr. Ali Cuffy. Looked at a point upstream from airport about 1.5 km where bridge
was destroyed: Too much out-of-bank flow and large woody debris. Selected reach about 200 m
upstream from diversion channel inlet at south end of the runway. Selected reach is 5 m or more
higher than the top of the failed diversion wall so it is unlikely in a supercritcal channel that there
were any effects on the water surface. Excellent survey site. Some out-of-bank flow or right
bank.

A-33

Melville Hall River continued

A-34

Melville Hall River continued

Figure A-13. Melville Hall R. GSSHA Simulation with saturated hydraulic conductivity
2 cm/h.
Model conclusion: Not landslide affected.

A-35

Site Name: Pointe Ronde River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:32:09

Longitude (W)
DD:MMSS
61:28:23

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Other (Survey completed by Lands & Survey team)
Channel Properties:
Well confined.
High Water Marks:
Apparent on both banks.
Other remarks:
Photo#: 20151027_150953, 20151027_151021, 20151027_151148, 20151027_151458,
20151027_151513, 20151027_151753, 20151027_151825, 20151027_152918, Point Ronde R3,
Pointe Ronde R5, Pointe Ronde R6, Pointe Ronde R7
Comments from field book:
Survey completed by Lands and Surveys personnel, Mr. Cuffy, et al.

A-36

Pointe Ronde River continued

A-37

Pointe Ronde River continued

Figure A-14. Pointe Ronde R. GSSHA Simulation with saturated hydraulic
conductivity 2 cm/h.

Model conclusion: Not landslide affected.

A-38

Site Name: Rosalie River
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:22:22

Longitude (W)
DD:MMSS
61:16:09

Quality of Reach
Good, Fair, Poor
F

GPS Used:
Garmin Model 60CSx
Channel Properties:
Wide, out of banks, river bank erosion, sand-gravel deposition, damage to infrastructure, large
woody debris.
High Water Marks:
Readily apparent on both banks.
Other remarks:
Photo#: P1090370, P1090832, P1090834, P1100838, P1100840, P1100841, P1100842,
P1100843, Rosalie 2
Comments from field book:
Survey site very near Three-Rivers Resort, just downstream from damaged bridge. Differences
between high water mark elevations on left and right banks differ by more than 2 m. Rated Fair.

A-39

Rosalie River continued
The photos on the previous page were taken during first visit in October, 2015, near coast. The
photos below were taken in March, 2016, in site where survey was actually done, about 2 km
upstream from coast.

A-40

Rosalie River continued

Figure A-15. Rosalie R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.
Model conclusion: Not landslide affected.

A-41

Site Name: Roseau River near Elms Hall
GPS Coordinates:
Latitude (N)
DD:MM:SS
15:18:14

Longitude (W)
DD:MMSS
61:22:28

Quality of Reach
Good, Fair, Poor
G

GPS Used:
Garmin Model 60CSx
Channel Properties:
Runs through the nation's capital, Roseau. Narrow, well contained on left bank, poorly contained
on right bank, extensive river bank erosion, sand-gravel deposition, flood damage to buildings
and infrastructure, property debris, large woody debris.
High Water Marks:
A small raft of twigs deposited on top of left bank at first cross section. Swept plastic debris on
near-vertical right bank at first cross section very indeterminate. Second cross section deposited
small branches on 45-degree slope left bank. See photo with range pole. At third cross section,
the flow was not well contained atop left bank with some sand deposition noting slackwater
elevation in back yard of home.
Other remarks:
Photo# (includes high water mark*): 1090616, 1090618*, 1090622*, 20151023_132753,
20151023_132801, 20151023_132804, 20151023_132947, 20151023_P1090855
Comments from field book:
Survey Roseau River near Elms Hall. Crew from Lands & Surveys Department led by Mr. Ali
Cuffy.

Photos of damaged infrastructure taken near Roseau.

A-42

Roseau River continued

A-43

Roseau River continued

Figure A-16. Roseau R. GSSHA Simulation with saturated hydraulic conductivity 2
cm/h.

Model conclusion: Not landslide affected.

A-44

Appendix B
GSSHA Simulated Hydrographs on 24 Rivers at the Coast
using Radar-Rainfall Estimates from TS Erika
27 August 2015
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Figure B-1. Layou R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-2. Macoucherie R. at coast. GSSHA simulation Ks=2.0 cm/h.

B-3

Figure B-3. Batali R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-4. Dublanc R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Figure B-5. Pointe Ronde R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-6. Picard R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Figure B-7. Blenheim R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-8. Hampstead R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Figure B-9. Penton R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-10. Mamelabou R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Figure B-11. Woodford Hill R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-12. Toulaman R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Figure B-13. Pagua R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-14. Castle Bruce R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Figure B-15. St. Sauveur R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-16. Rosalie R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Figure B-17. Toberi R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-18. La Ronde R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Figure B-19. Boetica R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-20. Mulatre R. at coast. GSSHA simulation Ks=2.0 cm/h.

B-12

Figure B-21. Geneva R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-22. Soufriere R. at coast. GSSHA simulation Ks=2.0 cm/h.

B-13

Figure B-23. Gillon R. at coast. GSSHA simulation Ks=2.0 cm/h.

Figure B-24. Malabuka R. at coast. GSSHA simulation Ks=2.0 cm/h.
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Appendix C. Rain gauge observations used to perform bias adjustment of radar data.
Tipping bucket rain gauge data binned to hourly data. Data provided by Met. Services of Dominica.
Coordinate system WGS84, UTM Zone 20N.
Hourly rainfall accumulations in mm.
YYYY MO DA HR Sta. Name:
Northing (m):
Easting (m):
2015
8 26 22
2015
8 26 23
2015
8 27
0
2015
8 27
1
2015
8 27
2
2015
8 27
3
2015
8 27
4
2015
8 27
5
2015
8 27
6
2015
8 27
7
2015
8 27
8
2015
8 27
9
2015
8 27 10
2015
8 27 11
2015
8 27 12
2015
8 27 13
2015
8 27 14
2015
8 27 15
2015
8 27 16
2015
8 27 17
2015
8 27 18
2015
8 27 19
2015
8 27 20
2015
8 27 21
2015
8 27 22
TOTALS:

Boeri
Botanical
1697920.6 1692011.0
680317.0 673683.5
0
0
1.6
8.2
0
0.2
0
0
0
0
0.2
0
0
0
0
0
1.2
0
0.6
16.2
47.4
25.6
83.8
24.8
105.8
48
67.6
49.2
59.8
40
36
30
9.4
30.4
6.6
7.6
15.2
14
26
24.6
6
3
0.2
0.2
0.2
0
0.4
0
0.4
0
468.4
322

Time: UTC

Canefield Grandbay Grand Fond Laudat Pond Casse Springfield
1696044.7 1686148.4 1698953.9 1695882.7
1701112.2 1697440.9
672547.4 680069.7 685071.0 678920.7
677782.1
675186.0
0
0
0.2
0
0.2
0
0
3
9.4
1
1.6
0.6
0
1.2
0
0
0.2
0
0
0
0
0
0
0.2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.2
0
0
0
0
0.4
0
0
0
0
0
0
0
1.2
0.2
0
0.8
6
0
1.2
0
0.4
13.8
26.6
13.8
50
27
11.4
17.8
48.2
86
84.8
65.2
16.4
45.8
94.8
122.8
92.2
104.8
20.8
60.4
68
59.8
72
96.6
21.6
61.8
65
82.8
60.2
63.4
22.8
25.6
90.8
62.2
25.8
21
22
20.6
24.8
18.4
16.6
11.6
20.4
6.2
9.4
6.4
5.4
7.6
17.4
12
25
20.4
10
9
14.8
21.4
18
16.6
19.2
18.8
14.6
2.8
3.6
4
2.4
4.4
13.2
0
0.2
0.2
0
0
10.2
0
0.2
0.6
0
0
3.8
0
0
0.2
0
0
0
0
0
0
0
0
0
289
485.2
504
442
431.6
210.6
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