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Abstract: During 2020, the Dominican Republic received the impact of several tropical organisms.
Among those that generated the greatest losses in the country, tropical storm Isaias stands out because
of the significant precipitation (327.6 mm at Sabana del Mar during 29–31 July 2020) and flooding
it caused. The study analyzes the behavior of the products of the Flash Flood Guidance System
(FFGS) and the Nowcasting and Very Short Range Prediction System (Spanish acronym SisPI) for the
quantitative precipitation forecast (QPF) of the precipitation generated by Isaias on 30 July 2020 over
the Dominican Republic. Traditional categorical verification and featured-based spatial verification
methods are used in the study, taking as observation the quantitative precipitation estimation of
GPM. The results show that both numerical weather prediction systems are powerful tools for QPF
and also to contribute to the prevention and mitigation of disasters caused by the extreme hydro-
meteorological event analyzed. For the forecast of rain occurrence, the HIRESW-NMMB product
of FFGS presented the highest ability with a CSI greater than 0.4. The HIRESW-ARW and SisPI
products not only presented high rates of false alarms but also performed better in forecasting heavy
rain values. The results of the verification based on objects with the MODE are consistent with
those obtained in the verification by categories. The HIRESW-NMMB product underestimated the
intense rainfall values by approximately 60 mm, while HIRESW-ARW and SisPI tools presented
minor differences, the latter being the one with the greatest skill.

Keywords: tropical storm Isaias; FFGS; QPF

1. Introduction

As the Dominican Republic is in the path of tropical cyclones, it is frequently affected
by these meteorological systems that, among other effects, can produce heavy rainfall
and floods. To monitor and forecast hydrometeorological events, the country has various
systems based on numerical weather models, for example, the Haiti–Dominican Republic
Flash Flood Guidance System (HDRFFGS, referred to as FFGS; https://public.wmo.int/en/
projects/ffgs (accessed on 23 June 2021)) and the Nowcasting and Very Short Term Forecast
System (SisPI). In addition, in order to strengthen the monitoring and forecasting capacities
of the national institutions of the Dominican Republic, such as National Hydrological
Services and National Meteorological Services, the World Meteorological Organization
(WMO) promoted a project in which an integrated river flood forecasting system (IRFF)
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has been developed by combining the different numerical forecasting tools available in the
country. For the construction of the IRFF system the quantitative precipitation forecasts
(QPF) used in the FFGS and generated by SisPI are key, as well as its verification. Results
described in other studies have shown that weather forecasting systems from FFGS and
SisPI have good ability to forecast precipitation and different meteorological variables;
however, in particular, for the Dominican Republic, no related results were found [1–3].

Precipitation is a discrete variable with stochastic behavior that on small scales presents
fractal properties. For these reasons, it is difficult to simulate and verify [4]. This complexity
increases as higher resolution forecast are available [5], such as those of the FFGS and SisPI.
The high resolution QPF is expected to have skill to forecast rainfall accumulations in shorter
time intervals, and this is closely related to a correct forecast of the position and movement
of the meteorological system. This means that small position errors could result in a double
penalty in the evaluation [5,6]. In this context, traditional verification methods are not
enough and it proceeds from considering that the forecast is correct because it coincides in
time and position with what is observed to considering that it is correct because it managed
to reproduce the main characteristics of the rainfall field. As examples of this new approach
for QPF verification, the following stand out: neighborhood methods [6–8], useful when the
forecasts are at a very high resolution and a good coincidence with the observations in this
resolution is not expected; spatial decomposition methods [9], which are more appropriate
when knowing and locating the processes that contribute the most to the forecast error are
aimed at and; object-based or featured-based techniques [10–13], which provide practical
details of the forecast quality such as location and amplitude errors.

The work presented here aims to verify the quantitative precipitation forecast gener-
ated by FFGS and SisPI. Tropical storm Isaías that affected the country on 29–31 July 2020
is selected as a case study. The evaluation is carried out on the HIRESW ARW (forecast)
and HIRESW NMMB (forecast) products of FFGS (https://www.nco.ncep.noaa.gov/pmb/
products/hiresw/ (accessed on 23 June 2021)) and in the high resolution domain of SisPI.
For this purpose, the accumulated rainfall in 24 h from the network of surface meteoro-
logical stations and pluviometric stations are available. In order to obtain better spatial
coverage and higher temporal resolution of the observed precipitation, the information of
the rain gauge data is complemented with the quantitative precipitation estimation (QPE)
of the Global Precipitation Mission (GPM) [14]. Taking into account the nature of the obser-
vations, a standard verification is applied to satellite QPE in order to know the accuracy
of these data, which are used later for the evaluation of HIRESW ARW, HIRESW NMMB
and SisPI forecasts. As in the previous work, a traditional categorical evaluation is applied
to these numerical weather forecasting tools but, due to the double penalty that can occur
with high spatial resolution forecasts mainly of the SisPI tool, a feature-based verification is
added in this contribution. Within the feature-based methods, the object-based diagnostic
evaluation method (MODE) is selected because, despite being a more mathematically and
computationally complex method, it is at the same time intuitive and offers information
about position errors and deformation, among others.

The document is structured as follows: the Materials and Methods section describes
the FFGS, the SisPI and their respective precipitation forecast products used, followed by a
brief description of Tropical Storm Isaias as well as the data and verification methods used.
The Results and Discussion sections present the results and the analysis according to the
evaluation carried out.

2. Materials and Methods
2.1. Flash Flood Guidance System

The FFGS product is developed by the Hydrologic Research Center (HRC) in San
Diego (CA, USA). The primary objective of the FFGS is to provide forecasters and disaster
management agencies with real-time informational guidance products related to the threat
of small-scale flash floods in a specific country or region. FFGS provides products to
support the development of flash flood warnings associated with rainfall events through

https://www.nco.ncep.noaa.gov/pmb/products/hiresw/
https://www.nco.ncep.noaa.gov/pmb/products/hiresw/
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the use of remote sensing such as radar and satellite-based rainfall estimates, numerical
weather predictions and hydrological approaches.

The FFGS implemented in the Dominican Republic integrates products from the
numerical forecast model Weather Research and Forecast (WRF), specifically from two
dynamic cores (NonHydrostatic Mesoescale Model-NMM and Advanced Research WRF-
ARW). This study evaluates the WRF products of the high-resolution window for Puerto
Rico, which is elaborated by the National Center for Environmental Prediction (NCEP)
(http://www.nco.ncep.noaa.gov/pmb/products/hiresw/ (accessed on 23 June 2021)).
Both WRF cores (HIRESW-ARW and HIRESW-NMMB) have 5 km of spatial resolution,
while the microphysics comprises WRF single-moment microphysics class 6 (WSM6 [15])
for ARW and Ferrier–Aligo for NMM [16]. These outputs are available with the 0600
and 1800 UTC initializations. Figure 1 shows the simulation domains that include the
Dominican Republic.
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Figure 1. The green square represents the simulation domain for HIRESW-ARW and HIRESW-NMMB
that includes Dominican Republic.

2.2. Nowcasting and Very Short Term Forecast System

SisPI is a numerical forecasting system that also uses the WRF with the ARW core.
It was developed by the Center for Atmospheric Physics of the Cuban Meteorological
Institute (INSMET, in Spanish) [17,18] and implemented in the National Meteorological
Office (ONAMET) of the Dominican Republic in 2019. The objective of SisPI is to provide
numerical forecast precipitation to support meteorological warnings and act as a source
for hydrological forecasting systems. In this case, WRF is run for three nested domains
of 27, 9 and 3 km of spatial resolution with the following configurations in microphysics:
WSM5 [19]; WSM5, double moment Morrison [20]; cumulus: Grell–Freitas [21]; Grell–
Freitas, not activated and Planetary Boundary Layer (PBL): Mellor–Yamada–Janjic [22];
Mellor–Yamada–Janjic and Mellor–Yamada–Janjic, respectively. SisPI runs four times using
the NOAA’s Global Forecast System (GFS) outputs at 0000, 0600, 1200 and 1800 UTC
with 0.5 × 0.5 degrees of spatial resolution as initial and boundary conditions. Figure 2
shows the simulation domains for the Dominican Republic. The operational outputs can be
consulted at http://186.149.199.244/sispi.php (accessed on 3 July 2021).

http://www.nco.ncep.noaa.gov/pmb/products/hiresw/
http://186.149.199.244/sispi.php
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2.3. Description of Tropical Storm Isaias

Isaías was the ninth named tropical storm and the second hurricane of the 2020
cyclone season. This tropical cyclone was formed from a tropical wave that left the coasts
of Africa on 23 July 2020. Several days before reaching a closed circulation and being
named as a tropical cyclone by the National Hurricane Center (NHC), Isaías had already
registered tropical storm force winds. Isaias impacted the Dominican Republic with its
center entering through the San Pedro de Macorís province around noon on Thursday
(July 30), with maximum sustained winds of up to 95 km/h and then moving northwest
over the Dominican territory during the afternoon and night until it exited the national
territory around midnight on Thursday. During its transit over the Dominican Republic,
this tropical storm caused heavy rains accompanied by electrical storms and winds with
tropical storm force (https://www.nhc.noaa.gov/data/tcr/AL092020_Isaias.pdf (accessed
on 4 July 2021)). The track followed by Isaias is shown in Figure 3.
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Although its center traveled through Dominican territory for about 12 h, from noon on
Thursday 30 to midnight the same day, the meteorological effects began to be felt indirectly
a day before and continued to affect the country a day after its passage due to the huge
cloud field that accompanied this storm. The accumulated total of precipitation throughout
this period of impact (both direct and indirect) translated into a maximum of 327.6 mm
of rainfall recorded at the Sabana de la Mar meteorological station, followed by Samana
where an accumulated 300.4 mm was recorded during 29–31 July; therefore, the east and
northeast of the country were the areas that suffered the greatest rainfall impact due to the

https://www.nhc.noaa.gov/data/tcr/AL092020_Isaias.pdf
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passage of this tropical storm (http://onamet.gob.do/index.php/pronosticos/temporada-
ciclonica?download=4088:temporada-ciclonica-2020 (accessed on 7 July 2021)).

2.4. Data and Verification Methods

The verification was applied to the FFGS forecast products and SisPI for 30 July
2020 using, in both cases, the outputs initialized at 0600 and 1800 UTC. This process
was carried out using 24 h precipitation records from 57 surface meteorological stations.
These data were used to evaluate the satellite precipitation estimation generated by the
GPM product in order to be used as verification references for QPFs. In particular, the
Integrated Multi-satellite Retrievals for GPM (IMERG-Integrated Multi-satellite Retrievals)
Final Precipitation L3 product (version 06) was used with a temporal resolution of 30 min
and spatial resolution of 0.1 × 0.4 degrees [14]. For the comparison between the rain gauge
and the satellite QPE, the precipitation values of the GPM product were interpolated by
the nearest neighbor method to the geographic coordinates of the rain gauge data. On
these interpolated values, bias and RMSE were calculated by using the verif package [23]
implemented in Python. Denoting the forecast field as F and the observed field as O, the
bias and RMSE are defined by the following.

bias = Fi − Oi,

RMSE =

√√√√ 1
N

N

∑
i=1

(Fi − Oi)
2,

On the other hand, the verification using satellite precipitation estimation as an ob-
servation and was performed using the categorical verification method and the method
for object-based diagnostic evaluation (MODE) [11,12]. Both methods require that the
forecast field and the observation field be in the same grid; thus, the numerical outputs
studied here were interpolated to the GPM grid using the nearest neighbor method. For
the application of the first method, the numerical forecast of precipitation was considered
as a dichotomous forecast by applying different thresholds [5]. The verification of this
type of forecast requires the calculation of the contingency table given by the frequency
of “yes” and “no” of the forecast and the observation. The combination of “yes” and “no”
values between the forecast and the observation allows obtaining four categories defined
as follows:

• Hits (H): event forecast to occur and did occur;
• Miss (M): event forecast not to occur but did occur;
• False alarm (FA): event forecast to occur but did not occur;
• Correct negative or correct rejection (CN): event forecast not to occur and did not occur.

From the values in the contingency table, it is possible to compute several categorical
statistics. In this work, we used the Probability of Detection (POD), the Critical Success
Index (CSI) and the False Alarm Rate (FAR), all given by the following expressions.

POD =
H

H + M
,

FAR =
FA

H + FA
,

CSI =
H

H + M + FA
.

The verification by categories was applied to know the ability of the numerical fore-
casting tools to predict the occurrence of the rain event using a threshold of 0.1 mm. In
addition, the contingency table was calculated with thresholds of 50, 100, 150 and 200 mm
to analyze the skill of the FFGS and SisPI forecast products in predicting high precipitation
intensity values. Due to the fact that the numerical forecasts have high spatial resolution,

http://onamet.gob.do/index.php/pronosticos/temporada-ciclonica?download=4088:temporada-ciclonica-2020
http://onamet.gob.do/index.php/pronosticos/temporada-ciclonica?download=4088:temporada-ciclonica-2020
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the application of verification by categories is sensitive to a double penalty. The foregoing
becomes evident when, due to a small error in the position of a given rain area, the error is
counted twice as it is counted as a miss and also as a false alarm; therefore, it is entered
twice in the calculation of the CSI, obtaining low values [5,6]. As an alternative to outcome
the double penalty issue, the MODE is also applied.

The MODE is a more complex pattern recognition algorithm that consists in the
application of four fundamental steps:

1. Object identification: A convolution threshold approach is used to first identify objects
in forecast and observed fields. Convolution is applied for the purpose of smoothing
or interpolating the original data and grouping significant areas of precipitation using
a filter function as follows:

C(x, y) = ∑
u,v

φ(u, v) f (x − u, y − v),

where f is the raw field, for example, the rainfall forecast from SisPI and the precipitation
estimated by satellite, φ is the filter function and (x, y) and (u, v) are grids coordinates.
Once the convoluted field C is obtained, a mask is applied from a threshold (see [24] for
more details).

2. Object properties calculation: The properties of the objects identified in both the
forecast and observed field are computed. Among the main properties that are
calculated, we can mention the following: the position or location of the object from
the determination of the centroid, the orientation, the convex hull, the area and
the perimeter.

3. Object merging and/or matching: Using the properties of the objects, a fuzzy logic
algorithm is employed for a merging or matching process depending on if the objects
are from the same field or not, respectively. The fuzzy logic algorithm uses linear
functions of interest to calculate the values of interest Ii for each property of the objects,
which are between zero (no interest) and one (maximum interest). Subsequently,
confidence values Ci are calculated for each property and weights (wi) are assigned to
each one based on its relative importance. Finally, a total interest value was calculated
as follows:

T(p) = ∑i Ci(p)Ii(pi)

∑i wiCi(p)
,

where p is an object property.
A threshold is applied to this total interest value (usually 0.7), and pairs of objects with

T(p) above it are merged if they are in the same field or matched if they are in different
fields [24].

4. Verification: Is the final step and consists in computing the difference between the
matched objects from the forecast and the observed field.

For a more detailed description of MODE, we recommend reviewing the following
bibliography [11–13,25,26]. For the application of MODE in this work, the SpatialVx
package from R was used [27,28]. The parameters used in the MODE are listed below:

• Radius of the filter function in the convolution step: 3 grid points;
• Threshold for the convolution step: 10 mm;
• Minimum size for rain areas: 10;
• Equal weight for the object properties;
• Total interest threshold: 0.7.

Finally in the MODE verification step, the analysis takes into account the centroid
distance, the area and the intensity errors. The latter is performed by using the lowest
quartile and the 0.9 quantile.
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3. Results and Discussion

A description of the results is presented below. The first section presents the com-
parison between precipitation measurements of rain gauge data and the precipitation
estimation of GPM. Next, the results of the evaluation by categories and the evaluation
applying the feature-based method are presented.

3.1. Comparison between GPM and Surface Stations

Figure 4 shows the 24 h accumulated rainfall estimated by the GPM product. The
region where values of precipitation higher than 250 mm/24 h were reported is highlighted
with a red square (includes Sabana del Mar 279.4 mm/24 h and Samana 276.1 mm/24 h).
The precipitation estimated by GPM in the same region takes values between 100 and
200 mm/24 h, showing a clear underestimation. A more detailed analysis can be conducted
by observing Figure 5, where the real values (a) and the estimated values are presented
on the coordinates of the stations (b). Indeed, it is observed that an underestimation
predominates over the entire Dominican territory. Figure 5c,d present the bias and RMSE
values. Notice that for Sabana del Mar and Samana, a bias of −100 mm is obtained.
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(a)  (b) 

Figure 4. Precipitation estimated for 24 h by the GPM product for 30 July 2020. The red rectangle
highlights the areas where the highest accumulated values were registered.

From another point of view, in Figure 5a,b, it can be observed that although the
quantitative errors of the estimation are high, principally in those places where heavy
rain occurred in terms of where precipitation was reported or not, we can say that a
correspondence exists between GPM products and the data of the meteorological surface
stations. Notice that GPM estimated higher values in the same places where the highest
precipitations were reported and a similar behavior occurs for lower precipitation values.
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Figure 5. Precipitation measurements reported by surface stations (a) and precipitation estimated by
the GPM product interpolated at the stations coordinates (b). The bias and RMSE metrics are shown
in panels (c) and (d), respectively.

Taking into account the above, it can be concluded that it is feasible to use the esti-
mation of the precipitation of the GPM product for this case study to carry out a spatial
verification in order to obtain a better coverage of the country, especially in those areas
where there are no on-ground observations.

3.2. Comparison of QPFs and Satellite Estimate by Using the Categorical Verification Method

In order to know and characterize the behavior of the forecast products used by FFGS
as well as the forecast generated by SisPI in the quantitative prediction of rain for 24 h,
the evaluation by categories is applied for different precipitation thresholds: 0.1, 50, 100,
150 and 200 mm. With the parameters hits, misses, corrected negative and false alarms
calculated, the critical success index is obtained. Table 1 shows the values of this index for
each forecast and each mentioned threshold. Notice that, in the rain or no rain category
(rain values higher than 0.1mm), HIRESW-NMMB presents the best performance. However,
when we look at the categories that comprise extreme values, HIRESW-ARW and the SisPI
have better skill, indicating that the physical configuration of these two forecast systems is
more suitable to reproduce heavy rain values. For SisPI, the high spatial resolution also
contributes to a better representation of these values.

Table 1. CSI values for the 24 h rainfall forecast of the HIRESW-ARW, HIRESW-NMMB and SisPI.

Threshold (mm/h) HIRESW-ARW
0600/1800

HIRESW-NMMB
0600/1800

SisPI
0600/1800

0.1 0.725 0.851 0.824 0.852 0.668 0.702
50 0.457 0.484 0.263 0.269 0.397 0.472

100 0.138 0.274 0.042 0.136 0.317 0.254
150 0.038 0.160 0.003 0.132 0.177 0.129
200 0.025 0.1 0.0 0.048 0.041 0.009

A complete picture of the behavior of CSI, POD and FAR for each initialization 0600
and 1800 UTC, and each forecast step is shown in Figure 6. In this case, the contingency
table and the categorical statistics were obtained by considering a threshold of 0.1 mm
for rain values. Again, the forecast was obtained with HIRESW-NMMB, which reaches
values of POD greater than 0.8 in various forecast periods and values greater than 0.4 for
the CSI, stands out. The performance of HIRESW-NMMB for this specific weather situation
suggests that this forecast tool has small errors in the position of specific rain areas. This
is consistent with the fact that it is also the system that produces the fewest false alarms.
On the other hand, the most discrete values are obtained with SisPI, which presents a high
value relative to the false alarm index as the greatest deficiency. However, it should not be
forgotten that SisPI has a higher spatial resolution than FFGS forecast products; thus, the
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number of false alarms may be affected because misses are also counted as false alarms.
Therefore, the CSI values are much more discrete for SisPI.
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Figure 6. CSI, POD and FAR index for 0600 (a,c,e) and 1800 (b,d,f) runs for 30 July 2020 of HIRESW-
ARW (a,b), HIRESW-NMMB (c,d) and SisPI (e,f).

Figures 7 and 8 allow an approach to the behavior of the evaluation metrics from the
spatial point of view considering the rain/no rain event (a threshold of 0.1 mm). Figure 7
shows the spatial distribution of hits, misses, corrected negative and false alarms for the
forecast for 30 July 2020 1400 UTC and 31 July 2020 0500 UTC, generated by the three
forecast systems with initializations at 0600 UTC. It is evident that the highest number of
hits is exhibited by HIRESW-NMMB at the same time that HIRESW-ARW and SisPI show
higher areas of misses and false alarms.
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Figure 7. Hits, misses, corrected negative and false alarms (0.1 threshold) for 30 July 2020 runs
initialized at 0600 UTC: 30 July, at 1400 UTC forecast time (a,c,e), and 31 July, at 0500 UTC forecast
time (b,d,f). Results for HIRESW-ARW, HIRESW-NMMB and SisPI are shown in panels (a,b), (c,d)
and (e,f) respectively.

In Figure 8, the same metrics are shown but only for runs initialized at 1800 UTC and the
forecast periods. An increase in the hit areas is observed, with HIRESW-NMMB still being the
system with the best results. Notice that the results presented in Figures 7 and 8 highlight
that the point-matching categorical methodology, although it is intuitive and very easy to
understand, is more strict regarding when a forecast is correct or not. This may, in situations
such as the one shown in Figures 7e,f and 8e,f, suggest that the forecast had very low skill to
predict rain bands associated with tropical storm Isaías. However, it can be observed that the
values of false alarms and misses are mostly associated with a displacement of the referred
rain areas. In other words, it can be noted that the forecasts manage to represent the shape of
the rain areas, failing to locate them and not in predicting the occurrence of the event. This
displacement error presented fundamentally by SisPI is, among other factors, the reason why
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the skill of SisPI is so low and reveals the sensitivity of the verification method to the double
penalty problem. In order to overcome this issue, the evaluation with the approach based on
the characteristics and shape of the rain areas is presented below.
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Figure 8. Hits, misses, corrected negative and false alarms (0.1 threshold) for the 30 July 2020 runs
initialized at 1800 UTC: at 31 July, at 0100 UTC forecast time (a,c,e), and 31 July, at 1800 UTC forecast
time (b,d,f). Results for HIRESW-ARW, HIRESW-NMMB and SisPI are shown in the panels (a,b),
(c,d) and (e,f) respectively.

3.3. Application of the Feature-Based Verification Approach

For the verification using an object-oriented approach, the 24 h accumulated precip-
itations predicted by each forecasting tool under evaluation were taken. Figure 9 shows
these accumulated for the experiments initialized at 0600 UTC and 1800 UTC. The results
of applying the MODE method are presented in Figure 10. Note that only one object is iden-
tified in the observation, Figure 10a,b, while in the forecasts (HIRESW-ARW Figure 10c,d;
HIRESW-NMMB Figure 10e,f; and SisPI Figure 10g,h), the number of objects oscillates
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between four and six, indicating the occurrence of false alarms, which is consistent with
the verification method previously applied. Nevertheless, as in this variant of numerical
forecast verification, the grid points are grouped into objects and the objects are discarded
(if have an area less than 10) and merged (if are very near); the final number of identified
objects is greater than in observation, although it represents a lower number of false alarms.
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Figure 9. Observed and forecast accumulated precipitation in 24 h started from 0600 UTC of 30 July
2020 to 0600 UTC of 31 July 2020 (a,c,e,g) and started from 1800 UTC of 30 July 2020 to 1800 UTC
of 31 July 2020 (b,d,f,h). GPM precipitation estimation is presented in panels (a,b), while the fore-
cast rainfall for HIRESW-ARW, HIRESW-NMMB and SisPI are shown in panels (a,b), (c,d) and
(e,f), respectively.
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Figure 10. Observed and forecast features or objects detected from 0600 UTC of 30 July 2020 to
0600 UTC of 31 July 2020 (a,c,e,g) and from 1800 UTC of 30 July 2020 to 1800 UTC of 31 July 2020
(b,d,f,h). GPM features are presented in panels (a,b) while the forecast features for HIRESW-ARW,
HIRESW-NMMB and SisPI are show in the panels (a,b), (c,d) and (e,f), respectively.

Table 2 shows some features statistics obtained for the objects that were associated or
matched by the MODE approach. Observe that the forecast field objects associated with
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the unique object identified in the observation for the 0600 UTC run are those labeled with
numbers 5, 4 and 5 for HIRESW-ARW, HIRESW-NMMB and SisPI, respectively; while
for the 1800 UTC run, the objects are identified by labels 4, 4 and 3. In this analysis,
as we mentioned before, we will be reviewing, in particular, the distance between the
centroids, the area, the intensity errors determined using the the lower quartile and the
0.9 quantile of precipitation amount within objects and the total interest. The high values of
the total interest among the associated objects suggest that they have similar morphological
characteristics and similar precipitation amounts. The distance between the centroids and
the area of the features is a sample of the similarities presented. Note how the HIRESW-
NMMB product had the lowest values of total interest, which may be related to the errors
in the position of the object since it presents the greatest distances between the centroids.
In addition, it is also observed that this forecast product of the FFGS overestimated the area
occupied by the object, which translates into a spatial overestimation of precipitation.

Table 2. Attributes values for features identified in the 24 h rainfall forecast of HIRESW-ARW,
HIRESW-NMMB and SisPI.

GPM Feature
0600/1800

HIRESW-ARW
0600/1800

HIRESW-NMMB
0600/1800

SisPI
0600/1800

1 5 4 4 4 5 3

Total Interest 0.90 0.91 0.89 0.88 0.90 0.92

Centroid Distance 0.44 0.42 0.89 0.93 0.37 0.81

Area

2584 2494 2501 2587 3139 2674 2600 2284

Intensity0.25

21.7 28.8 13.0 19 10.6 16.6 11.9 16.3

Intensity0.9

146.9 123.3 91.0 112.0 68.7 81.4 166.1 145.5

The 0.25 quartile threshold for the HIRESW-NMMB is 10.6 and 16.6 mm for the runs
initialized at 0600 and 1800 UTC, respectively, which are very close to the thresholds
obtained with satellite-based QPE (21.7 and 28.8 mm). HIRESW-ARW and SisPI had a
similar behavior for these precipitation values. The largest differences in the skill of the
forecasting tools were observed in the 0.9 quantile. The HIRESW-NMMB predicted values
well below what was observed. For the 0600 UTC run, the threshold obtained in the
observed field is 146.9 mm, and in the HIRESW-ARW, HIRESW-NMMB and SisPI forecast
fields, the thresholds were 91.0, 68.7 and 166.0 mm, respectively. This behavior indicates an
underestimation of precipitation intensity in the forecasts of FFGS products, which is more
evident in the HIRESW-NMMB product. SisPI, however, presented a slight overestimation.
Regarding the amount and intensity of precipitation, it can be concluded that HIRESW-
NMMB presented less skill for this case study fundamentally in the forecast of heavy
rain. This is consistent with results presented in Table 1 obtained from the application
of the categorical verification method using different precipitation thresholds. SisPI and
HIRESW-ARW stand out as having the best ability to predict high precipitation values in
the experiments initialized at 0600 UTC and 1800 UTC, respectively.

4. Conclusions

The work presented constitutes an extension of the evaluation of the quantitative
precipitation forecast of FFGS and SisPI systems for the case of Tropical Storm Isaías,
which affected the Dominican Republic in July 2020. The assessment was carried out on
forecasts for 30 July 2020, with initialization at 0600 and 1800 UTC and taking the satellite
estimation of the GPM product as the reference precipitation. According to the results
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obtained previously with the use of a verification method by categories, both tools had
good performance for the forecast of precipitation, with the HIRESW-NMMB product
of the FFGS being the one with the best indicators for the forecast of the occurrence of
precipitation and for moderate values of this field. The HIRESW-ARW and SisPI products
were better for the forecast of heavy rain. However, both products also presented high
values of the false alarm rate, with SisPI being the one with the worst behavior. In this
extension, the study of these tools was continued with the aim of delving into the results
obtained and answering some questions that remained pending, for example, are the low
CSI values presented by SisPI product of an error in the position of the precipitation areas
or due to misses in the forecast of the precipitation occurrence? Are high FAR values related
to an incorrect physical representation of the meteorological event or are they also linked
to position errors? For this case study, why does the high spatial resolution SisPI not have
added value? Could it be the case that the problem of the double penalty that may occur
in the evaluation by categories of high spatial resolution forecasts may be affecting the
indicators obtained for SisPI? To address these questions, a spatial verification approach
was applied using MODE, a method that is not sensitive to the double penalty problem
when evaluating forecasts at high spatial resolution. The main conclusions reached with
the investigation are listed below:

1. The evaluation of the accumulated rainfall in 24 h and using different precipitation
thresholds indicates that the three tools had good skill to forecast low precipitation val-
ues with CSI values greater than 0.6, being slightly better the HIRESW-NMMB product
with CSI values of 0.8. A similar result was obtained with the spatial evaluation using
MODE, where it is shown that the three modeling tools presented differences that did
not exceed 15 mm in the 0.25 quartile. The evaluation by categories also shows that
HIRESW-ARW and SisPI had a better behavior for the forecast of intense precipitation,
although the values less than 0.1 of the CSI indicate poor skill. However, the results
obtained with the MODE do highlight the good skill of the HIRESW-ARW and SisPI,
since in the 0.9 quantile, the differences did not exceed 30 mm in both runs, while in
the prediction of the HIRESW-NMMB, the differences were greater than 60 mm.

2. The difference between the number of objects identified in the forecast fields (between
four and five in all runs) and in the observation (one single object) indicates the
existence of false alarms. However, when compared to the behavior of FAR calculated
with the evaluation by categories, both HIRESW-ARW and the SisPI exhibit a behavior
similar to HIRESW-NMMB, showing that the high values of FAR obtained in the
previous result are linked to position errors that are larger and more frequent in the
case of SisPI as it has higher spatial resolution.

3. The evaluation by categories suggests, based on the spatial distribution of hits, errors,
false alarms and corrected negatives, that the low CSI values presented by the SisPI
modeling tool are mainly due to an error in the predicted position of the areas of
rain and not to an error in the forecast of the occurrence of rain. In this sense, the
spatial verification approach clearly reveals these position errors since it identifies
and associates precipitation areas with similar characteristics in terms of area and
rainfall intensity but with a slight difference in the centroids.

4. Despite the differences presented, in general, HIRESW-NMMB, HIRESW-ARW and
SisPI presented good ability to forecast the precipitation areas associated with Isaías.
Unlike the previous result, by applying a spatial verification method that is not
sensitive to double penalty and that includes information about the shape of the rain
areas, the position and the intensity, the result is obtained where HIRESW-ARW and
SisPI present slightly higher total interest values, which indicates them as tools with
better performances. In particular, SisPI, for this case study, turned out to be more
appropriate for the forecast of intense precipitation values, which may be linked,
among other aspects, to the increase in spatial resolution.

As a continuation of the work, applying verification methods to other meteorological
situations is suggested, such as mesoscale convective systems and orographic rain. In
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addition, in the MODE, using higher thresholds that allow isolating and highlighting the
areas of heavy rain is recommended in order to characterize the skill of the forecast tools to
properly locate them. On the other hand, it is also recommended to use, as observation for
the accumulated data in 24 h, a merged grid from GPM data and rain gauge data.
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