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Abstract: Hurricane Otto (2016) was characterised by remarkable meteorological features of relevance
for the scientific community and society. Scientifically, among the most important attributes of Otto is
that it underwent a rapid intensification (RI) process. For society, this cyclone severely impacted Costa
Rica and Nicaragua, leaving enormous economic losses and many fatalities. In this study, a set of
three numerical simulations are performed to examine the skill of model estimations in reproducing
RI and trajectory of Hurricane Otto by comparing the results of a global model to a regional model
using three different planetary boundary layer parameterizations (PBL). The objective is to set the
basis for future studies that analyse the physical reasons why a particular simulation (associated with
a certain model setup) performs better than others in terms of reproducing RI and trajectory. We use
the regional model Weather Research and Forecasting—Advanced Research WRF (WRF-ARW) with
boundary and initial conditions provided by the Global Forecast System (GFS) analysis (horizontal
resolution of 0.5 degrees). The PBL used are the Medium Range Forecast, the Mellor-Yamada-Janjic
(MYJ), and the Yonsei University (YSU) parameterizations. The regional model is run in three static
domains with horizontal grid spacing of 27, 9 and 3 km, the latter covering the spacial extent of
Otto during the simulation period. WRF-ARW results improve the GFS forecast, in almost every
aspect evaluated in this study, particularly, the simulated trajectories in WRF-ARW show a better
representation of the cyclone path and movement compared to GFS. Even though the MYJ experiment
was the only one that exhibited an abrupt 24-h change in the storm’s surface wind, close to the 25-knot
threshold, the YSU scheme presented the fastest intensification, closest to reality.

Keywords: WRF; tropical cyclones; natural hazards; regional numerical modelling; Costa Rica;
Central America

1. Introduction

Southern Central America (i.e., Costa Rica and Panama) is rarely affected by the direct impact
of hurricanes [1,2]. The regions where tropical cyclones form in the Atlantic and Caribbean Sea and
their usual northeastward trajectories are the two main reasons that prevent these systems from
reaching the southern subregion. On 23–25 November 2016, however, Hurricane Otto formed near the
Caribbean coast of Panama and later hit Nicaragua and Costa Rica. According to the records of the
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National Oceanographic and Atmospheric Administration (NOAA) of the United States of America
(USA), Otto was the southernmost hurricane to make landfall in Central America [3]. Previously,
nearby northern Costa Rica, observational records show that Hurricane Irene (1971) is the closest
landfalling hurricane to Otto. In fact, Irene made landfall in southern Nicaragua at about 25–30 nautical
miles (n mi) north of Otto’s position [4]. In addition, Otto is the only known hurricane to move over
Costa Rica. It is noteworthy that there is evidence of at least two more landfalling tropical cyclones in
southeastern Central America (i.e., Costa Rica and Panama): they are Tropical Storm 19 in 1887 [5]
and Martha in 1969 [6]. Furthermore, according to Brown’s report [3]: Hurricane Otto underwent a
rapid intensification (hereafter, RI) process before landfall. As was observed, the hurricane intensified
from category 1 to 3, having a change of 35 knots (17.5 m s−1) in the surface wind in less than 18 h in
agreement with the definition of RI by Kaplan and DeMaria [7].

According to Kaplan and DeMaria [7] “the unexpected RI of hurricanes so close to the
coast underscores the need for improving our understanding of TC intensification”. For society,
coastal populations can experience enormous economic losses and many fatalities. In this study, a set
of three numerical simulations are performed to examine the skill of model estimations of reproducing
RI and trajectory of Hurricane Otto by comparing the results of a global model to a regional model
using three different boundary layer parameterizations. The objective is to set the basis for future
studies that analyse the physical reasons why a particular simulation (associated with a certain model
setup) performs better than others in terms of reproducing RI and trajectory.

In Figure 1a the storm track from the National Hurricane Center Best Track (BT) data is shown.
The time series of both maximum sustained winds and central pressure for Otto are presented in
Figure 1b. Tracking started on 17 November 2016 (1800 UTC) when Otto was still a low pressure
(L) system (dashed green line). It became a tropical depression (TD) at 1800 UTC 20 November 2016
(solid green line), and later a tropical storm (TS) at 0600 UTC 21 November 2016 (solid yellow line).
Otto reached for the first time the status of hurricane category 1 (H1) at 1800 UTC 23 November 2016
(solid red line), category 2 (H2) at 0600 UTC 24 November 2016 (dashed red line), and category 3 (H3) at
1200 UTC 24 November 2016 (solid pink line). It made landfall over the Caribbean coast of Nicaragua as
H3 at approximately 1730 UTC 24 November 2016, reaching maximum sustained winds of 51.4 m s−1

and central pressure values of 975 hPa (Figure 1b). After landfall, it lost strength and became H2 status
at 1800 UTC 24 November 2016, and H1 at 0000 UTC 25 November 2016. It exited Costa Rica as a TS
at 0330 UTC 25 November 2016. Otto became again a tropical depression at 1200 UTC 26 December
2016 and dissipated at 1800 UTC 26 December 2016. Figure 2 presents infrared (IR) satellite imagery
of the evolution and movement of tropical cyclone Otto on 24 November 2016. A well-defined eye is
observed during the periods of maximum intensity (Figure 2a,b). The landfall and inland penetration
of the system are shown in Figure 2c,d. A detailed analysis of the lightning activity associated with
the progress of Otto before and after landfall can be found in Arce-Fernández and Amador [8] using
data from the World Wide Lightning Location Network (WWLLN, http://wwlln.net/). In this work,
lightning associated with the rain bands of Otto, as observed from Infrared GOES-13 imagery (http:
//cimss.ssec.wisc.edu/goes/blog/archives/22683), was observed to be related to the intensification
processes of this tropical cyclone.

http://wwlln.net/
http://cimss.ssec.wisc.edu/goes/blog/archives/22683
http://cimss.ssec.wisc.edu/goes/blog/archives/22683
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(a)

(b)

Figure 1. (a) Best Track of tropical cyclone Otto from 17 to 25 November 2016. The maximum sustained
winds and the central pressure time series are presented in (b). The shaded area in (b) shows the
RI period. The tropical cyclone evolution is indicated by L: low pressure, TD: tropical depression,
TS: tropical storm, H1, H2, and H3: hurricane category 1, 2 and 3, LF: landfall and D: dissipation.
The data in the x-axis is 6-h spaced, except for the points LF (24/1730 UTC) and TS (25/0330 UTC).
Data source from Brown [3].
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Figure 2. Infrared GOES-13 satellite imagery of tropical cyclone Otto at (a) 1200 UTC, (b) 1500 UTC,
(c) 1800 UTC and (d) 2100 UTC 24 November 2016. (Data source: HURSAT, Knapp and Kossin [9]).

Hurricane Otto was characterised by remarkable meteorological features of interest for the
scientific community. It is one of a small number of tropical cyclones that maintained hurricane
status after moving from the Atlantic to the eastern North Pacific basin. Furthermore, this late-season
hurricane set several historical records. It is the second latest hurricane to form in a calendar year over
the Caribbean Sea (one day before Hurricane Martha in 1969), and is the strongest hurricane on record
to form so late in the year. Also, Otto is the latest hurricane in documented history to be located on
the Caribbean Sea, and its landfall on 24 November is the latest in the Atlantic basin in a calendar
year [3]. Otto also underwent a RI process as seen in Figure 1b, given that the hurricane intensified
from category 1 to 3 (35 knots or 17.5 m s−1) in less than 18 h. According to Brown [3], this hurricane is
responsible for 18 direct casualties. Widespread damage occured in southern Nicaragua and northern
Costa Rica. In Panama, Costa Rica, and Nicaragua, the impacts of this tropical cyclone were severe,
affecting nearly 25,000 people, and damaging more than 2400 homes [10]. Numerous homes, roads,
and bridges were battered in Costa Rica. Thousands of people were left without fresh water supply
after the storm passage due to power outages and damage of hundreds of water distribution systems.
The National Meteorological Institute of Costa Rica (IMN in Spanish) reported that losses in road
infrastructure and the coffee industry totalled approximately $15 million US dollars [11]. There are
several recent studies showing Hurricane Otto impacts and their spatial distribution [10–15].

The importance of understanding an extreme RI event like the one shown by Otto, and the
growing need to implement operational regional model systems in meteorological services of Central
America, create the opportunity to investigate the ability of state-of-the-art regional and mesoscale
models to represent the most relevant characteristics of this hurricane. To date, the only regional
modelling study of Hurricane Otto was carried out by Poleo et al. [16]. Those authors analysed the
performance of WRF-EMS (Weather Research and Forecasting - Environmental Model) in forecasting
the evolution of Otto using different cumulus parameterizations. They found that the Grell-Freitas
scheme [17] produced a better representation of the spatial and temporal distribution of precipitation,
but they also highlighted the existence of a 2-h lag in the position of the modelled hurricane eye
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with respect to observations. Poleo et al. [16], however, do not examine the RI observed during Otto
evolution, nor the trajectory followed by this hurricane.

Since regional models can be valuable tools for predicting the landfall and intensification of
tropical cyclones, the objective of this study is to examine the performance of WRF-ARW (Weather
Research and Forecasting-Advanced Research WRF model version 3, Skamarock et al. [18]) using
three different planetary boundary layer parameterizations in the estimation of Otto’s trajectory
and the RI process. In order to achieve this goal, the experiments were computed for the period
spanning from 1200 UTC 23 November 2016 to 1200 UTC 25 November 2016. During this period
the hurricane underwent a RI process, just before making landfall near the Biological Reserve Indio
Maíz, in southeastern Nicaragua. In the rest of this section, we summarise previous RI cases over
the Atlantic Ocean, and earlier studies that used numerical models to analyse the RI in hurricanes.
In Section 2 a description of the data, methods and experimental setup carried out in this research is
presented. Main results are commented on in Section 3. Lastly, Section 4 summarises our final remarks
and conclusions of the study are presented in Section 5.

1.1. Previous Rapid Intensification Cases over the Atlantic Basin

Cases of tropical cyclone (TC) RI in the North Atlantic basin have been reported in several
studies. According to Kaplan and DeMaria [7], Hurricanes Opal (1995) and Bret (1999) intensified
rapidly before reaching the US coast and were responsible for large socio-economic impacts and
loss of lives. From 1989 to 2000, they identified 159 RI events in 50 TCs (including non-developing
tropical depressions). With respect to non-RI cases, the authors found that RI cases formed in regions
with warmer sea surface temperature (SST), higher relative humidity (RH) at the lower troposphere,
weaker vertical wind shear and more easterly upper-level flow. A follow-up study by Kaplan et al. [19]
determined that most of the RI events happened in September, and that the number of occurrences
was greater in the late hurricane season months than in earlier months.

In the period 1974–2010, Klotzbach [20] found about three times as many RI cases in the Atlantic
basin during cold phases of the El Niño-Southern Oscillation (ENSO) compared to warm ENSO phases.
In the same study, the Madden-Julian Oscillation (MJO) also exhibited influence on the number of
RI cases. In phases 1–2 of the MJO more RI episodes occurred than in phases 6–7. Wang et al. [21]
found, in the 1950–2014 period, 215 TCs (including tropical depressions) that experienced RI at least
once. Like Kaplan et al. [19], they determined that most RI events occur in September. In addition,
these authors identified three regions of maximum RI occurrence: (1) the western tropical North
Atlantic, (2) the Gulf of Mexico and the western Caribbean Sea, and (3) the open ocean southeast and
east of Florida, while the eastern Caribbean Sea is an area of minimum RI activity. Hurricane Otto is a
clear example of a late-season rapidly intensifying TC that formed over one of the most favourable
regions for RI processes. According to [3], high SST of 29 ◦C and moderate vertical wind shear favoured
the strengthening of this system.

In the twenty-first century, two cases of TC RI, in addition to Otto, are remarkable. First,
Hurricane Katrina (2005) was one the most powerful, deadliest and costliest tropical cyclones to
impact the USA. It intensified from a Category 3 hurricane to a Category 5 in less than 12 h [22].
McTaggart-Cowan et al. [23] hypothesised that Katrina’s RI was linked to its passage over a deep
warm core ring in the Gulf of Mexico. Second, Hurricane Maria (2017), a major storm that caused
severe damages in places such as Dominica, Puerto Rico and the USA, strengthened rapidly from
category 3 to category 5 in only 12 h [24]. Pasch et al. [24] and Klotzbach et al. [25] indicate that this
storm intensified in an environment of warm SST and low vertical wind shear.

1.2. Rapid Intensification, Storm Track and Boundary Layer in Regional Models

There are several proposed mechanisms to explain RI processes, most of which are related
to boundary layer interactions, such as the positive feedback between convective heating around
the vortex centre and vortex-scale motion [26–28], thermal wind balance with moisture in the eye
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wall [29–31]. The planetary boundary layer (PBL) has been shown to play an important role in the
spin-up of the tropical cyclone. Smith et al. [32] argued that enhanced angular momentum can occur in
the PBL because of the strong inward flow. By comparing with aircraft observations, Zhang et al. [33]
evaluated the effects of improved vertical diffusion on the simulated track, intensity, and structure of
retrospective HWRF (Hurricane WRF) forecasts of four hurricanes. Their results showed better HWRF
track and intensity forecasts in response to a more realistic representation of the PBL vertical diffusion.
Kilroy et al. [34] studied the impact of surface drag on the intensification of TCs. They used a regional
model for two idealised cases, one with friction and the other with zero surface drag. The vortex in
the experiment without surface drag takes over twice as long to reach its intensification start time,
in agreement with previous studies. Furthermore, the simulated inner core size of the vortex was
considerably larger and weaker in intensity. Zhang et al. [35] found that for smaller eddy diffusivity
(Km), the simulations are in better agreement with the observations, improving the forecast of RI.
It is found that the forecasts with reduced Km at the RI onset have a shallower PBL with stronger
inflow, more unstable near-surface air outside the eye wall, stronger and deeper updrafts in regions
farther inward from the radius of maximum wind (RMW), and stronger PBL convergence closer to the
storm centre, although the mean storm intensity (as measured by the 10-m winds) is similar for the
two groups.

The above studies highlight the crucial role that PBL processes play in changing the intensity,
structure and trajectory of TCs. Therefore, this work examines the representation of Hurricane Otto’s
RI in the WRF-ARW model with three different PBL configurations.

2. Data, Methods and Experimental Design

2.1. Observations

BT data of Hurricane Otto from the US National Hurricane Center [3] provides information on
the system’s position in degrees north and west, maximum sustained winds in knots, central pressure
in millibars, category according to the Saffir-Simpson Scale, date and UTC hour of the report. Data are
listed every 6 h, and they also include the landfall point in southern Nicaragua (10 n mi northwest of
the Nicaragua-Costa Rica border, 1730 UTC 24 November) and the last best-track point before entering
the eastern North Pacific basin (0330 UTC 25 November).

2.2. Detecting Rapid Intensification and Tropical Storm Track

Kaplan et al. [19] developed the RI Index (RII) for the Atlantic and the eastern North Pacific
basins. This index uses atmospheric and oceanic large-scale predictors that behave differently in each
basin. In this study the RII is adapted to be used with modelled data only. The RII uses the criterion
proposed by Kaplan and DeMaria [7], which is to consider the change of at least 25 knots (12.9 m s−1) in
surface wind in a 24-h period (∆V24) as a way to determine if the hurricane simulated with WRF-ARW
undergoes RI. Furthermore, since RI is not estimated in WRF-ARW output, three large-scale predictors
are used here in a similar way to Kaplan et al. [19] for the Atlantic basin, to estimate the probability of
RI over the succeeding 24 h utilising linear discriminant analysis from the model output. The chosen
large-scale predictors are the vertical wind shear between 850 and 200 hPa (SHRD), horizontal wind
divergence at 200 hPa (D200) averaged within a radius of 100 km from the storm centre, and previous
12-h change in intensity of the surface wind (PER). In order to determine the TC track, we select five
criteria based on Diro et al. [36]:

• The relative vorticity at 850 hPa must be greater than 1.0 × 10−5 s−1.
• There must be a closed pressure minimum within the radius of 100 km. This minimum pressure

is then defined as the centre of the cyclone. Note that use of a 100 km radius improves the TC
distribution near the coasts.
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• The minimum surface pressure satisfying the above criteria is at least 2 hPa lower than the
averaged surface pressure over the surrounding 35 × 35 grid boxes, each with a resolution of
105 km.

• The 10-m surface wind speed must exceed 17.5 m s−1.
• The total tropospheric temperature anomaly calculated by the sum of temperature anomalies at

700, 500 and 300 hPa around the centre of the cyclone must be greater than zero.

2.3. Experimental Design

A set of three numerical experiments are performed to analyse the estimations of RI and trajectory
of Hurricane Otto (Table 1) in WRF-ARW with different PBL parameterizations. Each experiment uses
a specific PBL scheme: MRF, MYJ and YSU (Medium Range Forecast, Mellor-Yamada-Janjic, and Yonsei
University schemes, respectively). Details of each of these parameterizations are briefly described
below. We use the regional model WRF-ARW with boundary and initial conditions provided by the GFS
analysis (horizontal resolution of 0.5 degrees). The regional model is run in three static domains with
horizontal grid spacing of 27, 9 and 3 km as in Figure 3. The finest domain (d03) fully covers the spatial
extent of Hurricane Otto during the whole simulation period. The 3-km domain is not configured with
cumulus parameterization. It is known that deepest and strongest convective towers are approximately
resolved in resolutions higher than 9 km. The model uses 43 vertical levels. Sensitivity tests were not
conducted to choose a particular set of physics. The physical parameterization and vertical levels are
based on previous operational configurations of HWRF [37]. Some physical options, nevertheless,
only work either on WRF-ARW or HWRF. Our goal is to evaluate the regional model performance
in the most realistic setup, including aspects such as a topography, coastal geometry, air-land-sea
interaction in the complex region of southern Central America. In this respect, the coarse resolution
and numerical schemes of GFS do not provide the same level of reliable detail compared to WRF-ARW.
Furthermore, in this region meteorological information at high resolution scales is extremely valuable
for authorities and decision makers, especially for preparation and mitigation to extreme events such
as Hurricane Otto. As mentioned before, landfalling of tropical cyclones in Central America are
associated with remarkable socioeconomic impacts, which is relevant for emergency preparedness.
Therefore, results are analysed the results at the smaller grid scale for the forecasts of the cyclones’
track and intensity as they move into zones with high levels of exposure and vulnerability.

It should be mentioned as well that the coarser domains are only used as a numerical transition
of the meteorological information from GFS to forcing the 3-km domain. In addition, many previous
studies [33–35,38–42] show that very high resolution simulations (≈3 km or less grid spacing) are
useful for representing appropriately the RI and trajectory of tropical cyclones. Therefore, this study
uses a 3:1 grid ratio for the nested domains and only analyses the results for the 3-km grid.

Therefore, the model is configured with the following set of physical parameterizations:
Eta-Ferrier [43] for microphysics, Dudhia shortwave radiation [44] and RRTM longwave radiation
(Rapid Radiative Transfer Model, Mlawer et al. [45]), the unified Noah land-surface model [46],
Kain-Fritsch [47] for cumulus parameterization. The surface layer (SL) parameterizations used for the
MRF, MYJ and YSU experiments are the fifth-generation Pennsylvania State University–National
Center for Atmospheric Research Mesoscale Model (MM5, Grell et al. [48]) similarity [17],
Monin-Obukhov [49], and revised MM5 [50] schemes, respectively.
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Figure 3. Domain configuration for the simulations of Hurricane Otto using WRF-ARW. The horizontal
resolution is 27, 9 and 3 km for domains D01 (blue), D02 (black), and D03 (red). The grey line shows
the storm track from the observations during the simulation period from 1200 UTC 23 November 2016
to 1200 UTC 25 November 2016.

Table 1. Experiments carried out to study the intensification and trajectory of Hurricane Otto in
the WRF-ARW using different planetary boundary layer (PBL) schemes. SST is not updated in
the simulations. CRUN_MRF, EX01_MYJ, and EX02_YSU are: the control-run using the Medium
Range Forecast (MRF), the Mellor-Yamada-Janjic (MYJ) and the Yonsei University (YSU) schemes,
respectively, in conjunction with their respective surface layer parameterization (SLP). Comparison of
storm track dispersion and forward speed between simulations and observations of Hurricane Otto.
The observations are taken from Best Track database provided by Brown [3]. Observed forward speed
was 4.7 m s−1. The simulations are started on 1200 UTC 22 November 2016 to allow 1-day spinup in the
simulation. The analysis period is from 1200 UTC 23 November 2016 to 1200 UTC 25 November 2016.

Experiment Spinup PBL SL Mean Distance (◦) Forward Speed (m s−1)

GFS 0.7 4.8
CRUN_MRF 1-day MRF Similarity 1.4 6.4
EX01_MYJ 1-day MYJ Monin-Obukov 0.9 5.9
EX02_YSU 1-day YSU revised MM5 0.8 5.5

PBL Parameterizations in WRF

MRF Scheme: Hong and Pan [51] described the MRF PBL parameterization. It is commonly
used as the default scheme in circulation and forecast models, and in regional models such as
MM5 and WRF. MRF uses a non-local PBL approach based on the concept by Troen and Mahrt [52].
The turbulent diffusivity is calculated from a prescribed profile shape as a function of PBL heights
and scale parameters derived from similarity requirements. In addition to the advantage in matching
conditions between the surface-layer top and the Ekman-layer bottom, it gives the ideal turbulent
diffusivity profile, which is based on the physical coupling that the profile and its first derivative be
continuous with height and matches the similarity requirements at the surface. Troen and Mahrt [52]
pointed out that the non-local approach was promising because it tended to transport moisture
away from the surface more rapidly than the local approach. Additionally, using a non-local scheme
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improves the precipitation forecast due to enhanced convective overturning at the right location and
suppression of spurious rainfall.

Mellor-Yamada-Janjic Scheme (MYJ): this parametrization is a local, level-2.5 closure
(i.e., the scheme solves a prognostic equation for Turbulent Kinetic Energy or TKE) as defined by
Mellor and Yamada [53]. This scheme is formed by a viscous sublayer, which is allowed to operate
only over water. On land, a soil slab of finite depth is used to describe the evolution of the variables at
the lower boundary. The surface fluxes are estimated from the mean representative values of the slab.
There are two distinct layers: (i) a thin viscous sublayer immediately above the surface, where the
vertical transports are determined entirely by the molecular diffusion, and (ii) a turbulent layer above
it, where the vertical transports are defined entirely by the turbulent fluxes. The viscous sublayer over
the oceans is assumed to operate in three different regimes: (i) smooth and transitional, (ii) rough,
and (iii) rough with spray, depending on the roughness Reynolds number. In the Mellor-Yamada
level-2.5, the excessive TKE is dissipated rather than producing it at the PBL spinup as in MYJ [49].

Yonsei University Scheme (YSU): Hong et al. [54] described a scheme which is a modification of a
previous MRF scheme. The formula keeps the basic concept of Hong and Pan [51] being a non-local PBL
scheme, but includes an asymptotic entrainment flux term at the inversion layer. The PBL height (h) is
defined as the level in which minimum flux exists at the inversion level, while in Hong and Pan [51] it
is the explicit treatment of the entrainment processes through the asymptotic entrainment flux term,
whereas the entrainment is implicitly parameterized by raising h above the minimum level flux level
in Hong and Pan [51]. As in Hong and Pan [51], above the mixing layer, a local diffusion approach
is applied to account for free atmosphere diffusion. The major concept of an explicit treatment of
entertainment at PBL top from Noh et al. [55] is adapted. The moisture effect, including water vapour
and hydrometeors in the atmosphere, was not taken into account in turbulent mixing. The new concept
was devised at large eddy simulation (LES) resolution of a few tens of meters in the vertical. It is found
that the YSU PBL scheme produces a realistic structure of the PBL in response to an idealised daytime
variation of surface heat and moisture fluxes. The magnitude of the non local mixing terms is smaller
than that of the MRF PBL, and plays a role in neutralising the structure of that layer, whereas the non
local flux in the MRF PBL produces an overstable structure.

3. Results

Figure 4 shows the storm track from BT data (observations), GFS and experiments with WRF.
This figure reveals that, compared to GFS, the regional model simulations better capture the observed
location of Otto at the beginning of the simulation period (1200 UTC 23 November). In the WRF
simulations, however, the TC travels to the northwest to a maximum latitude of approximately 12◦ N,
and then it turns southwest. This behaviour is similar to what was observed in BT, and this veer is
probably due to friction forces at the surface and the presence of a cold surge from the north during
those days. GFS failed to represent this particular feature of the hurricane track.

Another relevant feature observed in Figure 4 is the relative acceleration of each storm’s simulation
as compared to BT. When the TC is over the Pacific Ocean (approximately on 25 November), the WRF
simulations and GFS differ from observations significantly. It should be noticed that the algorithm is
not detecting Otto in the GFS model on and after 0600 UTC 25 November. Table 2 shows the metrics
used to compare the modelled trajectories against BT data. The TC trajectory and forward speed
in the GFS are closer to observations; however, after 2300 UTC 24 November, the cyclone in GFS
increases its mean forward speed to 8.5 m s−1. Furthermore, as shown in Figure 4, the mean distance
to the observed trajectory increases to 1.1 degrees in GFS. On the other hand, in the WRF simulations,
EX02_YSU shows better agreement relative to the observations, with a mean distance of 0.8 degrees
and a forward speed of 5.5 m s−1. CRUN_MRF shows the worst performance, with the highest mean
distance (1.4 degrees) and faster forward speed (6.4 m s−1).
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Figure 4. Hurricane Otto storm track for the period 1200 UTC 23 November 2016 to 1200 UTC 25
November 2016 from Best Track (solid line), GFS (solid line with crosses), CRUN_MRF (dashed line),
EX01_MYJ (dash-dot line) and EX02_YSU (dotted line). The circle, triangle and square symbols identify
the 1200 UTC from 23 to 25 of November 2016. CRUN_MRF, EX01_MYJ, and EX02_YSU are: the
control-run using the Medium Range Forecast, the Mellor-Yamada-Janjic and the Yonsei University
schemes, respectively. The grey shades represent topography from the 3-km domain.

Figure 5 presents the evolution of Otto during the period of analysis. According to the BT data,
by 1200 UTC 23 November this hurricane was category 1 with a maximum sustained wind of 60 knots
(30.9 m s−1 ). At this time GFS underestimated the maximum sustained wind (40 knots or 20.6 m s−1).
Experiments CRUN_MRF and EX01_MYJ are closer to the observations with maximum sustained
winds of about 60 knots (same hurricane category as in BT). In GFS the hurricane development is not
well captured since it reaches category 1 (60-knot wind) by 1500 UTC 24 November. Nevertheless,
the timing and value of the sea level pressure (SLP) minimum was better estimated by GFS (about
980 hPa as compared to 975 hPa in BT data). Once the maximum surface wind was reached, the storm
weakened afterward, as shown by the decrease in the surface wind speeds in GFS.

WRF simulations improve the evolution of Hurricane Otto as compared to GFS. CRUN_MRF
and EX01_MYJ show better agreement with the observations during the first 6 h of simulation,
while EX02_YSU overestimates by 20 knots (10.3 m s−1) the maximum surface wind during this
period (see Figure 5). Intensification of the TC is remarkably different in each experiment, being quite
less in CRUN_MRF, and stronger in EX02_YSU, with a surface wind speed increase of about 20 and
25 knots (10.3 and 12.9 m s−1), respectively. In EX01_MYJ and EX02_YSU, Otto starts to intensify by
0000 UTC 24 November and reaches its maximum at 0300 UTC and 0600 UTC, respectively. In both
cases, this intensification occurs before the maximum of surface wind speed in BT data. In these
same runs the surface wind decays on and after 1200 UTC 24 November, approximately. By this
time, the observations show the maximum intensity and subsequent weakening of Otto. In the
case of CRUN_MRF, the maximum surface wind does not experience abrupt changes nor intensify
during the simulation period (maximum speeds increased less than 20 knots). It should be noted that
only EX02_YSU achieved category 2 before landfall. CRUN_MRF and EX01_MYJ present a weaker
TC structure.

When comparing the modelled and observed SLP and surface wind speed time series in Figure 5,
it can be noticed that the modelled surface wind speed maximum and the SLP minimum are out
of phase. This is contrary to observations, where both events are nearly simultaneous. However,
note that the temporal resolution of the BT data is lower, which makes comparison difficult. In GFS,
the SLP minimum is seen around 1200 UTC 24 November, while the surface wind maximum occurs
later, at 1500 UTC. CRUN_MRF shows a SLP minimum similar to that in GFS, approximately 980 hPa,
which takes place 1 h before the surface wind maximum. Meanwhile, the SLP minimum values in
EX01_MYJ and EX02_YSU (approximately 970 hPa and 955 hPa, respectively) are lower than those in
BT and GFS. In addition, the SLP minimum in both experiments is found approximately 6 h after the
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surface wind maxima. These time-lags, which are present in all the regional simulations, suggest that
there is a mass-adjustment problem in the simulations, apparently related to the PBL physics and
surface layer physics in the model. Differences in surface friction between sea and land as Hurricane
Otto approached land may also play a relevant role in the adjustment process.

Figure 5. Comparison of Hurricane Otto evolution in terms of maximum surface wind speed (blue lines)
and SLP (red lines) as detected in Best Track (solid lines, (a) GFS) and experiments (dashed lines,
(b) CRUN_MRF, (c) EX01_MYJ, (d) EX02_YSU). Shaded area shows the rapid intensification (RI) period
in Best Track (BT).

Landfall point estimations are shown in Table 2. In the BT data, Otto entered Nicaragua at the
coordinates 11◦ N, 83.7◦ W, on 1642 UTC 24 November. It was a H3 hurricane with maximum sustained
wind of 100 knots (50 m s−1), and a forward speed of 8.3 m s−1. In the global and regional models
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the landfall location is close to the observations; however, they differ significantly in timing. GFS and
EX02_YSU landfall occurs at a later time, while in CRUN_MRF and EX01_MYJ it is earlier. Also,
forward speed is consistently underestimated (by about 2 m s−1) in all models, as compared to the BT
data. Meanwhile, SLP values were relatively close to observations in the WRF simulations and GFS.
Maximum sustained wind speed, related to hurricane category, was underestimated in both the GFS
and WRF experiments. During landfall, Otto had hurricane category only in the WRF simulations (H1
in CRUN_MRF and EX01_MYJ, and H2 in EX02_YSU).

Table 2. Landfall measurements of Hurricane Otto from Best Track database and simulation using
the WRF-ARW modelling system. Storm categories are taken from the Saffir-Simpson hurricane wind
scale. GFS is the Global Forecasting System model. CRUN_MRF, EX01_MYJ, and EX02_YSU are: the
control-run using the Medium Range Forecast, the Mellor-Yamada-Janjic and the Yonsei University
schemes, respectively. The columns are DFOL: distance from observed landfall in degrees, FS: forward
speed (m s−1), T: Time (UTC), P: pressure (hPa), MWS: maximum wind speed (m s−1) and Cat:
Saffir-Simpson scale.

Data Lon. Lat. DFOL FS T P MWS Cat.

Obs. −83.7 11.0 8.3 16:42 975 50 3
GFS −83.8 11.5 0.5 5.4 23:05 993 22 TS

CRUN_MRF −83.7 11.8 0.8 5.3 09:51 980 37 1
EX01_MYJ −83.9 11.3 0.4 5.3 13:40 978 36 1
EX02_YSU −83.8 11.6 0.6 5.8 23:11 971 44 2

Table 3 shows the metrics and indices used to estimate the RI in all models. These indices are
based on the study by Kaplan et al. [19], and adapted to high resolution models. As presented in this
table, only GFS and EX01_MYJ are close to the 25-knot intensity change threshold and the hurricane
attains category 1 intensity. CRUN_MRF is not showing a significant increase in wind speed and the TC
does not reach hurricane category before landfall. In experiment EX02_YSU the simulated Hurricane
Otto intensifies to category 2, but it does not undergo a RI process. Even though the MYJ experiment
was the only one that exhibited an abrupt 24-h change in the storm’s surface wind, close to the 25-knot
threshold, the YSU scheme presented the fastest intensification, closest to reality. PER indices are of the
same order of magnitude to those of Kaplan et al. [19] except for CRUN_MRF, which is negative. In all
the WRF experiments, D200 is one order of magnitude lower than in Kaplan et al. [19]. This marked
difference could be due to the different radii used to estimate these indices in this study, but also to
the fact that none of the simulations is capturing the RI process of Hurricane Otto. SHRD in all the
experiments has similar values to those reported by Kaplan et al. [19] for non RI hurricanes.

As explained above, the main difference amongst these PBL schemes is the way the vertical fluxes
are estimated in this layer. The default configuration of MRF PBL scheme using a non-local estimation
of turbulent diffusivity, shows deficiencies even in the estimation of the hurricane development,
since the TC in this experiment only reaches category 1 in short and intermittent periods of its evolution
(not shown). In the other two PBL schemes, MYJ and YSU, the TC development is more defined and
persistent. The cyclone reaches a category 2; however, as mentioned, the hurricane did not undergo RI
in either case. The YSU is a sophisticated non-local scheme based on MRF formulation, which improves
the entrainment fluxes and non-local terms compared to MRF, however, this enhancement is not
enough to capture Hurricane Otto RI. Moreover, the MYJ scheme is a level-2.5 approximation of TKE,
that shows better estimation of landfall and RI compared to the other two simulations.
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Table 3. Mean magnitudes of RI predictors estimated for the Hurricane Otto observations and
simulations using the GFS and WRF-ARW model for the 25-knot threshold. GFS is the Global
Forecasting System model. CRUN_MRF, EX01_MYJ, and EX02_YSU are: the control-run using the
Medium Range Forecast, the Mellor-Yamada-Janjic and the Yonsei University schemes, respectively.
The columns are WS: wind speed (m s−1), Cat: Saffir-Simpson scale, ∆V24: change in the surface
wind in at least 24-h (m s−1), PER: previous 12-h change in intensity of the surface wind (m s−1),
D200: horizontal wind divergence at 200 hPa (1× 10−5 s −1) and SHRD: the vertical wind shear between
850 and 200 hPa (m s−1).

Data Date Lon. Lat. WS Cat. ∆V24 PER D200 SHRD

Obs. 2016-11-24 12:00:00 −83.0 11 52 3 40 10
GFS 2016-11-24 15:00:00 −83.0 11.5 33 1 22 6

CRUN_MRF 2016-11-24 12:00:00 −82.4 12 33 TS −1 −5 1 11
EX01_MYJ 2016-11-24 12:00:00 −83.6 11.3 42 1 23 5 8 8
EX02_YSU 2016-11-24 12:00:00 −83.4 11.6 46 2 16 9 9 10

4. Discussion

Despite the fact that southern Central America is rarely affected by the direct landfall of tropical
cyclones, historic observational records showed that at least three cases, Tropical Storm 19 in 1887,
Martha in 1969, and Otto in 2016, reached the southernmost countries of this region. It is very
important to investigate the ability of state-of-the-art regional and mesoscale models to represent the
most relevant characteristics of these tropical cyclones at relatively low latitudes, because they are
associated with remarkable socio-economic impacts and even loss of lives. Identifying these critical
characteristics is relevant for emergency preparedness. For example, forecasts of the cyclones’ track
and their intensity as they move into zones with high levels of exposure and vulnerability help the
local and regional emergency agencies to send adequate alerts to potentially affected communities.

To explore the ability of regional models to capture the RI and trajectory of extreme events such
as Hurricane Otto, a set of three high resolution simulations using the regional model WRF-ARW with
different PBL schemes were performed and evaluated for this particular tropical cyclone. GFS data
with horizontal resolution of 0.5 degrees were used as initial and boundary conditions. A triple-nested
domain configuration with horizontal resolutions of 27, 9, and 3 km was used in the experiments.

By and large the simulations improve the results as compared to the GFS data, in almost every
aspect evaluated in this study. Particularly, trajectories in the simulations show a better representation
of the direction of movement. Initially, the cyclone was heading to the northwest but then moved to the
southwest, mainly due to the friction forces and the influence of an arriving cold surge from the north
of the continent [12]. Forward speed in GFS was on average in better agreement with observations,
but in the simulations hurricane Otto moved faster. This suggests some influence of the PBL schemes
in both the interaction of the cyclone with friction forces at the surface and the input and exchange of
momentum and energy from the water surface through turbulent processes.

Physical processes in the development, decay, and movement of TCs are affected by many factors
such as SST, low-level moisture flux convergence, vertical wind shear, distribution of vertical motion,
among others, in such a way, that the role of surface friction over sea or land can vary enormously
depending on the tropical cyclone features [56]. The complexity of the problem during TC landfalling
is even bigger when horizontal gradients of surface friction between land and sea are considered.
According to Wong and Chan [57], who performed numerical experiments with the MM5 model,
land surface friction dominates surface-moisture flux over land, which is apparently essential for the
movement of TC toward land. The final drift of a TC depends then on many elements whose dynamics
and thermodynamics are not clearly understood. Yuan et al. [58] used the quasi-geostrophic barotropic
vorticity equation model to simulate the influence of surface friction on TC track and intensity. One of
their results, relevant to this study, is that land friction may be relevant in causing sudden drifts in
TC track near landfalling. In the case of Otto, the category of the cyclone was H3 before landfalling,
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suggesting a strong surface friction gradient between sea and land that may have caused the southwest
deflection of this disturbance. The fact that GFS shows a westward track over land and our results
improve Otto’s track toward the southwest as observed, may be caused by the finer resolution and
more realistic surface physical parameterizations in WRF than in GFS. Another factor usually not
considered in most numerical experimental work of TC movement after its landfalling, is the effect
of friction due to the shape of the coast. As can be judged from Figures 1a and 3, the coastal contour
where Otto entered suggests a complex surface friction interaction with the nonsymmetric Otto’s
vortex as observed in Figure 2. This asymmetry was also evident in the lightning distribution of this
cyclone using World Wide Lightning Location Network data [8].

Current knowledge of low-level physical processes is clear about the role of surface friction,
moisture flux, kinetic energy exchanges, and others, in the evolution and intensification of TC.
Shin et al. [59] compared five PBL schemes using the WRF model during a field program. As part
of the experimental design they tested two of the parameterizations used in this work, the YSU
(first-order), and MYJ (TKE) closure schemes. An important result of their work, regarding PBL, is that,
“surface-layer formulations only contribute to near-surface variability and then PBL mean properties,
whereas shapes of the profiles are determined by PBL mixing algorithms”. This outcome, if applicable
under more turbulent TC conditions, may mean that our results using both schemes would not
diverge much from observed data since, the MYJ experiment exhibited an abrupt 24-h change in the
storm’s surface wind, close to the 25-knot threshold specified here, and the YSU scheme presented the
fastest intensification, closest to reality. As observed in Figure 4, orography near Otto landfalling is
composed of relatively very low hills presumably not affecting much TC decay. Lee et al. [60] tested
if subgrid-scale topography schemes adequately simulated the surface layer wind using the WRF
at a high-resolution of 3 km, the same grid size used in this work. A result of interest to this paper
is that when using the orography parameterization, the wind speed decreased over relatively flat
regions, as those of northern Costa Rica and southern Nicaragua. At this point, more research needs
to be done to address the question, what is more relevant for TC surface wind evolution over land,
the surface friction or the parameterization of orography? In our case, it seems that surface friction
may be more important to resolve, since in our experimental design no orography parameterization
was used. Recently, Wang et al. [61] made a sensitivity analysis on the level of land-atmosphere
coupling to the surface layer using the WRF and a YSU scheme by perturbing the parameters of
this representation of the PBL. This work offers a different methodological approach other than to
alter two different physics components in the model. One important result of Wang et al. [61] is
that perturbing parameters in that scheme, can cause large simulation uncertainties comparable to
those in the observations. Since observations are deficient in most tropical cyclones, especially in Otto
in Central America, altering two or more physics elements of the model would not provide more
information than that of the results obtained here, especially in regard to their uncertainty properties.

Landfall results did not show significant differences amongst GFS and the experiments.
Furthermore, all the estimations missed the landfall timing, with EX01_MYJ being closest to the
observations. Regarding RI, EX01_MYJ was the only experiment that exhibited an abrupt 24-h change
in the storm’s surface wind, close to the 25-knot threshold, but Hurricane Otto did not reach category
3 intensity in this simulation. In conclusion, according to the results from this study, the level-2.5
turbulent kinetic enegy based PBL schemes such as MYJ are more suitable for representing the processes
of development and some features of the structure of Hurricane Otto. As noted before, impacts over
Costa Rica and Nicaragua, due to precipitation, winds, and low-level pressures associated with Otto,
before and after landfall, brought severe damage and loss of lives in both countries. Future work,
assessing model simulation data against local surface and upper air observations, radar and lightning
data would most probably improve our knowledge of how these models represent the distribution of
those variables over land.
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5. Conclusions

This study allowed to examine the performance of WRF-ARW using three different planetary
boundary layer parameterizations in the estimation of Otto’s trajectory and the RI process. Our results,
using this regional model with a finer resolution than that of the GFS, along with the MRF, MYJ and
YSU parameterization schemes, the latter resulting in the fastest intensification closest to reality,
provide a potential forecasting tool to improve movement rate and track of TC near landfalling.

Trajectories in the simulations show a better representation of the direction of movement.
Forward speed in GFS was on average in better agreement with observations, but in the simulations
Hurricane Otto moved faster, maybe due to surface layer properties and friction not being represented
realistically in the parameterization schemes used.

Landfall results did not show significant differences amongst GFS and the experiments,
furthermore, all the estimations missed the landfall timing, with MYJ being closest to the observations.
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