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Abstract: Wind energy development has been limited by concerns associated to the varying features
in wind speed which tends to destabilize the power system. This study aims to clarify the variability
of winds within a day in the Philippines, specifically the hourly changes of onshore horizontal winds
at 100-m hub-heights. A whole one-year experiment using the Weather Research and Forecasting
model shows that onshore wind speeds decrease during the transitional hours between land breeze
and sea breeze. The decreases in wind speed are most significant over coastal regions with high
sloping topography. The extreme decreases in wind speed during morning hours, due to the natural
processes, are found to often occur at the same time as the extreme electricity undersupply caused
by the morning increase in energy demand. This result warns that the power system stability
in the Philippines may become more sensitive to the variability of wind as the share of wind
energy generation increases in the future. The findings of this study can contribute to promote
sustainability in the operation of existing wind-reliant power systems and planning of future wind
energy developments.

Keywords: wind energy; wind variability; system stability; land-sea breeze; topography; wind ramp

1. Introduction

In the last decade, wind energy development has been seen to rise all over the world.
With this rise, the reliability of electricity has been threatened in different countries that
have a significant amounts of variable renewable energy (VRE) generation (e.g., wind and
solar) in their power systems. It is because of this threat to the reliability that understanding
the fluctuations in wind energy generation has become one of the priorities of not only
power system or grid operators, but also research [1,2]. In the Philippines, the reliability
issues associated to the integration of more wind energy generation in the power system
has not been explored through previous studies. Previous studies on renewable energy in
the country [3,4] have been focused on quantifying wind energy potentials and somewhat
creating a wind energy atlas. This lack of studies in this field is mostly because the amount
of wind energy in the power system is not so significant.

The small amount of wind energy developments in the country relative to its demand
is influenced by the economics and policies surrounding these developments. Currently,
wind energy costs are larger compared to other sources of energy. It is for this reason that
the Philippine government opted to implement a Feed-In-Tariff (FIT) system in the past,
for a limited number of megawatt-capacities to promote the growth of renewable energy
in the country. As the capacity for FIT had been filled out, wind energy development
had slowed down, if not stopped. Along with the economics of this development, the
Philippine government has also recently released the Renewable Portfolio Standard (RPS)
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policy, which requires electricity distributors to source at least thirty percent of their energy
from renewable sources by the year 2030. As the economy and policies pave the way for
more wind energy generation in the next few years, the importance of the reliability issues
associated to its variability also increases.

The main problem of variability are the fluctuations in production that can lead to
large, unexpected and sudden increases and decreases in power output over a short period,
which are known as wind ramp events [5]. Wind power ramp events are mainly caused
by the large fluctuations of wind speed that affect the load-generation balance at all times.
Since wind ramp events increase the instability of the power grid, they must be balanced by
other power sources. Understanding the timing or magnitude of ramp events can thus help
grid operators to schedule the wind power output conservatively. Generally, atmospheric
circulation is important to understand wind power ramps and the associated energy
resources as they affect the statistics of near-surface wind speeds [6,7]. Some previous
works focused on studying the occurrence of wind ramps by using numerical weather
prediction models (e.g., [8]) since they can provide relatively accurate representations of
wind power generation (e.g., [9,10]). They found that the growth of the planetary boundary
layer (PBL) can be one of dominant factors of ramp events.

Generally, atmospheric mixing brought by the development of the boundary layer
affects the changes of wind speeds within the day, altering the wind profile [11–13]. Aside
from these locally occurring factors, hourly variability within a day can also be affected by
synoptic-scale events. Previous studies of wind variability such as that by He et al. [14]
analyzed the wind speeds at different heights within an hourly time scale. Their research
found that wind speeds generally had a strong decrease within the morning and conse-
quently increased later in the morning. They suggested that these were caused by changing
pressure patterns between land and the sea. Therefore, diurnal variation of wind speeds
can be strongly affected to reliability of the power system in coastal regions and islands like
Philippines. Moreover, the diurnal variation of surface wind manifests large amplitude
over the tropical regions [15]. However, despite the present situation, the link between the
diurnal variation of winds in the tropical island area and reliability of the power system is
still poorly understood.

Hence, this study aims to understand the variability in wind energy generation which
is strongly dependent on how wind speeds behave. Due to the lack of temporally and
spatially well-distributed wind speed datasets at heights used for wind energy, hourly
wind speeds are quantified and analyzed using the Weather Research and Forecasting
(WRF) model. From the analyses, the mechanism behind the hourly wind speed trends
within a day are investigated. The wind speed trend is compared with the reliability of the
power system within the same timescale. Based on the analysis of WRF experiments and
power stability data, this study suggests the possibility that the timing of extreme decrease
in wind speed (i.e., naturally caused wind ramp) coincides with the timing of extreme
undersupply of electricity that is caused by anthropogenic effects. This study is intended
to provide an insight into how the Philippine power system needs to be developed to cater
for an increased amount of wind energy generation expected in the future.

2. Methodology

Hourly wind speeds in the Philippines are simulated using the WRF model ver-
sion 4.1 [16] for the whole one year of 2017. Wind simulations from the WRF model are
most sensitive to the physics schemes [17,18] and the model’s grid settings [19]. Hence, the
analyzed wind speeds are obtained from the mean of an ensemble of five simulations with
varying surface layer (SL) and planetary boundary layer (PBL) schemes. These schemes
vary on how they compute the unknowns in turbulent patterns using known variables
within the model grids [20]. A list of these schemes, generally varying in the locality of
how they solve for thermal fluxes (i.e., local or non-local closure), is provided in Table 1.
Siebesma et al. [21] provided a description of the differences in solving between these
closure types. As for the grid settings, a twenty-kilometer grid resolution is only used due
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to the large domain size and the limited computational resources for this study. Given that
the analysis is the generalization over a big area (i.e., over the entire Philippine region), the
grid size is reasonable.

Table 1. Surface layer and PBL schemes used for the one-year wind simulations.

Category Name Description WRF’s Namelist Settings

Combination of Surface
Layer (SL) and Planetary

Boundary Layer
(PBL) parameterization

schemes

MM5YSU MM5 SL similarity scheme combined with the
Yonsei University (YSU) PBL scheme

sf_sfclay_physics = 1
bl_pbl_physics = 1

ETAMYJ ETA SL similarity scheme combined with the
Mellor–Yamada–Janic (MYJ) PBL scheme

sf_sfclay_physics = 2
bl_pbl_physics = 2

PXACM2
Pleim-Xiu (PX) SL scheme combined with the

Asymmetric Convective Model Version 2
(ACM2) PBL scheme

sf_sfclay_physics = 7
bl_pbl_physics = 7

QNQNSE Quasi-Normal Scale Elimination (QNSE) SL
scheme combined with the QNSE PBL scheme

sf_sfclay_physics = 4
bl_pbl_physics = 4

MYNN25
Mellor–Yamada Nakanishi and Niino (MYNN)
SL scheme combined with the MYNN level 2.5

(MYNN25) PBL scheme

sf_sfclay_physics = 5
bl_pbl_physics = 5

The ERA-Interim reanalysis [22] is used as the boundary conditions in running the
regional model. ERA-Interim is a database of atmospheric and surface data from the
European Centre of Medium-Range Weather Forecasts (ECMWF). It has a spatial horizontal
resolution of 0.75 by 0.75 degrees spacing, roughly 79 km, and a temporal resolution of
6 h [23]. Previous studies [17,18] suggest that ERA-Interim provides the most reliable
results when it comes to simulating wind speeds for RE resource. The rest of the settings
and parameterizations are based on the University Corporation for Atmospheric Research’s
best practices [24].

For each of the simulations, the domain indicated in Figure 1 with 150 × 150 grid
points, is used. The Philippine region belongs to tropical rainforest or tropical monsoon
climates. The domain is vertically divided into 40 layers whose thickness increases with
height ranging from 25 m at the lowest layer to 622 m in the middle troposphere. Wind
speeds are obtained at 100 to 2500-m heights above ground level with an interval of 100 m
by vertical interpolation. Individual 36-h simulations are made with the first 12 h of the
simulations removed (Figure 2) to account for spin-up [25]. The remaining 24 h are stitched
together to create one-year wind speed simulations for each of the ensemble members
through post-processing. In the studied area, diurnal cycle is a dominant mode of the
wind variability. Hence, our main results described in Section 3 (i.e., the timing and the
magnitude of wind speed change) are expected to be valid for other years.

As for the analysis of the impact of the variability of wind speeds to the reliability of
the power system, within a 24-h period, the hourly frequency of occurrences of extreme
hourly changes is first obtained to represent the hourly occurrences of extreme wind speed
change. These are then compared to the reliability of the power system which is represented
by the hourly frequency of occurrences of the extreme oversupply and undersupply of
energy within the day, obtained from the Philippine grid operator [26]. These occurrences
of oversupply and undersupply of energy cause disruptions to the stability, and overall
threaten the reliability of the power system. The hourly diurnal frequencies for both the
extreme wind speed changes and energy oversupply and undersupply are obtained by
binning the 5% extremes into their respective hours of the day.
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Figure 2. A flow chart summarizing the experiment and analysis procedures.

3. Results and Discussions

The results of this study are divided into two parts: the meteorology behind the
variability of diurnal hourly wind speeds in the Philippines, and the hourly relationship
between the extremes of the wind variability and the stability of the power system in
the country.

3.1. Hourly Variability in the Philippines within a Day

To understand the general hourly trends of wind speeds within a day in the region, the
ensemble mean wind speeds of each hour of the day are first computed from the one-year
simulations. The area-average of wind speeds over land is then calculated from the average
of all the land surface grid points inside the area 4.25–20.59◦ N, 116.28–126.80◦ E. The
obtained diurnal hourly mean wind speed at 100 m above ground level is seen in Figure 3.
At night, winds appear to be stable as seen by the small magnitude of hourly changes (black
bars) denoting the existence of the stable boundary layer. The stable boundary layer then
evolves into a turbulent mixed layer as evidenced by the sharp increase in the magnitude
of hourly wind changes at 0700 local time which lasts during the day.
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Figure 3. Diurnal cycle of area-averaged annual means of hourly 100m-height onshore wind speeds
(black solid line) obtained from the mean of ensemble members. Error bars and black bars represent
the range of standard deviation among the ensemble members and magnitude of the hourly change
of the wind speed, respectively. The hourly changes are computed by the previous hour subtracted
from the current hour.

Since updrafts and downdrafts coexist within this mixed layer, decrease or increase in
wind speed magnitudes is depending on the height [11] as seen in Figure 4. A significant
decrease in 100-m winds is seen at 0800 in the morning and had rapidly developed. After
that, the winds then increased, showing a magnitude greater than those in the evening for
a couple of hours on the same level as the decrease propagated into the upper atmosphere.
These increases and decreases in the different levels of the atmosphere ultimately result in
the vertical homogenization of wind speeds near the surface. After the sunset, near-surface
winds below 200 m are decoupled with the winds in the residual layer above that height.
Near surface winds remain almost unchanged throughout early morning as the surface
stable layer is capped by the nocturnal inversion layer. Figures 3 and 4 suggest that the
time evolution of onshore wind speed is asymmetrical between sunrise and sunset hours.
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Figure 4. Vertical cross-sections of area-averaged annual means of hourly onshore wind speeds
(contours; m/s) and its hourly changes (shaded) obtained from the ensemble mean. The hourly
changes are computed by the previous hour subtracted from the current hour. The horizontal axis
represents the local time while the vertical axis represents the height in meters.

To further explain the evolution of the boundary layer, specifically focusing on the
strong decrease in wind speeds at 0800 in the morning, the vertical potential temperature
gradients over land are analyzed which provide information on the static stability of the
atmosphere. The area-averaged annual means of the hourly vertical potential temperature
gradients and vertical wind speeds can be seen in Figure 5. The hourly changes of potential
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temperature gradient show a rapid increase in near-surface temperature at the beginning of
the development of the mixed layer as the sun rises (Figure 5). Right before sunrise, there
exists a thin surface layer created from the strong static stability during the night. This
strong static stability is identified through the large positive vertical potential temperature
gradient at 0600 in Figure 5. As the sun rises, this thin layer of air can easily be heated
which can rapidly increase surface temperatures. This rapid increase in temperatures can
be seen during the morning, in this case at the 0700 and 0800. Kimura and Kuwagata [27]
quantified the heating of these layers from the surface up to 3500 m over a mountainous
terrain through numerical modeling. Their results also showed rapid increases in surface
heating relative to elevations above the surface in the morning. As the surface layer
became thicker due to the development of the mixed layer, the heating rate gradually
decreased. The development of the boundary layer, however, does not explain why wind
speeds eventually became largest early in the afternoon then showed a decrease later in the
afternoon, followed by an increase. This trend is investigated by first looking at the spatial
distribution of the hourly change (i.e., increases and decreases) in wind speeds shown
in Figure 6. During the transitions between daytime and nighttime, the wind directions
over the coastal regions appear to change, most significantly over the west side or the
lee of the dominant wind flow in the Philippines. During the day, winds blow from the
sea to the land, while at night, the winds blow from land to sea. These changing wind
directions paired with the changing magnitude of wind speeds over coastal regions suggest
coastal meteorological mechanisms that may modulate the variability of wind speeds in
the Philippine archipelago.
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Figure 5. Area-averaged annual mean diurnal variation of the vertical potential temperature gradient
(black bars) between 50 and 150 m above ground level and vertical velocity (grey bars) at 100 m
above ground level.

Due to the differences between heat capacities between land and sea, temperature
differences are formed between them. This thermal contrast drives the land–sea breeze
circulation which accompanies the changing directions of wind. The role of the land–
sea breeze is also deduced through the magnitudes of hourly wind speeds. During the
transition hours between land breeze and sea breeze, pressure difference between land and
sea is reduced in response to the weakening of horizontal temperature gradients which then
weakens the horizontal wind speeds. As the transitions occur during sunrise and sunset,
signs of weakening horizontal wind speeds over the surface can be seen in Figure 3 during
the 0800 and 1800 LT. After these transitions, a more pronounced horizontal pressure
gradient between land and sea generates an increase in the horizontal wind speeds. This
increase peaks around the early afternoon, signifying that the difference between land and
sea surface temperatures are the highest. The largest difference in surface temperature
between land and sea, which results as higher horizontal pressure gradients, happen
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during the day as seen in Figure 7, because of the heat capacity differences between land
and sea that were discussed earlier. This explains why the magnitude of wind speeds
is larger during the day than at night. However, because the coverage of the area used
for the potential temperature differences in Figure 7 is vast and irregular, it will not
perfectly represent the potential temperature gradient between land and sea. Nonetheless,
it provides an idea of how significant the temperature differences are between night
and day.
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land and sea over the region indicated in Figure 6.

The evolution of the planetary boundary layer and the development of land–sea
breeze within a day comprise the two thermal processes, whose combined effects modulate
the diurnal hourly changes of wind speeds in the Philippines. Results show that the
magnitude of their effects on horizontal wind speeds may be of the same scale based on
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how the signs of these trends are seen in the overall diurnal cycle of the annual mean of
hourly wind speeds. These processes, aside from affecting the wind speeds, may also affect
each other. As land–sea circulations are dependent on the horizontal pressure gradients
that exist between land and sea, these circulations are dependent on the surface heating.
The hourly changes of this surface heating, in turn, are dependent on the evolution of the
boundary layer. As the evolution of the boundary layer dictates the amount of mixing
that exists in the atmosphere which later affects the layer thickness, horizontal pressure
gradients are modulated. The opposite may also be true. During the day, updrafts may be
enhanced by the transport and condensation of moisture by the sea breeze, releasing latent
heat, and increasing the static instability in the region [11].

Aside from thermal processes, mechanical processes produced from the region’s
landscape may also play a role in the hourly changes of diurnal wind. To analyze the
impact of the landscape on the hourly changes of diurnal winds, the relationship of the
topography of archipelago’s islands to the changes in the diurnal wind speeds are discussed.
High hourly changes in wind speeds are found over regions with complex topography
(Figure 6). The relationship between complex topography and hourly changes appears
to be most significant over the coastal regions in the lee of the archipelago. Being at the
lee of the archipelago, background flow is reduced, allowing location specific processes
to have a more significant effect. These local specific processes may be the land–sea
breeze circulation.

As the weak sea breeze blows a little after sunrise, the mountains in the region may
decrease the flow on its windward side. At 1200, strong increases in wind speed are found
at sea over coastal regions, indicating possible downdrafts that compensate for the updrafts
coming from the mixed boundary layer on land. As the horizontal pressure gradient is
reduced in the afternoon, significant reductions in horizontal wind speeds are again found
at 1600 over these mountain regions. Within these regions of complex topography in
coastal regions, gap jets [28] exist. Given that wind energy development has often been
associated to wind energy potentials that are represented by the magnitude of winds in an
area, variability of winds over these regions may have been neglected. This neglect can
result to later problems in keeping the stability of the power system to be discussed in the
following section.

3.2. The Hourly Relationship between the Extreme Wind Variability and the Stability of the
Power System

As the total fraction of wind energy generation continues to increase, extreme wind
events, specifically its change, has become a growing concern for the efficient and secure
operation of national power systems [5,10,29]. For this reason, the spatial and temporal
variability of extreme wind changes (ramp evets) all over the Philippine archipelago are
analyzed in the study. The positive (negative) extreme change in the wind speeds is
described as a “ramp up (ramp down)”. A histogram of hourly changes in wind speeds
over all the grid points can be seen in Figure 8. To account for the maximum wind
changes over the study region the upper and lower extreme events of hourly changes
were analyzed. Using the 5th and 95th percentiles of wind speed changes or extreme
wind changes in Figure 8 for ramp down and ramp up events, respectively, frequency
in terms of the total number of events is binned depending on the local time at which
they occurred (Figure 9). The occurrence of the extreme ramp-down events is commonly
found at 0800 in the morning. This implies that, within a year, extreme decreases in wind
speeds generally occur at that time given that the area-averaged annual means of hourly
wind speed change also showed a decreasing trend at this hour. A similar trend is seen
in the 1% and 0.1% percentiles of extreme wind speed changes (not shown). Having the
same time of occurrence may mean that these extreme hourly changes in wind speed are
caused by the same mechanisms described in previous section. Aside from the hourly
occurrence of these ramp events, the spatial distribution of these extreme ramp events is
also identified. Figure 10 shows the hourly spatial distribution of the 0.1% most extreme
ramp-down events while Figure 11 shows the spatial distribution for the same percent
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extreme of ramp-up events. From the results, the extreme ramp events mostly happen over
coastal regions and places with complex topography, further validating that these extremes
occur due to the mechanisms discussed in the previous section. As complex topography
appears to be only simulated within the islands of Luzon and Visayas, the extreme events
only occur in those regions of the Philippines. Another reason will be geographical factors,
such as coastal shape and size of the island, that modulate the timing and the magnitude
of the extreme wind changes.
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These extreme hourly ramp events are then compared with the extreme oversupply
and undersupply events at an hourly timescale within a day. For this study, the total
number of 5% most extreme undersupply and oversupply events within each diurnal
hour is obtained from FirstGen and PEMC [26] and shown in Figure 12. Extreme wind
ramp down events are expected to coincide with the hours of the extreme undersupply of
energy while extreme ramp-up events are expected to occur at the same hour as extreme
oversupply. In Figure 12, except for the 0800, extreme oversupply and undersupply events
seemingly occurred randomly within the diurnal cycle and did not appear to match the
results of the extreme wind ramp events.
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Figure 11. The same as Figure 10 but for ramp-up events.

Although the occurrence of extreme undersupply events and the extreme ramp-down
of winds coincide within the same hour, the extreme undersupply is found not to be caused
by the extreme ramp-down of winds. Two factors are considered on which the extreme
oversupply and undersupply of energy is dependent on: (1) the magnitude of the extreme
wind ramp event, and (2) the total capacity of wind energy in the region. Comparing the
hourly energy demand and the consumed wind energy, wind energy consumption only
accounts for barely 2% of the total demand of the system [26]. This means that any changes
in wind generation, even if it were a complete decrease, would not have equated to any
impact to the stability of the grid system. Even if the winds are to completely reduce (i.e.,
100% decrease), the system will remain unaffected due to this decrease only accounting
for a small portion of the system. Within the system, there exists the ancillary generators
which aim to compensate for the variability of VRE. Hydropower has been used to manage
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this variability, especially in small VRE reliant power systems [30]. In 2014, the Philippines
was reported to have a total installed hydropower capacity of 5461 megawatts [31], more
than 10 times the current capacity of wind power.
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Analyzing the demand of the entire system, extreme increases and decreases in the
demand are also summed within the diurnal hours. The expected trend is that extreme
decreases in demand occur in the same hour as extreme oversupply of energy, while
extreme increases in demand occur together with extreme undersupply of energy. This
trend in Figure 13 is consistent, mostly in the morning at around 0800 and 0900. These
extreme increases in demand may be associated to the usual behavior of the society wherein
people begin utilizing energy as the day begins. The results also find that there was an
extreme decrease in demand during 1700 which is often the last hour of work within the
Philippine working society. The next decreases in demand occur as the day comes to an
end from 2000 to 0100 the following day.
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These findings show two significant details about the Philippine power system. The
first is that the grid operator has currently been unable to anticipate the behavior of the
society when it comes to energy use. This is understandable given that human behavior
changes in time, although certain trends and statistics such as those presented in this study
may be analyzed. The second is that, although given the current capacity of renewable
energy within the whole grid system is low, it can be expected that this will also increase in
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time, given international and environmental pressures to create a low carbon society. As
wind energy development increases the share of wind power generation in the Philippines,
the country’s system may become more vulnerable to the variability or intermittency of
wind energy. Forecasting variability of both VRE resources and the demand may play a
more crucial role in years to pass.

4. Conclusions

Due to looming threats due to climate change, wind energy, together with solar
and other forms of renewable energy have grown in popularity as a source of energy to
mitigate these threats. The Philippines, despite being the pioneer of large-scale wind energy
development in Southeast Asia, through its utilization of wind energy dating back to 2004,
has seen a slow increase in its renewable energy capacity relative to its rising demand.
This slow increase has been due to the variability and intermittency of wind resources,
together with economic and political factors. This variability, without the proper weather
and demand forecasting, and infrastructure that can keep-up with the rapid increases and
decreases of VRE resources, can generate problems with the stability and reliability of
the grid. Although these problems exist, wind energy development considerations have
mostly been focused on the energy potentials, and not necessarily the variability. Within
the next few years, because of changes in policies and the economics of the wind energy
market, wind energy development is expected to increase. With this increase in wind
energy developments, the increase in the adverse impacts brought by its variability raises
the question on the sustainability of these developments. For these reasons, this study
attempted to quantify the hourly variability of wind speeds during one whole year in the
Philippines using a mesoscale numerical model, WRF. The quantified hourly variability,
specifically its hourly changes, were compared to the hourly disturbances in the stability of
the country’s power system.

The diurnal cycle of annual mean wind speeds was found to have small hourly
changes at night. In the morning, a strong decrease in wind speeds was found at 0800.
Increases were then seen to follow this strong decrease. As the sun sets, wind speeds
were once again seen to decrease but not as significant as the decrease recorded during
sunrise. Analyses of wind changes and other variables showed that over land thermal and
mechanical processes affect wind flow in the Philippine archipelago. The thermal processes
regulate the evolution of the mixed and stable boundary layers and the development of
land–sea breeze. Thermal processes alone may not have generated the extreme changes
in the winds. These however, initialized the impact of mechanical processes caused by
the landscape of the region, that led to the significant hourly changes in wind speeds.
These mechanical processes were seen spatially in how these hourly changes occurred over
regions with complex topography or those with varying terrain heights near the coastline.
Temporally, the significant hourly changes happened during the transitions between day
and night, at which transitions between the mixed and stable layers, and land breeze and
sea breeze occur.

Upon looking at the occurrence of the extreme hourly changes of wind speed from
5% of the most extreme events of hourly changes, the study found that there was a high
frequency of extreme decreases in wind speeds at 0800, signifying the possibility that the
mechanism which generally drives diurnal winds is also causing the extreme changes in
wind speed. To check the impact of this variability on the stability of the power system,
extreme oversupply and undersupply of energy events were obtained on an hourly basis.
Results showed that there is often a significant undersupply of energy at 0800 in the
morning, coinciding with the extreme decreases in wind speed at the same time. Given
that wind energy production accounts only for barely 2% of the entire demand, this
undersupply is unlikely to have been caused by the extreme decreases in wind speeds.
Extreme changes in demand, specifically its increase over that hour appears to be the reason
for the undersupply extremes. The existence of undersupply events becomes problematic
as the capacity of wind energy within grid systems is expected to rise. As the total share
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of generation from wind energy in the power system increases, the stability of the system
becomes more sensitive to the intermittency of the atmosphere. By 2030, the total installed
wind capacity for the world is projected to significantly surpass the total renewable energy
capacity back in 2016 [32], showing the world’s predicted reliance on wind energy as a
significant energy resource. The interdisciplinary connections in view of meteorology and
energy science in this study highlight possible future concerns. A better understanding of
the physical mechanism of hourly wind variation is expected to help improve the forecast
of the wind power ramp. A synergistic use of accurate predictions of VRE generation and
energy system modeling, with consideration of their uncertainties, ensures the stability of
power systems.

Finally, we propose two issues as the subjects of future studies. Firstly, the COVID-
19 and related policy decisions have altered the human lifestyle, which could affect the
diurnal cycle of electricity demand. Future studies are expected to address this issue.
Secondly, aside from the short-range wind ramps studied here, the “windless” periods,
that sometimes lasts more than ten days, called “dark doldrums” are also the subject of
intensive study. This phenomenon can cause the possibility of energy supply disruption
under high VRE penetrations. In order to provide more accurate statistics of wind speed
and its fluctuations in this time range, the analysis of longer-term wind variability will be
essential in future studies.
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