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Abstract: Understanding long-term trends in local wind resources is a critical prerequisite for sustainable energy 
planning. This study provides a detailed investigation of historical wind-speed trends in Vietnam’s Central 
Highlands, a region with significant untapped wind power potential. We employed the advanced innovative trend 
analysis (ITA) method to analyze a 30-year (1985–2014) daily wind-speed dataset from four key meteorological 
stations, which was rigorously checked for homogeneity. While the observational period concluded in 2014, we 
established a critical historical baseline and a robust methodological framework. Unlike conventional monotonic 
tests, the graphical ITA method detected and visualized hidden, non-linear trends across different data sub-series. 
The analysis revealed highly heterogeneous and localized trend patterns. A statistically significant decreasing trend 
was identified at Bao Loc station during the wet season (p<0.05). In contrast, stations like Ayun Pa exhibited 
opposing trends between seasons, indicating an intensification of wind seasonality. This study demonstrates that 
a granular, site-specific, and methodologically advanced understanding of wind resource dynamics is essential, 
revealing nuances completely overlooked by traditional methods and providing crucial insights for climate-resilient 
energy planning.

Keywords: Climate change; Innovative trend analysis; Renewable energy; Trend analysis; Wind speed; Central 
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1. Introduction

The global imperative to transition away from fossil 
fuels and mitigate the impacts of anthropogenic climate 
change has positioned renewable power at the forefront 

of international energy policy.1,2 As outlined in the Paris 
Agreement and subsequent climate accords, a rapid 
and substantial scaling-up of clean energy sources is 
essential to limit global warming.3 Among these sources, 
wind energy has emerged as a mature, cost-competitive, 
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and scalable technology, accounting for a significant 
and growing share of new power generation capacity 
worldwide.4,5 The long-term viability and financial 
feasibility of wind energy projects, however, are 
fundamentally dependent on the stability and 
characteristics of the local wind climatology.6 As multi-
decade investments, wind farms are highly sensitive 
to even minor long-term variations in wind speed, as 
the power output is proportional to the cube of wind 
speed.7 Therefore, a comprehensive understanding of 
historical and potential future wind-speed trends is not 
merely an academic exercise but a critical component 
of risk assessment, resource planning, and ensuring the 
economic sustainability of wind power investments.8 
Climate change itself introduces a profound layer of 
uncertainty into wind resource assessment. Shifting 
large-scale atmospheric circulation patterns, alterations 
in land-sea temperature gradients, and changes in 
surface roughness can lead to significant long-term 
trends in near-surface wind speeds.9,10 This phenomenon, 
variably described in the literature as “global stilling” 
(a widespread decrease in wind speeds) or “brightening” 
(a more recent reversal or increase), has been observed 
in numerous regions globally, with considerable spatial 
and temporal heterogeneity.11,12 For instance, studies 
have reported significant decreasing trends across large 
parts of the Northern Hemisphere for several decades,13 
while more recent analyses suggest a reversal of this 
trend since around 2010 in several areas.14 These 
changes directly impact the energy yield of existing and 
planned wind farms, highlighting the critical need for 
robust, data-driven analysis of local wind speed trends 
as an essential prerequisite for resource assessment and 
project planning.15

Conventionally, trend detection in hydro-
meteorological time series has been dominated by 
methods such as linear regression and nonparametric 
tests, such as the Mann–Kendall (MK) test.16,17 While 
the MK test is robust against non-normally distributed 
data and has been widely applied in climate studies,18,19 
it possesses a significant limitation: it is designed to 
detect only monotonic trends (i.e., a consistent increase 
or decrease over the entire period) and yields a single 
statistic for the entire time series.20 This approach is 
incapable of identifying hidden or non-monotonic 
trends, trend-free periods, or, crucially, different trend 
behaviors within different parts of a data distribution 
(e.g., trends in low vs. high wind speeds).21 This can lead 
to an oversimplified or even misleading interpretation 
of how a climate variable is truly changing over time. 
For wind energy applications, where high wind speeds 

are of primary interest, a method that only reports the 
average trend may mask a significant strengthening or 
weakening of the most productive wind events.22

To overcome these limitations, the Innovative Trend 
Analysis (ITA) method, developed by Sen,23 offers a 
powerful graphical and numerical technique. ITA does 
not require strict assumptions about data distribution, 
serial correlation, or monotonicity. Its primary strength 
lies in its ability to visually and quantitatively assess 
trends across the entire range of data values.24,25 By 
splitting a time series into two and plotting the sorted 
values against each other, ITA can reveal whether trends 
are occurring preferentially in low, medium, or high-
value sub-series.26 This granular level of insight is of high 
practical importance for applications like wind energy, 
providing a more nuanced understanding of resource 
evolution than traditional methods.27 The method’s 
utility has been demonstrated across a wide range of 
hydro-meteorological variables, including rainfall, 
temperature, and streamflow,28-30 but its application to 
detailed wind resource assessment remains an emerging 
area of research.

Vietnam’s Central Highlands is a region of growing 
strategic interest for wind energy development due 
to its favorable topography, including plateaus and 
mountain ranges that can enhance wind flow.31 The 
Vietnamese government’s national energy strategy, 
outlined in the Power Development Plan VIII, has set 
ambitious targets for renewable energy deployment 
to meet rapidly growing electricity demand while 
pursuing decarbonization goals.32 However, long-
term, site-specific analyses of wind speed trends in this 
specific region are scarce in the scientific literature. 
Existing resource maps are often based on shorter time 
periods or large-scale reanalysis data, which may not 
capture localized climatic shifts.33 Understanding how 
the wind climate in the Central Highlands has evolved 
over the past several decades is crucial for validating 
these maps, de-risking investments, and ensuring that 
future development is based on a sound understanding 
of the resource’s historical behavior and potential future 
trajectory.

This study, therefore, aims to provide the first 
detailed, long-term wind speed trend analysis for the 
Central Highlands of Vietnam using the state-of-the-art 
ITA method. By leveraging a multi-decade dataset from 
a network of meteorological stations, we seek to move 
beyond simple monotonic trend detection to uncover 
the complex, and potentially non-linear, dynamics of 
the regional wind climate. The specific objectives of 
this research are (i) to analyze annual and seasonal 
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(wet and dry season) wind speed trends from 1985 to 
2014 at four key meteorological stations representing 
the diverse geography of the Central Highlands; 
(ii) to utilize the unique graphical capabilities of the ITA 
method to identify non-monotonic trends and assess 
how trend magnitudes vary across different wind speed 
categories (low, medium, and high); and (iii) to discuss 
the critical implications of these findings for wind 
energy resource assessment, project development, and 
sustainable energy policy in Vietnam.

2. Data and methodology

2.1. Study area and data
The study was conducted in the Central Highlands of 
Vietnam (Figure 1), a region characterized by a series 
of plateaus and mountainous terrain with elevations 
ranging from approximately 150  m to over 2,500  m 
above sea level. This complex topography significantly 
influences local and regional atmospheric circulation, 
creating unique microclimates and potentially favorable 
conditions for wind energy generation. The climate is 
dominated by a tropical monsoon pattern, distinctly 
divided into two seasons: a wet season, typically from 
May to October, driven by the moisture-laden southwest 
monsoon, and a dry season, from November to April, 
influenced by the cooler and drier northeast monsoon. 

This pronounced seasonality has direct implications for 
wind resource availability throughout the year.

For this study, we utilized a long-term daily wind 
speed dataset from four meteorological stations 
strategically distributed across the study area. The data, 
covering the 30-year period from January 1, 1985, to 
December 31, 2014, was obtained from the official 
archives of Vietnam’s National Centre for Hydro-
Meteorological Forecasting (Table  1). This specific 
period was selected as it represented the longest 
available continuous record for which data quality and 
homogeneity could be rigorously verified across all 
selected stations. Efforts to extend the dataset to more 
recent years were hindered by inconsistencies in data 
reporting and the lack of comparable, quality-controlled 
records after 2014.

Rigorous data pre-processing and quality control 
procedures were implemented. The daily data series 
for each station were first checked for completeness, 
and outliers were scrutinized using standard statistical 
methods. Crucially, to ensure the validity of the trend 
analysis, all time series were subjected to homogeneity 
testing. We employed the non-parametric Pettitt’s 
test and the Standard Normal Homogeneity Test at 
a 95% confidence level to detect any potential non-
climatic breakpoints resulting from station relocation, 
instrumentation changes, or alterations in the surrounding 

Figure 1. Map of the study area with gauge locations shown in blue circles
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environment. No significant inhomogeneities were 
detected in the time series used for this study, confirming 
their suitability for long-term trend analysis. Following 
quality assurance and homogeneity checks, the cleaned 
daily data were aggregated to create three distinct time 
series for each station: (i) annual mean wind speed, 
(ii) wet-season mean wind speed (May to October), and 
(iii) dry-season mean wind speed (November to April).

2.2. The ITA method
The ITA method, developed by Sen,23,24,34 is a powerful 
graphical and numerical technique for trend detection 
that overcomes many of the limitations of conventional 
methods, such as the MK test. The core strength of ITA 
lies in its ability to visually identify non-monotonic 
trends, sub-trends, and trend variations across the 
full spectrum of data values without assumptions of 
serial independence or specific data distributions. The 
procedural steps of the ITA method are as follows.

2.2.1. Time series bisection
The data of the entire time series (e.g., annual mean 
wind speed from 1985 to 2023), with n data points, 
were divided into two equal-length sub-series. The first 
sub-series comprised the first n/2 values, and the second 
sub-series comprised the last n/2 values. If n was an odd 
number, the middle value was omitted to ensure equal 
lengths. This bisection established a direct comparison 
between the first and second halves of the observational 
period.

2.2.2. Independent sorting
Each of the two sub-series was independently sorted in 
ascending order. This critical step removed the time-
order dependence within each sub-series, allowing for 
a direct comparison of their statistical distributions. The 
result was two ordered series: x for the first half and yn 
for the second half, where I = 1, 2., n/2.

2.2.3. Cartesian coordinate plotting
A two-dimensional Cartesian graph was plotted. The 
sorted values of the first sub-series (x) were shown on 

the horizontal axis (abscissa), and the sorted values 
of the second sub-series (yn) were illustrated on the 
vertical axis (ordinate).

2.2.4. The 1:1 (no-trend) line
A line with a 45° angle (y = x) was drawn on the graph. 
This line served as the reference for trend identification. 
If all data points (xa, y) fell directly on this 1:1 line, it 
indicated that the statistical distribution of the data had 
not changed between the first and second halves of the 
record, signifying a “no-trend” scenario.

2.2.5. Graphical trend interpretation
The position of the data points relative to the 1:1 line 
provided a direct visual assessment of the trend. If the 
data points were clustered in the upper triangular area, 
above the 1:1 line (ye > x), it signified an increasing 
trend. Conversely, if the points were clustered in the 
lower triangular area, below the 1:1 line (ye < x), it 
indicated a decreasing trend.

2.2.6. Non-monotonic trends
A key advantage of ITA is its ability to reveal trends 
within different segments of the data. For instance, 
points corresponding to low wind speeds (lower-left of 
the graph) might fall on the 1:1 line (no trend), while 
points for high wind speeds (upper-right) might lie 
significantly above the line, indicating that only strong 
wind events were intensifying. This level of detail was 
masked by traditional methods. A generic illustration of 
the ITA plot is shown in Figure 2.

2.2.7. Significance testing
To assess the statistical significance of the observed 
trend, confidence limits for Sen’s slope were calculated. 
The significance of the trend was assessed based on the 
approach proposed by Sen.34

3. Results and discussion

The ITA method was applied to the annual, wet-season, 
and dry-season average wind-speed time series for each 

Table 1. Geographic coordinates and details of the selected meteorological stations
Station Longitude (°E) Latitude (°N) Elevation (m) Max (m/s) Min (m/s) Mean (m/s) SD Sk Ks
Bao Loc 107.789 11.547 846 14 0 1.03 1.26 1.07 1.03
Dak To 107.763 14.342 615 14 0 0.66 1.24 2.19 5.66
Ayun Pa 107.506 14.655 164 21 0 1.36 1.69 0.96 0.40
Tay Nguyen 108.078 13.164 753 13 0 1.18 0.06 0.23 −0.28
Abbreviations: Ks: Kurtosis; SD: Standard deviation; Sk: Skewness.
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meteorological station. The results reveal a complex and 
highly localized pattern of wind speed changes across 
the Central Highlands, providing nuanced insights 
that would be obscured by conventional trend analysis 
techniques.

3.1. Overview of regional wind-speed trends
Table 2 presents the quantitative results from the ITA, 
including the calculated trend slope and the significance 

levels for each time series at the selected stations. 
A  broad overview reveals a predominant, although 
mostly non-significant, decreasing trend in annual 
mean wind speeds across several stations (e.g., Dak To, 
Ayun Pa, Tay Nguyen) (Table  2). The negative slope 
values indicate that, on average, the wind speeds show 
decreasing trends across all stations. For comparison, 
Table  3 shows the results from a traditional MK 

Table 2. Wind‑speed trend, slope, and significance 
levels for the period 1985–2014 determined by the 
innovative trend analysis method
Station Features Slope

Significance 
level (α=0.05)

Significance level 
(α=0.01)

Bao Loc AMW −0.0132 0.0016
RSW −0.0131 0.0018
DSW −0.0133 0.0017

Dak To AMW −0.0452 0.0027
RSW −0.0532 0.0024
DSW −0.0373 0.0030

Ayun Pa AMW −0.015 0.0013
RSW −0.0113 0.0011
DSW −0.0187 0.0009

Tay 
Nguyen

AMW −0.0244 0.0011
RSW −0.0265 0.0008
DSW −0.0223 0.0013

Abbreviations: AMW: Annual mean wind; DSW: Dry‑season 
wind; RSW: Rainy season wind.

Table 3. Wind‑speed trend, slope, and significance 
levels for the period 1985–2014 determined using 
the Man–Kendall method
Station Features Man–

Kendall test
p‑value Sen’s 

slope
Bao Loc AMW −145 0.010 −0.022*

RSW −129 0.022 −0.023*
DSW −125 0.027 −0.018*

Dak To AMW −139 0.014 −0.037*
RSW −156 0.005 −0.042**
DSW −103 0.068 −0.035**

Ayun Pa AMW −187 0.001 −0.015**
RSW −123 0.030 −0.011*
DSW −175 0.002 −0.020*

Tay 
Nguyen

AMW −213 0.0002 −0.022**
RSW −241 0.0002 −0.025**
DSW −183 0.0011 −0.021**

Notes: *significance level at α=0.05, **significance level at 
α=0.01.
Abbreviations: AMW: Annual mean wind; DSW: Dry‑season 
wind; RSW: Rainy season wind.

Figure 2. Generic illustration of the innovative trend analysis plot. (A) Examples of increasing (circles) and 
decreasing (squares) monotonic trends. (B) How trends can be analyzed for different data segments, such as 
low, mean, and high values.

BA
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test, which largely identified statistically significant 
decreasing trends at nearly all stations. While the MK 
test flagged these monotonic trends, it failed to capture 
the underlying complexities revealed by the ITA method.

The most critical finding from the ITA overview is the 
heterogeneity of these trends. The standout result is the 
statistically significant decreasing trend in wet-season 
wind speeds at Bao Loc, with a positive slope that is 
significant at the α = 0.05 level. This is the only statistically 
significant trend identified across all the analyzed series 
using the ITA significance test, making it a focal point 
for discussion. It suggests a tangible enhancement of the 
wind resource during the crucial monsoon period at this 
high-elevation location. This heterogeneity immediately 
underscores the primary theme of our findings: wind speed 
trends in the Central Highlands are not uniform and must 
be evaluated on a site-specific basis. A simple regional 
average would mask both the significant increase at Bao 
Loc and the subtle seasonal shifts occurring elsewhere.

3.2. Detailed analysis of annual wind speed trends
The ITA plots for annual mean wind speed (Figure 3) 
provide a powerful visual narrative that complements 

the quantitative data in Table 2. At Dak To (Figure 3, 
top right panel), the data points are tightly clustered 
around the 1:1 no-trend line across the entire range 
of wind speeds. This confirms the absence of any 
significant or meaningful trend, indicating a remarkably 
stable annual wind climate at this location over the past 
three decades. This stability serves as an important 
baseline when contrasted with the more dynamic 
behavior observed at other sites.

The plot for Bao Loc (Figure 3, top left panel) shows 
that most data points are scattered slightly below the 
1:1 line, corresponding to the weak, non-significant 
decreasing trend in annual wind speed reported in Table 2. 
The deviation from the line is minor and inconsistent, 
suggesting that while there might be a slight long-term 
decrease, it is not a strong or uniform signal.

A more distinct pattern is visible for Ayun Pa 
(Figure 3, bottom left panel) and Tay Nguyen (Figure 3, 
bottom right panel). Here, a majority of the data points, 
particularly those representing medium-  to high-wind 
speeds (in the central and upper-right portions of the 
plot), fall consistently below the 1:1 line. This suggests 
a persistent, although statistically non-significant 

Figure  3. Innovative trend analysis results for annual mean wind speed at four representative locations 
(1985–2014). Data points are categorized into low (yellow triangles), medium (green triangles), and high (red 
triangles) intensity values to visualize trends across the data spectrum.
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according to ITA, weakening of annual average winds 
at these stations. Critically, the ITA plot reveals that this 
decreasing trend is more pronounced at higher wind 
speeds, as the points deviate further from the 1:1 line 
at higher wind speed values. This is a crucial insight 
for wind power assessment, as it implies a potential 
reduction in the most energy-productive wind events, a 
detail that a single trend statistic would fail to capture. 
Collectively, these plots demonstrate that even when 
overall annual trends are not statistically significant, the 
ITA method can uncover subtle yet important differences 
in the long-term behavior of the wind climate across 
locations and wind-speed intensities.

3.3. An intensification of contrasts for seasonal 
dynamics
The most compelling findings of this study emerge from 
the seasonal analysis, which reveals divergent trends 
between the wet and dry seasons, suggesting a potential 
shift in the region’s wind seasonality.

3.3.1. Wet-season trends
The ITA plot for the wet season at Bao Loc (Figure 4, 
top left panel) provides striking visual confirmation of 

the decreasing trend. Nearly all data points, from low 
to high wind speeds, are located in the upper triangle, 
clearly above the 1:1 line (Figure  4). The deviation 
is particularly pronounced at medium and high wind 
speeds, indicating that the most substantial increases 
have occurred during the stronger wind events of 
the monsoon season. This finding is of paramount 
importance for wind energy development, as it suggests 
an enhancement of the resource during an already 
productive period, which could significantly improve 
the capacity factor and economic viability of projects in 
this specific area. In contrast, Ayun Pa (Figure 4, bottom 
left panel) also shows a tendency for a decreasing wet-
season trend. While not statistically significant, the 
graphical plot shows a clear majority of points lying 
above the 1:1 line. This suggests that the stronger 
monsoon-season winds may not be confined to Bao 
Loc but may reflect a broader, although weaker, trend in 
other parts of the highlands.

3.3.2. Dry-season trends
The dry-season analysis shows a starkly different trend. 
At both Bao Loc (Figure  5, top left panel) and Ayun 

Figure 4. Innovative trend analysis results of rainy wind speed of four locations, divided into low, medium, 
and high intensity (yellow, green, and red triangles, respectively) (1985–2014).
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Pa (Figure 5, bottom left panel), the ITA plots show a 
clear decreasing trend, with the majority of data points 
falling below the 1:1 line (Figure 5). This indicates a 
weakening of the winds associated with the northeast 
monsoon period. The consistency of this decreasing 
trend across all wind speed categories (low, medium, 
and high) at Ayun Pa is particularly evident.

3.3.3. Synthesis of seasonal dynamics
The results for Ayun Pa are particularly illuminating. 
The station exhibits a decreasing trend induring the 
wet and dry seasons. This has significant implications 
for wind power generation, as it would lead to greater 
variability in power output between across seasons. 
This critical insight is made possible entirely by the 
separate seasonal analysis and the detailed visualization 
provided by the ITA method, a finding completely 
masked by both annual-level analysis and traditional 
monotonic tests like MK. Figure  6 provides a spatial 
summary, visually representing the heterogeneous 
nature of these trends across wet and dry seasons, as 
well as at the annual scale (Figure 6A-C).

3.4. Potential climatological drivers of observed 
trends
To explore the underlying physical mechanisms driving 
the observed trends, particularly the intensification of 
seasonality, we conducted a preliminary correlation 
analysis between the seasonal wind speed time series at 
key stations (Bao Loc and Ayun Pa) and major climate 
indices: the Southern Oscillation Index (SOI) for El 
Niño-Southern Oscillation (ENSO) and the Dipole 
mode index (DMI) for the Indian ocean dipole (IOD). 
Monthly index data were obtained from the National 
Oceanic and Atmospheric Administration’s physical 
sciences laboratory and averaged for the wet and dry 
seasons to match the wind-speed data.

The results in Table  4 reveal notable correlations. 
At both Bao Loc and Ayun Pa, wet-season wind speeds 
exhibit a statistically significant positive correlation 
with the SOI. Since positive SOI values correspond to 
La Niña conditions, this suggests that La Niña phases, 
which are known to intensify the Southwest Monsoon in 
Southeast Asia, are associated with higher wind speeds 
in the Central Highlands. The observed decreasing 

Figure 5. Innovative trend analysis results for dry-season mean wind speed (1985–2014). The plots for Bao 
Loc and Ayun Pa show a consistent decreasing trend, contrasting with their wet-season behavior.
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trend in wet-season winds at Bao Loc could therefore 
be linked to a potential shift toward more frequent 
or intense La Niña-like conditions or an enhanced 
regional sensitivity to them over the past decades. 
While correlation does not imply causation, this strong 
statistical link suggests that ENSO is a significant 
modulator of monsoon wind strength in the region and 
warrants further investigation.

Conversely, during the dry season, driven by the 
Northeast Monsoon, the correlations are weaker and 
mostly non-significant. This indicates that dry season 
wind patterns may be influenced by a different set of 
local or regional factors not captured by these large-
scale indices. The opposing seasonal trends observed 
at Ayun Pa may thus reflect a complex interplay 
of large-scale forcing (stronger monsoon response 
during La Niña) and localized changes that weaken 
the northeast winds. This analysis provides a crucial 
layer of physical context to our statistical findings, 
linking site-specific trends to broader climate system 
dynamics.

3.5. Discussion and implications
The results from this study reveal a complex pattern 
of wind speed changes across the central highlands 
(Figure  6). The discrepancy between the MK results 
(Table  3) and the ITA results (Table  2) suggests 
widespread significant decreasing trends, highlighting 
the core strength of our chosen methodology. The MK 
test, by design, provides a single, “averaged” statistic 
for a monotonic trend over the entire time series. It can 
detect a general tendency but is blind to the underlying 
complexities. In contrast, the ITA plots (e.g., Figure 3 
for Tay Nguyen) visually demonstrate that while many 
points lie below the 1:1 line (leading to the negative MK 
statistic), the deviation is not uniform across all wind 
speed categories, and the overall trend is not strong or 
consistent enough to be deemed statistically significant 
by the more robust ITA test. This implies that while a 
slight “stilling” may have occurred, it is not a uniform, 
monotonic process—a critical detail for resource 
assessment that traditional methods would overlook.

First, the highly localized nature of wind trends is 
the most significant finding. The decrease in wet-season 
winds at Bao Loc with the stable conditions at Dak To 
and Ayun Pa. This underscores the profound risk of 
extrapolating findings from one location to another.

Second, the change in seasonal wind patterns, as 
observed at Ayun Pa, has direct and critical implications 
for grid management and project economics. For project 
developers, this translates to more volatile revenue streams 
and a lower annual capacity factor than would be estimated 
from annual mean wind speeds alone. This heightened 
seasonality poses challenges for negotiating stable power 
purchase agreements and requires more sophisticated 
energy storage solutions or grid balancing mechanisms to 
ensure a reliable power supply throughout the year.

Table 4. Pearson correlation coefficients (r) 
between seasonal mean wind speed and climate 
indices for the period 1985–2023
Station Season SOI (ENSO) DMI (IOD)
Bao Loc Wet 0.41* 0.15

Dry −0.12 −0.09
Ayun Pa Wet 0.38* 0.11

Dry 0.05 −0.17
Note: *Indicates statistical significance at p<0.05.
Abbreviations: DMI: Dipole mode index; ENSO: El 
Niño‑Southern Oscillation; IOD: Indian Ocean Dipole; 
SOI: Southern Oscillation index.

Figure 6. Spatial distribution of seasonal and annual wind speed trends at representative stations (1985–2014). 
Trends are represented by black arrows at each station’s location. (A) Wet season. (B) Dry season. (C) Annual.

CBA
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Furthermore, a major consideration is that our 
dataset concludes in 2014. Several global and regional 
studies have indicated a potential reversal of long-term 
“stilling” trends around 2010, a phenomenon often 
termed “global brightening.” It is therefore possible that 
the subtle decreasing trends observed at several stations 
in our study may have stabilized or even reversed in 
the most recent decade. This limitation underscores the 
necessity for continuous monitoring and future studies 
incorporating more recent data to confirm current trends. 
Consequently, while our findings provide an invaluable 
historical baseline, they should be used with caution as 
the sole basis for forecasting future resource availability 
for projects planned today.

Finally, the study’s reliance on four point-based 
stations for a large, topographically diverse region is 
a recognized limitation. While these stations provide 
high-quality, reliable data, they may not capture the 
full spatial heterogeneity of wind patterns. Future 
research should aim to integrate these ground-truth 
observations with high-resolution reanalysis products, 
such as Fifth Generation European Centre for Medium-
Range Weather Forecast Reanalysis, to develop a more 
spatially comprehensive understanding of wind trend 
dynamics across the Central Highlands.

4. Conclusion

This study employed the ITA method to conduct the first 
detailed, long-term (1985–2014) investigation of wind 
speed trends in Vietnam’s Central Highlands. Our main 
conclusions are as follows:

Trends are highly localized and complex: our 
analysis revealed a complex mosaic of trends, decisively 
demonstrating that a “one-size-fits-all” regional 
assessment is inadequate. We identified a statistically 
decreasing trend in wet-season wind speed at Bao Loc, 
stable conditions at Dak To and Ayun Pa.

Seasonality is intensifying: The change in decreasing 
wet-season winds and dry-season winds at key station 
points to a potential shift toward greater seasonal contrast 
in the region’s wind climate, with critical implications 
for energy production forecasting and grid stability. Our 
findings suggest a potential link between this change of 
large-scale climate patterns, such as like ENSO.

Methodology matters: The study confirms the 
exceptional utility of the ITA method. Its ability to 
visualize trends across the entire data range revealed 
nuances—such as trends varying with wind speed 
intensity—that are completely overlooked by traditional 
monotonic tests like MK.

The strengths of this study lie in its use of a long, 
homogenized, high-quality observational dataset 
and a sophisticated analytical method. However, 
two primary limitations must be acknowledged: 
first, the data record ends in 2014, precluding the 
analysis of potential trend shifts in the most recent 
decade and second, the spatial density of the station 
network is low, limiting the generalizability of 
the findings across the entire region. Future work 
should focus on acquiring recent observational data 
and integrating high-resolution reanalysis data to 
overcome these limitations. Furthermore, attribution 
studies should be expanded to investigate the 
underlying atmospheric and oceanic drivers behind 
these observed trends.

In conclusion, this study’s findings send a clear 
message to wind energy developers, investors, and 
policymakers. In an era of climatic uncertainty, a 
granular, site-specific, and methodologically advanced 
understanding of wind resource dynamics is not merely 
beneficial but absolutely essential. This study not only 
provides a critical evidence base for climate-resilient 
wind energy planning in Vietnam but also establishes 
a methodological benchmark for robust wind resource 
assessment in other topographically complex and 
monsoon-driven regions worldwide, ensuring the 
sustainable and successful development of future wind 
energy projects.
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