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Abstract

This paper focuses on the impact of using numerical weather prediction (NWP) model variants in flight planning
and its influence on aircraft performance. Three NWP models are subjected in this study and a series of Quick
Access Recorder (QAR) data and corresponding flight plan data provided by a national airline are used as
reference data. To simulate the process of flight planning, a Dynamic Programming (DP) based trajectory
optimization model is utilized to generate fuel-optimal flight tracks over the flight route between Tokyo (Haneda)
and Fukuoka. Base of Aircraft Data (BADA) Family 4 aircraft performance data from Eurocontrol are used to
estimate fuel consumption and a quantitative evaluation is conducted to discuss the potential effects of applying
different NWP models in flight planning.
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1. Introduction

In recent years, the airline industry is increasing its attention on achieving efficient air transportation
systems to overcome the daunting challenges incurred due to sky-rocketing fuel prices and environ-
mental impact caused by air travel. Similar to the U.S. and European counterparts, the aviation sector
in Japan has set its own goals for the sustainability of the society by targeting net-zero CO, emis-
sions by 2050 [1}[2]. Efficient flight planning immensely contributes towards the overall performance
of an air transportation system, especially in reducing fuel consumption and hazardous emissions. In
general, a flight plan is generated by an airline dispatcher several hours before the scheduled depar-
ture time (SDT) using a flight planning system (FPS). Depending on the SDT, dispatcher’s working
shift and degree of workload, the time frame for generating a flight plan may extend up to 15 Hrs.
before SDT. Compared to international flights, of which large dispatcher intervention is reflected in
route selection, cruising altitude and other performance parameters, domestic flights are relatively
less-flexible. Except for last-minute re-routing due to severe weather or significant change in pre-
dicted aircraft weight, the flight crew would generally proceed with the original minimum cost track
(MCT) provided by the dispatcher (generated by the FPS). FPSs are tailor-made for meeting specific
policy requirements of airline operators. However, limitations and restrictions also follow with these
systems, such as;

* Nondisclosure of the calculation process and the extent of usage of user-input parameters.
« Limitations in using local products (e.g.: local weather data).
« Difficulties in replacing legacy systems due to their interrelation with other systems/subsystems.

can reduce the flexibility of a dispatcher in achieving efficient flight plans with high flight predictability.
Numerical Weather Prediction (NWP) data is one of the key input parameters used in flight plan-
ning. As mentioned above, due to the default settings in the FPS, selection of weather data (model
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variant and forecast time) may not always be ideal for the subjected flight. The Japan Meteorologi-
cal Agency continues to upgrade NWP models with higher resolution and update frequency for the
Japan region [3] which provide more precise predictions [4]. However, these models are not refer-
enced for operations in the domestic airspace. Reflecting more precise forecast data in flight plan
generation can immensely elevate the flight predictability which eventually lead to potential benefits
for all stakeholders involved in the aviation industry.

Research have been conducted extensively on strategies to generate fuel/time/range efficient flight
tracks. Cruise phase generally consumes the largest percentages of trip time and trip fuel and since
is most responsible for the overall efficiency of the flight. A short-haul flight defines a trip time of less
than 3 hours and the cruise phase covers between 50-70% of a flight between Tokyo Haneda (ICAO
code: RJTT) and Fukuoka (ICAO code: RJFF) with a trip time of less than 2 hours. It is noted that low
percentage examples were mainly due to vectoring segments during climb/descent phases. Earlier
research showed optimal trajectories consisting only climb and descent phases with constant energy
transitions for short-haul flights [5] 6] which is highly unlikely considering the criteria of modern-day
operations. Zermelo’s navigation problem has been used to treat the flight trajectory optimization
in previous research with implicit analytical solutions derived for linearly-varied wind distributions
[7,18]. Dynamic Programming (DP) method is applied in this study and has been a potential solver
for flight trajectory optimization related research [9, 10, (11, [12]. Since the main focus here is on
the influence of NWP data over the operational efficiency, DP method is feasible since the gridded
weather parameters can be directly applied in the optimizer. To elaborate the effect of used weather
models, this paper treats a constant-Mach, free final-time optimal control problem considering only
the cruise phase and addresses the problem of minimizing the direct-operating-cost (DOC) problem.
In this scenario, minimum-fuel solution is identical to the minimum-time solution which is considered
as minimizing the DOC in this study. A similar study shows that up to 3% of benefits could be obtained
by optimizing the cruise phase of long-haul flights using the grid space search method[13]. Other
representative research concentrated on optimizing the cruise phase can be found in [14,[15, 16}, [17].

1.1 Contributions of the Paper

This paper focuses on the impact of using NWP model variants in flight planning and its influence
on the performance of MCT generated by the FPS. Three NWP models are subjected here, namely
Global Spectral Model (GSM), Meso Scale Model (MSM) and Local Forecast Model (LFM). A series
of Quick Access Recorder (QAR) data and corresponding flight plan data provided by a national
airline are used as reference. To mock FPS-generated MCTs, a DP-based trajectory optimization
model is utilized. Flight route between RJTT and RJFF, one of the busiest domestic flight routes
in Japan with about 9 million passenger and 150,000 tonnes of cargo movements in 2019 [18], is
subjected to investigate the effects of NWP models over the operational efficiency. GSM NWP model
data (for global forecasting) are used as baseline data as these data are used as reference data in
actual flight planning. MSM and LFM NWP models, focusing on the domestic weather with higher
resolution and update frequency, are considered to be more precise in weather forecast. Therefore,
MCTs based on these two NWP models will be compared with the MCTs based on GSM NWP model
along with the planned flight routes to investigate the discrepancies in aircraft performance. Base of
Aircraft Data (BADA) Family 4 aircraft performance model from EUROCONTROL is used to evaluate
the aircraft’s performance, specifically aircraft drag and fuel flow [19].

2. Mathematical Formulation and Data Sources
2.1 Mathematical Formulation

This study uses a point-mass model to derive aircraft's motion on the horizontal plane. Zermelo’s
navigation problem is used to illustrate the aircraft’s motion through a region of varying winds and
following Equations of motion (EOM) are defined.

a0 1 ( ] +W,) (1)
- ( )Cosq) Vrascosy,siny, x

d¢ 1 W,

dr (R+H) (Vrascos Yacos y, + W) )
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When an aircraft flies at a constant cruise altitude H over a sphere-assumed Earth of radius R, the
time derivative of its position given with latitude ¢ and longitude 6 can be derived as eqgs. [1|and
with true airspeed V745, flight-path angle relative to air v,, heading angle relative to air v,, zonal wind
component W, and meridional wind component W,. Since the aircraft is at constant-altitude cruise, v,
is neglected. The objective of this dynamical system is to minimize DOC, therefore it is treated as a
non-fixed terminal time optimal control problem. The heading angle is set as the control variable and
the optimal values are found by minimizing the cost functional J,,; derived in eq.

t

Jope =min [ FF(r)dt 3)
v() Jig

The DOC for a subjected flight is considered as the time integral of fuel flow FF (or the fuel consump-
tion) of the cruise segment between top of climb (ToC) and top of descent (ToD) indicated by start
time 7y and end time ¢;. To convert the problem statement to a simplified single-variable function in
a fixed interval, the control variable is transformed to the lateral deviation from the great circle route
between start and terminal points in a polar coordinate system, defined as the cross-track angle ¢.
The state variable is re-defined as the along-track angle 1. Conversion to the polar coordinate system
also facilitates the direct inclusion of longitude/latitude grid-driven NWP model data in the optimizer.
Figure [1|shows how the DP method is applied to an aircraft’s 2D-translational motion within the state
space grid.

G =k
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Figure 1 — Application of DP method to aircraft’s 2D-translational motion.

The optimal cost function at a waypoint k + 1 on the j + 1" segment can be estimated by considering
the minimum of the summation of all the combinations between that waypoint and all k on the ;
segment and the optimal cost function already given at all k on the j"* segment which are given as
Jopt(J, k). This relationship is demonstrated in eq. .

Jopt(j+1,kj11) = min [FF\jﬁ*‘AerJopt(j,kj)] (4)

T Jk+1

2.2 Numerical Weather Prediction Data

This study uses nowcast/forecast data from three NWP models developed by the Japan Meteoro-
logical Agency. Main characteristics of the models are provided in Table The focus here is to
investigate how applying NWP data with higher resolution and update frequency can increase the
overall performance of operations from the stakeholders’ perspective. The gridded data are used
directly in the model and piecewise linear interpolation is used to determine the parameters at each
grid point of subject along the time, lateral and vertical dimensions. The preliminary study considers
only nowcast data to investigate the impact of using different NWP models in flight planning.

2.3 Flight Plan and Quick Access Recorder (QAR) Data

Flight plan data and corresponding QAR data for a series of flights conducted between RJTT and
RJFF are acquired by a national airline for reference. Figures and respectively illustrate the
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flight plan tracks and actual flight trajectories. Relatively large deviations are visible close to the air-
ports which are occurred mainly due to vectoring procedures applied by the Air Traffic Control (ATC)
for arrival flights. It is noted that since the flight plan tracks are of past flights, all parameters which
are usually available in general flight plans were not accessible. Therefore, boundary conditions of
3D-position, Mach Number and expected fuel burn are extracted from the flight plan data while time
related parameters (e.g.: start time (time at ToC)) are obtained from QAR data.

Table 1 — Specifications of NWP Data Models

Model Local Forecast Model Meso Scale Model Global Spectral Model
(LFM) (MSM) (GSM)
Area Longitude: 120°-150°E, Latitude: 22.4°-47.6°N Global
Resolution 0.05° x 0_.04°_ 0.125° x 0_.100? 0.5° x Q.5° _
(601 x 631 grid points) (241 x 258 grid points) (720 x 361 grid points)

Vertical Lavers 16 pressure levels
Y 1000, 975, 950, 925, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200, 150, 100 hPa

Update
(Initial Time, IT) 1Hr. (00, 01, ..., 23UTC) 3Hrs. (00, 03, ..., 21UTC) 6Hrs. (00, 06, 12, 18UTC)
Forecast Horizon 10Hrs 39Hrs. (IT: 03, 06, 09, 15, 18, 21 UTC) | 132Hrs. (IT: 00, 06, 18 UTC)
: 51Hrs. (IT: 00, 12 UTC) 264Hrs. (IT: 12 UTC)

Latitude, deg

130 132 134 136 138 140
Longitude, deg

Latitude, deg

130 132 134 136 138 140
Longitude, deg

(b)
Figure 2 — (a) Flight plan tracks (b) Flight trajectories (QAR data) : RJTT / RJFF flight route.

Furthermore, this study refers to the Base of Aircraft Data (BADA) Family 4 aircraft performance
model data as mentioned in subsection 1.1. Since only the cruise phase is subjected in this study,
the aircraft thrust is assumed to be equal to the total drag it produces and the parameters were used
to estimate the cruise fuel flow.

3. Analytical Results

In this section, two scenarios are considered to introduce the results from the study. The first sce-
nario is the MCTs generated against the cruise segment extracted of each flight plan. The second
scenario is a more general discussion focused on the characteristics between MCTs in winter and
summer seasons and its distinction depending on the applied NWP model. The Japanese airspace
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experiences strong jet-stream winds during winter and this scenario helps to elaborate the maximum
impact of utilizing appropriate NWP model in generating MCTs for short-haul flights.

3.1 Performance Evaluation of Minimum-Cost Tracks based on Flight Plan Data

A total of 54 flight cases from RJTT to RJFF and 43 flight cases from RJFF to RJTT are subjected
in this analysis. Nowcast data are used from all three NWP models to generate the MCTs. For each
flight case, the calculation grid space is set with reference to the Great Circle Route (GCR) between
ToC and ToD. Downrange and crossrange directions are respectively discretized with 65km (9 grid
points) and 20km (10 grid points on each side of the GCR) segments.

Figures [3a} [3b and [3¢] respectively show the MCTs generated by using GSM, MSM and LFM NWP
models. Each line represents a single flight case and the black dotted line depicts a representative

flight path defined at the flight planning stage.
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Figure 3 — (a) MCTs with GSM (b) MCTs with MSM (c) MCTs with LFM.
It is noted that majority of the MCTs tend to choose the GCR as the optimal solution for all three
NWP models. One plausible reason is that all flight cases discussed in this study were conducted

between March and August, a time period where strong jet streams usually do not exist in the upper
atmosphere. Hence the influence of wind is considered not to be significant. It is also visible that
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unlike MCTs obtained through GSM NWP model, several tracks under MSM and LFM NWP models
tend to deviate from GCR. The main reason here is the difference in wind component working at the
aircraft motion and it supports the fact that NWP model applied in flight planning can have a potential
effect in the resulting flight path.

Then the aircraft performance is compared in presence of each NWP model. First, fuel and time
differences between MCTs through each NWP model and corresponding flight plan records are in-
vestigated. Figures and [4c| respectively represent the correlation between time and fuel dif-
ference, between MCTs from GSM, MSM and LFM models and flight plan records. Left hand side
figures depict results of RJTT -> RJFF flight cases and the right hand side figures are for RJFF ->

RJTT flight cases.
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Figure 4 — Fuel difference with respect to flight time difference between MCTs and flight plan data
(a) GSM (b) MSM (c) LFM.
Left Hand Side: RJTT -> RJFF, Right Hand Side: RJFF -> RJTT.

Results show that minimum-cost tracks from all three NWP models have similar characteristics over
origin/destination with respect to flight plan data. Almost all MCTs indicate shorter flight times, up to
300 seconds for RJTT -> RJFF flight cases and up to 600 seconds for RUFF -> RJTT flight cases. The
fuel burn difference varies between -400 and 600 kilograms in general. For such a short-haul flight
route, this is about 6-8% (heavy aircraft) or 10-15% (light aircraft) of a cruise segment. The distinction
between the applied NWP model data is considered to be one of the key factors contributing to these
discrepancies in the obtained results.
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3.2 Seasonal Impact on Short-Haul MCTs

The previous section discussed how the application of a certain NWP model can effect present flight
planning procedures. However, the time period of the extracted flight plans did not provide sufficient
samples of strong/weak wind scenarios to clearly indicate the impact of NWP models. Hence, in
this section the study is further extended to understand the maximum potential effects that can be
achieved by applying an appropriate NWP model in flight planning. To do so, two months each from
Winter and Summer seasons are selected to generate MCTs between RJTT and RJFF using the
same calculation procedure. In this scenario, airport locations are set as start / end points in the
optimizer. Accordingly, downrange and crossrange directions are respectively discretized with 12
grid points and 10 grid points on each side of the GCR connecting the two airports. Selection of
optimal lateral routes during Winter and Summer seasons are respectively displayed in Figs/5 and 6]
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Figure 5 — MCTs for Winter Season (2022/12 - 2023/01) (a) GSM (b) MSM (c) LFM.
Left Hand Side: RJTT -> RJFF, Right Hand Side: RJFF -> RJTT.

In each figure, left hand side figures represent results for the RJTT -> RJFF route while the right hand
side figures represent results for the RJFF -> RJTT route. From top to bottom, results obtained by
applying GSM, MSM and LFM NWP models are depicted respectively. It is apparent that the optimal
routes can significantly vary for flight cases over the RJTT -> RJFF route in order to avoid the effect
of strong jet stream winds compared to RJFF -> RJTT route and results from the Summer season.
It is also understood that results from all three NWP models show similar characteristics in choosing
the optimal lateral route. One reason is that the short distance of the subjected flight route. The
other reason is the limitations in the proposed study on selecting an optimal altitude or speed. In
present flight planning procedures GSM NWP model is used in flight planning systems. As the main
objective of this paper, it is important to clarify the distinct performance characteristics by applying
different available NWP models in such systems. Hence, MCTs generated by MSM and LFM NWP
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Figure 6 — MCTs for Summer Season (2023/07 - 2023/08) (a) GSM (b) MSM (c) LFM.

models are compared with the MCTs generated by GSM NWP model by investigating the fuel and
time differences. Figures [7] and (8| respectively depict the obtained results for Winter and Summer
seasons.

In each figure, left hand side figures represent results over the RJTT -> RJFF flight route while
left hand side figures show results over the RJFF -> RJTT flight route. Also, in each figure top
sub figures compare results between MCTs from MSM and GSM NWP models while bottom sub
figures compare results between MCTs from LFM and GSM NWP models. Both figures are plotted
with identical x and y axe limits to illustrate the performance distribution due to different operational
conditions. MCTs generated from LFM NWP model over the RJTT -> RJFF flight route during Winter
season shows the largest distribution, fuel burn difference between -5 to 6 % (about -400 to 500
kilograms) and flight time difference between -6 to 3% (about -300 to 300 seconds). From overall
results, it is noted that performance characteristics vary larger between LFM and GSM NWP models
compared to characteristics between MSM and GSM NWP models. One key factor contributing to
this discrepancy is considered to be the difference of update frequency of the NWP models (LFM
update: 1 hour / MSM update: 3 hours) resulting discrepancies in the atmospheric parameters that
effect aircraft performance estimation. Results obtained here show the significance of wind conditions
effecting aircraft performance estimation and the importance of considering appropriate NWP models
in flight planning which could lead to efficient operations.

4. Discussion and Future Works

In this study, the impact of NWP model application in flight planning for short-haul operations was
investigated based on a series of flight plan and QAR data. A dynamic-programming based tra-
jectory optimizer was used to generate minimum cost tracks for the cruise segment of these flight
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Figure 7 — Fuel and flight time difference with respect to MCTs from GSM NWP model during Winter
Season (Top) MSM (Bottom) LFM.
Left Hand Side: RJTT -> RJFF, Right Hand Side: RJFF -> RJTT.

plans between Tokyo Haneda and Fukuoka. The impact of NWP models towards aircraft perfor-
mance was evaluated by comparing fuel consumption and flight time between MCTs and flight plan
data. Comparative analysis between MCTs and flight plan data parameters showed that performance
characteristics could vary significantly depending on the NWP model applied in the trajectory plan-
ning process. Since current flight planning procedures use GSM NWP model data, performance
characteristics were compared between MCTs generated from MSM and LFM NWP models. Ob-
tained results reinforce the fact that performance characteristics can vary significantly depending
on the NWP model used for flight planning and should be a key factor when considering potential
improvements in flight planning strategies towards efficient operations.

In this study, only the cruise segment was considered with fixed flight altitude and cruise Mach Num-
ber with a free final time optimal problem. As an extension of these study, performance characteristics
are to be compared when the aircraft is provided the eligibility of selecting an optimal altitude / optimal
cruise Mach Number with arrival time constraint and investigate how the application of NWP model
variants could effect flight planning strategies in a short-haul operational environment. Furthermore,
actual process during flight planning is to be taken into consideration, for example including the flight
planning time ahead of a flight and apply the forecast weather data accordingly to compare how
the update frequency and resolution of NWP model variants could influence the output of cost min-
imum flight tracks. Outcome of this study is to be shared with stakeholders in the aviation industry
to provide any support that could lead to the improvement of flight planning strategies for a future air
transportation system.
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Left Hand Side: RJTT -> RJFF, Right Hand Side: RJFF -> RJTT.
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