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Abstract

Considered the world’s largest commercial aircraft in civilian aviation history, the Air-
bus A380-800 provides safe and reliable transportation to people and customers all over
the world. To uphold the A380’s impeccable safety record, critical parameters such as, but
not limited to, the rejected takeoff (RTO) speed is calculated with sophisticated software
algorithms and real time data. The RTO speed of an A380 is a critical calculation that is
determined before each departure to reduce the likelihood of catastrophic lateral and longi-
tudinal runway excursions in the event of an aborted takeoff. Given the size, capacity, and
power requirements of commercial airliners, a runway excursion can be disastrous and fatal
if the takeoff procedure during the ground roll phase is aborted after the predetermined RTO
speed is exceeded. As a result, large commercial airliners include a dependable and robust
flight management system (FMS) which calculates the RTO speed as accurately as possible
so that flight crews make the appropriate go/no-go decisions. In addition to aircraft ge-
ometry and performance specifications, thermodynamic properties, and airport information,
environmental factors such as headwinds, tailwinds, crosswinds, and runway surface condi-
tions have a significant impact on the calculation of both the RTO speed and the location of
the RTO speed. The primary objective of this master’s project is to analyze the effects and
overall impacts of realistic wind conditions and unfavorable runway surface conditions on
the RTO speed of an A380. First, a 1-D RTO speed model is constructed given fundamen-
tal equations of motion, published data, and proven numerical methods to calculate critical
parameters at every timestep. Moreover, the 1-D RTO speed model serves as a benchmark
for more complicated models, which exercises multiple environmental factors simultaneously.
Once the benchmark RTO speed model is validated with published data, environmental fac-
tors are analyzed from a 1-D (e.g., pure headwinds, pure tailwinds, and average dry and wet
runway surface conditions) and 3-D (e.g., crosswinds and varying runway surface conditions
dependent on ground speed and sideslip angle) perspective. Furthermore, realistic environ-
mental conditions such as wind speed, wind direction, temperature, and altimeter readings
are obtained from 2022 Meteorological Aerodrome Reports (METAR), and runway surface
schemes are obtained from publications and other baseline models. To further assess the
impacts of the aforementioned environmental conditions on the RTO speed, sensitivity anal-
yses are conducted to quantify the results. The secondary objectives of this master’s project
are to investigate and analyze the effects of mechanical failures, as well as hot and high con-
ditions, on the A380’s performance during the ground roll procedure. Moreover, the engine
failures are analyzed before, at, and after the RTO speed to assess the A380’s capabilities
and limitations in the event of a bird strike or major engine malfunctions. Regarding hot and
high conditions, and the overall impacts on the A380 performance capabilities, temperature
and altimeter values obtained from 2022 METAR observations are used to calculate realistic
air density values which have a direct impact on thrust and aerodynamic properties.
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Chapter 1: Introduction

1.1 Motivation
Over the last couple of years, the Federal Aviation Administration (FAA) noted an

increase in runway near miss incidents at several U.S. airports across the National Airspace
System (NAS) [1]. In addition to the alarming number of runway incursions in previous
years, bird strikes across the NAS and at Operational Evolution Partnership (OEP) 35
airports (e.g., San Francisco International Airport) have also increased due to a parallel in-
crease in large bird populations [2, 3]. In addition to operating a large network of facilities
(e.g., Air Route Traffic Control Centers, Terminal Radar Approach Control facilities, and
airport towers), maintaining communication equipment, integrating new technology such as
the NextGen Air Transportation System into the NAS, and providing reliable transportation
services, aviation safety remains at the forefront of the administration’s activities. Further-
more, developments and improvements in aircraft subsystems, such as the flight management
system (FMS), can mitigate the likelihood of both runway incursions and excursions by ac-
curately calculating critical parameters such as the rejected takeoff (RTO) speed with real
time data streams [4].

Having a great understanding of the RTO speed of a large commercial airliner can
reduce the likelihood of disastrous lateral and longitudinal runway excursions in the event of
an aborted takeoff. To uphold the FAA’s safety objectives, the accuracy of the RTO speed
calculation under various environmental conditions is of great importance to the aerospace
community because both runway incursions (e.g., pilot deviations and near misses) and ex-
cursions (e.g., longitudinal and lateral runway overshoot) could decrease significantly with
the development of robust, dependable algorithms and various data streams (e.g., hour or
half-hour METAR observations for realistic wind speeds, wind directions, precipitation con-
ditions, and improved sensors on board the aircraft, etc.). While the overall takeoff procedure
includes multiple phases, the work described in this master’s project is focused specifically
on the ground roll procedure and does not account for the lift-off process. Moreover, the
environmental conditions are obtained from readily accessible METAR databases, and the
runway conditions account for various surfaces (e.g., dry and wet conditions).

The primary motivation for this master’s project is to explore and analyze various
environmental factors, such as wind speed, wind direction, unfavorable runway conditions,
temperature, and pressure, and to assess the overall impact on the rejected takeoff (RTO)
speed of the world’s largest civilian passenger aircraft: the Airbus A380-800 [5]. In addition
to environmental factors, the impacts of random propulsion equipment malfunctions (e.g.,
multiple engine failure due to bird strikes) on the RTO speed of the A380 are investigated
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and analyzed.

1.2 Literature Review
The RTO speed, commonly referred to as V1 in the aviation industry, is defined as

the maximum speed by which a rejected takeoff must be initiated to ensure an aircraft does
not overshoot the runway [6]. Moreover, there are several circumstances and instances when
flight crew members have to conduct an RTO. For example, if an aircraft commits a runway
incursion and crosses an airstrip not authorized by air traffic control (ATC), similar to the
Delta and American Airlines incident at New York-JFK in January 2023, the departing air-
craft is forced to conduct an RTO to protect lives onboard both aircraft[7]. In addition to
runway incursions, engine mechanical failures as well as bird strikes during the ground roll
procedure are other instances where flight crews may initiate an RTO. While turbofan tech-
nology has advanced significantly since the 1960s, and the current failure rate of commercial
turbofan engines are less than 1 per 100,000 flights, bird strikes can arise unexpectedly and
may force flight crews to conduct an RTO [8].

Given fundamental expressions related to flight mechanics, aircraft specifications (e.g.,
weight of the aircraft), thermodynamic properties (e.g., ambient pressure and temperature),
and airport information (e.g., runway elevation) significantly impact the calculation of the
RTO speed of commercial airliners [9]. In addition, other factors such as wind conditions
(e.g., headwinds and tailwinds), unfavorable runway surfaces (e.g., contaminated runway
surfaces), and engine failures also have a significant impact on both the RTO speed and the
location of the RTO speed along the runway. The literature review described in this master’s
project explores previous studies and publications, and highlights key findings related to the
present work. Furthermore, a pivotal goal is to integrate the models and algorithms described
in this master’s project with existing research to further explore and investigate the RTO
speed of an A380 given a wide range of environmental conditions and random mechanical
failures.

1.2.1 Wind Conditions During Ground Roll
During the ground roll procedure, commercial airliners are subjected to three types

of wind conditions: pure headwinds, pure tailwinds, and crosswinds [10]. Moreover, the
aforementioned wind classifications have unique impacts on commercial airliners departing
a runway. For instance, it is ideal for aircraft to depart directly into the wind (e.g., pure
headwind conditions) as more lift is generated over the wings, the ground speed is ultimately
reduced, and the aircraft is able to lift-off in a shorter distance [9]. On the other hand, a
penalty occurs when an aircraft departs with a pure tailwind since the airflow over the wing
is slowed down and the aerodynamic forces are ultimately reduced [9]. In extreme conditions,
commercial airliners may be subjected to crosswind conditions, which is a portion of the wind
that is orthogonal to the runway [11]. In addition, strong and gusting crosswind conditions
are more frequent due to global warming and other climate conditions [11, 12].
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Regarding published factors and specifications (e.g., minimum control ground speed),
manufacturers typically obtain these values based on favorable and nominal conditions (e.g.,
dry runways, negligible wind conditions, etc.) [13, 14]. However, depending on the severity of
the wind conditions (e.g., strong crosswinds), the aircraft may become unstable and the RTO
speed, as well as the location of the RTO speed, is reduced significantly [15]. A reduction
in the RTO speed gives flight crews less time to safely abort the takeoff in the event of
an emergency. In addition to airframe risk and safety analysis, the aforementioned wind
classifications must be accounted for in the RTO speed calculation.

1.2.2 Runway Surface Conditions
According to regulations from the FAA and the Joint Aviation Authorities (JAA), there

are three runway classifications: dry, wet, and contaminated [16]. For the present work, dry
and wet runway conditions are considered for the 1-D RTO models. To alleviate ambiguity,
the wet runway conditions described in the present work follow the FAA definition, and the
depth of standing water is assumed to be equal to, or is less, than 3-mm [16, 17]. In addition
to dry and wet runway surface conditions, the runway friction coefficient varies between
takeoff and landing procedures due to brake applications. For instance, the value of the
runway friction coefficient during the takeoff procedure is smaller compared to the landing
procedure because the application of main wheel brakes result in larger friction coefficients
[9]. Moreover, these findings are noticeable for dry and ideal runway surface conditions
because the main wheels typically have better traction when several brakes are applied at
high speeds [9]. For analyses which rely on 1-D equations of motion in the present work,
such as the baseline and environmental models, approximations for dry and wet runway
conditions are easily obtainable from previous studies [16, 18].

Regarding non-ideal runway surface conditions, several sources indicate that wet run-
way friction conditions are significantly reduced compared to dry runway conditions, and
traction failure can lead to catastrophic accidents [19, 20, 21]. For realistic runway condi-
tions, several models and algorithms have been developed for all three runway classification
types [19, 20]. For instance, existing finite element (FE) models are capable of simulating
rolling aircraft wheels with different surface conditions (e.g., dry, wet, etc.) and runway
materials (e.g., asphalt) [21]. Moreover, existing literature related to dry and wet runway
conditions present linear and non-linear sensitivity analyses to quantify uncertainly levels
and identify which independent variables impact the runway coefficient the most [20]. Other
established runway surface models include empirical relationships for all three runway sur-
face classifications, where the runway friction coefficient is dependent on both the ground
speed as well as the wheel sideslip angle [22].

1.2.3 Engine Failure
If a commercial airliner experiences an engine failure on takeoff (EFOT), flight crew

members must make the appropriate go/no-go decision to either proceed with the takeoff
or abort the departure entirely to avoid a longitudinal or lateral runway excursion [13].
Moreover, the RTO speed serves as a critical threshold for this go/no-go decision. There
are several instances where a commercial airliner can experience an EFOT. In addition to
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airframe damage, bird strikes account for more than 90% of foreign object damages (FODs),
and have been known to interfere with ground roll operations [23]. Moreover, most bird
strikes occur during the takeoff, approach, and landing phases of flight at altitudes less than
100 ft above ground level (AGL) [23]. While modern turbofan engines are reliable from a
mechanical standpoint, compressor surges and stalls can occur due to a disturbed operating
cycle and result in an EFOT. In addition to compressor stalls, general oil and fuel system
issues can result in an EFOT, in which case an RTO must be initiated. As a result, EFOTs
in addition to various environmental factors must be accounted for to enhance the accuracy
of the calculated RTO speed.

1.2.4 Hot and High Conditions
Temperature, pressure, and airport elevation have a significant impact on the perfor-

mance, as well as the RTO speed, of a commercial airliner. Moreover, the lower air density
common at high elevation airports (e.g., Denver International Airport) has a direct impact
on the thrust generated by the turbofan engines and overall aircraft performance [24]. To
ensure large aircraft can safely operate under hot and high conditions, longer runways are
implemented in the airfield design phase [24]. However, if large commercial airliners are
operating under MTOW conditions, it is imperative the performance calculations are as
accurate as possible to ensure the aircraft can depart safely. Under extreme temperature
conditions, which are common in the summertime at Phoenix Sky Harbor, temperatures
can get close to or exceed the maximum operating temperature and must be accounted for
prior to departure [25]. As a result, significant density and temperature conditions should
be accounted for in performance calculations to ensure the aircraft can depart and operate
safely.

1.3 Project Proposal
The RTO speed of a commercial airliner is a pivotal parameter that is determined prior

to departure to reduce the likelihood of catastrophic runway excursions in the event of an
aborted takeoff. Moreover, runway excursions are likely to occur if the ground roll procedure
is aborted after the RTO speed is exceeded, which may result in the loss of life, cargo,
and building infrastructure. As a result, flight crew members must determine whether to
proceed with the takeoff procedure or abort the takeoff entirely in the event of an emergency
(e.g., engine failures due to bird strikes, runway incursions by nearby aircraft, etc.) given
the airspeed at the time of the incident. Moreover, the FMS uses sophisticated software
algorithms, real time data, and a certain level of redundancy to ensure the calculation of the
RTO speed is as accurate as possible.

The calculation of the RTO speed of a commercial airliner is primarily dependent on
aircraft properties and specifications (e.g., aircraft weight, aerodynamic properties, wingspan
and wing surface area, etc.), airport information (e.g., runway elevation, runway length,
etc.), thermodynamic properties (e.g., temperature, pressure, etc.), and environmental fac-
tors (e.g., pure headwinds, pure tailwinds, crosswinds, varying runway surface conditions,
etc.) [9]. Furthermore, the calculation of the RTO speed is based on the fundamental aircraft
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equations that govern both transnational and rotational motion along the runway, which are
derived from Newton’s second law of motion [9].

The primary objective of this master’s project is to analyze the effects and overall
impacts of realistic, readily accessible varying wind conditions (e.g., wind speed and wind
direction) and unfavorable runway surface conditions (e.g., wet surfaces) on both the RTO
speed as well as the location of the RTO speed through sensitivity analyses. For this mas-
ter’s project, the A380 is analyzed at maximum takeoff weight (MTOW) conditions and
departs several airports depending on the RTO speed study. For environmental studies,
which primarily focus on wind conditions and unfavorable runway surface conditions, the
aircraft departs runway 28R at San Francisco International Airport. First, a 1-D RTO speed
model is developed with fundamental equations of motion related to flight mechanics, A380
specifications and properties, and proven numerical schemes (e.g., Explicit Euler method)
to calculate critical parameters at every timestep (e.g., force, acceleration, velocity, position,
etc.) and ultimately calculate the nominal (e.g., negligible wind conditions, dry runway
surface conditions, International Standard Atmosphere, etc.) RTO speed for an A380 at
MTOW. The 1-D RTO speed model is validated with published A380 data (e.g., nominal
takeoff distance, nominal landing distance, etc.), and will serve as a benchmark for more
complicated environmental models, which include varying wind conditions and unfavorable
runway surface conditions. The impacts of 1-D environmental factors (e.g., pure headwinds,
pure tailwinds, and averaged runway surface conditions) on both the RTO speed as well as the
location of the RTO speed are assessed through 2-D sensitivity analyses conducted in MAT-
LAB. Moreover, realistic wind speeds and directions are obtained from readily-accessible
METAR observation reports.

The secondary objectives of this master’s project are to investigate and analyze the
effects of 1-D mechanical failure (e.g., multiple engine failures due to bird strike), 1-D hot
and high conditions, and 3-D crosswind impacts on the overall performance of the A380 at
MTOW. Regarding the engine failure analysis due to a bird strike, the objective is to analyze
the performance of the A380 at MTOW when the engine failure occurs before, at, and after
the RTO speed, and plot the corresponding deceleration profile to assess whether or not the
aircraft can safely depart. Regarding 1-D hot and high conditions, realistic temperature and
altimeter values are obtained from readily-accessible METAR observations which ultimately
capture lower and realistic air density values through the ideal gas law. Moreover, the lower
air density under hot and high conditions significantly impacts both the performance as well
as the calculation of the RTO speed of an A380 at MTOW, and are analyzed in this master’s
project. Regarding the crosswind analysis, and the overall impact on both the performance
and the RTO speed, realistic wind conditions are obtained from the aforementioned METAR
observation reports. Moreover, the 3-D crosswind model includes three separate submodels
in order to enhance the fidelity of the dynamics. For instance, the aerodynamic submodel
captures both aerodynamic forces and moments, whereas the gear submodel captures the
resistance forces in both the longitudinal and lateral directions.
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1.4 Methodology
The objective of this master’s project is to determine the effects of environmental

factors, engine failures, and hot and high conditions on the RTO speed, V1, of an Airbus
A380 at maximum takeoff weight (MTOW) departing various airports (e.g., San Francisco
International Airport, Denver International Airport, and Quito/Mariscal Sucre International
Airport). To accomplish this objective, a 1-D RTO speed model is first constructed and
validated with published A380 data. Next, environmental factors, engine failures, and hot
and high conditions are integrated into the baseline algorithm to develop both 1-D and 3-D
studies. Moreover, the 1-D analyses in this master’s project include averaged data (e.g., pure
headwinds and pure tailwinds, wind directions obtained from METAR observation reports,
average dry and wet runway surface conditions, etc.), whereas the 3-D analysis includes
complex scenarios (e.g., crosswind conditions, various lateral and longitudinal runway surface
conditions based on ground speed, well-defined aerodynamic and gear submodels, etc.). As a
result, the analyses presented in this master’s project also capture limitations for the A380 at
MTOW for safety measures, which aim to reduce the likelihood of overshooting the runway
in the event of an aborted takeoff.

The goal of the 1-D baseline model is to calculate both the RTO speed as well as the
location of the RTO speed of an A380 at MTOW under nominal conditions (e.g., negligi-
ble wind conditions, dry and ideal runway surface conditions, no mechanical failures, ISA
conditions, etc.) and validate the algorithm by comparing the results with readily-accessible
published A380 data (e.g., nominal takeoff speed, nominal landing speed with minimal fuel,
runway required for takeoff under ISA conditions, etc.). The 1-D governing equations of
motion are derived from Newton’s second law, and include several equations related to flight
mechanics which are included in the baseline model [9]. First, specifications, properties, and
published data (e.g., nominal takeoff distance assuming negligible airfield pressure altitude)
for the A380 are collected from aircraft characteristics and maintenance data sheets [14, 26].
With the A380 specifications defined, required parameters such as, but not limited, the as-
pect ratio, ground effect factor, and the weight of the aircraft at zero fuel conditions are
calculated and approximated with expressions related to flight mechanics and conservation
of mass [9]. Next, the coefficient of lift and coefficient of drag are approximated with nom-
inal, published takeoff and landing velocities [14]. Regarding the total coefficient of drag,
the term includes both parasitic and induced drag components caused by the aircraft geom-
etry (e.g., skin friction and pressure drag) and lift, respectively. Following the lift and drag
coefficients, the total lifting force as well as the total drag force for both the takeoff and
landing procedures are calculated. With 1-D equations of motion, as well as a baseline free
body diagram, the effective force is calculated for both takeoff and landing profiles. Given
the effective force and the mass of the aircraft, the acceleration, velocity, and position for
both profiles are calculated at each timestep, dt, with a series of explicit Euler numerical
methods [27]. Regarding initial conditions, a majority of the A380 is position aft of the
displaced threshold (refer to Fig. 1.1 on pg. 7) where aircraft are allowed to taxi and takeoff,
but not land [28]. Therefore, the departing A380 is assumed to have an initial position of
0 m, and starts at rest (i.e., negligible acceleration and velocity). In addition, the boundary
condition for the 1-D baseline RTO model is the length of the runway since the goal is to
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prevent the A380 from overshooting the runway. The 1-D baseline RTO speed model is then
validated with readily-accessible published data, and serves as a benchmark algorithm for
environmental, engine failures, and hot and high models and analyses.

Figure 1.1: A380 aft of the displaced threshold at RWY 28R

Upon completion of the 1-D baseline RTO speed model, the second 1-D study for this
master’s project integrates varying and averaged environmental factors such as pure head-
winds, pure tailwinds, and both dry and wet runway surface conditions which are common
at San Francisco International Airport (KSFO). Realistic headwinds, tailwinds, and wind
directions are obtained from readily-accessible 2022 METAR observations [29]. Since most
METAR observations are issued hourly, the data is averaged and sorted with Python li-
braries and built-in functions (e.g., Python pivot tables within pandas library) to obtain
realistic, averaged conditions at KSFO [29]. The pivot tables are then exported to CSV
files for additional processing (e.g., chart creation). Once the data is processed with vari-
ous computational tools, design variables and arrays for both wind conditions and varying
runway surface conditions are included as inputs to the aforementioned 1-D baseline RTO
model. To test every possible environmental combination in this 1-D environmental study,
the 1-D baseline RTO model is retrofitted with a double loop and a series of surface plots
are created. The surface plots will primarily focus on the RTO speed as well as the location
of the RTO speed with varying environmental conditions. Given the surface plots, a 2-D
sensitivity analysis is conducted to assess the largest impact on both the RTO speed as well
as the location of the RTO speed. Similar to the 1-D baseline RTO model, the 1-D envi-
ronmental study is validated with a pair of environmental conditions (e.g., a specific wind
speed with a specific pair of runway surface coefficients) in conjunction with the 1-D RTO
baseline model. Lastly, this 1-D environmental model serves as a benchmark to the 3-D
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environmental study, which includes more complex factors such as crosswinds and varying
runway friction conditions dependent on ground speed and wheel sideslip angles.

The third 1-D study presented in this master’s project analyzes the impact on the
performance of an A380 in the event of multiple engine failures during the ground roll
procedure. Moreover, the 1-D engine failure study illustrates the importance of the RTO
process in the event of an emergency. A two engine out scenario is implemented to simulate
a bird strike impacting the #1 and #2 engines. The 1-D engine failure analysis implements a
built-in MATLAB function to initiate engine failures at random locations along the runway
(e.g., engine failures before, at, and after the location of the RTO speed) during the takeoff
procedure. In addition, deceleration plots are included to illustrate how quickly the A380 at
MTOW can slow down, and if the aircraft can slow down prior to overshooting the runway.
In addition, the 1-D engine failure study serves as a benchmark for complex 3-D engine
failure analysis.

8



Chapter 2: Baseline RTO Speed

2.1 Free-body Diagrams
Considered the world’s largest civilian passenger jet in history, the four-engine Airbus

A380-800 at maximum takeoff weight (MTOW) is the commercial airliner selected for this
study [26]. Furthermore, the airport and runway selected for this study are San Francisco
International Airport (KSFO) and runway 10L/28R, respectively. Of the four runways at
KSFO, 10L/28R is the longest and is the most appropriate option for an A380 at MTOW
[30]. Moreover, the A380 is setup for a west departure based on average wind conditions
obtained from METAR observations [29].

The primary objective of the present work is to analyze the effects of headwinds, tail-
winds, and wet runway conditions on the RTO speed of an A380 with 1-D equations of
motion. Prior to the implementation of environmental factors, a baseline model is con-
structed given readily accessible, published A380 data and specifications such as MTOW,
wing geometry, and the height of the wingtip above the ground [14, 26]. Moreover, KSFO
information such as runway length are included in the baseline model. The baseline case
assumes negligible wind speeds and regular, dry runway conditions. In addition, the base-
line model is validated with published, nominal A380 takeoff and landing data [14]. Given
a proven model, realistic wind conditions obtained from METAR observations as well as
approximated expressions for wet runway friction coefficients are implemented to assess en-
vironmental impacts on V1 [16, 29].

The 1-D governing equation of motion used in the present work is Newton’s second
law as shown in Eq. (2.1) below. Moreover, the positive convention in the present work
is in the same direction as the ground speed ẋ. The calculation of the RTO speed in this
study is determined based on the intersection point between the takeoff and landing velocity
profiles during the ground roll. Moreover, the velocity profiles are obtained by integrating
the instantaneous acceleration ẍ (t) in Eq. (2.1), which is dependent on the effective forces.

ΣF⃗net = mMT OW ẍ (t) (2.1)

For the baseline study, the effective forces acting on the aircraft are thrust, drag, lift,
weight, and friction resistance between the runway and the landing gear wheels as shown
in Fig. 2.1 on pg. 10. Furthermore, the configuration and arrangement of the force vectors
in the baseline takeoff FBD (refer to the top schematic in Fig. 2.1 on pg. 10]) agree with
existing literature [9]. In the baseline landing FBD (refer to the bottom schematic in Fig.
2.1), reverse thrust is engaged to decelerate the A380 in the event of an RTO. Additionally,
the lifting force in the baseline landing FBD is omitted because the spoilers along the wing
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are engaged. Furthermore, the smaller ẋ vector in the baseline landing FBD indicates the
aircraft is decelerating.

The FBD for the environmental factor study includes the same effective forces as the
baseline study with the addition of a wind speed component, as shown in Fig. 2.2 on pg. 11.
Moreover, headwinds as depicted in Fig. 2.2 increase the airspeed of an aircraft as well as
the magnitude of the aerodynamic forces (e.g., lift and drag). On the other hand, tailwinds
slow down the airflow over the wing which ultimately reduces the aerodynamic forces during
the takeoff procedure.

Figure 2.1: Baseline free body diagrams and effective forces acting on the aircraft
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Figure 2.2: Environmental free body diagrams and effective forces acting on the aircraft

2.1.1 Assumptions
For simplification purposes, several assumptions are implemented in the 1-D baseline

RTO speed model. Regarding San Francisco International Airport, the runway slope is
omitted because the difference in elevation between the runway ends, RWY 28R (elevation
circled in blue in Fig. 2.3 on pg. 12) and RWY 10L (elevation circled in red in Fig. 2.3 on
pg. 12), is negligible compared to the overall runway length [30]. Furthermore, the runway
surface conditions for RWY 28R are assumed to be paved, smooth, and dry for the nominal
study. As a result, an averaged runway coefficient for a dry surface is easily obtainable from
existing, published literature [9]. Moreover, the elevation of San Francisco International
Airport is negligible, and thermodynamic properties (e.g., density and temperature) are
evaluated at sea-level conditions [30].
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Figure 2.3: San Francisco International Airport diagram [30]

Regarding the aircraft, the weight is assumed to remain constant since the present
work is focused specifically on the ground roll. During the takeoff procedure, the thrust
force is directly in-line with the engines and the thrust inclination angle is negligible. With
the spoilers engaged in the landing configuration, it is assumed all of the lift is disturbed
based on the spoiler coverage along the wing [14]. Since the model specifically captures
the ground roll, moments about the center of mass and the aerodynamic center are not
considered in the analysis. Due to the limited information on the planform geometry, a span
efficiency factor, e1, of 0.90 is assumed. Moreover, the value selected for e1 lies within an
acceptable range for typical subsonic aircraft [9]. Regarding the effective force calculations,
the lift generated by the fuselage and horizontal stabilizer is neglected. For the ground
effect calculation, the A380 winglet design is neglected for simplification purposes. For the
environmental factors described in the present work, the runway friction coefficients are
averaged and remain constant throughout the ground roll and pure headwinds and tailwinds
are assumed. Regarding applied thrust, it is assumed the brakes are engaged while the
four turbofan engines spool up from idle conditions to maximum takeoff thrust conditions.
This ensures the maximum acceleration at the beginning of the ground roll procedure, and
ultimately shortens the runway length requirements [31]. In the case of crosswind conditions,
the present work neglects the crosswind impact on the individual turbofan engines, which
impacts the intake performance of the engines.
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2.2 1-D Baseline Study and Model Development
Specifications and characteristics of the A380 are obtained from readily available fact

sheets and maintenance manuals, and are presented in Table 2.1 below [14, 26]. The pub-
lished landing velocity of the A380, VL,pub, is the indicated airspeed with certified maximum
flap setting and standard atmospheric conditions [14]. The published takeoff distance of
the A380 ST O,pub used for this analysis assumes zero pressure altitude based on the airport
elevation, International Standard Atmosphere (ISA) conditions, and negligible wind factors
[14]. In addition, the published landing distance SL,pub is based on dry runway conditions
as well as field elevation [14].

Table 2.1: Published data for Airbus A380-800 at sea-level [14, 26]
Parameter Value Units
b 79.75 m
S 845 m
AR 7.53 −
h 7.8 m
VT O,pub 87.5 m/s2

VL,pub 71.0 m/s2

ST O,pub 3,000 m
SL,pub 2,150 m
mMT OW 575,000 kg
WMT OW 5,638,800 N
Wf 2,490,700 N

Information related to KSFO is obtained from readily accessible published data, and
is noted in Table 2.2 below[30]. Moreover, the density and the acceleration due to gravity
are evaluated at sea-level since the airport elevation Hg is negligible compared to the radius
of Earth [9].

Table 2.2: KSFO airport information [30]
Parameter Value Units
S28R 3,618 m
Hg 4.10 m
ρ0 1.225 kg/m3

g0 9.81 m/s2

The aerodynamic properties for both the takeoff and landing configurations are calcu-
lated with published aircraft and airport data noted in Table 2.1 and Table 2.2. Moreover,
the aerodynamic properties assume steady, level flight conditions where the weight of the
aircraft is equivalent to the lifting force. The coefficient of lift for the takeoff procedure,
CL,T O, incorporates MTOW conditions as well as the A380 published takeoff speed as shown
in Eq. (2.2) on the following page. Similarly, the coefficient of lift for the landing procedure,
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CL,L, incorporates the weight of the aircraft without fuel WZF W (refer to Eq. (2.3) below)
and the published landing speed as shown in Eq. (2.4) below. Moreover, the flap settings
for the takeoff and landing configurations are captured in VT O,pub and VL,pub, respectively.
Recall, the lifting force in the landing configuration is negligible due to the deployment of
spoilers.

CL,T O = WMT OW
1
2ρ0V 2

T O,pubSw

(2.2)

WZF W = WMT OW −Wf (2.3)

CL,L = WZF W
1
2ρ0V 2

L,pubSw

(2.4)

Since the present work is focused specifically on the ground roll, the approximated
ground effect factor, ϕ, is obtained with Eq. (2.5) [9]. The approximated ground effect
factor is included in the analysis to diminish the strength of the wing-tip vortices due to
the interaction with the runway surface [9]. Moreover, the disturbance of the wing-tip
vortices ultimately reduces the induced drag and the overall drag penalty. The approximated
downwash for this study was calculated to be ϕ = 0.71.

ϕ =

(
16h

b

)2

1 +
(

16h
b

)2 (2.5)

The total drag coefficient for the takeoff configuration, CD,T O, includes both the para-
sitic and induced drag components and is obtained with Eq. (2.6). Moreover, a span efficiency
factor of e1 = 0.90 is selected for this study since the value lies halfway between the accept-
able range for typical subsonic aircraft [9]. In addition, the induced drag component of Eq.
(2.6) is reduced by ϕ since it is less than unity. The total drag coefficient for the landing
configuration CD,L only includes the parasitic drag component as shown in Eq. (2.7) since
the spoilers are engaged and all of the lift over the wing is disturbed. Moreover, the parasitic
drag components for Eq. (2.6) and Eq. (2.7) were approximated with Breguet’s equations [9].
All of the required dimensionless aerodynamic properties for the present work are included
in Table 2.3 on pg. 15.

CD,T O = CD0,T O + ϕ
C2

L,T O

πe1AR
(2.6)

CD,L = CD0,L (2.7)

The forces acting on the aircraft for the takeoff and landing baseline case are obtained
from the FBD (refer to Fig. 2.1 on pg. 10). Given CL,T O and CL,L, the lifting forces for the
takeoff and landing configurations are obtained with Eq. (2.8) and Eq. (2.9), respectively.
Similarly, given CD,T O and CD,L, the drag forces for the takeoff and landing configurations are
obtained with Eq. (2.10) and Eq. (2.11), respectively. For the present work, the maximum
takeoff thrust is set to Tmax = 979, 968 N and the reverse thrust Trev is approximated at
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Table 2.3: Approximated Airbus A380-800 aerodynamic properties
Parameter Value
CL,T O 1.4245
CL,L 1.2069
CD0,T O 0.0130
CD0,L 0.0143

15% of Tmax. Regarding the baseline runway conditions, the dimensionless runway friction
coefficients are defined as µr,TO = 0.02 and µr,L = 0.065 based on a smooth, paved surface
[9]. In addition, µr,L > µr,TO since brakes are engaged during the landing procedure. With
all of the baseline forces defined, the instantaneous effective forces for the takeoff and landing
configurations are obtained with Eq. (2.12) and Eq. (2.13), respectively.

LT O = CL,T O
1
2 ρ0V

2Sw (2.8)

LL = CL,L
1
2 ρ0V

2Sw (2.9)

DT O = CD,T O
1
2ρ0V

2Sw (2.10)

DL = CD,L
1
2ρ0V

2Sw (2.11)

Feff,T O = Tmax − [DT O + µr,TO (WMT OW − LT O)] (2.12)

Feff,L = −Trev − [DL + µr,LWMT OW ] (2.13)

Since the analysis described in the present work is purely centered around the ground
roll procedure, the baseline lift and drag forces are determined for both takeoff and landing
configurations to ensure the A380 does not lift-off. As shown in Fig. 2.4 on pg. 16, the
lifting force LT O does not exceed WMT OW prior to the nominal takeoff speed VT O,pub (refer
to Table 2.1 on pg. 13) and therefore the aforementioned ground roll condition is satisfied.
Recall, the lifting force in the landing configuration LL is negligible due to the deployment
of spoilers, and DL is noticeably smaller than DT O for airspeeds greater than approximately
40 m

s
due to absence of induced drag. For robustness, a maximum function is implemented

in the algorithm to ensure the lifting force does not exceed WMT OW .
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Figure 2.4: Baseline aerodynamic forces on the A380

Since the effective forces change with time, the instantaneous acceleration ẍ (t) is ob-
tained with Eq. (2.14), a manipulated expression of the original 1-D equation of motion
described by Eq. (2.1) on pg. 9. Given ẍ (t), the instantaneous ground speed ẋ (t) is numeri-
cally approximated with the explicit Euler method as shown in Eq. (2.15), with a timestep of
dt = 0.1 s [27]. Since wind conditions are neglected in the baseline study, the instantaneous
ground speed is equivalent to the airspeed. Given ẋ (t), the instantaneous position x (t) is
approximated with the same explicit Euler method as shown in Eq. (2.16). Regarding initial
conditions, the aircraft is initially at rest and all of the parameters (e.g., ground speed, lifting
force, etc.) are initialized to zero. The boundary condition used in the present work is the
length of the runway S28R. For visualization purposes, a mapping between the fundamental
equations and the explicit Euler methods is presented in Fig. 2.5 on pg. 17.

ẍ (t) = g0

WMT OW

Feff (2.14)

ẋ (t) = ẋ (t− dt) + ẍ (t− dt) dt (2.15)

x (t) = x (t− dt) + ẋ (t− dt) dt (2.16)
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Figure 2.5: Baseline mapping for numerical schemes

Given the readily available published data in Tables 2.1 and 2.2 on pg. 13, approx-
imated aerodynamic properties presented in Table 2.3 on pg. 15, and expressions for the
ground roll procedure defined by Eqs.(2.2) through (2.14), the baseline RTO speed model
is constructed and presented in Fig. 2.6 on pg. 18. The numerical schemes defined by Eqs.
(2.14) through (2.16) are implemented to obtain three velocity profiles: one for the take-
off configuration, one for the landing configuration which considers MTOW conditions, and
another landing configuration which considers zero fuel (ZFW) conditions. For verification
and validation purposes, the takeoff profile as well as the landing profile with ZFW condi-
tions are computed and compared with published takeoff and landing information. Once
validated, the 1-D baseline RTO of the A380 is determined with the takeoff profile as well
as the landing profile with MTOW conditions, as shown in Fig. 2.6 on pg. 18.
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Figure 2.6: Baseline RTO speed flowchart

The intersection point between the takeoff and landing velocity profiles is determined
with the intersections function, and the RTO speed is numerically approximated to be V1 =
63.9 m/s with the algorithm presented in Fig. 2.6 [32, 33]. To validate the baseline model,
the nominal takeoff distance ST O,pub, as well as the nominal landing distance SL,pub are
numerically approximated by the baseline model. Compared to the published A380 data
(refer to Table 2.1 on pg. 9), ST O,pub and SL,pub obtained from the numerical scheme (refer
to Fig. 2.7 on the following page) have percent differences of -3.63% and 0.2%, respectively.
Given the results in Fig. 2.7, the numerical scheme described in this section is deemed valid
and is used to assess the impact of environmental factors on the RTO speed of an A380 at
MTOW.
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Chapter 3: 1-D Environmental RTO Speed

3.1 1-D Environmental Model and Sensitivity Analysis
With the proven 1-D baseline RTO speed model presented in the previous chapter,

environmental factors such as varying wind speed and unfavorable runway conditions are
included to assess realistic impacts on the RTO speed as well as the location of the RTO
speed along the runway. Regarding wind conditions, pure headwinds and tailwinds are
included in the 1-D environmental model to capture both favorable and unfavorable wind
conditions, respectively. Regarding surface conditions, the two runway classes selected for the
1-D environmental study are dry and wet surfaces. For simplicity purposes, the dry runway
conditions used in the environmental study are the same nominal conditions referenced in
the baseline study presented in Chapter 2. Moreover, for wet runway conditions it is assumed
that the depth of standing water along the runway is less than 3-mm, and the runway friction
coefficients for a wet surface are approximated with previous studies available in literature
[16].

3.2 Environmental Inputs
Realistic headwind and tailwind conditions were obtained from 2022 KSFO METAR

observations, which were made weekly for one year, via the ASOS network available through
Iowa Environmental Mesonet (IEM) [29]. The maximum headwind and tailwind conditions
were approximately 16.5-kts and 3.3-kts, respectively (refer to Table 3.1 on pg. 21) [29].
Moreover, a factor of safety (FoS) of 1.50 is included to account for stronger, unforeseen
wind conditions. Once converted to the appropriate units, the design wind speed array used
in the 1-D environmental RTO speed model was −2.55 m/s ≤ Vwind ≤ 12.70 m/s. In the 1-D
baseline RTO speed model, the ground speed was equivalent to the airspeed due to negligible
wind conditions. In addition, the wind speed ultimately impacts the aerodynamic forces
described in Eqs. (2.8) through (2.11), and the new airspeed is obtained with Eq. (3.1) below.
Headwinds are added to the ground speed ẋ due to the increase in aerodynamic performance
during the ground roll, whereas tailwinds are subtracted from ẋ (t) and ultimately reduce
the lift due to a smaller value of V [18].

V = ẋ (t) ± Vwind (3.1)

Regarding the dry runway surface conditions, the dimensionless runway friction coef-
ficient values for the takeoff and landing configuration are µr,TO = 0.02 and µr,L = 0.065,
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Table 3.1: KSFO weekly wind conditions from 2022 METAR Observations [29]
Week no. Avg. wind speed (kts) Avg. wind direction
21 16.45 281.16◦

18 15.49 266.59◦

25 14.82 283.35◦

20 14.68 281.09◦

27 13.44 278.32◦

16 13.23 253.81◦

30 12.77 302.39◦

01 4.79 168.18◦

04 4.63 128.67◦

07 3.90 130.94◦

48 3.63 134.22◦

52 3.46 077.63◦

05 3.30 121.89◦

03 2.88 084.41◦

which are identical to the 1-D baseline RTO speed study. Based on acceptable runway
surface expressions for the landing configuration, the friction coefficient for the wet run-
way is approximated to be µrwet,L = 0.5µr,L [16]. Moreover, the present work assumes the
same factor is applied to the takeoff configuration, and µrwet,TO = 0.5µr,TO. As a result,
the design runway friction coefficient arrays for the takeoff and landing configurations are
0.01 ≤ µr,TO ≤ 0.02 and 0.033 ≤ µr,L ≤ 0.065, respectively.

3.3 Sensitivity Analysis
The design arrays for the constant wind speed and the varying runway surface con-

ditions described in the previous section are the two independent variables used in the 2-D
sensitivity analysis. Moreover, the 2-D sensitivity analysis described in this section satisfies
one of the project objectives and determines how varying headwinds, tailwinds, and runway
surface conditions impact the RTO speed of the A380 in a 1-D coordinate system. Given a
proven model, the 1-D environmental model is integrated with the 1-D baseline RTO speed
model presented in the previous chapter. Furthermore, the environmental model calculated
the RTO speed for every condition within the design wind speed array, given a pair of run-
way friction coefficients for the takeoff and landing configurations (e.g., tailwind with a wet
runway, headwind with a wet runway, etc.) with a double for loop (refer to the flowchart of
the 1-D environmental RTO speed model in Fig. 3.1 on pg. 22).
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Figure 3.1: Environmental RTO speed flowchart

The RTO speed of an A380 under various environmental conditions is presented in Fig.
3.2 on pg. 23. The independent variables had different impacts on V1, as well as the location
of the RTO speed S1, for an A380 at MTOW. For example, V1 increased parabolically as the
runway friction coefficient increased. Moreover, the parabolic trend is expected because the
runway friction coefficient is impacted by the lifting force, which depends on the square of the
airspeed (refer to Eq. (2.12) and Eq. (2.13) on pg. 15). Additionally, if the wind speed was
held constant, V1 evaluated under dry runway surface conditions increased by approximately
12.0% when compared to wet runway conditions. Of the independent variables, the wind
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speed had the largest impact on V1 (refer to Fig. 3.2 below). With the strongest tailwind
and headwind considered, V1 increased by approximately 20.4% when the runway surface
conditions were held constant. Moreover, the linear trend is expected because Vwind is added
or subtracted from the ground speed (refer to Eq. (3.1)) on pg. 20) based on the wind
conditions.

Figure 3.2: Rejected takeoff speed with varying environmental conditions

In addition to the RTO speed, the location of the RTO speed S1 is numerically ap-
proximated and is shown in Fig. 3.3 on pg. 24. Regarding S1, the runway surface conditions
have a significant impact compared to the wind speed. Assuming constant wind conditions,
S1 evaluated under dry runway conditions increased by approximately 40% when compared
to wet surface conditions. On the other hand, the varying wind speed had little effect on S1.
For example, S1 increased approximately 3.1% when the maximum tailwind and headwind
conditions were considered.
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Figure 3.3: Location of rejected takeoff speed with varying environmental conditions

The relationships and observations between V1 and S1 and varying environmental con-
ditions are further illustrated when considering the minimum and maximum wind speed and
runway surface conditions. As shown in Fig. 3.4 on pg. 24, the location of the RTO speed did
not change significantly with varying wind speeds, assuming the runway friction coefficient
remained constant. However, the RTO speed was significantly impacted by varying wind
speeds assuming the runway friction coefficient remained constant. The results provided in
this section further illustrate the importance of considering various environmental conditions
to accurately assess the impact on both the RTO speed and the location of the RTO speed
of commercial airliners.
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3.4 Validation of 1-D Environmental Model
For verification purposes, the landing distance with respect to V1 is numerically ap-

proximated and presented in Fig. 3.5 on pg. 25. Because V1 is the intersection point between
the takeoff velocity profile and the landing velocity profile, the sum of the takeoff and land-
ing distances with respect to V1 is expected to be equal to the length of runway, S28R. The
random environmental inputs selected for verification are presented in Table 3.2 below. Re-
garding the takeoff and landing velocity profiles with respect to V1, the length of runway
used was numerically calculated to be 1,326.21 m and 2,291.79 m, respectively. Moreover,
the landing and takeoff distances with respect to V1 for the validation case are presented in
Fig. 3.5 and Fig. 3.6, respectively. Furthermore, the sum of the takeoff and landing distances
with respect to V1 was equal to S28R, which agrees with the RTO concept and definition.

Table 3.2: Environmental model verification inputs
Parameter Value Units
µr,TO 0.0163 −
µr,L 0.0547 −
Vwind 5.486 m/s

Figure 3.5: Landing distance with respect to the RTO speed
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Figure 3.6: Takeoff distance with respect to the RTO speed
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Chapter 4: 1-D Off Normal Conditions

This chapter explores off normal conditions with the aforementioned 1-D scheme and
looks into engine failure as well as performance limitations in hot environments and higher
altitude airfields. The A380 is equipped with four Engine Alliance GP 7200 or Rolls Royce
Trent 900 turbofan engines, which are susceptible to failure in the event of a bird strike.
Regarding the 1-D engine failure analysis, it is assumed a flock of large birds flying orthogonal
to the runway impact the #1 and #2 engines, as shown in Fig. 4.1. Moreover, the impact
results in a two engine out scenario. The airports selected for the 1-D hot and high analysis
are Denver International Airport and Quito/Mariscal Sucre International Airport based on
historical weather data and geographical location.

Figure 4.1: 1-D bird strike resulting in two engines out [14]

4.1 Engine failure
With the #1 and #2 engines out due to the bird strike, the takeoff thrust TT O is

half of the maximum takeoff thrust Tmax noted in Chapter 2, or approximately 490, 000 N
Moreover, the 1-D bird strike during the ground roll procedure considers three instances:
the strike before, at, and after V1. If the bird strike occurs at the location of V1, the A380
will have just enough velocity to lift-off before reaching the end of the runway at KSFO as
depicted in Fig. 4.2 on pg. 28.

27



0 500 1000 1500 2000 2500 3000 3500

Runway used [m]

0

10

20

30

40

50

60

70

80

90

100

A
ir
s
p

e
e

d
 [

m
/s

]

Baseline Rejected Takeoff Speed

Takeoff speed

Landing speed

Velocity takeoff with W
MTOW

Max V to stop with W
MTOW

Engine Decel plot

V
1
 = 83.3 m/s @ 2584 m

Engine failure at @ 2586 m

Figure 4.2: Two engines out at the RTO speed

The remaining two scenarios are highlighted in Fig. 4.3 on pg. 28. In the event the bird
strike occurs before the location of V1, the A380 will not have enough speed to lift-off before
reaching the end of the runway, as shown in Fig. 4.3(a) on pg. 28. As a result, the flight crew
has adequate time to reject the takeoff as the yellow deceleration profile is before the solid
red landing profile in Fig. 4.3(a). If the bird strike occurs after the location of V1, the flight
crew must proceed with the takeoff since the aircraft has exceeded the deceleration curve as
shown in Fig. 4.3(b) on pg. 28. Moreover, the A380 has adequate velocity to takeoff before
reaching the end of the runway, per Fig. 4.3(b). In the event an RTO is attempted in the last
scenario, a longitudinal runway excursion is certainly imminent as the A380 has insufficient
runway to slow down in time. It is important to note the engine out analysis presented in
this master’s project does not account for pilot reaction delays, hence the immediate yellow
deceleration profiles presented in Fig. 4.2 and Fig. 4.3.
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Figure 4.3: Two engines out before and after RTO speed
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4.2 Higher Airfields
In addition to wind and unfavorable runway conditions, other environmental factors

such as temperature and airport elevation can significantly impact the performance of various
commercial airliners - especially an A380 at MTOW [24]. In addition, the amount of thrust
generated by the turbofan engines is hindered by the ambient conditions in hot and high
environments, as described by Eq. (4.3) where ρ∞ is the density at the airport.

To capture realistic conditions, historical altimeter readings and temperature values
are obtained from readily-accessible 2022 METAR observations. For Denver, a linear trend
line was applied to the daily averaged altimeter readings as shown in Fig. 4.4 on pg. 29. Based
on the results for KDEN, an altimeter reading of approximately 29.98 in Hg is collected as
an input to the hot and high model. Moreover, the altimeter reading will have a significant
impact on the air density, and more importantly the performance of the aircraft.

Figure 4.4: Average altimeter readings at KDEN

Similar analysis is conducted with the daily averaged ambient temperature at KDEN.
Unlike the altimeter reading, the trend line for the ambient temperature is more parabolic,
which is in-line with the seasons (refer to Fig. 4.5 on pg. 30). Since temperature has a
significant impact on the ambient air density, a FoS of 1.75 was included. Considering the
average ambient temperature at KDEN was approximately 21-degrees Celsius, the ambient
temperature selected as input was approximately 37.2-degrees Celsius.
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Figure 4.5: Average temperature conditions at KDEN

In this analysis, both Denver International Airport and Quito/Mariscal Sucre Inter-
national Airport (SEQM) are selected based on historical weather data and geographical
location. Moreover, the same analysis presented in Fig. 4.4 and Fig. 4.5 was applied to
SEQM. Similar to the 2-D environmental study presented in Chapter 3, airport information
is gathered from historical METAR observations as presented in Table 4.1 on pg. 30 [29].

Table 4.1: Hot and high airport conditions [29]
Parameter KDEN SEQM
RWY elevation, Hg (m) 1621.84 2370.13
RWY length (m) 4,876.8 4,098.0
Temperature ◦C 37.2 27.0
Altimeter (in Hg) 29.98 30.15
Density, ρ∞ (kg/m3) 0.9557 0.9071

To calculate the pressure at altitude P∞, the altimeter readings from Table 4.1 are con-
verted to actual pressure values with Eq. (4.1) given a proven pressure factor [34]. Once P∞
is converted to Pascals, and the temperature values are converted to absolute conditions, the
density at altitude ρ∞ is calculated with the ideal gas law described by Eq. (4.2). Moreover,
the density values for both airports are presented in Table 4.1. As noted in the litera-
ture review, a smaller ambient air density has a significant impact on aircraft performance,
especially thrust, as shown in Eq. (4.3) [9].

P∞ =
(

altimeter − 0.91
1000ft

)
∗Hg (4.1)
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ρ∞ = P∞

RairTK

(4.2)

T∞ = ρ∞

ρ0
Tmax (4.3)

The performance of the A380 at both airports is depicted in Fig. 4.6 on pg. 31. If the
A380 at MTOW departs Denver International Airport under the environmental conditions
described in Table 4.1, the aircraft has enough velocity to takeoff. This is mainly possible due
to the long runways at Denver International Airport, which provides commercial airliners
with more space to roll during the takeoff procedure [24]. At Quito airport, the A380 has
insufficient velocity and will not be able to takeoff under the conditions presented in Table
4.1. In order to takeoff, the weight of the A380 must be reduced by removing fuel, passengers,
or cargo.
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Chapter 5: 3-D Crosswind Conditions

5.1 Realistic Wind Conditions at KSFO
In Chapter 3, pure headwind and tailwind conditions were assumed and integrated

into the environmental model. While these conditions were considered for the 1-D environ-
mental model, crosswind conditions are more likely to occur in reality. As a result, realistic
wind conditions are obtained from readily-accessible historical METAR observations [29] to
assess the overall impact of an A380 departing under crosswind conditions. Since METAR
observations are typically released every hour, the average wind speed as well as the average
wind direction were determined by taking a daily average. First, the average wind speed
was obtained and plotted for the entire 2022 year. The red parabolic trend line indicates an
increase in average wind speed in the spring and summer months, and a decrease in average
wind speed in the fall and winter months, with the peak average wind speed occurring in
April (refer to Fig. 5.1 on pg. 32).

Figure 5.1: Average wind speed conditions at KSFO

In addition to the average wind speed, the average wind direction is analyzed and
plotted with readily accessible METAR data [29]. Similar to the average wind speed, a
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trend line is included to analyze findings. The average wind direction is predominately out
of the west and southwest in the spring and summer months, and out of the south and east
in the fall and winter months, as illustrated by the red trend line (refer to Fig. 5.2 on pg. 33).
The black horizontal line on Fig. 5.2 indicates the magnetic heading of RWY 28R at KSFO
[30]. Per Fig. 5.2, the average wind direction rarely coincides with the magnetic heading
of the runway, and thus, the A380 departing RWY 28R at KSFO is likely to experience
crosswind conditions. As a result, crosswind conditions must be taken into consideration
when calculating the RTO speed of the aircraft.

Figure 5.2: Average wind direction at KSFO

5.2 Crosswind Study Parameters
Similar to the previous algorithms and studies discussed thus far, the crosswind model

purely focuses on the ground roll procedure. Same as the environmental model discussed
in Chapter 3, a FoS of 1.50 is applied to the average wind speed to account for a severe
crosswind case. Based on the METAR data presented in Fig. 5.1 (refer to pg. 32), the
largest average wind conditions at KSFO in 2022 was approximately 23.3-kts. As a result,
the magnitude of the crosswind used as input for the crosswind model was set to 35-kts.
Based on the METAR results presented in Fig. 5.2 (refer to pg. 33), the corresponding wind
direction for the largest average wind condition was approximately 285-degrees - almost in-
line with the magnetic heading of RWY 28R at KSFO. To implement the crosswind, a wind
direction of approximately 312-degrees (which is seen around early February 2022 per Fig.
5.2) was selected as an input for the crosswind model.
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5.3 Crosswind Model
A general schematic of the crosswind model is presented in Fig. 5.3 on pg. 34. Based

on the study parameters, the crosswind comes from the right of the A380-800. Similar to
the environmental model discussed in Chapter 3, the headwind component of the crosswind
is expected to increase the airspeed of the A380 during the ground roll procedure. From the
perspective of air molecules (i.e., the airspeed), the total velocity vector of the aircraft is
represented by the solid green vector as shown in Fig. 5.3, which is the sum of the ground
speed and wind speed. The crosswind shown in Fig. 5.3 will naturally want to pull the nose
of the aircraft to the right, based on the weathervane effect. To counteract the weathervane
effect, left rudder input from the pilot is required to maintain runway centerline.

Figure 5.3: Airspeed velocity vector in a crosswind configuration

Similar to the other models discussed in Chapter 2 and 3, a flow chart of the crosswind
model is presented in Fig. 5.4 on pg. 36. First, airport, weather, and specific A380-800
information is collected and imported as inputs. Given approximations of various A380-800
dimensions, an input file for the DATCOM Plus Program in constructed [14, 35]. While
the outputs (i.e., stability and control derivatives) from the DATCOM Plus Program are
highly approximated, the values are compared to, and corrected with, published Boeing

34



747 stability and control derivatives [35, 36]. There are three submodels within the main
crosswind model: aerodynamics model, gear model, and dynamics model. Variables within
the aerodynamic model (e.g., aerodynamic forces and moments) are initialized based on
a series of initial conditions. The initial aerodynamic parameters, coupled with a runway
surface model developed by NASA, are used to initialize the gear model [13, 22]. The initial
outputs from both the aerodynamic and gear models are used to approximate the dynamics
of the A380-800 [13]. Once the initial conditions are determined for each submodel, an
Explicit Euler numerical method, similar to the 1-D baseline and environmental models, is
implemented to approximate velocities (e.g., forward, lateral, and yaw rate) and positions
(e.g., longitudinal, lateral, and directional) at every timestep until the boundary condition
(i.e., the length of the runway) is satisfied (refer to the while loop in Fig. 5.4 on pg. 36).
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Figure 5.4: Flowchart of crosswind analysis

5.3.1 Assumptions
Similar to the algorithms discussed thus far, the 3-D crosswind model incorporates

several assumptions. Regarding the A380, constant thrust is produced by all four engines,
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and maximum thrust is applied at the first timestep. Throughout the ground roll pro-
cedure, the non-dimensional stability and control derivatives remain constant. Moreover,
non-dimensional stability or control derivatives for pitch and roll rate are neglected since the
analysis purely focuses on the ground roll procedures (i.e., elevator and aileron input from the
pilot is small and negligible). Due to limited information related to airfoils, a NACA-W-6-
63-210 airfoil was considered for the wings, horizontal tail, and the vertical tail. Throughout
the ground roll procedure, it is assumed the fuselage and the horizontal stabilizer do not
generate any lift. Regarding the location of the C.G., it is assumed to remain constant due
to the minimal fuel burn during the takeoff procedure. Moreover, the location of the C.G. is
approximated based on general A380 dimensions provided by Airbus [14]. When countering
the weathervane effect, it is assumed the nose wheel is coupled with the rudder and follows
the same sign convention as the rudder deflection angle. Regarding actuation, control sur-
face and wheel deflections do not account for pilot reaction times and are assumed to be
instantaneous. Regarding environmental conditions, crosswind conditions (wind magnitude
and direction) are assumed to remain constant throughout the takeoff procedure. Regarding
runway surface conditions, similar to the 1-D baseline model, the longitudinal runway friction
coefficient remains constant throughout the takeoff procedure. The gear model discussed in
this master’s project only considers the nose wheel, the left main wheel, and the right main
wheel based on available information.

5.3.2 Coordinate System and Dimensions
The 3-D coordinate system used for the crosswind analysis is in-line with the coordi-

nate system referenced in Aerospace Engineering courses at San Jose State University, and
the positive conventions are noted in Fig. 5.5 on pg. 38 [37]. By convention, the positive
body x-axis b̂x goes through the nose of the A380, the positive body y-axis b̂y goes through
the right wing of the A380, and the positive body z-axis b̂z goes through the C.M. and
points downwards, as shown in Fig. 5.5 on pg. 38 [37]. As previously mentioned, the cross-
wind model includes three separate submodels: aerodynamic, gear, and dynamics. These
models presented in this analysis were originally obtained from literature and later altered
to accommodate the A380 [13]. In order to fully-develop all three submodels, several A380
dimensions were approximated based on readily-accessible diagrams (the approximated di-
mensions are presented in Table 5.1 on pg. 38). For this analysis, positive rudder deflection
occurs when the trailing edge of the rudder is deflected to the left. As a result, the camber
is increased and the vertical tail lifts to the right, which ultimately pivots the aircraft about
the C.G. and points the nose to the left [37]. As presented in literature, positive nose wheel
deflection follows the same convention as the rudder [13]. Moreover, this analysis includes
two primary reference frames: the fixed runway frame and the varying aircraft frame.
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Figure 5.5: Body reference frame

Table 5.1: Approximated dimensions of A380-800 [14]
Parameter Value Units Defined in
ry,eng,1/4 25.70 m Fig. 5.10
ry,eng,2/3 14.80 m Fig. 5.10
r1 28.61 m Fig. 5.15
r4 1.00 m Fig. 5.17
Wbx 28.61 m Fig. 5.15
Wby 12.46 m Fig. 5.17
Wbz 5.50 m Fig. 5.12
z1 1.25 m Fig. 5.12
z2 2.25 m Fig. 5.12
δr,max 26.00 deg Fig. 5.10
δnw,max 10.00 deg Fig. 5.15

Given the forward and lateral velocities with respect to the aircraft, u and v, respec-
tively, the tire sideslip angle βg is calculated with Eq. (5.1). The tire sideslip angle is a
critical parameter when calculating the lateral runway friction coefficient [22, 13].

βg = tan−1
(
v

u

)
(5.1)
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The ground speed is obtained by applying the Pythagorean theorem to the forward
and lateral velocities with respect to the aircraft, as shown in Eq. (5.2) (refer to Fig. 5.6 on
pg. 39 for illustration). The track angle κ is the sum of the aircraft heading angle ψ and the
ground sideslip angle, and is used to calculate the velocities in the runway frame (refer to
Eq. (5.4) and Eq. (5.5)).

Vg =
√
u2 + v2 (5.2)

κ = ψ + βg (5.3)

Vg,x = Vg cos (κ) (5.4)

Vg,y = Vg sin (κ) (5.5)

Figure 5.6: Ground speed in a crosswind configuration

Next, the headwind Vx,wind and crosswind Vy,wind components are calculated given the
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magnitude of the wind speed (i.e., 35-kts), as well as the wind direction relative to the runway
centerline θwind and the aircraft heading angle, with Eq. (5.6) and Eq. (5.7), respectively
(refer to Fig. 5.7 and pg. 40). The aerodynamic sideslip angle is then determined with Eq.
(5.8), which has an impact on the aerodynamic forces and moments [13]. Moreover, the
total airspeed is obtained with Eq. (5.9), which is then used to calculate the total dynamic
pressure as shown in Eq. (5.10). Similar to β, the total dynamic pressure is a critical
parameter required for aerodynamic forces and moments [13].

Vx,wind = Vwind,avg ∗ cos (θwind − ψ) (5.6)

Vy,wind = Vwind,avg ∗ sin (θwind − ψ) (5.7)

β = tan−1
(
v + Vy,wind

u+ Vx,wind

)
(5.8)

Vair =
√

(Vg,x + Vwind,x)2 + (Vg,y + Vwind,y)2 (5.9)

q = 1
2ρ0V

2
air (5.10)

Figure 5.7: Wind velocity vector and aerodynamic sideslip angle
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5.3.3 Non-dimensional Stability and Control Derivatives
Due to limited A380 information available to the public, some of the control derivatives

were first approximated with the DATCOM Plus Program [35]. This program requires a wide
variety of inputs such as, but not limited to, mach number, aircraft weight, location of C.G.,
fuselage dimensions, and airfoil dimensions for the wings, horizontal tail, and vertical tail.
The input file to the DATCOM Plus Program is shown in Fig. 5.8 on pg. 41.

Figure 5.8: DATCOM Input file for A380

MATLAB programs have been developed to configure the aircraft given a DATCOM
Plus input file (refer to Fig. 5.9 on pg. 42) [38]. Regarding the fuselage, a circular cross-
section was assumed for simplicity purposes. Since the A380 dimensions included in the
DATCOM Plus Program input file were highly approximated, the control derivatives were
compared with published Boeing 747 data [36]. In some cases, a correction factor was applied
to the DATCOM Plus Program results, and the control derivatives used in the crosswind
analysis are presented in Table 5.2 on pg. 42.

41



Figure 5.9: DATCOM Input visualization for A380 [38]

Table 5.2: Stability and control derivatives
Parameter Value Units
Clβ -0.221 1/rad

Clδr
0.007 1/rad

Clr 0.101 1/rad

CYβ
-0.96 1/rad

CYδr
0.175 1/rad

Cnβ
0.150 1/rad

Cnδr
-0.109 1/rad

Cnr -0.30 1/rad

5.3.4 Aerodynamic Forces and Moments
The first component of the crosswind model is the aerodynamic model, which consists

of forces acting on the aircraft body in the b̂x, b̂y, and b̂z directions. First, the aerodynamic
forces parallel to the b̂x direction (refer to Fig. 5.10 on pg. 44) are determined with Eq.
(5.11). Similar to the 1-D baseline and environmental cases, constant thrust evaluated at
maximum conditions is assumed at the first timestep of the simulation. Moreover, it is
assumed the angle of attack throughout the ground roll procedure remains constant, hence
the overall drag coefficient Cd remains constant [13]. Moreover, the aerodynamic force in the
b̂x direction will ultimately decrease due to a stronger dynamic pressure increase over time.
While the exact lateral dimensions between the C.G. and the centerline of each engine are
unknown, the values are approximated based on general A380-800 dimensions [14]. Next,
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the aerodynamic moment about the b̂z axis is computed at every timestep with Eq. (5.12).
Regarding this simulation, the thrust components in Eq. (5.12) will cancel due to constant
thrust and symmetry, however, the terms are included in the event engine failure analysis
is pursued. Since this study focuses specifically on the ground roll procedure, and moment
in pitch and roll is assumed to be negligible, the roll and pitch derivatives in Eq. (5.12) are
neglected. As a result, the derivatives in focus are the sideslip angle, the rudder deflection
angle, and the yaw rate, or β, δr, and r, respectively. While there are different ways to
non-dimensionalize r, the component in Eq. (5.12) is obtained from literature [13].

Fx,aero = Teng,1 + Teng,2 + Teng,3 + Teng,4 − qSwCd (5.11)

Mz,aero =qSwb

(
Cnβ

β + Cnδr
δr + Cnr

rb

2Vair

)
+ Teng,1ry,eng,1 + Teng,2ry,eng,2 − Teng,2ry,eng,2 − Teng,4ry,eng,4

(5.12)
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Figure 5.10: FBD of forces parallel with the roll axis

Next, the aerodynamic force along the b̂y axis, as well as the aerodynamic moment
about the b̂x axis, is determined from the FBD depicted in Fig. 5.11 on pg. 45. In this
crosswind analysis, only β and δr have a significant impact on the side force, as mentioned in
Eq. (5.13), similar to other models found in literature [13]. Since the crosswind in this model
comes from the right, this will cause the aircraft to naturally yaw into the wind due to the
weathervane effect which results in a positive aerodynamic sideslip angle, β.Therefore, the
crosswind results in a positive heading angle (also due to the weathervane effect), which is
in the same direction as β in this case. As a result, a negative side force is initially exerted
on the vertical tail along the negative b̂y axis. Regarding the aerodynamic moment about
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the b̂x axis, the aircraft has a tendency to roll to the left, especially with no aileron input
from the pilot. This results in a negative rolling moment, and is described by Eq. (5.14) [37].
Similar to the yawing moment (refer to Eq. (5.12) on pg. 43), the contributing derivatives
are β, δr, and r, with r non-dimensionalized with an expression found in literature [13].

Fy,aero = qSw

(
CYβ

β + CYδr
δr

)
(5.13)

Mx,aero = qSwb

(
Clββ + Clδr

δr + Clr

rb

2Vair

)
(5.14)

Figure 5.11: FBD of forces parallel with the pitch axis

The last portion of the aerodynamic model includes aerodynamic forces along the
b̂z axis, as well as the aerodynamic moment about the b̂y axis, or the pitching moment.
Moreover, these expressions are derived from a FBD in the profile view (refer to Fig. 5.12
on pg. 46). When calculating the lift at every timestep, the x-component of Vair is only
considered since that term accounts for the streamlines going over the wings, which are
parallel to the b̂x axis, as shown in Eq. (5.15). Moreover, the dynamic pressure is also
impacted by the reduced airspeed (since the orthogonal component is neglected) and is
calculated with Eq. (5.16). Finally, the dynamic pressure calculated at every timestep with
Eq. (5.16) is used to calculate the lift generated by the wings with Eq. (5.17).

Based on similar readily accessible studies found in literature, this analysis assumes the
pitching moment coefficient, as well as the elevator deflection coefficient, cancel each other
out [13]. Therefore, the only forces which contribute to the pitching moment are thrust
generated by all four engines, and their respective moment arms as shown in Eq. (5.18).
Since the thrust remains constant for this crosswind study, the aerodynamic moment about
the b̂y axis will also remain constant. While the exact moment arms could not be determined,
the values were approximated based on general A380 dimensions [14].

Vair,lift =
√

(Vg,x + Vwind,x)2 (5.15)
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qlift = 1
2ρ0V

2
air,lift (5.16)

Fz,aero = WMT OW − qliftSwCL (5.17)

My,aero = z1 (Teng,1 + Teng,4) + z2 (Teng,2 + Teng,3) (5.18)

Figure 5.12: FBD of forces parallel with the yaw axis

5.3.5 Gear Model
The next portion of the crosswind analysis is related to the gear model. Based on

available A380 information, the gear model includes the nose wheel and both main gears [14].
For this analysis, the runway friction coefficients are accounted for in two directions: the
rolling friction coefficient along the forward direction and a lateral runway friction coefficient
orthogonal to the runway centerline. The rolling coefficient used in this analysis is identical to
the value used in the 1-D RTO speed model as well as the environmental model (µr,TO = 0.02
for a dry runway surface). The side runway friction coefficient is approximated with a runway
NASA model for dry surfaces, and other publications [13, 22]. Moreover, the lateral runway
friction coefficient for a dry runway is approximated with an empirical expression as shown in
Eq. (5.19) [13]. To calculate the lateral runway coefficient for each wheel, the proper sideslip
angle was substituted into Eq. (5.19). A graphical representation of Eq. (5.19) is presented
in Fig. 5.13 on pg. 47. Moreover, Fig. 5.13 assumes a constant ground speed of 100-kts, with
varying ground sideslip angles [13, 22]. As shown in Fig. 5.13, the lateral runway friction
coefficient yields a symmetrical plot, thus the absolute value of the lateral runway friction
coefficient is considered depending on the sign of βg.

µs,dry = 0.39exp
(
−0.015

√
Vg
)

tan−1 (0.33βg) (5.19)
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Figure 5.13: Lateral runway friction coefficient for dry runways [22]

Similar to the aerodynamic model, FBDs are constructed for each wheel in order to
identify critical force and moment expressions. Regarding the nose wheel, there are three
main forces acting on the component: a force parallel to the forward direction along the b̂x

direction, a side force orthogonal to the forward direction, and a vertical normal force in the
negative b̂z direction. The nose gear forces are presented in a FBD, as shown in Fig. 5.14
on pg. 48. Note, the two forces along the b̂y axis account for both configurations, and the
direction depends on the sign of the nose wheel sideslip angle.
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Figure 5.14: FBD of an A380 nose wheel [14]

In addition to the forces exerted on the nose gear, the conventions for various angles
are presented in Fig. 5.15 on pg. 49. The sideslip angle of the nose wheel is calculated with
Eq. (5.20), which has a direct impact on the direction of the lateral gear force. As stated
previously, the nose wheel deflection angle δnw shares the same convention as the rudder
deflection angle δr [13, 37]. For this analysis, a proportional gain is included to calculate δnw,
and is dependent on the lateral position of the aircraft (refer to Eq. (5.21)). To counteract
the weathervane effect, the proportional constant k is multiplied by the lateral position
of the aircraft Sy as shown in Eq. (5.21). Since the crosswind causes a negative lateral
displacement, and k is set to a constant of -0.0050, a positive wheel deflection angle is
calculated to counteract the weathervane effect. Furthermore, since the rudder and nose
wheel are coupled in this analysis, the rudder deflection angle is calculated by taking the
ratio of both deflection angles as shown in Eq. (5.22), a technique available in literature [13].

βg,nw = δnw + tan−1
(
v + r r1

u

)
(5.20)
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δnw = kSy (5.21)

δr = δnw

(
δr,max

δnw,max

)
(5.22)

Figure 5.15: Nose wheel Sideslip and nose wheel deflection angles [13, 14]

Similar to the nose wheel analysis, the same methodology is applied to the left and
right main wheels. The forces exerted on each main wheel are developed with a FBD (refer
to Fig. 5.16 on pg. 50). The left and right main wheels have a negative friction force in
the negative b̂x direction, similar to the nose wheel. If the nose wheel deflection angle is
negative, the sideslip angles for each main wheel are positive, which ultimately results in a
lateral force parallel to the negative b̂y direction (refer to Fig. 5.15 on pg. 49 for nose wheel
deflection angle convention). Lastly, both normal forces are noted in Fig. 5.16, along the
negative b̂z direction.
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Figure 5.16: FBD of main wheels on an A380 [14]

The sideslip angles for each main wheel differ depending on the nose wheel deflection
angle and the yaw rate r [13]. For a negative nose wheel deflection angle (as shown in Fig.
5.17 on pg. 51), the left main wheel will have a smaller sideslip angle βg,mw,left in comparison
to the right main wheel. Moreover, the comparison between the left and right main wheel
sideslip angles is Eq. (5.23) and Eq. (5.24), respectively [13]. Moreover, the blue and red
sectional views in Fig. 5.17 illustrate the detailed velocity vectors caused by the yaw rate
[13]. The center-to-center distance between the left and right main wheels Wby , as well as the
distance from the C.G. to the center of the main wheels r4, are approximated with general
A380 dimensions (refer to Table 5.1 on pg. 38) [14].

βg,mw,left = tan−1

 v − r r4

u+ r
(

Wb,y

2

)
 (5.23)

βg,mw,right = tan−1

 v − r r4

u− r
(

Wb,y

2

)
 (5.24)
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Figure 5.17: Main wheel sideslip angles and velocity triangles [13, 14]

Given the FBDs for the nose gear and both main gears (refer to Fig. 5.14 and Fig. 5.16,
respectively), the gear forces are derived for each axis. Regarding the forces parallel to the
b̂x direction, the normal forces for each wheel are multiplied by the rolling friction coefficient,
as shown in Eq. 5.25. Regarding the forces parallel to the b̂y direction, the normal forces
for each wheel are multiplied by the lateral runway friction coefficient µs, as shown in Eq.
(5.26). Recall, the lateral runway friction coefficient is calculated with the empirical formula
defined by Eq. (5.19) on pg. 46 [13]. Moreover, the sign functions in Eq. (5.26) determine
the direction of the lateral force applied to the wheel.

Fx,gear = Fz,nwµr,TO + Fz,mw,leftµr,TO + Fz,mw,rightµr,TO (5.25)

Fy,gear =Fz,nwµs,nwsgn (βg,nw) + Fz,mw,leftµs,mw,leftsgn (βg,mw,left)
+ Fz,mw,rightµs,mw,rightsgn (βg,mw,right)

(5.26)

Moreover, expressions for the gear moments about the b̂x direction and b̂y axes are
defined by Eq. (5.27) and Eq. (5.28), respectively, where Wbz is the vertical distance between
the center of the wheels to the C.G. (refer to Table 5.1 on pg. 38 for value) [13].

Mx,gear = −Wbz [Fz,mw,leftµs,mw,leftsgn (βg,mw,left) + Fz,mw,rightµs,mw,rightsgn (βg,mw,right)
+ Fz,nwµs,nwsgn (βg,nw)]

(5.27)

My,gear = −Wbz (Fz,mw,leftµr,TO + Fz,mw,rightµr,TO + Fz,nwµr,TO) (5.28)

With the gear forces and moments defined in both the b̂x and b̂y directions, a linear gear
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model is implemented to compute the normal forces for each wheel. Moreover, the general
setup of the linear system was obtained from literature [13]. The linear model is separated
into two constant matrices: the aerodynamic matrix and the gear matrix. The aerodynamic
matrix is represented with matrix B, as shown in Eq. (5.29), and the transpose of the gear
matrix A is shown in Eq. (5.30). Since the crosswind analysis purely focuses on the ground
roll procedure, and the normal forces on each wheel must balance moments about the b̂x and
b̂y axes, the linear equation shown in Eq. (5.31) is equal to zero. The normal forces are then
solved with Eq. (5.32) for each timestep, in order to calculate the gear forces and moments
in the b̂x and b̂y directions.

B =

Mx,aero
My,aero
Fz,aero

 (5.29)

AT =

 −Wb,zµs,nwsgn (βg,nw) −Wb,zµroll − r1 1
(−Wb,zµs,mw,leftsgn (βg,mw,left)) − 1

2Wb −Wb,zµroll + r4 1
(−Wb,zµs,mw,rightsgn (βg,mw,right)) + 1

2Wb −Wb,zµroll + r4 1

 (5.30)

0 = B + A


Fz,nw

Fz,mw,left
Fz,mw,right

 (5.31)


Fz,nw

Fz,mw,left
Fz,mw,right

 = A−1 (−B) (5.32)

To validate the gear model, the sum of the normal forces parallel to the b̂z direction is
subtracted from the aerodynamic force parallel to the same axis. As shown in Fig. 5.18 on pg.
53, this check was calculated for each timestep in the simulation. Moreover, a constant result
of zero over the entire simulation is expected, and the gear model is validated. Furthermore,
the derivation for the gear submodel is available in Appendix H.
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Figure 5.18: Validation of gear model used in crosswind analysis

5.3.6 Dynamics Model
Lastly, the forward acceleration u̇ as well as the lateral acceleration v̇ are computed

with Newton’s second law and 3-D equations of motion. Moreover, the crosswind analysis
presented in this master’s project assumes a stiff landing gear, and the following dynamics
are neglected: ẇ, ṗ, and q̇ [13]. Due to minimal aileron and elevator input from the pilot,
the roll and pitch rates are neglected in the analysis.

u̇ = (Fx,aero + Fx,gear)
mMT OW

+ rv (5.33)

v̇ = (Fy,aero + Fy,gear)
mMT OW

− ru (5.34)

The gear moment about the b̂z axis is calculated with Eq. (5.35), and is developed
from the FBDs in Fig. 5.15 and Fig. 5.17 [13]. The moment of inertia about the z-axis Izz

is approximated with an expression readily-accessible in literature (refer to Eq. (5.36)) [13].
Lastly, neglecting the vector products of both the angular velocity and angular momentum,
considering we only assume rotation about the b̂z axis, ṙ is approximated with Eq. (5.37).

Mz,gear = − [Fz,mw,leftµs,mw,leftsgn (βg,mw,left) + Fz,mw,rightµs,mw,rightsgn (βg,mw,right)] r4

+ Fz,nwµs,nwsgn (βg,nw) + Fz,mw,leftµr,TO
Wby

2 − Fz,mw,rightµr,TO
Wby

2
(5.35)

Izz = 0.037mMT OW b
2 (5.36)

53



ṙ = (Mz,aero +Mz,gear)
Izz

(5.37)

Similar to the models presented in Chapter 2 and Chapter 3, the crosswind model
implements a series of Explicit Euler methods to approximate the integration of several
parameters [27]. Once the initial conditions are calculated, the forward velocity and position
are approximated with Eq. (5.38) and Eq. (5.39), respectively. Next, the lateral velocity, as
well as the lateral position, are approximated with Eq. (5.40) and Eq. (5.41), respectively.
Recall, the lateral position Sy is a critical parameter which significantly impacts the nose
wheel deflection angle (refer to Eq. (5.21) on pg. 49). Regarding directional parameters, the
yaw rate and aircraft heading are approximated with Eq. (5.42) and Eq. (5.43), respectively.
Moreover, these parameters are calculated at every timestep until the boundary condition
(i.e., the length of the runway) is satisfied.

u (t) = u (t− 1) + u̇ (t− 1) dt (5.38)

Sx (t) = Sx (t− 1) + u (t− 1) dt (5.39)

v (t) = v (t− 1) + v̇ (t− 1) dt (5.40)

Sy (t) = Sy (t− 1) + v (t− 1) dt (5.41)

r (t) = r (t− 1) + ṙ (t− 1) dt (5.42)

ψ (t) = ψ (t− 1) + r (t− 1) dt (5.43)

5.3.7 Crosswind Results and Discussion
The first parameter investigated in the crosswind analysis was the aircraft heading

angle ψ over the trajectory of the ground roll procedure (refer to Fig. 5.19 on pg. 55). The
aircraft heading has a sharp increase within the first 500-m of the takeoff procedure, which
is a result of the weathervane effect caused by the crosswind. While the nose of the aircraft
rotates into the wind, the lateral velocity causes a lateral displacement in the negative b̂y

direction. Around 500-m into the takeoff procedure, left rudder is applied which results in a
positive rudder deflection angle. The rudder application counteracts the weathervane effect
such that the A380 can maintain a straight, consistent trajectory.
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Figure 5.19: A380 heading angle over runway distance

In addition to the aircraft heading angle, the nose wheel and rudder deflection angles
are presented in Fig. 5.20 on pg. 56. By convention, the nose wheel and rudder in the
analysis are coupled and have positive deflection angles to counteract the weathervane effect.
Moreover, the trends for both deflection angles are quite similar due to the calculation of
the rudder deflection angle (refer to Eq. (5.22) on pg. 49). Moreover, the fairly consistent
rudder actuation between 2000-m and 3500-m prevents the aircraft from over rotating (due
to the weathervane effect) and overshooting in the lateral direction.
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Figure 5.20: Nose wheel and rudder deflection angle in crosswind configuration

For visualization purposes, the orientation of the A380 is depicted in Fig. 5.21 on pg.
57, and is developed with existing MATLAB tools [39]. Similar to the heading angle shown
in Fig. 5.19 on pg. 55, the weathervane effect due to the crosswind has a significant impact on
the departing A380 especially at the beginning of the ground roll procedure (the weathervane
effect is clearly illustrated in Fig. 5.22(a) on pg. 57). With the application of the rudder,
as well as an increase in airspeed, the A380 corrects for the crosswind and avoids a lateral
runway excursion. Moreover, the nose of the aircraft aligns closer to the runway centerline
toward the end of the ground roll procedure (refer to Fig. 5.22(b) on pg. 57). Moreover, the
maximum lateral displacement during the ground roll procedure was less than 5-meters, and
the A380 successfully remained on the runway due to the rudder input (refer to Fig. 5.23 on
pg. 58).
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Figure 5.21: Trajectory of A380 in a crosswind configuration [39]

(a) One-third into ground roll procedure (b) End of ground roll procedure

Figure 5.22: Beginning and end of ground roll procedure [39]
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Figure 5.23: Lateral deviation from runway centerline

Lastly, both the forward and lateral velocities were plotted over the entire ground roll
procedure. For validation purposes, the average wind speed in the crosswind model was set
to zero to simulate nominal conditions. Given the nominal takeoff speed and distance for an
A380 is approximately 88 m/s at 2,900 m, respectively, the crosswind model under nominal
conditions yielded a takeoff speed of approximately 93.7 m/s at 2,900 m (roughly 6% off from
the 1-D baseline RTO speed model). Under the crosswind conditions specified in Section 5.2,
the negative lateral velocity between 0 m and 1500 m is a result of the weathervane effect.
However, the rudder actuation significantly reduces the lateral velocity, and the A380 does
not have to reject the takeoff.
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Figure 5.24: Longitudinal and lateral speed in crosswind configuration
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Chapter 6: Conclusion and Future Work

The RTO speed of a commercial airliner, especially an A380-800, is a critical calculation
that is determined before each departure to ensure the safety of passengers and flight crews
and reduce the likelihood of catastrophic lateral and longitudinal runway excursions. In
Chapter 2, the 1-D baseline RTO speed model was constructed to assess the validity of the
RTO speed calculation. Moreover, the model was verified with readily accessible published
data based on the nominal takeoff and landing distances considering airport conditions at
KSFO [14, 26, 30]. Once verified, the 1-D environmental model discussed in Chapter 3
was integrated with the 1-D baseline model, and included both headwinds and tailwinds,
as well as varying runway surface conditions. Moreover, the 1-D model was validated by
comparing the takeoff and landing distances with respect to the location of the RTO speed,
the sum of which was equivalent to the length of the runway - and hence the aircraft was
able to reject the takeoff without overshooting the runway. In addition to aircraft geometry
and performance specifications, thermodynamic properties, and airport information, several
environmental factors such as pure headwinds, pure tailwinds, significant crosswinds, and
runway surface conditions have a significant impact on the calculation of both the RTO
speed V1 and the location of the RTO speed S1.

6.1 Future Work
In addition to the crosswind ground roll procedure, a 2-D sensitivity analysis, similar

to the 1-D environmental model discussed in Chapter 3, can be applied to the 3-D model
discussed in Chapter 5. To do this, a triple loop would be integrated with the existing
crosswind model: one loop for the magnitude of the wind speed, another loop for the wind
direction to account for the crosswind component, and the last loop to incorporate a key to
toggles between dry, wet, and contaminated runway surface conditions. Regarding the NASA
runway surface model discussed in Chapter 5, the results may be improved by conducting
experiments on actual runway surfaces, with varying conditions, and applying empirical
formulas to approximate the runway surface coefficients as a function of ground speed and
sideslip angle. Regarding the gear submodel discussed in Section 5.3.5, the bogie wheels
can be included for more realistic analysis. Lastly, additional work such as the development
of a parametric model which can analyze a wide variety of aircraft, at several airports
across the NAS, would be a beneficial tool in the preliminary stages of evaluating aircraft
performance during the ground roll procedure. This would include storing various aircraft
parameters, aircraft specifications, airport information, and historical METAR observations
in a database (e.g., SQL) which the RTO speed model could reference. Future work should
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also include reaction times from pilots (e.g., human in the loop simulations) to simulate
realistic responses.
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clear
clc
close
% James D. Gonzalez III
% Dr. Lombaerts

% Goal of the Project:
% Calculate the maximum rejected takeoff speed (also known as V1) and the
% corresponding position the furthest along the runway from where an Airbus
% A380 with MTWO can still safely come to a full standstill before it runs
% over the end of runway 28R at KSFO. Consider a baseline model with no
% headwind or tailwind, and assume standing rolling friction coefficients.

% Subscripts:
% TO   == Takeoff
% L    == Landing
% pub  == Published data
% MTOW == Maximum Takeoff Weight

% Published data:
V_TO_pub = 170;                 % High-end of published takeoff speed for A380
 [knots]
V_TO_pub = V_TO_pub*0.51444;    % High-end of published takeoff speed for A380
 [m/s]
V_L_pub  = 138;                 % Published landing speed for A380 [knots]
V_L_pub  = V_L_pub*0.51444;     % Published landing speed for A380 [m/s]
%l_TO     = 2900;                % Takeoff distance for an Airbus A380 [m]
%l_L      = 2150;                % Landing distance for an Airbus A380 [m]

% KSFO Airport Information:
l_28R = 3618;                   % Length of the runway 29R at KSFO [m]
rho_air =1.225;                % Density of air at sea-level conditions [kg/
m^3].
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Variables:
u_r_TO = 0.02;                  % Normal coefficient of rolling friction for
 (takeoff conditions) [-]
%u_r_TO = 0.0;
u_r_L = 0.067;                  % Coefficient of rolling friction while
 braking (landing conditions) [-]
%u_r_L = 0.067;
V_wind = 0;                     % Wind speed (+ for headwind; - for tailwind)
 [knots]
V_wind = V_wind*0.51444;        % Wind speed [m/s]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Aircraft weight, engine, and geometric information:
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% https://www.airbus.com/sites/g/files/jlcbta136/files/2021-12/EN-Airbus-A380-
Facts-and-Figures-December-2021_0.pdf
g_0 = 9.80665;                  % Acceleration due to gravity at sea-level [m/
s^2]
M_MTOW = 575000;                % Maximum takeoff mass [kg]
W_MTOW = M_MTOW*g_0;            % Maximum takeoff weight (MTOW) [N]
Wfuel = 253.983e3*g_0;          % Fuel capacity [N]
Wzerofuel = W_MTOW - Wfuel;     % Max zero fuel weight [N]
T_max = 0.704*4*348e3;          % Total/max thrust for all four engines [N]
T_rev = T_max*.15;              % Maximum reverse thrust (i.e. 15% of maximum
 thrust) [N]
h_wingtip = 7.8;                % Height of wingtip above the ground [m]
b = 79.75;                      % Wingspan [m]
S = 845;                        % Total wing surface area [m^2]
AR = (b^2)/S;                   % The aspect ratio [-]
e1 = 0.90;                      % Span efficiency coefficient [-]

% Aircraft aerodynamic properties:
CL_TO = W_MTOW/(0.5*rho_air*V_TO_pub^2*S);                  % Maximum lift
 coefficient in takeoff configuration [-]
CL_L = (Wzerofuel)/(0.5*rho_air*V_L_pub^2*S);               % Maximum lift
 coefficient in landing configuration [-]
CD0_TO = 0.013;                                             % Parasitic drag
 coefficient at takeoff [-]
CD0_L = 1.1*CD0_TO;                                         % Parasitic drag
 coefficient with spoilers deployed [-]

% Step 1: Calculate the total drag coefficient for both takeoff and landing
 profiles:
phi = ((16*(h_wingtip)/b)^2)/(1+((16*(h_wingtip)/b)^2));    % Ground effect
 factor [-]
CD_TO = (CD0_TO + phi*CL_TO^2/(pi*e1*AR));                  % Total drag
 coefficient for the takeoff profile [-]
CD_L = CD0_L;                                               % Total drag
 coefficient for the landing profile. Note, the induced drag component is zero
 because the spoilers are deployed, which destroys the lift over the wings [-]

% Step 2: Using double integration over time, determine the takeoff profile

% First, initialize the parameters for the takeoff roll:
i = 1;                                                      % First index,
 terms evaluated at x = 0 m [-]
% Perhaps something to consider in the future, is s_TO evaluated at the
% center of mass? Or, does it not matter?
s_TO(i)  = 0;                                               % Initial distance
 of the A380 [m]
V_TO(i)  = 0;                                               % Initial ground
 speed of the A380 [m/s]
L_TO(i) = CL_TO*0.5*rho_air*(V_TO(i)+V_wind)^2*S;           % Initial lift
 evaluated at x = 0 m [N]
D_TO(i) = CD_TO*0.5*rho_air*(V_TO(i)+V_wind)^2*S;           % Initial drag
 evaluated at x = 0 m [N]
Feff_TO(i) = T_max - (D_TO(i) + u_r_TO*(W_MTOW - L_TO(i))); % Effective force
 evaluated at x = 0 m [N]

2



disp(W_MTOW-L_TO(i))
a_TO(i) = g_0/W_MTOW*Feff_TO(i); % Acceleration evaluated at x = 0, using
 Newton's Second Law of motion [m/s^2]

dt = 0.1; % Select a time step for the numerical method [s]

% Set up the integration loop for the takeoff profile. Apply the explicit
 Euler method:
% Explicit Euler Method: u_{n+1} = u_{n} + dt*u'_{n} pg. 83 Lomax, Pulliam,
% Zingg

 while s_TO < l_28R
    i = i+1; % Move to next time step [-]
    V_TO(i) = V_TO(i-1) + dt*a_TO(i-1);                         % Calculate
 the velocity at the next time step [m/s]
    s_TO(i) = s_TO(i-1) + dt*V_TO(i-1);                         % Calculate
 the position along runway at the next time step [m]
    L_TO(i) = CL_TO*0.5*rho_air*(V_TO(i)+V_wind)^2*S;           % Initial lift
 evaluated at the next time step [N]
    D_TO(i) = CD_TO*0.5*rho_air*(V_TO(i)+V_wind)^2*S;           % Initial drag
 evaluated at the next time step [N]
    Feff_TO(i) = T_max - (D_TO(i) + u_r_TO*(max([(W_MTOW - L_TO(i)) 0]))); %
 Effective force evaluated at the next time step [N]
    a_TO(i) = g_0/W_MTOW*Feff_TO(i);                            % Acceleration
 evaluated at the next time step, using Newton's Second Law of motion [m/s^2]
 end

% Step 3: Using double integration over time, determine the landing profile
% First, initialize the parameters for landing (MTOW)
i = 1;                                                                  %
 First index, terms evaluated at x = 0 m [-]
s_L_MTOW(i)  = 0;                                                       %
 Initial distance of the A380 [m]
V_L_MTOW(i)  = 0;                                                       %
 Initial ground speed of the A380 [m/s]
L_L_MTOW(i) = 0;                                                        % Will
 not contribute, as the spoilers are deployed [N]
D_L_MTOW(i) = CD_L*0.5*rho_air*(V_L_MTOW(i)+V_wind)^2*S;                %
 Initial drag evaluated at x = 0 m [N]
Feff_L_MTOW(i) = T_rev + (D_L_MTOW(i) + u_r_L*(W_MTOW - L_L_MTOW(i)));  %
 Effective force evaluated at x = 0 m [N]
a_L_MTOW(i) = g_0/W_MTOW*Feff_L_MTOW(i);                                %
 Acceleration evaluated at x = 0, using Newton's Second Law of motion [m/s^2]

while s_L_MTOW < l_28R
    i = i+1;
    V_L_MTOW(i) = V_L_MTOW(i-1)+a_L_MTOW(i-1)*dt;
    s_L_MTOW(i) = s_L_MTOW(i-1)+V_L_MTOW(i-1)*dt;
    L_L_MTOW(i) = 0;%CL_L*0.5*rho_air*(V_L_MTOW(i)+V_wind)^2*S;               
      % spoilers deployed!
    D_L_MTOW(i) = CD_L*0.5*rho_air*(V_L_MTOW(i)+V_wind)^2*S;
    Feff_L_MTOW(i) = T_rev + D_L_MTOW(i) + u_r_L*(W_MTOW);%-0*L_L_MTOW(i));
    a_L_MTOW(i) = g_0/W_MTOW*Feff_L_MTOW(i);
end
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% Step 4: Using double integration over time, determine the landing profile

% First, initialize the parameters for landing (W_zerofuel)

i = 1;                                                                        
              % First index, terms evaluated at x = 0 m [-]
s_L_Wzerofuel(i)  = 0;                                                        
              % Initial distance of the A380 [m]
V_L_Wzerofuel(i)  = 0;                                                        
              % Initial ground speed of the A380 [m/s]
L_L_Wzerofuel(i) = 0;                                                         
              % Will not contribute, as the spoilers are deployed [N]
D_L_Wzerofuel(i) = CD_L*0.5*rho_air*(V_L_Wzerofuel(i)+V_wind)^2*S;            
              % Initial drag evaluated at x = 0 m [N]
Feff_L_Wzerofuel(i) = T_rev + (D_L_Wzerofuel(i) + u_r_L*(Wzerofuel -
 0*L_L_Wzerofuel(i)));  % Effective force evaluated at x = 0 m [N]
a_L_Wzerofuel(i) = g_0/Wzerofuel*Feff_L_Wzerofuel(i);                        
               % Acceleration evaluated at x = 0, using Newton's Second Law of
 motion [m/s^2]

while s_L_Wzerofuel < l_28R
    i = i+1;
    V_L_Wzerofuel(i) = V_L_Wzerofuel(i-1)+a_L_Wzerofuel(i-1)*dt;
    s_L_Wzerofuel(i) = s_L_Wzerofuel(i-1)+V_L_Wzerofuel(i-1)*dt;

    L_L_Wzerofuel(i) = CL_L*1/2*rho_air*V_L_Wzerofuel(i)^2*S; % spoilers
 deployed!
    D_L_Wzerofuel(i) = CD_L*1/2*rho_air*V_L_Wzerofuel(i)^2*S;
    Feff_L_Wzerofuel(i) = T_rev + D_L_Wzerofuel(i) +
 u_r_L*(Wzerofuel-0*L_L_Wzerofuel(i));
    a_L_Wzerofuel(i) = g_0/Wzerofuel*Feff_L_Wzerofuel(i);
end

% Apply intersection function [1]
[S_1,V_1,c,d] = intersections(s_TO,V_TO+V_wind,(l_28R-s_L_MTOW),V_L_MTOW
+V_wind,true);

% Determine required runway for takeoff given the takeoff velocity profile
% and V_TO_pub
V_TO_pub_array = V_TO_pub*ones(1,length(V_TO));
% Apply intersection function [1]
[S_TO_RWYUsed,V_TO_check,e,f] = intersections(s_TO,V_TO
+V_wind,s_TO,V_TO_pub_array);

V_L_pub_array = V_L_pub*ones(1,length(V_L_MTOW));
% Apply intersection function [1]
if max(V_L_MTOW+V_wind) < V_L_pub
    S_L_RWYUsed = NaN;
    V_L_check = NaN;
else
    [S_L_RWYUsed,V_L_check,g,h] = intersections((l_28R-s_L_MTOW),V_L_MTOW
+V_wind,(l_28R-s_L_MTOW),V_L_pub_array);
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end

V_L_pub_Wzero_array = V_L_pub*ones(1,length(V_L_Wzerofuel));
% Apply intersection function [1]
if max(V_L_Wzerofuel+V_wind) < V_L_pub
    S_L_RWYUsed_Wzerofuel = NaN;
    V_L_check_Wzerofuel = NaN;
else
    [S_L_RWYUsed_Wzerofuel,V_L_check_Wzerofuel,t,y] =
 intersections((l_28R-s_L_Wzerofuel),V_L_Wzerofuel+V_wind,(l_28R-
s_L_Wzerofuel),V_L_pub_Wzero_array);
end

% Step 5: Combine all three velocity profiles together:
figure
% Plot the Ground speed vs. runway used:
plot(s_TO,V_TO+V_wind,'b')
hold on
plot((l_28R-s_L_MTOW),V_L_MTOW+V_wind,'r')
plot(l_28R-s_L_Wzerofuel,V_L_Wzerofuel+V_wind,'r--')
%plot(l_28R-s_L_Wzerofuel,V_L_Wzerofuel+V_wind,'r--')
%xline(S_TO_RWYUsed,'k--')
txt_LO = 'Takeoff speed'; % Add text to curve.
text(1300,90,txt_LO)
txt_LO = 'Landing speed'; % Add text to curve.
text(50,67,txt_LO)
plot(S_1,V_1,'g*') % V1, depicted on the plot.
plot(S_TO_RWYUsed,V_TO_check,'b*') % V_TO, depicted on the plot.
%plot(S_L_RWYUsed,V_L_check,'c*')
plot(S_L_RWYUsed_Wzerofuel,V_L_check_Wzerofuel,'r*')
% Plot the runway
plot([0 l_28R], [0 0],'k',LineWidth=2)
yline(V_TO_pub,'k--')  % Nominal takeoff speed
yline(V_L_check,'k--') % Nominal landing speed
xlim([0,l_28R+100])
ylim([0,100])
xlabel('Runway used [m]')
ylabel('Airspeed [m/s]')
title('Baseline Rejected Takeoff Speed')
V_1_str = sprintf('V_{1} = %3.1f m/s @ %3.0f m',V_1,S_1); % String to note the
 value for V1 in the legend.
V_TO_str = sprintf('V_{TO,pub} = %3.1f m/s @ %3.0f
 m',V_TO_check,S_TO_RWYUsed); % String to note the value for V1 in the legend.
%V_L_str = sprintf('V_{L} = %3.1f m/s @ %3.0f m',V_L_check,S_L_RWYUsed);%
 String to note the value for V1 in the legend.
V_L_str = sprintf('V_{L,pub} = %3.1f m/s @ %3.0f
 m',V_L_check_Wzerofuel,S_L_RWYUsed_Wzerofuel);% String to note the value for
 V1 in the legend.
%legend ({'Velocity takeoff with W_{MTOW}','Max V to stop with W_{MTOW}','Max
 V to stop with W_{1}',V_1_str,V_TO_str,V_L_str},'Location','south')
legend ({'Velocity takeoff with W_{MTOW}','Max V to stop with W_{MTOW}','Max V
 to stop with W_{1}',V_1_str,V_TO_str,V_L_str},'Location','south')
grid on
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% Plot the Lift and Drag Profiles:
figure
plot(V_TO,L_TO)
hold on
plot(V_TO,D_TO)
plot(V_L_MTOW,L_L_MTOW)
plot(V_L_MTOW,D_L_MTOW)
%ylim([0,8E6])
grid on
yline(W_MTOW,'k--','Max. takeoff weight')
%yline(Wzerofuel,'k--','Zero fuel weight')
xlabel('Airspeed [m/s]')
ylabel('Aero Forces [N]')
title('Aerodynamic forces vs. airspeed')
legend('L_{TO}','D_{TO}','L_{L}','D_{L}','Location','northwest','NumColumns',2)

% References:

% [1] Douglas Schwarz (2022). Fast and Robust Curve Intersections (https://
www.mathworks.com/matlabcentral/fileexchange/11837-fast-and-robust-curve-
intersections), MATLAB Central File Exchange. Retrieved November 28, 2022.
% https://www.mathworks.com/matlabcentral/fileexchange/11837-fast-and-robust-
curve-intersection
%-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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clear
clc
% James D. Gonzalez III
% Dr. Lombaerts

% Goal of the Project:
% Calculate the maximum rejected takeoff speed (also known as V1) and the
% corresponding position the furthest along the runway from where an Airbus
% A380 with MTWO can still safely come to a full standstill before it runs
% over the end of runway 28R at KSFO. Consider a baseline model with no
% headwind or tailwind, and assume standing rolling friction coefficients.

% Subscripts:
% TO   == Takeoff
% L    == Landing
% pub  == Published data
% MTOW == Maximum Takeoff Weight

% Published data:
V_TO_pub = 170;                                                               
      % High-end of published takeoff speed for A380 [knots]
V_TO_pub = V_TO_pub*0.51444;                                                  
      % High-end of published takeoff speed for A380 [m/s]
V_L_pub  = 138;                                                               
      % Published landing speed for A380 [knots]
V_L_pub  = V_L_pub*0.51444;                                                   
      % Published landing speed for A380 [m/s]
l_TO     = 2900;                                                              
      % Takeoff distance for an Airbus A380 [m]
l_L      = 2150;                                                              
      % Landing distance for an Airbus A380 [m]

% KSFO Airport Information:
l_28R = 3618;                                                                 
      % Length of the runway 29R at KSFO [m]
rho_air = 1.225;                                                              
      % Density of air at sea-level conditions [kg/m^3].
g_0 = 9.80665;                                                                
      % Acceleration due to gravity at sea-level [m/s^2]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% User Inputs:
%u_r_TO = 0.02                                                                
      % Normal friction coefficient for a smooth paved runway.
u_r_TO = linspace(0.02/2,0.02,50);                                            
      % Normal coefficient of rolling friction for (takeoff conditions) [-]s
u_r_L = linspace(0.067/2,0.067,50);                                           
      % Coefficient of rolling friction while braking (landing conditions) [-]
V_wind = linspace(-3.3*1.50,16.45*1.50,75);                                   
      % Wind speed (+ for headwind; - for tailwind) [knots]
% Convert the wind speed to appropriate units: [m/s]
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V_wind = V_wind*0.51444;                                                      
      % Wind speed [m/s]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Aircraft weight, engine, and geometric information:
M_MTOW = 575000;                                                              
      % Maximum takeoff mass [kg]
W_MTOW = M_MTOW*g_0;                                                          
      % Maximum takeoff weight (MTOW) [N]
Wfuel = 253.983e3*g_0;                                                        
      % Fuel capacity [N]
Wzerofuel = W_MTOW - Wfuel;                                                   
      % Max zero fuel weight [N]
T_max = 0.704*4*348e3;                                                        
      % Total/max thrust for all four engines [N]
T_rev = T_max*.15;                                                            
      % Maximum reverse thrust (i.e. 15% of maximum thrust) [N]
h_wingtip = 7.8;                                                              
      % Height of wingtip above the ground [m]
b = 79.75;                                                                    
      % Wingspan [b]
S = 845;                                                                      
      % Total wing surface area [m^2]
AR = (b^2)/S;                                                                 
      % The aspect ratio [-]
e1 = 0.90;                                                                    
      % Span efficiency coefficient [-]

% Aircraft aerodynamic properties:
CL_TO = W_MTOW/(0.5*rho_air*V_TO_pub^2*S);                                    
      % Maximum lift coefficient in takeoff configuration [-]
% When we calculate V1, would the lift coefficient for the landing profile
% also include W_MTOW???

%CL_L = (Wzerofuel)/(0.5*rho_air*V_L_pub^2*S);                                
      % Maximum lift coefficient in landing configuration [-]
% Talk with Dr. Lombaerts about WzeroFuel and WMTOW?
CL_L = (Wzerofuel)/(0.5*rho_air*V_L_pub^2*S);                                 
      % Maximum lift coefficient in landing configuration [-]

CD0_TO = 0.013;                                                               
      % Parasitic drag coefficient at takeoff [-]
CD0_L = 1.1*CD0_TO;                                                           
      % Parasitic drag coefficient with spoilers deployed [-]

% Step 1: Calculate the total drag coefficient for both takeoff and landing
 profiles:
phi = ((16*(h_wingtip)/b)^2)/(1+((16*(h_wingtip)/b)^2));                      
      % Ground effect factor [-]
CD_TO = (CD0_TO + phi*CL_TO^2/(pi*e1*AR));                                    
      % Total drag coefficient for the takeoff profile [-]
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CD_L = CD0_L;                                                                 
      % Total drag coefficient for the landing profile. Note, the induced drag
 component is zero because the spoilers are deployed, which destroys the lift
 over the wings [-]

% Initialize variables for storage:
S_1 = zeros(length(u_r_TO),length(V_wind));
V_1 = zeros(length(u_r_TO),length(V_wind));

% Introduce double for loop for runway surface and wind speed:
for j = 1:length(u_r_TO)
    for o = 1:length(V_wind)
        % Step 2: Using double integration over time, determine the takeoff
 profile
        % First, initialize the parameters for the takeoff roll:
        i = 1;                                                                
      % First index, terms evaluated at x = 0 m [-]
        s_TO(i)  = 0;                                                         
      % Initial distance of the A380 [m]
        V_TO(i)  = 0;                                                         
      % Initial ground speed of the A380 [m/s]
        L_TO(i) = CL_TO*0.5*rho_air*(V_TO(i)+V_wind(o))^2*S;                  
      % Initial lift evaluated at x = 0 m [N]
        D_TO(i) = CD_TO*0.5*rho_air*(V_TO(i)+V_wind(o))^2*S;                  
      % Initial drag evaluated at x = 0 m [N]
        Feff_TO(i) = T_max - (D_TO(i) + u_r_TO(j)*(max([(W_MTOW - L_TO(i))
 0])));              % Effective force evaluated at x = 0 m [N]
        a_TO(i) = g_0/W_MTOW*Feff_TO(i);                                     
       % Acceleration evaluated at x = 0, using Newton's Second Law of motion
 [m/s^2]
        dt = 0.1; % Select a time step for the numerical method [s]

    % Set up the integration loop for the takeoff profile. Apply the explicit
 Euler method:
    % Explicit Euler Method: u_{n+1} = u_{n} + dt*u'_{n} pg. 83 Lomax,
 Pulliam,
    % Zingg

        while s_TO(i) < l_28R
            i = i+1; % Move to next time step [-]
            % Given acceleration, integrate to find velocity:
            V_TO(i) = V_TO(i-1) + dt*a_TO(i-1);                               
      % Calculate the ground speed at the next time step [m/s]
            % Given velocity, integrate to find position
            s_TO(i) = s_TO(i-1) + dt*V_TO(i-1);                               
      % Calculate the position along runway at the next time step [m]
            % Calculate new lifting force given current velocity
            L_TO(i) = CL_TO*0.5*rho_air*(V_TO(i)+V_wind(o))^2*S;              
      % Initial lift evaluated at the next time step [N]
            % Calculate new drag force given current velocity
            D_TO(i) = CD_TO*0.5*rho_air*(V_TO(i)+V_wind(o))^2*S;              
      % Initial drag evaluated at the next time step [N]
            % Select engine out at 1/4 of RWY distance, for example
            % If statement here for engine failure; T_max*1/2
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            Feff_TO(i) = T_max - (D_TO(i) + u_r_TO(j)*(max([(W_MTOW - L_TO(i))
 0])));          % Effective force evaluated at the next time step [N]
            a_TO(i) = g_0/W_MTOW*Feff_TO(i);                                 
       % Acceleration evaluated at the next time step, using Newton's Second
 Law of motion [m/s^2]
        end

        % Step 3: Using double integration over time, determine the landing
 profile
        % First, initialize the parameters for landing (MTOW)
        i = 1;                                                                
      % First index, terms evaluated at x = 0 m [-]
        s_L_MTOW(i)  = 0;                                                     
      % Initial distance of the A380 [m]
        V_L_MTOW(i)  = 0;                                                     
      % Initial ground speed of the A380 [m/s]
        L_L_MTOW(i) = 0;                                                      
      % Will not contribute, as the spoilers are deployed [N]
        D_L_MTOW(i) = CD_L*0.5*rho_air*(V_L_MTOW(i)+V_wind(o))^2*S;           
      % Initial drag evaluated at x = 0 m [N]
        Feff_L_MTOW(i) = T_rev + (D_L_MTOW(i) + u_r_L(j)*(max([(W_MTOW -
 L_L_MTOW(i)) 0])));   % Effective force evaluated at x = 0 m [N]
        a_L_MTOW(i) = g_0/W_MTOW*Feff_L_MTOW(i);                             
       % Acceleration evaluated at x = 0, using Newton's Second Law of motion
 [m/s^2]

        while s_L_MTOW(i) < l_28R
            i = i+1;
            V_L_MTOW(i) = V_L_MTOW(i-1)+a_L_MTOW(i-1)*dt;
            s_L_MTOW(i) = s_L_MTOW(i-1)+V_L_MTOW(i-1)*dt;
            L_L_MTOW(i) = CL_L*0.5*rho_air*(V_L_MTOW(i)+V_wind(o))^2*S;       
                  % spoilers deployed!
            D_L_MTOW(i) = CD_L*0.5*rho_air*(V_L_MTOW(i)+V_wind(o))^2*S;
            Feff_L_MTOW(i) = T_rev + D_L_MTOW(i) + u_r_L(j)*(max([(W_MTOW -
 0*L_L_MTOW(i)) 0])); % spoilers deployed; lift is zero.
            a_L_MTOW(i) = g_0/W_MTOW*Feff_L_MTOW(i);
        end

        % Apply intersection function [1]
        [S_1(j,o),V_1(j,o),c,d] = intersections(s_TO,V_TO+V_wind(o),(l_28R-
s_L_MTOW),V_L_MTOW+V_wind(o),true);

        % Determine required runway for takeoff given the takeoff velocity
 profile and V_TO_pub:
        V_TO_pub_array = V_TO_pub*ones(1,length(V_TO));
        [S_TO_RWYUsed(j,o),V_TO_check(j,o),e,f] = intersections(s_TO,V_TO
+V_wind(o),s_TO,V_TO_pub_array,true);

        % Determine required runway for landing given the landing velocity
 profile and V_TO_pub:
        if max(V_L_MTOW+V_wind(o)) < V_L_pub
            S_L_RWYUsed(j,o) = NaN;
        else
            V_L_pub_array = V_L_pub*ones(1,length(V_L_MTOW));
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            [S_L_RWYUsed(j,o),V_L_check(j,o),g,h] = intersections((l_28R-
s_L_MTOW),(V_L_MTOW+V_wind(o)),(l_28R-s_L_MTOW),V_L_pub_array,true);
        end

        % Reset parameters to zero:
        s_TO = 0;
        V_TO = 0;
        s_L_MTOW = 0;
        V_L_MTOW = 0;

    end
    if j ==1
        S_1_wet = S_1;
        V_1_wet = V_1;
        S_TO_RWYUsed_wet = S_TO_RWYUsed;
        S_L_RWYUsedwet = S_TO_RWYUsed;
    end
end

% Display/print the values for V_1
%disp(V_1);

% CreaSte the meshgrid for wind speed and rolling friction coefficient for
% takeoff
[V_wind_TO_mesh,u_r_TO_mesh] = meshgrid(V_wind,u_r_TO);

% Create the meshgrid for wind speed and rolling friction coefficient for
% takeoff
[V_wind_L_mesh,u_r_L_mesh] = meshgrid(V_wind,u_r_L);

% Create surface plot for V_1:
figure(1)
surfc(V_wind_TO_mesh,u_r_TO_mesh,V_1)
xlabel('V_{wind} [m/s]')
ylabel('\mu_{r,TO} [-]')
zlabel('V_1 [m/s]')
title('RTO speed with varying runway friction coefficients and wind speed')
colorbar
c = colorbar;
c.Label.String = 'V_1 [m/s]';
shading interp
% Use view () to capture 2-axes on surface plot

% Create surface plot for V_1 (V_wind + u_r_L):
figure(2)
surfc(V_wind_L_mesh,u_r_L_mesh,V_1)
xlabel('V_{wind} [m/s]')
ylabel('\mu_{r,L} [-]')
zlabel('V_1 [m/s]')
title('RTO speed with varying runway friction coefficients and wind speed')
c = colorbar;
c.Label.String = 'V_1 [m/s]';
shading interp
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% Use view () to capture 2-axes on surface plot

% Create surface plot for S_1 (V_wind + u_r_L):
figure(3)
surfc(V_wind_L_mesh,u_r_L_mesh,S_1)
xlabel('V_{wind} [m/s]')
ylabel('\mu_{r,L} [-]')
zlabel('S_1 [m]')
title('Location of RTO speed with varying runway friction coefficients and
 wind speed')
c = colorbar;
c.Label.String = 'S_1 [m]';
shading interp
% Use view () to capture 2-axes on surface plot

% Create surface plot for S_1 (V_wind + u_r_TO):
figure(4)
surfc(V_wind_TO_mesh,u_r_TO_mesh,S_1)
xlabel('V_{wind} [m/s]')
ylabel('\mu_{r,TO} [-]')
zlabel('S_{1} [m]')
title('Location of RTO speed with varying runway friction coefficients and
 wind speed')
c = colorbar;
c.Label.String = 'S_{1} [m]';
shading interp

% Create surface plot for takeoff distance:
figure(5)
surfc(V_wind_TO_mesh,u_r_TO_mesh,S_TO_RWYUsed)
xlabel('V_{wind} [m/s]')
ylabel('\mu_{r,TO} [-]')
zlabel('S_{TO} [m]')
title('Environmental impacts on the takeoff distance')
c = colorbar;
c.Label.String = 'S_{TO} [m]';
shading interp

% Create surface plot for landing distance:
figure(6)
surfc(V_wind_TO_mesh,u_r_L_mesh,l_28R-S_1)
xlabel('V_{wind} [m/s]')
ylabel('\mu_{r,L} [-]')
zlabel('S_{L} [m]')
title('Landing distance with respect to V_{1}')
c = colorbar;
c.Label.String = 'S_{L} [m]';
shading interp

% Print the results:
% Location of V1 vs wind speed
figure(7)
subplot(2,1,1)
% V1 vs wind speed
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% Dry conditions
plot(V_wind,V_1(end,:),'r')
hold on
% Wet conditions
plot(V_wind,V_1(1,:),'b')
ylim([50,90])
xlim([-4,14])
title('RTO speed vs Wind speed')
ylabel('V_{1} [m/s]')
xlabel('V_{wind} [m/s]')
legend('Dry runway','Wet runway','location','northeast')
grid minor

subplot(2,1,2)
% Dry conditions:
plot(V_wind,S_1(end,:),'r')
hold on
% Wet conditions:
plot(V_wind,S_1(1,:),'b')
ylim([900,1800])
xlim([-4,14])
title('Location of RTO speed vs Wind speed')
ylabel('S_{1} [m]')
xlabel('V_{wind} [m/s]')
legend('Dry runway','Wet runway','location','northeast')
grid minor
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Appendix C:
Sample 2022 KSFO METAR Data

86



station valid tmpf dwpf relh drct sknt p01i alti mslp vsby gust skyc1 skyc2 skyc3 skyc4 skyl1 skyl2 skyl3 skyl4 wxcodes ice_accreti ice_accreti ice_accreti peak_wind peak_wind peak_wind feel metar
SFO 1/1/2022 0:56 51.1 41 68.23 300 14 0 29.91 1012.8 10 M SCT M M M 2000 M M M M M M M M M M 51.1 KSFO 01005
SFO 1/1/2022 1:56 50 39.9 68.1 300 10 0 29.92 1013.3 10 M FEW M M M 1900 M M M M M M M M M M 50 KSFO 01015
SFO 1/1/2022 2:56 48.9 39.9 70.95 290 10 0 29.95 1014 10 M CLR M M M M M M M M M M M M M M 44.16 KSFO 01025
SFO 1/1/2022 3:56 48.9 41 74.05 310 10 0 29.96 1014.6 10 M FEW M M M 3000 M M M M M M M M M M 44.16 KSFO 01035
SFO 1/1/2022 4:56 48 41 76.58 330 5 0 29.99 1015.5 10 M CLR M M M M M M M M M M M M M M 45.4 KSFO 01045
SFO 1/1/2022 5:56 46.9 37.9 70.73 310 5 0 30.02 1016.4 10 M CLR M M M M M M M M M M M M M M 44.09 KSFO 01055
SFO 1/1/2022 6:56 48 36 62.97 M 5 0 30.04 1017.3 10 M CLR M M M M M M M M M M M M M M 45.4 KSFO 01065
SFO 1/1/2022 7:56 46 37 70.64 300 6 0 30.06 1017.8 10 M CLR M M M M M M M M M M M M M M 42.39 KSFO 01075
SFO 1/1/2022 8:56 43 37.9 82.04 220 4 0 30.07 1018.3 10 M CLR M M M M M M M M M M M M M M 40.27 KSFO 01085
SFO 1/1/2022 9:56 42.1 37 81.98 0 0 0 30.08 1018.6 10 M CLR M M M M M M M M M M M M M M 42.1 KSFO 01095
SFO 1/1/2022 10:56 41 36 82.22 190 3 0 30.09 1019 10 M CLR M M M M M M M M M M M M M M 38.98 KSFO 01105
SFO 1/1/2022 11:56 43 37 79.19 M 5 0 30.09 1019 10 M CLR M M M M M M M M M M M M M M 39.46 KSFO 01115
SFO 1/1/2022 12:56 46 39 76.4 360 9 0 30.11 1019.6 10 M FEW M M M 20000 M M M M M M M M M M 40.92 KSFO 01125
SFO 1/1/2022 13:56 41 36 82.22 0 0 0 30.15 1020.8 10 M FEW M M M 20000 M M M M M M M M M M 41 KSFO 01135
SFO 1/1/2022 14:56 41 35.1 79.34 0 0 0 30.17 1021.6 10 M SCT M M M 20000 M M M M M M M M M M 41 KSFO 01145
SFO 1/1/2022 15:56 39 35.1 85.76 220 3 0 30.2 1022.5 10 M SCT M M M 20000 M M M M M M M M M M 36.69 KSFO 01155
SFO 1/1/2022 16:56 44.1 37.9 78.66 200 4 0 30.21 1023 10 M SCT M M M 20000 M M M M M M M M M M 41.55 KSFO 01165
SFO 1/1/2022 17:56 48 36 62.97 0 0 0 30.24 1024 10 M FEW M M M 20000 M M M M M M M M M M 48 KSFO 01175
SFO 1/1/2022 18:56 48.9 35.1 58.75 110 7 0 30.24 1024 10 M FEW M M M 20000 M M M M M M M M M M 45.38 KSFO 01185
SFO 1/1/2022 19:56 48.9 28.9 45.75 110 4 0 30.23 1023.5 10 M FEW M M M 20000 M M M M M M M M M M 47.16 KSFO 01195
SFO 1/1/2022 20:56 50 30.9 47.64 70 3 0 30.19 1022.3 10 M SCT M M M 20000 M M M M M M M M M M 50 KSFO 01205
SFO 1/1/2022 21:56 51.1 32 47.81 0 0 0 30.19 1022.3 10 M SCT M M M 20000 M M M M M M M M M M 51.1 KSFO 01215
SFO 1/1/2022 22:56 52 33.1 48.34 30 3 0 30.2 1022.6 10 M SCT M M M 20000 M M M M M M M M M M 52 KSFO 01225
SFO 1/1/2022 23:56 51.1 36 56.1 50 5 0 30.2 1022.6 10 M SCT M M M 20000 M M M M M M M M M M 51.1 KSFO 01235
SFO 1/2/2022 0:56 50 37 60.79 40 5 0 30.21 1023 10 M SCT M M M 20000 M M M M M M M M M M 50 KSFO 02005
SFO 1/2/2022 1:56 48.9 37.9 65.62 50 4 0 30.22 1023.2 10 M FEW M M M 20000 M M M M M M M M M M 47.16 KSFO 02015
SFO 1/2/2022 2:56 46.9 36 65.63 210 3 0 30.23 1023.7 10 M CLR M M M M M M M M M M M M M M 45.72 KSFO 02025
SFO 1/2/2022 3:56 44.1 35.1 70.43 0 0 0 30.25 1024.3 10 M CLR M M M M M M M M M M M M M M 44.1 KSFO 02035
SFO 1/2/2022 4:56 43 34 70.3 270 3 0 30.27 1025 10 M CLR M M M M M M M M M M M M M M 41.26 KSFO 02045
SFO 1/2/2022 5:56 43 34 70.3 0 0 0 30.28 1025.3 10 M CLR M M M M M M M M M M M M M M 43 KSFO 02055
SFO 1/2/2022 6:56 41 33.1 73.25 0 0 0 30.28 1025.5 10 M CLR M M M M M M M M M M M M M M 41 KSFO 02065
SFO 1/2/2022 7:56 41 34 75.94 0 0 0 30.29 1025.5 10 M CLR M M M M M M M M M M M M M M 41 KSFO 02075
SFO 1/2/2022 8:56 39 34 82.08 200 3 0 30.28 1025.3 10 M CLR M M M M M M M M M M M M M M 36.69 KSFO 02085
SFO 1/2/2022 9:56 37.9 33.1 82.66 0 0 0 30.29 1025.5 10 M CLR M M M M M M M M M M M M M M 37.9 KSFO 02095
SFO 1/2/2022 10:56 37 32 81.93 220 4 0 30.29 1025.6 10 M CLR M M M M M M M M M M M M M M 33.26 KSFO 02105
SFO 1/2/2022 11:56 37 32 81.93 0 0 0 30.28 1025.3 10 M CLR M M M M M M M M M M M M M M 37 KSFO 02115
SFO 1/2/2022 12:56 36 30.9 81.53 230 3 0 30.27 1024.9 10 M CLR M M M M M M M M M M M M M M 33.26 KSFO 02125
SFO 1/2/2022 13:56 36 32 85.23 220 3 0 30.29 1025.5 10 M CLR M M M M M M M M M M M M M M 33.26 KSFO 02135
SFO 1/2/2022 14:56 37 33.1 85.64 210 3 0 30.29 1025.7 10 M FEW M M M 20000 M M M M M M M M M M 34.4 KSFO 02145
SFO 1/2/2022 15:56 37.9 34 85.69 210 3 0 30.3 1026.1 10 M FEW M M M 20000 M M M M M M M M M M 35.43 KSFO 02155
SFO 1/2/2022 16:56 42.1 34 72.78 170 3 0 30.32 1026.5 10 M FEW M M M 20000 M M M M M M M M M M 40.23 KSFO 02165
SFO 1/2/2022 17:56 45 33.1 62.83 90 3 0 30.33 1026.9 10 M FEW M M M 20000 M M M M M M M M M M 43.55 KSFO 02175
SFO 1/2/2022 18:56 46 35.1 65.52 100 3 0 30.3 1026 10 M FEW FEW M M 3600 20000 M M M M M M M M M 44.69 KSFO 02185
SFO 1/2/2022 19:56 46.9 35.1 63.33 70 4 0 30.27 1024.9 10 M FEW FEW M M 3800 20000 M M M M M M M M M 44.82 KSFO 02195
SFO 1/2/2022 20:56 48 35.1 60.76 60 3 0 30.24 1024 10 M SCT SCT M M 3500 20000 M M M M M M M M M 46.98 KSFO 02205
SFO 1/2/2022 21:56 50 35.1 56.39 20 4 0 30.23 1023.5 10 M FEW SCT SCT M 2900 3600 20000 M M M M M M M M 50 KSFO 02215
SFO 1/2/2022 22:56 52 37.9 58.48 10 4 0 30.22 1023.2 10 M FEW SCT SCT M 2700 5000 20000 M M M M M M M M 52 KSFO 02225
SFO 1/2/2022 23:56 51.1 42.1 71.19 360 5 0 30.22 1023.2 10 M FEW BKN BKN M 2700 4300 20000 M M M M M M M M 51.1 KSFO 02235
SFO 1/3/2022 0:56 51.1 44.1 76.86 20 4 0 30.21 1022.9 10 M FEW SCT BKN BKN 1700 2700 4000 20000 M M M M M M M 51.1 KSFO 03005
SFO 1/3/2022 1:56 52 45 76.94 180 6 0 30.19 1022.2 10 M FEW BKN M M 1500 4100 M M M M M M M M M 52 KSFO 03015
SFO 1/3/2022 2:56 50 43 76.76 130 4 0 30.19 1022.4 10 M FEW BKN M M 1300 4000 M M M M M M M M M 50 KSFO 03025
SFO 1/3/2022 3:56 51.1 45 79.54 200 8 0 30.19 1022.4 10 M FEW SCT M M 2300 3500 M M M M M M M M M 51.1 KSFO 03035
SFO 1/3/2022 4:56 51.1 45 79.54 170 6 0 30.2 1022.5 10 M FEW BKN BKN M 1300 3300 4000 M M M M M M M M 51.1 KSFO 03045
SFO 1/3/2022 5:56 52 46 79.92 170 5 0 30.2 1022.7 10 M FEW BKN BKN M 1500 2800 3700 M M M M M M M M 52 KSFO 03055
SFO 1/3/2022 6:15 52 46 79.92 0 0 0 30.21 M 10 M SCT OVC M M 2800 3900 M M M M M M M M M 52 KSFO 0306
SFO 1/3/2022 6:43 51.1 44.1 76.86 280 4 0 30.22 M 10 M BKN OVC M M 2800 3800 M M M M M M M M M 51.1 KSFO 03064
SFO 1/3/2022 6:56 51.1 45 79.54 240 5 0 30.22 1023.3 10 M SCT OVC M M 2300 3000 M M M M M M M M M 51.1 KSFO 03065
SFO 1/3/2022 7:18 52 44.1 74.35 230 6 0 30.23 M 10 M FEW BKN OVC M 2100 2900 3700 M M M M M M M M 52 KSFO 0307
SFO 1/3/2022 7:56 51.1 44.1 76.86 220 4 0 30.22 1023.4 10 M FEW BKN OVC M 2100 2600 4000 M M M M M M M M 51.1 KSFO 03075
SFO 1/3/2022 8:50 50 42.8 76.18 170 6 0 30.21 M 10 M SCT OVC M M 2700 3900 M M M M M M M M M 50 KSFO 03085
SFO 1/3/2022 8:56 50 43 76.76 180 7 0 30.21 1022.9 10 M SCT OVC M M 2700 3900 M M M M M M M M M 50 KSFO 03085
SFO 1/3/2022 9:56 48 42.1 79.91 170 4 0 30.21 1023 10 M SCT M M M 3900 M M M M M M M M M M 46.1 KSFO 03095
SFO 1/3/2022 10:56 46.9 42.1 83.28 150 5 0 30.21 1023 10 M FEW SCT M M 2800 3700 M M M M M M M M M 44.09 KSFO 03105
SFO 1/3/2022 11:14 48.2 42.8 81.47 160 4 0 30.21 M 10 M BKN M M M 2900 M M M M M M M M M M 46.34 KSFO 0311
SFO 1/3/2022 11:56 48.9 43 79.98 150 7 0 30.19 1022.4 10 M BKN M M M 2900 M M M M M M M M M M 45.38 KSFO 03115
SFO 1/3/2022 12:56 50 43 76.76 130 5 0 30.19 1022.2 10 M BKN M M M 2900 M M M M M M M M M M 50 KSFO 03125
SFO 1/3/2022 13:47 50 43 76.76 150 9 0 30.18 M 10 M SCT OVC M M 2900 4300 M M M M M M M M M 50 KSFO 03134
SFO 1/3/2022 13:56 50 43 76.76 170 11 0 30.18 1022 10 M SCT OVC M M 2900 4300 M M M M M M M M M 50 KSFO 03135
SFO 1/3/2022 14:56 48.9 43 79.98 150 7 0 30.19 1022.2 10 M BKN OVC M M 2600 3800 M M M M M M M M M 45.38 KSFO 03145
SFO 1/3/2022 15:56 48.9 43 79.98 110 8 0 30.18 1021.9 10 M SCT BKN BKN M 2200 3700 20000 M M M M M M M M 44.93 KSFO 03155
SFO 1/3/2022 16:56 48.9 44.1 83.42 110 7 0 30.21 1023 10 M BKN BKN BKN M 2300 4000 6000 M M M M M M M M 45.38 KSFO 03165
SFO 1/3/2022 17:56 52 44.1 74.35 160 11 0 30.22 1023.3 10 M BKN BKN BKN M 2300 4000 6000 M M M M M M M M 52 KSFO 03175
SFO 1/3/2022 18:56 53.1 45 73.89 170 13 0 30.21 1022.9 10 M SCT BKN M M 2000 6500 M M M M M M M M M 53.1 KSFO 03185
SFO 1/3/2022 19:56 55 46 71.6 160 8 0 30.2 1022.4 10 M FEW BKN BKN M 800 2000 5500 M M M M M M M M 55 KSFO 03195
SFO 1/3/2022 20:56 55 46 71.6 200 20 0 30.18 1021.9 10 28 FEW SCT OVC M 800 2500 7000 M M M M M 28 200 ######## 55 KSFO 03205
SFO 1/3/2022 21:56 55 46.9 74.08 190 17 0 30.17 1021.7 10 25 FEW BKN OVC M 800 6000 7500 M M M M M M M M 55 KSFO 03215



SFO 1/3/2022 22:56 53.1 48.9 85.59 180 15 0 30.16 1021.4 8 25 FEW BKN OVC M 900 4700 6500 M M M M M M M M 53.1 KSFO 03225
SFO 1/3/2022 23:56 54 50 86.29 180 15 T 30.17 1021.5 8 M FEW BKN OVC M 900 4700 6500 M #NAME? M M M M M M 54 KSFO 03235
SFO 1/4/2022 0:56 53.1 50 89.18 170 13 T 30.17 1021.7 7 22 FEW BKN OVC M 900 4900 7000 M #NAME? M M M M M M 53.1 KSFO 04005
SFO 1/4/2022 1:56 53.1 51.1 92.89 160 10 0.02 30.18 1021.8 4 M FEW BKN OVC M 900 2300 3200 M #NAME? M M M M M M 53.1 KSFO 04015
SFO 1/4/2022 2:56 52 51.1 96.73 150 10 0.04 30.19 1022.3 4 M FEW BKN OVC M 800 2000 2900 M #NAME? M M M M M M 52 KSFO 04025
SFO 1/4/2022 3:56 53.1 52 96.03 190 8 0.04 30.21 1023 4 M FEW BKN OVC M 800 2500 3500 M #NAME? M M M M M M 53.1 KSFO 04035
SFO 1/4/2022 4:56 54 52 92.92 170 4 0.04 30.22 1023.4 5 M FEW OVC M M 800 2400 M M #NAME? M M M M M M 54 KSFO 04045
SFO 1/4/2022 5:56 54 52 92.92 170 6 0.02 30.24 1024.1 8 M FEW BKN OVC M 800 2800 3800 M #NAME? M M M M M M 54 KSFO 04055
SFO 1/4/2022 6:05 54 52 92.92 160 6 0.01 30.24 M 2.5 M FEW BKN OVC M 600 2800 3700 M #NAME? M M M M M M 54 KSFO 04060
SFO 1/4/2022 6:18 54 52 92.92 160 6 0.02 30.24 M 4 M FEW BKN OVC M 600 2800 3700 M #NAME? M M M M M M 54 KSFO 0406
SFO 1/4/2022 6:26 54 52 92.92 160 4 0.02 30.24 M 2.5 M FEW BKN OVC M 600 2600 3100 M #NAME? M M M M M M 54 KSFO 0406
SFO 1/4/2022 6:56 54 53.1 96.76 170 4 0.05 30.24 1024 2.5 M FEW BKN OVC M 600 2500 3000 M #NAME? M M M M M M 54 KSFO 04065
SFO 1/4/2022 7:36 54 52 92.92 250 4 0.03 30.25 M 1.75 M FEW BKN OVC M 600 2500 3000 M #NAME? M M M M M M 54 KSFO 04073
SFO 1/4/2022 7:50 55.4 53.6 93.65 250 6 0 30.25 M 2.5 M FEW BKN OVC M 600 2400 2900 M #NAME? M M M M M M 55.4 KSFO 04075
SFO 1/4/2022 7:56 55 53.1 93.29 250 10 0.06 30.25 1024.3 2.5 M FEW BKN OVC M 600 2400 2900 M #NAME? M M M M M M 55 KSFO 04075
SFO 1/4/2022 8:29 55 53.1 93.29 270 4 0.02 30.25 M 6 M FEW OVC M M 600 1800 M M BR M M M M M M 55 KSFO 0408
SFO 1/4/2022 8:40 52 51.1 96.73 80 10 0.02 30.25 M 2 M FEW OVC M M 600 1500 M M #NAME? M M M M M M 52 KSFO 04084
SFO 1/4/2022 8:50 51.8 50 93.55 90 7 0.03 30.25 M 3 M FEW BKN OVC M 600 1400 2500 M #NAME? M M M M M M 51.8 KSFO 04085
SFO 1/4/2022 8:56 51.1 50 96 90 8 0.03 30.25 1024.5 3 M FEW BKN OVC M 600 1400 2500 M BR M M M M M M 51.1 KSFO 04085
SFO 1/4/2022 9:14 52 50 92.86 100 5 0.01 30.26 M 4 M FEW SCT OVC M 600 1300 2000 M #NAME? M M M M M M 52 KSFO 0409
SFO 1/4/2022 9:27 52 50 92.86 120 5 0.01 30.26 M 5 M SCT BKN OVC M 600 1300 2600 M BR M M M M M M 52 KSFO 0409
SFO 1/4/2022 9:49 52 50 92.86 120 5 0.01 30.26 M 4 M FEW SCT OVC M 600 1800 3400 M BR M M M M M M 52 KSFO 04094
SFO 1/4/2022 9:56 52 50 92.86 130 5 0.01 30.26 1024.7 7 M FEW SCT OVC M 600 1800 3400 M M M M M M M M 52 KSFO 04095
SFO 1/4/2022 10:12 52 50 92.86 150 3 0 30.27 M 10 M FEW BKN OVC M 600 2400 3300 M M M M M M M M 52 KSFO 0410
SFO 1/4/2022 10:56 52 51.1 96.73 140 5 0.01 30.26 1024.8 4 M FEW BKN OVC M 600 1700 2400 M BR M M M M M M 52 KSFO 04105
SFO 1/4/2022 11:49 52 51.1 96.73 140 6 0.01 30.26 M 5 M FEW BKN OVC M 600 3100 4800 M #NAME? M M M M M M 52 KSFO 04114
SFO 1/4/2022 11:56 51.1 50 96 130 4 0.01 30.26 1024.5 7 M FEW BKN OVC M 600 3100 4800 M M M M M M M M 51.1 KSFO 04115
SFO 1/4/2022 12:04 51.1 51.1 100 140 3 0 30.26 M 6 M FEW BKN OVC M 600 2700 3200 M BR M M M M M M 51.1 KSFO 04120
SFO 1/4/2022 12:56 52 51.1 96.73 160 3 0 30.27 1024.8 5 M FEW BKN OVC M 600 2100 3200 M BR M M M M M M 52 KSFO 04125
SFO 1/4/2022 13:11 52 51.1 96.73 170 4 0 30.27 M 6 M FEW BKN OVC M 600 1200 2500 M BR M M M M M M 52 KSFO 0413
SFO 1/4/2022 13:56 53.1 51.1 92.89 110 3 0 30.28 1025.2 8 M FEW OVC M M 600 1000 M M M M M M M M M 53.1 KSFO 04135
SFO 1/4/2022 14:05 52 50 92.86 110 5 0 30.28 M 8 M BKN OVC M M 600 1100 M M M M M M M M M 52 KSFO 04140
SFO 1/4/2022 14:56 53.1 51.1 92.89 60 3 0.04 30.3 1025.9 5 M OVC M M M 500 M M M #NAME? M M M M M M 53.1 KSFO 04145
SFO 1/4/2022 14:58 52 51.1 96.73 70 3 0.01 30.3 M 1.75 M BKN OVC M M 500 900 M M #NAME? M M M M M M 52 KSFO 04145
SFO 1/4/2022 15:29 52 51.1 96.73 60 3 0.02 30.3 M 3 M OVC M M M 500 M M M BR M M M M M M 52 KSFO 0415
SFO 1/4/2022 15:56 51.1 51.1 100 100 4 0.02 30.31 1026.3 8 M SCT OVC M M 500 1300 M M M M M M M M M 51.1 KSFO 04155
SFO 1/4/2022 16:05 51.1 50 96 80 4 0 30.31 M 8 M BKN OVC M M 600 1300 M M M M M M M M M 51.1 KSFO 04160
SFO 1/4/2022 16:56 52 51.1 96.73 0 0 0 30.33 1027 3 M BKN OVC M M 500 1300 M M BR M M M M M M 52 KSFO 04165
SFO 1/4/2022 17:45 52 50 92.86 70 4 0 30.34 M 9 M FEW SCT OVC M 900 2000 2600 M M M M M M M M 52 KSFO 04174
SFO 1/4/2022 17:56 52 51.1 96.73 80 3 0 30.35 1027.6 9 M FEW SCT OVC M 900 2000 2600 M M M M M M M M 52 KSFO 04175
SFO 1/4/2022 18:41 52 51.1 96.73 120 3 0.02 30.35 M 1 M FEW OVC M M 500 1400 M M #NAME? M M M M M M 52 KSFO 04184
SFO 1/4/2022 18:56 53.1 52 96.03 0 0 0.03 30.34 1027.4 1 M FEW OVC M M 500 1400 M M BR M M M M M M 53.1 KSFO 04185
SFO 1/4/2022 18:58 53.1 52 96.03 0 0 0 30.34 M 3 M FEW BKN OVC M 1300 2100 2800 M BR M M M M M M 53.1 KSFO 04185
SFO 1/4/2022 19:56 53.1 52 96.03 110 5 0 30.31 1026.3 9 M SCT BKN OVC M 1100 1700 11000 M M M M M M M M 53.1 KSFO 04195
SFO 1/4/2022 20:22 53.1 52 96.03 90 4 0 30.31 M 9 M FEW BKN OVC M 1100 1400 2200 M M M M M M M M 53.1 KSFO 0420
SFO 1/4/2022 20:56 53.1 51.1 92.89 90 4 0 30.3 1025.9 9 M OVC M M M 1800 M M M M M M M M M M 53.1 KSFO 04205
SFO 1/4/2022 21:56 54 52 92.92 0 0 0 30.3 1025.9 9 M BKN BKN OVC M 1700 2400 3400 M M M M M M M M 54 KSFO 04215
SFO 1/4/2022 22:34 55.9 53.1 90.29 0 0 0 30.29 M 10 M FEW BKN BKN M 1700 3100 10000 M M M M M M M M 55.9 KSFO 04223
SFO 1/4/2022 22:56 54 51.1 89.88 0 0 0 30.29 1025.8 10 M FEW SCT BKN M 1700 3000 10000 M M M M M M M M 54 KSFO 04225
SFO 1/4/2022 23:56 57.9 53.1 84 280 5 0 30.29 1025.7 10 M FEW SCT BKN M 1000 11000 20000 M M M M M M M M 57.9 KSFO 04235
SFO 1/5/2022 0:56 55 51.1 86.66 300 7 0 30.3 1025.8 10 M FEW SCT BKN M 1000 1800 20000 M M M M M M M M 55 KSFO 05005
SFO 1/5/2022 1:56 54 50 86.29 330 6 0 30.31 1026.4 10 M FEW BKN M M 800 20000 M M M M M M M M M 54 KSFO 05015
SFO 1/5/2022 2:56 54 51.1 89.88 270 5 0 30.31 1026.5 10 M FEW SCT BKN M 800 1200 20000 M M M M M M M M 54 KSFO 05025
SFO 1/5/2022 3:08 54 51.1 89.88 M 5 0 30.31 M 10 M FEW SCT BKN M 800 1000 1400 M M M M M M M M 54 KSFO 05030
SFO 1/5/2022 3:56 54 51.1 89.88 300 5 0 30.32 1026.7 10 M FEW SCT BKN M 800 1000 1200 M M M M M M M M 54 KSFO 05035
SFO 1/5/2022 4:56 53.1 50 89.18 300 7 0 30.33 1027.1 10 M SCT BKN M M 800 2400 M M M M M M M M M 53.1 KSFO 05045
SFO 1/5/2022 5:46 53.1 50 89.18 230 7 0 30.33 M 10 M FEW SCT BKN M 800 1000 9000 M M M M M M M M 53.1 KSFO 05054
SFO 1/5/2022 5:56 53.1 50 89.18 260 9 0 30.34 1027.3 10 M FEW SCT BKN M 800 1100 9000 M M M M M M M M 53.1 KSFO 05055
SFO 1/5/2022 5:59 54 50 86.29 270 9 0 30.34 M 10 M FEW BKN BKN M 600 1200 8500 M M M M M M M M 54 KSFO 05055
SFO 1/5/2022 6:56 53.1 48.9 85.59 210 4 0 30.34 1027.5 10 M FEW BKN M M 600 1500 M M M M M M M M M 53.1 KSFO 05065
SFO 1/5/2022 7:34 53.1 50 89.18 0 0 0 30.34 M 10 M FEW BKN M M 600 1400 M M M M M M M M M 53.1 KSFO 05073
SFO 1/5/2022 7:56 54 48.9 82.82 290 4 0 30.34 1027.3 10 M FEW BKN M M 600 1300 M M M M M M M M M 54 KSFO 05075
SFO 1/5/2022 8:56 53.1 50 89.18 0 0 0 30.33 1027.1 10 M FEW BKN M M 600 1200 M M M M M M M M M 53.1 KSFO 05085
SFO 1/5/2022 9:56 52 50 92.86 180 3 0 30.33 1026.9 10 M FEW BKN M M 600 1000 M M M M M M M M M 52 KSFO 05095
SFO 1/5/2022 10:56 52 50 92.86 160 3 0 30.32 1026.8 10 M FEW BKN M M 600 1100 M M M M M M M M M 52 KSFO 05105
SFO 1/5/2022 11:56 52 50 92.86 160 3 0 30.32 1026.5 10 M FEW BKN M M 400 1300 M M M M M M M M M 52 KSFO 05115
SFO 1/5/2022 12:56 53.1 50 89.18 0 0 0 30.31 1026.4 10 M FEW BKN M M 400 1200 M M M M M M M M M 53.1 KSFO 05125
SFO 1/5/2022 13:56 52 50 92.86 0 0 0 30.31 1026.5 10 M FEW BKN M M 400 1100 M M M M M M M M M 52 KSFO 05135
SFO 1/5/2022 14:56 52 51.1 96.73 10 3 0 30.31 1026.4 10 M BKN M M M 1000 M M M M M M M M M M 52 KSFO 05145
SFO 1/5/2022 15:56 52 50 92.86 120 5 0 30.32 1026.5 9 M BKN OVC M M 900 1700 M M M M M M M M M 52 KSFO 05155
SFO 1/5/2022 16:56 53.1 50 89.18 160 3 0 30.32 1026.7 9 M BKN OVC M M 900 1400 M M M M M M M M M 53.1 KSFO 05165
SFO 1/5/2022 17:56 53.1 48.9 85.59 110 6 0 30.33 1027.1 9 M OVC M M M 1000 M M M M M M M M M M 53.1 KSFO 05175
SFO 1/5/2022 18:56 53.1 50 89.18 80 6 0 30.32 1026.6 9 M OVC M M M 1000 M M M M M M M M M M 53.1 KSFO 05185
SFO 1/5/2022 19:56 54 50 86.29 60 3 0 30.3 1025.9 9 M OVC M M M 1000 M M M M M M M M M M 54 KSFO 05195
SFO 1/5/2022 20:56 54 51.1 89.88 70 3 0 30.25 1024.3 9 M FEW OVC M M 800 1100 M M M M M M M M M 54 KSFO 05205
SFO 1/5/2022 21:56 55 51.1 86.66 40 6 0 30.23 1023.7 9 M FEW BKN M M 900 1200 M M M M M M M M M 55 KSFO 05215
SFO 1/5/2022 22:07 55 52 89.59 40 6 0 30.23 M 10 M FEW SCT BKN M 900 1200 20000 M M M M M M M M 55 KSFO 05220



SFO 1/5/2022 22:56 55.9 52 86.71 360 7 0 30.23 1023.5 10 M FEW BKN BKN M 500 1300 20000 M M M M M M M M 55.9 KSFO 05225
SFO 1/5/2022 23:56 57 53.1 86.77 310 7 0 30.22 1023.2 10 M FEW BKN BKN M 400 1000 20000 M M M M M M M M 57 KSFO 05235
SFO 1/6/2022 0:56 55.9 52 86.71 300 4 0 30.21 1022.9 10 M FEW SCT BKN M 400 800 20000 M M M M M M M M 55.9 KSFO 06005
SFO 1/6/2022 1:17 55.9 52 86.71 290 5 0 30.21 M 10 M FEW SCT BKN BKN 400 900 1700 20000 M M M M M M M 55.9 KSFO 0601
SFO 1/6/2022 1:56 55 52 89.59 300 3 0 30.2 1022.8 10 M FEW BKN OVC M 300 1400 1700 M M M M M M M M 55 KSFO 06015
SFO 1/6/2022 2:56 55.9 53.1 90.29 0 0 0 30.21 1022.8 10 M FEW OVC M M 400 1200 M M M M M M M M M 55.9 KSFO 06025
SFO 1/6/2022 3:56 57 53.1 86.77 0 0 0 30.2 1022.6 10 M FEW OVC M M 400 1500 M M M M M M M M M 57 KSFO 06035
SFO 1/6/2022 4:56 57 53.1 86.77 0 0 0 30.2 1022.6 10 M FEW OVC M M 400 1500 M M M M M M M M M 57 KSFO 06045
SFO 1/6/2022 5:56 55.9 52 86.71 350 4 0 30.19 1022.4 10 M FEW OVC M M 400 1300 M M M M M M M M M 55.9 KSFO 06055
SFO 1/6/2022 6:56 54 52 92.92 20 3 0 30.18 1022 10 M FEW OVC M M 400 1200 M M M M M M M M M 54 KSFO 06065
SFO 1/6/2022 7:56 54 52 92.92 340 5 0 30.18 1022.1 10 M FEW BKN OVC M 500 800 1000 M M M M M M M M 54 KSFO 06075
SFO 1/6/2022 8:56 54 51.1 89.88 40 7 0 30.17 1021.6 10 M FEW BKN OVC M 500 800 1000 M M M M M M M M 54 KSFO 06085
SFO 1/6/2022 9:56 54 52 92.92 360 3 0 30.17 1021.5 10 M FEW BKN OVC M 400 600 800 M M M M M M M M 54 KSFO 06095
SFO 1/6/2022 10:56 54 52 92.92 30 5 0 30.16 1021.3 10 M FEW BKN OVC M 400 600 800 M M M M M M M M 54 KSFO 06105
SFO 1/6/2022 11:56 54 52 92.92 0 0 0 30.15 1020.8 10 M FEW BKN OVC M 400 600 800 M M M M M M M M 54 KSFO 06115
SFO 1/6/2022 12:56 54 52 92.92 0 0 0 30.13 1020.3 10 M FEW BKN OVC M 400 600 800 M M M M M M M M 54 KSFO 06125
SFO 1/6/2022 13:56 53.1 51.1 92.89 360 4 0 30.13 1020.3 10 M FEW BKN OVC M 500 800 1000 M M M M M M M M 53.1 KSFO 06135
SFO 1/6/2022 14:56 53.1 51.1 92.89 0 0 0 30.13 1020.2 4 M OVC M M M 600 M M M BR M M M M M M 53.1 KSFO 06145
SFO 1/6/2022 15:56 53.1 52 96.03 0 0 0 30.12 1020 4 M OVC M M M 500 M M M BR M M M M M M 53.1 KSFO 06155
SFO 1/6/2022 16:56 53.1 51.1 92.89 80 3 0 30.11 1019.7 4 M OVC M M M 500 M M M BR M M M M M M 53.1 KSFO 06165
SFO 1/6/2022 17:56 53.1 51.1 92.89 50 3 0 30.12 1019.9 4 M OVC M M M 600 M M M BR M M M M M M 53.1 KSFO 06175
SFO 1/6/2022 18:56 53.1 51.1 92.89 20 4 0 30.12 1019.9 4 M OVC M M M 600 M M M BR M M M M M M 53.1 KSFO 06185
SFO 1/6/2022 19:56 54 51.1 89.88 20 6 0 30.09 1018.8 4 M OVC M M M 700 M M M BR M M M M M M 54 KSFO 06195
SFO 1/6/2022 20:56 54 51.1 89.88 360 4 0 30.05 1017.7 4 M OVC M M M 600 M M M BR M M M M M M 54 KSFO 06205
SFO 1/6/2022 21:56 54 51.1 89.88 20 4 0 30.02 1016.6 4 M OVC M M M 500 M M M BR M M M M M M 54 KSFO 06215
SFO 1/6/2022 22:56 53.1 51.1 92.89 40 4 0 30 1015.9 3 M OVC M M M 500 M M M BR M M M M M M 53.1 KSFO 06225
SFO 1/6/2022 23:56 53.1 51.1 92.89 0 0 0 30 1015.9 4 M OVC M M M 500 M M M BR M M M M M M 53.1 KSFO 06235
SFO 1/7/2022 0:56 53.1 51.1 92.89 0 0 0 29.99 1015.5 5 M OVC M M M 500 M M M BR M M M M M M 53.1 KSFO 07005
SFO 1/7/2022 1:56 53.1 50 89.18 30 5 0 29.99 1015.4 7 M OVC M M M 600 M M M M M M M M M M 53.1 KSFO 07015
SFO 1/7/2022 2:56 53.1 50 89.18 50 4 0 29.98 1015.2 8 M SCT OVC M M 400 700 M M M M M M M M M 53.1 KSFO 07025
SFO 1/7/2022 3:56 53.1 50 89.18 180 3 0 29.99 1015.3 6 M SCT BKN OVC M 400 700 1300 M BR M M M M M M 53.1 KSFO 07035
SFO 1/7/2022 4:21 53.1 50 89.18 0 0 0 29.99 M 6 M FEW SCT OVC M 400 700 1100 M BR M M M M M M 53.1 KSFO 0704
SFO 1/7/2022 4:37 53.1 50 89.18 280 3 0 29.99 M 5 M FEW BKN OVC M 400 800 1100 M BR M M M M M M 53.1 KSFO 07043
SFO 1/7/2022 4:56 52 51.1 96.73 0 0 0 29.99 1015.4 4 M FEW BKN OVC M 300 600 2400 M BR M M M M M M 52 KSFO 07045
SFO 1/7/2022 5:56 53.1 50 89.18 290 6 0 30 1015.7 7 M FEW BKN OVC M 300 800 2100 M M M M M M M M 53.1 KSFO 07055
SFO 1/7/2022 6:56 53.1 50 89.18 0 0 0 29.98 1015 9 M FEW BKN BKN M 300 900 1600 M M M M M M M M 53.1 KSFO 07065
SFO 1/7/2022 7:56 53.1 50 89.18 210 3 0 29.97 1014.9 10 M FEW BKN OVC M 300 1000 1700 M M M M M M M M 53.1 KSFO 07075
SFO 1/7/2022 8:56 52 50 92.86 220 3 T 29.97 1014.7 8 M FEW BKN OVC M 400 800 1500 M #NAME? M M M M M M 52 KSFO 07085
SFO 1/7/2022 9:28 52 50 92.86 0 0 T 29.96 M 8 M FEW BKN OVC M 400 1100 3900 M M M M M M M M 52 KSFO 0709
SFO 1/7/2022 9:56 52 50 92.86 180 3 T 29.97 1014.7 6 M FEW BKN OVC M 800 1700 2300 M BR M M M M M M 52 KSFO 07095
SFO 1/7/2022 10:37 50 48.9 95.98 140 4 0 29.96 M 10 M FEW BKN M M 800 3300 M M M M M M M M M 50 KSFO 07103
SFO 1/7/2022 10:56 51.1 50 96 150 3 0 29.96 1014.6 10 M FEW SCT SCT M 800 3400 20000 M M M M M M M M 51.1 KSFO 07105
SFO 1/7/2022 11:56 51.1 50 96 0 0 0 29.97 1014.8 10 M FEW BKN M M 400 4000 M M M M M M M M M 51.1 KSFO 07115
SFO 1/7/2022 12:56 50 48 92.8 150 5 0 29.95 1014.2 10 M FEW SCT SCT M 900 6000 20000 M M M M M M M M 50 KSFO 07125
SFO 1/7/2022 13:56 50 48 92.8 170 5 0 29.96 1014.4 10 M FEW BKN BKN M 1400 4000 6000 M M M M M M M M 50 KSFO 07135
SFO 1/7/2022 14:56 51.1 48 89.09 140 5 0 29.96 1014.4 10 M FEW SCT OVC M 1400 3500 5000 M M M M M M M M 51.1 KSFO 07145
SFO 1/7/2022 15:56 53.1 45 73.89 150 5 0 29.95 1014.2 10 M FEW SCT OVC M 1400 3500 5000 M M M M M M M M 53.1 KSFO 07155
SFO 1/7/2022 16:56 53.1 46.9 79.4 160 12 0 29.95 1014.2 10 M OVC M M M 2700 M M M M M M M M M M 53.1 KSFO 07165
SFO 1/7/2022 17:56 53.1 48 82.76 150 9 T 29.98 1015.1 6 M FEW FEW OVC M 1500 2500 3000 M HZ M M M M M M 53.1 KSFO 07175
SFO 1/7/2022 18:56 54 48.9 82.82 160 11 0 29.97 1014.9 9 M BKN OVC M M 2900 3600 M M M M M M M M M 54 KSFO 07185
SFO 1/7/2022 19:56 55.9 50 80.52 180 8 0 29.95 1014.3 10 M SCT OVC M M 2900 3800 M M M M M M M M M 55.9 KSFO 07195
SFO 1/7/2022 20:56 55.9 50 80.52 220 11 0 29.95 1014 10 M FEW SCT BKN M 2800 3500 18000 M M M M M M M M 55.9 KSFO 07205
SFO 1/7/2022 21:56 55.9 50 80.52 230 11 0 29.94 1013.8 10 M SCT BKN M M 2800 18000 M M M M M M M M M 55.9 KSFO 07215
SFO 1/7/2022 22:56 55.9 50 80.52 280 14 0 29.94 1013.8 10 M FEW BKN OVC M 1000 1800 2800 M M M M M M M M 55.9 KSFO 07225
SFO 1/7/2022 23:56 55.9 48 74.72 300 12 0 29.96 1014.4 10 M BKN BKN M M 1600 18000 M M M M M M M M M 55.9 KSFO 07235
SFO 1/8/2022 0:11 55.9 48 74.72 280 11 0 29.96 M 10 M SCT BKN M M 1700 18000 M M M M M M M M M 55.9 KSFO 0800
SFO 1/8/2022 0:56 54 48 80.07 290 10 0 29.97 1015 10 M FEW SCT BKN M 900 1600 18000 M M M M M M M M 54 KSFO 08005
SFO 1/8/2022 1:15 54 48 80.07 300 9 0 29.97 M 10 M FEW BKN BKN M 900 1600 18000 M M M M M M M M 54 KSFO 0801
SFO 1/8/2022 1:27 53.1 46.9 79.4 280 9 0 29.97 M 10 M FEW SCT M M 900 1600 M M M M M M M M M 53.1 KSFO 0801
SFO 1/8/2022 1:56 53.1 48 82.76 260 9 0 29.98 1015 10 M FEW SCT M M 900 1600 M M M M M M M M M 53.1 KSFO 08015
SFO 1/8/2022 2:32 53.1 48 82.76 290 8 0 29.98 M 10 M FEW BKN M M 900 1400 M M M M M M M M M 53.1 KSFO 08023
SFO 1/8/2022 2:56 52 48 86.17 290 9 0 29.98 1015.3 10 M FEW SCT M M 900 1400 M M M M M M M M M 52 KSFO 08025
SFO 1/8/2022 3:56 52 48 86.17 280 8 0 30 1015.7 10 M FEW FEW M M 700 1400 M M M M M M M M M 52 KSFO 08035
SFO 1/8/2022 4:34 52 48 86.17 280 9 0 30.01 M 10 M FEW BKN M M 700 1100 M M M M M M M M M 52 KSFO 08043
SFO 1/8/2022 4:56 52 46.9 82.68 290 12 0 30.01 1016.2 10 M FEW BKN M M 600 1100 M M M M M M M M M 52 KSFO 08045
SFO 1/8/2022 5:56 51.1 46.9 85.48 280 14 0 30.03 1016.8 10 M FEW BKN M M 400 1000 M M M M M M M M M 51.1 KSFO 08055
SFO 1/8/2022 6:56 51.1 46.9 85.48 300 10 0 30.03 1016.8 10 M FEW BKN M M 400 1000 M M M M M M M M M 51.1 KSFO 08065
SFO 1/8/2022 7:17 51.1 46.9 85.48 300 5 0 30.02 M 10 M FEW SCT M M 400 1000 M M M M M M M M M 51.1 KSFO 0807
SFO 1/8/2022 7:56 50 46 86.06 310 3 0 30.02 1016.6 10 M FEW SCT M M 400 1000 M M M M M M M M M 50 KSFO 08075
SFO 1/8/2022 8:24 51.8 46.4 81.74 320 4 0 30.04 M 10 M FEW BKN M M 400 1100 M M M M M M M M M 51.8 KSFO 0808
SFO 1/8/2022 8:56 51.1 46.9 85.48 300 3 0 30.05 1017.4 10 M FEW BKN M M 400 1100 M M M M M M M M M 51.1 KSFO 08085
SFO 1/8/2022 9:56 50 46 86.06 270 3 0 30.06 1017.8 10 M FEW BKN M M 600 1100 M M M M M M M M M 50 KSFO 08095
SFO 1/8/2022 10:16 50 46 86.06 0 0 0 30.06 M 10 M FEW BKN M M 600 900 M M M M M M M M M 50 KSFO 0810
SFO 1/8/2022 10:50 48.2 44.6 87.28 280 4 0 30.07 M 10 M FEW SCT M M 300 700 M M M M M M M M M 46.34 KSFO 08105
SFO 1/8/2022 10:56 46.9 45 93.06 280 4 0 30.07 1018.3 10 M FEW FEW M M 300 700 M M M M M M M M M 44.82 KSFO 08105
SFO 1/8/2022 11:56 46.9 44.1 89.92 280 6 0 30.08 1018.7 10 M FEW FEW M M 400 1200 M M M M M M M M M 43.48 KSFO 08115
SFO 1/8/2022 12:34 46.4 44.6 93.4 300 4 0 30.1 M 10 M FEW BKN M M 400 1800 M M M M M M M M M 44.24 KSFO 08123
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station valid tmpf dwpf relh drct sknt p01i alti mslp vsby gust skyc1 skyc2 skyc3 skyc4 skyl1 skyl2 skyl3 skyl4 wxcodes ice_accreti ice_accreti ice_accreti peak_wind peak_wind peak_wind_time feel metar snowdepth
DEN 6/11/2022 22:53 99 35.1 10.87 320 5 0 29.88 1001.7 10 15 SCT SCT BKN M 11000 16000 22000 M M M M M M M M 93.48 KDEN 1122M
DEN 7/9/2022 21:53 99 32 9.6 30 8 0 30.23 1013.9 10 M SCT SCT M M 13000 22000 M M M M M M M M M 93.03 KDEN 0921M
DEN 7/10/2022 21:53 99 35.1 10.87 320 14 0 30.13 1010.2 10 20 FEW BKN BKN M 11000 15000 22000 M M M M M M M M 93.48 KDEN 1021M
DEN 7/18/2022 18:53 99 39.9 13.13 M 3 0 30.08 1008.4 10 M FEW FEW SCT M 9000 12000 22000 M M M M M M M M 94.35 KDEN 1818M
DEN 8/5/2022 20:53 99 43 14.8 0 0 0 30.01 1005.8 10 M SCT SCT BKN M 11000 15000 22000 M M M M M M M M 94.72 KDEN 0520M
DEN 6/11/2022 21:34 98.1 33.1 10.32 330 7 0 29.9 M 10 15 FEW FEW M M 11000 22000 M M M M M M M M M 92.42 KDEN 1121M
DEN 6/11/2022 21:53 98.1 33.1 10.32 290 11 0 29.9 1002.4 10 17 SCT SCT M M 11000 22000 M M M M M M M M M 92.42 KDEN 1121M
DEN 6/13/2022 22:53 98.1 19 5.75 200 14 0 29.56 990.5 10 24 FEW M M M 12000 M M M M M M M 27 180 6/13/2022 22:43 91.05 KDEN 1322M
DEN 7/9/2022 19:53 98.1 30.9 9.44 360 11 0 30.27 1014.9 10 15 FEW FEW M M 11000 22000 M M M M M M M M M 92.13 KDEN 0919M
DEN 7/9/2022 20:53 98.1 33.1 10.32 80 3 0 30.25 1014.2 10 M SCT SCT M M 13000 22000 M M M M M M M M M 92.42 KDEN 0920M
DEN 7/9/2022 23:53 98.1 32 9.87 M M 0 30.21 1013 10 M SCT BKN BKN M 12000 16000 22000 M M M M M M M M 92.27 KDEN 0923M
DEN 7/10/2022 17:53 98.1 32 9.87 30 5 0 30.21 1012.7 10 M FEW BKN BKN M 11000 15000 22000 M M M M M M M M 92.27 KDEN 1017M
DEN 7/10/2022 18:53 98.1 35.1 11.17 70 6 0 30.19 1011.6 10 M FEW BKN BKN M 11000 15000 22000 M M M M M M M M 92.73 KDEN 1018M
DEN 7/10/2022 20:53 98.1 34 10.7 60 3 0 30.15 1010.2 10 M SCT BKN BKN M 11000 15000 22000 M M M M M M M M 92.55 KDEN 1020M
DEN 7/10/2022 22:05 98.1 35.1 11.17 350 14 0 30.13 M 10 19 FEW BKN BKN M 11000 15000 22000 M M M M M M M M 92.73 KDEN 1022M
DEN 7/14/2022 20:53 98.1 39.9 13.5 260 5 0 30.17 1011.3 10 M FEW SCT SCT M 10000 12000 22000 M M M M M M M M 93.51 KDEN 1420M
DEN 8/1/2022 21:53 98.1 37.9 12.48 30 10 0 30.09 1009 10 15 FEW SCT BKN M 12000 17000 22000 M M M M M M M M 93.22 KDEN 0121M
DEN 8/5/2022 19:53 98.1 43 15.21 20 7 0 30.02 1006.3 10 M SCT SCT SCT M 10000 15000 22000 M M M M M M M M 93.85 KDEN 0519M
DEN 9/7/2022 20:53 98.1 30 9.1 0 0 0 30.23 1013.9 10 M FEW FEW M M 10000 14000 M M M M M M M M M 92.02 KDEN 0720M
DEN 9/8/2022 18:53 98.1 28 8.39 320 8 0 29.97 1004.4 10 M FEW SCT SCT M 10000 15000 22000 M M M M M M M M 91.79 KDEN 0818M
DEN 6/11/2022 20:53 97 34 11.06 M M 0 29.92 1003 10 M FEW FEW M M 12000 22000 M M M M M M M M M 91.64 KDEN 1120M
DEN 6/11/2022 20:57 97 34 11.06 160 7 0 29.91 M 10 14 FEW FEW M M 11000 22000 M M M M M M M M M 91.64 KDEN 1120M
DEN 6/13/2022 20:53 97 25 7.66 190 8 0 29.61 992.3 10 14 FEW M M M 14000 M M M M M M M M M M 90.58 KDEN 1320M
DEN 6/13/2022 21:53 97 21.9 6.73 170 8 0 29.59 991.5 10 22 FEW M M M 14000 M M M M M M M 26 220 6/13/2022 21:40 90.33 KDEN 1321M
DEN 6/13/2022 23:53 97 18 5.7 230 17 0 29.54 990 10 27 FEW M M M 12000 M M M M M M M 29 200 6/13/2022 23:22 90.07 KDEN 1323M
DEN 6/17/2022 19:53 97 37 12.46 130 19 0 30.01 1006.5 10 28 FEW SCT M M 10000 22000 M M M M M M 32 150 6/17/2022 18:57 92.13 KDEN 1719M
DEN 6/17/2022 20:53 97 33.1 10.67 140 16 0 29.99 1006 10 28 FEW SCT M M 10000 22000 M M M M M M 31 160 6/17/2022 20:12 91.5 KDEN 1720M
DEN 6/17/2022 21:53 97 32 10.21 140 23 0 29.96 1004.9 10 29 FEW SCT SCT M 10000 14000 22000 M M M M M 32 150 6/17/2022 21:17 91.35 KDEN 1721M
DEN 6/17/2022 22:53 97 32 10.21 170 20 0 29.96 1004.9 10 28 FEW SCT SCT M 10000 14000 22000 M M M M M 32 150 6/17/2022 22:19 91.35 KDEN 1722M
DEN 7/9/2022 17:53 97 39 13.48 M 3 0 30.31 1016.1 10 M FEW SCT M M 11000 22000 M M M M M M M M M 92.4 KDEN 0917M
DEN 7/9/2022 22:53 97 30.9 9.76 0 0 0 30.22 1013.8 10 M SCT SCT M M 12000 22000 M M M M M M M M M 91.21 KDEN 0922M
DEN 7/9/2022 23:55 97 32 10.21 40 10 0 30.21 M 10 M SCT BKN BKN M 12000 16000 22000 M M M M M M M M 91.35 KDEN 0923M
DEN 7/10/2022 19:53 97 32 10.21 50 6 0 30.16 1010.9 10 M FEW BKN BKN M 11000 15000 22000 M M M M M M M M 91.35 KDEN 1019M
DEN 7/13/2022 20:53 97 33.1 10.67 90 5 0 30.12 1010.3 10 M SCT SCT SCT M 9000 14000 22000 M M M M M M M M 91.5 KDEN 1320M
DEN 7/18/2022 19:53 97 39.9 13.96 0 0 0 30.07 1007.6 10 M FEW SCT BKN M 10000 14000 18000 M M M M M M M M 92.48 KDEN 1819M
DEN 7/19/2022 20:53 97 43 15.73 M 6 0 30.07 1007.7 10 M SCT BKN BKN M 11000 15000 22000 M VCTS M M M M M M 92.79 KDEN 1920M
DEN 7/19/2022 20:56 97 43 15.73 M 3 0 30.07 M 10 M FEW BKN BKN M 11000 15000 22000 M M M M M M M M 92.79 KDEN 1920M
DEN 7/21/2022 20:53 97 34 11.06 310 7 0 30.09 1009.1 10 M SCT SCT BKN M 9000 12000 22000 M M M M M M M M 91.64 KDEN 2120M
DEN 7/22/2022 20:53 97 34 11.06 M 4 0 30.07 1008.1 10 M FEW SCT SCT M 9000 12000 22000 M M M M M M M M 91.64 KDEN 2220M
DEN 8/4/2022 22:53 97 39 13.48 M 3 0 30.07 1008.2 10 M FEW FEW SCT M 9000 13000 22000 M M M M M M M M 92.4 KDEN 0422M
DEN 8/5/2022 18:53 97 46 17.64 10 6 0 30.05 1007.1 10 M FEW FEW SCT M 10000 15000 22000 M M M M M M M M 93.19 KDEN 0518M
DEN 9/5/2022 22:53 97 37 12.46 M 4 0 30.09 1008.9 10 M FEW FEW M M 11000 15000 M M M M M M M M M 92.13 KDEN 0522M
DEN 9/6/2022 23:53 97 32 10.21 0 0 0 30.22 1013.4 10 M FEW FEW M M 11000 22000 M M M M M M M M M 91.35 KDEN 0623M
DEN 9/7/2022 19:53 97 32 10.21 340 3 0 30.26 1014.9 10 M FEW FEW M M 9000 13000 M M M M M M M M M 91.35 KDEN 0719M
DEN 9/7/2022 21:53 97 30.9 9.76 210 5 0 30.2 1012.9 10 M FEW FEW M M 10000 14000 M M M M M M M M M 91.21 KDEN 0721M
DEN 9/8/2022 20:53 97 28 8.67 280 5 0 29.91 1002.6 10 M FEW SCT SCT M 10000 15000 22000 M M M M M M M M 90.87 KDEN 0820M
DEN 6/13/2022 20:20 96.1 25 7.88 200 9 0 29.63 M 10 16 FEW M M M 14000 M M M M M M M M M M 89.84 KDEN 1320M
DEN 7/9/2022 18:53 96.1 32 10.49 60 7 0 30.28 1015.6 10 18 FEW SCT M M 11000 22000 M M M M M M M M M 90.61 KDEN 0918M
DEN 7/10/2022 16:53 96.1 36 12.31 310 6 0 30.22 1013.1 10 16 FEW BKN BKN M 11000 15000 22000 M M M M M M M M 91.21 KDEN 1016M
DEN 7/13/2022 18:53 96.1 36 12.31 20 11 0 30.16 1011.7 10 18 FEW SCT SCT M 9000 14000 22000 M M M M M M M M 91.21 KDEN 1318M
DEN 7/13/2022 19:53 96.1 34 11.37 M 4 0 30.14 1011 10 15 FEW SCT SCT M 9000 14000 22000 M M M M M M M M 90.89 KDEN 1319M
DEN 7/13/2022 21:53 96.1 35.1 11.88 220 5 0 30.11 1010 10 16 SCT BKN BKN M 11000 14000 22000 M M M M M M M M 91.07 KDEN 1321M
DEN 7/13/2022 22:29 96.1 35.1 11.88 10 9 0 30.11 M 10 M SCT BKN BKN M 11000 14000 22000 M M M M M M M M 91.07 KDEN 1322M
DEN 7/14/2022 21:36 96.1 41 14.97 0 0 0 30.17 M 10 M SCT BKN BKN M 12000 16000 22000 M M M M M M M M 91.73 KDEN 1421M
DEN 7/15/2022 20:53 96.1 46 18.13 110 6 0 30.18 1012.1 10 M FEW SCT BKN M 10000 15000 22000 M M M M M M M M 92.3 KDEN 1520M
DEN 7/18/2022 17:53 96.1 42.1 15.62 210 6 0 30.11 1009 10 M FEW FEW SCT M 11000 15000 22000 M M M M M M M M 91.83 KDEN 1817M
DEN 7/18/2022 20:10 96.1 39 13.85 190 4 0 30.07 M 10 M SCT BKN BKN M 10000 16000 22000 M VCTS M M M M M M 91.57 KDEN 1820M
DEN 7/19/2022 19:53 96.1 41 14.97 180 5 0 30.08 1008.1 10 M FEW SCT BKN M 10000 15000 22000 M M M M M M M M 91.73 KDEN 1919M
DEN 7/21/2022 19:53 96.1 28.9 9.25 10 11 0 30.11 1009.5 10 M SCT SCT M M 9000 12000 M M M M M M M M M 90.23 KDEN 2119M
DEN 7/22/2022 19:53 96.1 35.1 11.88 20 9 0 30.1 1008.8 10 M FEW FEW SCT M 9000 12000 22000 M M M M M M M M 91.07 KDEN 2219M
DEN 7/23/2022 17:53 96.1 39 13.85 60 9 0 30.06 1007.4 10 M FEW FEW BKN M 10000 15000 22000 M M M M M M M M 91.57 KDEN 2317M
DEN 7/23/2022 18:40 96.1 39 13.85 360 16 0 30.06 M 10 24 FEW FEW BKN M 10000 15000 22000 M M M M M M M M 91.57 KDEN 2318M
DEN 8/1/2022 20:53 96.1 35.1 11.88 30 6 0 30.11 1009.6 10 M FEW SCT SCT M 10000 17000 22000 M M M M M M M M 91.07 KDEN 0120M
DEN 8/4/2022 20:53 96.1 39 13.85 170 9 0 30.1 1009.2 10 14 SCT SCT SCT M 9000 13000 22000 M M M M M M M M 91.57 KDEN 0420M
DEN 8/4/2022 23:53 96.1 39 13.85 M 4 0 30.05 1007.8 10 M FEW SCT SCT M 9000 13000 22000 M M M M M M M M 91.57 KDEN 0423M
DEN 8/11/2022 19:53 96.1 43 16.17 360 4 0 30.2 1012.8 10 M FEW FEW M M 9000 22000 M M M M M M M M M 91.93 KDEN 1119M
DEN 8/11/2022 20:53 96.1 41 14.97 300 3 0 30.18 1012.1 10 M FEW FEW M M 10000 20000 M M M M M M M M M 91.73 KDEN 1120M
DEN 9/5/2022 21:53 96.1 36 12.31 330 7 0 30.09 1009.1 10 M FEW FEW M M 11000 15000 M M M M M M M M M 91.21 KDEN 0521M
DEN 9/6/2022 20:53 96.1 34 11.37 M 3 0 30.22 1013.3 10 M FEW FEW M M 14000 22000 M M M M M M M M M 90.89 KDEN 0620M
DEN 9/6/2022 21:53 96.1 30 9.68 90 4 0 30.21 1013.1 10 M FEW FEW M M 14000 22000 M M M M M M M M M 90.35 KDEN 0621M
DEN 9/6/2022 22:53 96.1 30.9 10.04 130 4 0 30.22 1013.5 10 M FEW FEW M M 14000 22000 M M M M M M M M M 90.46 KDEN 0622M
DEN 9/7/2022 22:53 96.1 30.9 10.04 170 13 0 30.19 1012.8 10 24 FEW SCT M M 10000 15000 M M M M M M M M M 90.46 KDEN 0722M
DEN 9/8/2022 17:53 96.1 28.9 9.25 M 6 0 30.01 1005.8 10 M FEW FEW M M 11000 15000 M M M M M M M M M 90.23 KDEN 0817M
DEN 9/8/2022 19:53 96.1 27 8.56 330 6 0 29.95 1003.8 10 M FEW SCT SCT M 10000 15000 22000 M M M M M M M M 90.03 KDEN 0819M
DEN 9/8/2022 21:53 96.1 28 8.92 40 9 0 29.89 1002 10 M FEW BKN BKN M 10000 15000 20000 M M M M M M M M 90.13 KDEN 0821M
DEN 6/11/2022 18:53 95 37 13.25 280 7 0 29.97 1004.5 10 M FEW FEW M M 11000 22000 M M M M M M M M M 90.44 KDEN 1118M
DEN 6/11/2022 19:53 95 35.1 12.29 0 0 0 29.94 1003.6 10 M FEW FEW M M 11000 22000 M M M M M M M M M 90.17 KDEN 1119M
DEN 6/11/2022 23:53 95 33.1 11.34 300 8 0 29.87 1001.7 10 17 SCT SCT BKN M 11000 16000 22000 M M M M M M M M 89.86 KDEN 1123M
DEN 6/13/2022 19:53 95 25 8.15 M M 0 29.65 993.7 9 M FEW M M M 14000 M M M M M M M M M M 88.93 KDEN 1319M
DEN 6/17/2022 18:53 95 39 14.33 130 18 0 30.05 1007.7 10 28 FEW SCT M M 10000 22000 M M M M M M 31 130 6/17/2022 18:05 90.55 KDEN 1718M
DEN 7/4/2022 21:53 95 39 14.33 50 10 0 30.01 1006.4 10 15 SCT BKN BKN M 10000 15000 22000 M M M M M M M M 90.55 KDEN 0421M
DEN 7/10/2022 22:53 95 36 12.73 340 13 0 30.13 1010.2 10 M FEW BKN BKN M 11000 15000 22000 M M M M M M M M 90.32 KDEN 1022M
DEN 7/13/2022 22:53 95 35.1 12.29 10 4 0 30.1 1010.3 10 M FEW BKN BKN M 11000 13000 22000 M M M M M M M M 90.17 KDEN 1322M
DEN 7/14/2022 18:53 95 41 15.49 M 3 0 30.2 1012.7 10 M FEW SCT SCT M 9000 12000 22000 M M M M M M M M 90.7 KDEN 1418M
DEN 7/14/2022 19:53 95 41 15.49 M 3 0 30.19 1012.2 10 M FEW SCT SCT M 10000 12000 22000 M M M M M M M M 90.7 KDEN 1419M
DEN 7/14/2022 21:53 95 39.9 14.84 250 6 0 30.16 1011.5 10 M BKN BKN BKN M 12000 16000 22000 M M M M M M M M 90.61 KDEN 1421M



DEN 7/14/2022 22:41 95 39.9 14.84 M 5 0 30.16 M 10 M SCT BKN BKN M 12000 16000 22000 M VCTS M M M M M M 90.61 KDEN 1422M
DEN 7/17/2022 19:53 95 42.1 16.16 M 5 0 30.18 1012.2 10 M SCT SCT M M 10000 22000 M M M M M M M M M 90.79 KDEN 1719M
DEN 7/17/2022 21:53 95 42.1 16.16 M M 0 30.15 1011.2 10 M FEW SCT M M 11000 25000 M M M M M M M M M 90.79 KDEN 1721M
DEN 7/17/2022 21:57 95 42.1 16.16 150 5 0 30.14 M 10 15 FEW SCT M M 11000 25000 M M M M M M M M M 90.79 KDEN 1721M
DEN 7/17/2022 22:53 95 43 16.73 140 8 0 30.14 1011 10 20 FEW SCT M M 11000 25000 M M M M M M M M M 90.88 KDEN 1722M
DEN 7/18/2022 22:53 95 41 15.49 160 7 0 30.05 1007.2 10 M BKN BKN BKN M 12000 16000 22000 M M M M M M M M 90.7 KDEN 1822M
DEN 7/19/2022 17:53 95 41 15.49 30 7 0 30.11 1009.1 10 M FEW SCT SCT M 10000 14000 22000 M M M M M M M M 90.7 KDEN 1917M
DEN 7/19/2022 18:53 95 41 15.49 M 5 0 30.1 1008.7 10 M FEW SCT SCT M 10000 14000 22000 M M M M M M M M 90.7 KDEN 1918M
DEN 7/19/2022 20:42 95 43 16.73 350 7 0 30.07 M 10 M SCT BKN BKN M 11000 15000 22000 M VCTS M M M M M M 90.88 KDEN 1920M
DEN 7/20/2022 20:53 95 43 16.73 30 10 0 30.13 1010.4 10 M FEW SCT SCT M 10000 14000 17000 M M M M M M M M 90.88 KDEN 2020M
DEN 7/21/2022 23:53 95 35.1 12.29 360 13 0 30.06 1008.5 10 M FEW SCT BKN M 10000 15000 22000 M M M M M M M M 90.17 KDEN 2123M
DEN 7/22/2022 21:53 95 35.1 12.29 M M 0 30.06 1007.6 10 M FEW SCT BKN M 9000 12000 22000 M M M M M M M M 90.17 KDEN 2221M
DEN 7/22/2022 21:59 95 35.1 12.29 180 6 0 30.06 M 10 M FEW SCT BKN M 9000 12000 22000 M M M M M M M M 90.17 KDEN 2221M
DEN 7/22/2022 22:53 95 35.1 12.29 220 7 0 30.05 1007.8 10 15 FEW SCT BKN M 9000 15000 20000 M M M M M M M M 90.17 KDEN 2222M
DEN 7/23/2022 16:53 95 39.9 14.84 360 6 0 30.05 1007.2 10 M FEW FEW BKN M 10000 15000 22000 M M M M M M M M 90.61 KDEN 2316M
DEN 7/23/2022 19:53 95 41 15.49 20 14 0 30.06 1007.8 10 27 FEW SCT BKN BKN 7000 10000 15000 22000 M M M M 36 10 7/23/2022 18:58 90.7 KDEN 2319M
DEN 8/1/2022 18:53 95 43 16.73 40 7 0 30.15 1011.5 10 17 FEW FEW SCT M 9000 14000 22000 M M M M M M M M 90.88 KDEN 0118M
DEN 8/1/2022 22:53 95 34 11.76 340 4 0 30.08 1009.1 10 M FEW BKN BKN M 10000 13000 18000 M M M M M M M M 90 KDEN 0122M
DEN 8/4/2022 21:53 95 39.9 14.84 M 3 0 30.08 1009 10 M FEW FEW SCT M 9000 13000 22000 M M M M M M M M 90.61 KDEN 0421M
DEN 8/5/2022 0:53 95 39 14.33 120 9 0 30.04 1007.7 10 M FEW SCT BKN M 9000 13000 22000 M M M M M M M M 90.55 KDEN 0500M
DEN 8/5/2022 17:53 95 50 21.79 M 5 0 30.06 1007.7 10 M FEW FEW SCT M 10000 15000 22000 M M M M M M M M 91.89 KDEN 0517M
DEN 8/9/2022 22:53 95 37.9 13.73 M M 0 30.19 1012.7 10 M SCT M M M 11000 M M M M M M M M M M 90.48 KDEN 0922M
DEN 8/9/2022 22:56 95 37.9 13.73 90 6 0 30.19 M 10 M SCT M M M 11000 M M M M M M M M M M 90.48 KDEN 0922M
DEN 9/5/2022 20:53 95 35.1 12.29 350 3 0 30.1 1009.6 10 M FEW M M M 11000 M M M M M M M M M M 90.17 KDEN 0520M
DEN 9/5/2022 23:53 95 36 12.73 0 0 0 30.09 1009 10 M FEW FEW FEW M 11000 15000 22000 M M M M M M M M 90.32 KDEN 0523M
DEN 9/6/2022 19:53 95 35.1 12.29 0 0 0 30.24 1013.8 10 M FEW M M M 14000 M M M M M M M M M M 90.17 KDEN 0619M
DEN 6/14/2022 0:53 93.9 25 8.43 280 6 0 29.54 989.8 10 M FEW M M M 12000 M M M M M M M 26 220 6/14/2022 0:02 88.1 KDEN 1400M
DEN 6/16/2022 21:53 93.9 44.1 18.05 80 9 0 30.1 1010.8 10 20 FEW M M M 10000 M M M M M M M M M M 89.95 KDEN 1621M
DEN 6/28/2022 20:53 93.9 26.1 8.82 290 8 0 30.21 1014.2 10 M SCT SCT SCT M 10000 14000 22000 M M M M M M M M 88.2 KDEN 2820M
DEN 7/10/2022 0:53 93.9 39.9 15.35 120 12 0 30.21 1013 10 16 FEW BKN BKN M 12000 15000 22000 M M M M M M M M 89.6 KDEN 1000M
DEN 7/10/2022 1:08 93.9 45 18.68 140 12 0 30.21 M 10 M FEW BKN BKN M 12000 15000 22000 M M M M M M M M 90.05 KDEN 1001M
DEN 7/12/2022 21:53 93.9 43 17.31 160 13 0 30.1 1010.4 10 22 SCT SCT BKN M 10000 14000 22000 M M M M M M M M 89.84 KDEN 1221M
DEN 7/13/2022 17:53 93.9 42.1 16.72 20 9 0 30.17 1012.1 10 15 FEW SCT SCT M 9000 15000 22000 M M M M M M M M 89.76 KDEN 1317M
DEN 7/14/2022 22:53 93.9 41 16.02 210 13 0 30.17 1011.6 10 18 SCT BKN BKN M 12000 16000 22000 M M M M M M M M 89.68 KDEN 1422M
DEN 7/15/2022 19:53 93.9 46 19.4 M M 0 30.2 1013 10 M CLR M M M M M M M M M M M M M M 90.17 KDEN 1519M
DEN 7/15/2022 20:20 93.9 46.9 20.07 110 6 0 30.2 M 10 M FEW SCT BKN M 10000 15000 22000 M M M M M M M M 90.29 KDEN 1520M
DEN 7/17/2022 18:53 93.9 42.1 16.72 80 5 0 30.2 1012.8 10 M SCT SCT M M 10000 22000 M M M M M M M M M 89.76 KDEN 1718M
DEN 7/17/2022 20:53 93.9 41 16.02 M 5 0 30.16 1011.8 10 M SCT SCT M M 11000 22000 M M M M M M M M M 89.68 KDEN 1720M
DEN 7/17/2022 23:53 93.9 45 18.68 140 14 0 30.13 1010.7 10 M FEW FEW M M 11000 25000 M M M M M M M M M 90.05 KDEN 1723M
DEN 7/18/2022 21:53 93.9 43 17.31 130 11 0 30.05 1007.2 10 19 SCT BKN BKN M 9000 14000 20000 M M M M M M M M 89.84 KDEN 1821M
DEN 7/18/2022 23:53 93.9 43 17.31 240 9 0 30.04 1007.4 10 M BKN BKN BKN M 12000 16000 22000 M M M M M M M M 89.84 KDEN 1823M
DEN 7/19/2022 21:39 93.9 45 18.68 160 17 0 30.07 M 10 M BKN BKN BKN M 11000 15000 22000 M M M M M M M M 90.05 KDEN 1921M
DEN 7/20/2022 20:15 93.9 44.1 18.05 310 7 0 30.15 M 10 M FEW SCT BKN M 10000 14000 17000 M M M M M M M M 89.95 KDEN 2020M
DEN 7/21/2022 22:53 93.9 36 13.17 340 17 0 30.08 1009.2 10 27 FEW SCT BKN M 10000 14000 22000 M M M M M 27 360 7/21/2022 22:48 89.4 KDEN 2122M
DEN 7/22/2022 18:53 93.9 39.9 15.35 40 9 0 30.12 1009.5 10 M FEW FEW SCT M 9000 12000 22000 M M M M M M M M 89.6 KDEN 2218M
DEN 7/31/2022 21:02 93.9 44.1 18.05 360 11 0 30.19 M 10 19 SCT BKN BKN M 10000 15000 22000 M M M M M M M M 89.95 KDEN 3121M
DEN 8/2/2022 19:53 93.9 43 17.31 290 9 0 30.02 1006.5 10 16 SCT SCT BKN M 10000 14000 22000 M M M M M M M M 89.84 KDEN 0219M
DEN 8/4/2022 19:53 93.9 39 14.82 150 4 0 30.12 1010.1 10 M FEW SCT M M 9000 22000 M M M M M M M M M 89.54 KDEN 0419M
DEN 8/9/2022 21:53 93.9 39 14.82 50 13 0 30.19 1013.3 10 16 SCT SCT M M 11000 15000 M M M M M M M M M 89.54 KDEN 0921M
DEN 8/10/2022 21:53 93.9 39.9 15.35 70 5 0 30.27 1015.3 10 M SCT M M M 10000 M M M M M M M M M M 89.6 KDEN 1021M
DEN 8/11/2022 21:53 93.9 44.1 18.05 M 3 0 30.15 1011.4 10 M FEW SCT M M 10000 20000 M M M M M M M M M 89.95 KDEN 1121M
DEN 8/12/2022 21:53 93.9 46 19.4 M 3 0 30.18 1012.2 10 M FEW SCT M M 11000 22000 M M M M M M M M M 90.17 KDEN 1221M
DEN 8/12/2022 22:53 93.9 42.1 16.72 M 3 0 30.16 1011.5 10 M SCT SCT M M 11000 22000 M M M M M M M M M 89.76 KDEN 1222M
DEN 8/13/2022 22:53 93.9 42.1 16.72 30 6 0 30.13 1010.9 10 M FEW FEW FEW M 10000 16000 22000 M M M M M M M M 89.76 KDEN 1322M
DEN 8/14/2022 20:53 93.9 46.9 20.07 M 6 0 30.1 1009.5 10 17 FEW SCT SCT M 9000 14000 22000 M M M M M M M M 90.29 KDEN 1420M
DEN 8/14/2022 21:00 93.9 46.9 20.07 20 6 0 30.1 M 10 M FEW SCT SCT M 9000 14000 22000 M M M M M M M M 90.29 KDEN 1421M
DEN 9/2/2022 20:53 93.9 36 13.17 50 8 0 30.17 1011.9 10 16 FEW FEW M M 13000 22000 M M M M M M M M M 89.4 KDEN 0220M
DEN 9/2/2022 22:53 93.9 35.1 12.71 20 11 0 30.17 1012.1 10 16 FEW FEW SCT M 9000 13000 22000 M M M M M M M M 89.29 KDEN 0222M
DEN 9/4/2022 22:53 93.9 33.1 11.74 100 5 0 30.11 1010.4 10 M FEW M M M 10000 M M M M M M M M M M 89 KDEN 0422M
DEN 9/6/2022 18:53 93.9 33.1 11.74 0 0 0 30.25 1014.3 10 M FEW M M M 13000 M M M M M M M M M M 89 KDEN 0618M
DEN 9/7/2022 18:53 93.9 35.1 12.71 240 5 0 30.28 1016 10 M FEW FEW M M 9000 13000 M M M M M M M M M 89.29 KDEN 0718M
DEN 6/11/2022 17:53 93 39.9 15.79 180 6 0 29.99 1005.3 10 M FEW FEW M M 11000 22000 M M M M M M M M M 88.78 KDEN 1117M
DEN 6/13/2022 18:53 93 26.1 9.07 0 0 0 29.67 994.6 8 M FEW M M M 14000 M M M M M M M M M M 87.52 KDEN 1318M
DEN 6/28/2022 22:53 93 26.1 9.07 40 10 0 30.18 1013.1 10 14 SCT BKN BKN M 11000 15000 22000 M M M M M M M M 87.52 KDEN 2822M
DEN 6/28/2022 23:53 93 26.1 9.07 350 5 0 30.17 1012.6 10 M FEW BKN BKN M 11000 15000 22000 M M M M M M M M 87.52 KDEN 2823M
DEN 6/29/2022 17:53 93 35.1 13.07 240 8 0 30.16 1011.5 10 M SCT SCT BKN M 10000 15000 22000 M M M M M M M M 88.56 KDEN 2917M
DEN 7/3/2022 20:06 93 44.1 18.56 350 9 0 29.98 M 10 15 SCT SCT BKN M 9000 13000 22000 M M M M M M M M 89.11 KDEN 0320M
DEN 7/4/2022 19:53 93 39.9 15.79 30 9 0 30.04 1007.3 10 M SCT SCT BKN M 10000 15000 20000 M M M M M M M M 88.78 KDEN 0419M
DEN 7/4/2022 20:53 93 37.9 14.6 M 3 0 30.03 1006.9 10 M BKN BKN BKN M 10000 15000 20000 M M M M M M M M 88.67 KDEN 0420M
DEN 7/4/2022 22:53 93 37 14.09 70 8 0 30 1006.5 10 M SCT BKN BKN M 11000 16000 22000 M M M M M M M M 88.63 KDEN 0422M
DEN 7/4/2022 23:53 93 37 14.09 50 6 0 30 1006.2 10 M SCT BKN BKN M 10000 16000 22000 M M M M M M M M 88.63 KDEN 0423M
DEN 7/5/2022 18:53 93 41 16.48 300 7 0 30.03 1007.4 10 M FEW SCT BKN M 9000 13000 22000 M M M M M M M M 88.85 KDEN 0518M
DEN 7/5/2022 19:53 93 42.1 17.19 70 9 0 30.02 M 10 M FEW SCT BKN BKN 8000 11000 15000 22000 M M M M M M M 88.93 KDEN 0519M
DEN 7/8/2022 21:53 93 46.9 20.64 100 10 0 30.23 1015 10 21 SCT SCT SCT M 9500 12000 20000 M M M M M M M M 89.43 KDEN 0821M
DEN 7/8/2022 22:53 93 45 19.21 110 11 0 30.23 1014.8 10 19 SCT BKN BKN M 10000 13000 20000 M M M M M M M M 89.2 KDEN 0822M
DEN 7/10/2022 1:30 93 46.9 20.64 130 9 0 30.2 M 10 M FEW BKN BKN M 12000 15000 22000 M VCTS M M M M M M 89.43 KDEN 1001M
DEN 7/12/2022 19:53 93 42.1 17.19 90 8 0 30.14 1011.8 10 15 FEW FEW SCT M 10000 14000 20000 M M M M M M M M 88.93 KDEN 1219M
DEN 7/12/2022 20:53 93 36 13.55 40 6 0 30.13 1011.2 10 M SCT SCT SCT M 10000 14000 22000 M M M M M M M M 88.59 KDEN 1220M
DEN 7/13/2022 23:53 93 34 12.51 0 0 0 30.12 1010.9 10 M BKN BKN M M 13000 22000 M M M M M M M M M 88.42 KDEN 1323M
DEN 7/16/2022 19:53 93 51.1 24.15 10 15 0 30.17 1012 10 26 SCT BKN BKN M 8000 12000 22000 M M M M M 26 10 7/16/2022 19:50 90.11 KDEN 1619M
DEN 7/18/2022 0:53 93 46.9 20.64 150 16 0 30.12 1010.6 10 22 FEW FEW M M 11000 25000 M M M M M M M M M 89.43 KDEN 1800M
DEN 7/19/2022 0:01 93 44.1 18.56 240 14 0 30.04 M 10 19 BKN BKN BKN M 12000 16000 22000 M VCTS M M M M M M 89.11 KDEN 1900M
DEN 7/19/2022 16:53 93 44.1 18.56 M 6 0 30.11 1009.3 10 M FEW FEW SCT M 10000 14000 22000 M M M M M M M M 89.11 KDEN 1916M
DEN 7/19/2022 21:53 93 44.1 18.56 160 12 0 30.06 1007.9 10 M SCT BKN BKN M 11000 15000 22000 M M M M M M M M 89.11 KDEN 1921M
DEN 7/20/2022 21:53 93 43 17.8 30 11 0 30.13 1010.6 10 M SCT BKN BKN M 10000 14000 18000 M M M M M M M M 89 KDEN 2021M
DEN 7/21/2022 17:53 93 34 12.51 290 7 0 30.15 1011.4 10 M FEW FEW M M 9000 12000 M M M M M M M M M 88.42 KDEN 2117M
DEN 7/21/2022 18:53 93 28.9 10.18 M 5 0 30.12 1010.3 10 M SCT SCT M M 9000 12000 M M M M M M M M M 87.79 KDEN 2118M



DEN 7/21/2022 21:29 93 34 12.51 330 15 0 30.09 M 10 25 SCT BKN BKN M 9000 14000 22000 M M M M M 30 320 7/21/2022 21:18 88.42 KDEN 2121M
DEN 7/21/2022 21:53 93 34 12.51 330 13 0 30.09 1009.6 10 24 SCT BKN BKN M 9000 14000 22000 M M M M M 31 340 7/21/2022 21:34 88.42 KDEN 2121M
DEN 7/22/2022 23:53 93 41 16.48 210 13 0 30.05 1007.7 10 23 FEW BKN BKN M 10000 15000 20000 M M M M M M M M 88.85 KDEN 2223M
DEN 7/23/2022 18:53 93 42.1 17.19 10 24 0 30.06 1007.8 10 37 SCT BKN BKN M 10000 14000 22000 M M M M M 37 20 7/23/2022 18:47 88.93 KDEN 2318M
DEN 8/1/2022 19:53 93 37.9 14.6 M 3 0 30.13 1011.2 10 M FEW SCT BKN M 10000 18000 22000 M M M M M M M M 88.67 KDEN 0119M
DEN 8/2/2022 20:09 93 43 17.8 100 5 0 30.02 M 10 M SCT SCT BKN M 10000 14000 22000 M M M M M M M M 89 KDEN 0220M
DEN 8/2/2022 20:53 93 43 17.8 10 11 0 30.01 1006.1 10 17 SCT BKN BKN M 10000 14000 22000 M M M M M M M M 89 KDEN 0220M
DEN 8/2/2022 21:53 93 43 17.8 20 5 0 29.99 1005.3 10 M FEW BKN BKN M 10000 13000 22000 M M M M M M M M 89 KDEN 0221M
DEN 8/9/2022 20:53 93 42.1 17.19 M 4 0 30.21 1013.7 10 16 SCT SCT M M 11000 15000 M M M M M M M M M 88.93 KDEN 0920M
DEN 8/9/2022 20:59 93 41 16.48 80 9 0 30.21 M 10 M SCT SCT M M 11000 15000 M M M M M M M M M 88.85 KDEN 0920M
DEN 8/10/2022 20:07 93 41 16.48 130 9 0 30.3 M 10 M FEW M M M 9000 M M M M M M M M M M 88.85 KDEN 1020M
DEN 8/10/2022 20:53 93 39.9 15.79 130 9 0 30.28 1015.8 10 M SCT M M M 10000 M M M M M M M M M M 88.78 KDEN 1020M
DEN 8/10/2022 22:53 93 39.9 15.79 70 7 0 30.25 1015.2 10 M FEW M M M 11000 M M M M M M M M M M 88.78 KDEN 1022M
DEN 8/10/2022 23:53 93 44.1 18.56 140 14 0 30.24 1014.6 10 20 FEW M M M 11000 M M M M M M M M M M 89.11 KDEN 1023M
DEN 8/11/2022 22:53 93 45 19.21 130 12 0 30.14 1011 10 22 SCT BKN M M 11000 20000 M M M M M M M M M 89.2 KDEN 1122M
DEN 8/12/2022 20:53 93 46.9 20.64 340 7 0 30.2 1012.9 10 M SCT SCT M M 11000 22000 M M M M M M M M M 89.43 KDEN 1220M
DEN 8/12/2022 23:53 93 44.1 18.56 M 4 0 30.14 1010.9 10 15 SCT SCT M M 11000 20000 M M M M M M M M M 89.11 KDEN 1223M
DEN 8/13/2022 20:53 93 46 19.95 130 10 0 30.17 1012.1 10 M FEW FEW FEW M 10000 16000 22000 M M M M M M M M 89.31 KDEN 1320M
DEN 8/13/2022 23:53 93 43 17.8 90 11 0 30.12 1010.7 10 M FEW SCT SCT M 10000 16000 22000 M M M M M M M M 89 KDEN 1323M
DEN 9/4/2022 20:53 93 33.1 12.07 40 7 0 30.14 1011.3 10 M FEW M M M 10000 M M M M M M M M M M 88.29 KDEN 0420M
DEN 9/4/2022 21:53 93 32 11.55 60 9 0 30.12 1010.9 10 15 FEW M M M 9000 M M M M M M M M M M 88.15 KDEN 0421M
DEN 9/4/2022 23:53 93 34 12.51 0 0 0 30.1 1010.2 10 M FEW M M M 10000 M M M M M M M M M M 88.42 KDEN 0423M
DEN 9/6/2022 17:53 93 35.1 13.07 20 4 0 30.27 1014.8 10 M FEW M M M 13000 M M M M M M M M M M 88.56 KDEN 0617M
DEN 9/7/2022 23:53 93 30 10.65 160 16 0 30.18 1012.7 10 M FEW M M M 15000 M M M M M M M M M M 87.91 KDEN 0723M
DEN 6/12/2022 18:53 91.9 43 18.42 M M 0 29.86 1001.1 10 M SCT SCT BKN M 11000 15000 22000 M M M M M M M M 87.99 KDEN 1218M
DEN 6/12/2022 18:58 91.9 44.1 19.21 60 5 0 29.86 M 10 M SCT SCT BKN M 11000 15000 22000 M M M M M M M M 88.09 KDEN 1218M
DEN 6/16/2022 20:53 91.9 37 14.58 100 8 0 30.13 1011.6 10 M FEW M M M 10000 M M M M M M M M M M 87.65 KDEN 1620M
DEN 6/16/2022 22:53 91.9 46 20.65 110 15 0 30.08 1010.7 10 27 SCT M M M 10000 M M M M M M M 27 80 6/16/2022 22:46 88.28 KDEN 1622M
DEN 6/16/2022 23:53 91.9 44.1 19.21 100 16 0 30.06 1009.5 10 23 SCT SCT M M 11000 13000 M M M M M M M M M 88.09 KDEN 1623M
DEN 6/23/2022 22:53 91.9 26.1 9.39 40 5 0 29.98 1006.3 10 M FEW SCT SCT M 10000 15000 22000 M M M M M M M M 86.69 KDEN 2322M
DEN 6/29/2022 18:53 91.9 30.9 11.43 M 3 0 30.15 1011.2 10 M SCT SCT BKN M 11000 15000 22000 M M M M M M M M 87.17 KDEN 2918M
DEN 7/3/2022 20:53 91.9 42.1 17.79 310 5 0 29.97 1005.6 10 M SCT BKN BKN M 9000 13000 20000 M M M M M M M M 87.92 KDEN 0320M
DEN 7/3/2022 21:53 91.9 41 17.05 320 4 0 29.97 1005.2 10 M FEW BKN BKN M 9000 15000 20000 M M M M M M M M 87.85 KDEN 0321M
DEN 7/5/2022 0:27 91.9 41 17.05 320 15 0 30 M 10 22 SCT BKN BKN M 10000 16000 22000 M M M M M M M M 87.85 KDEN 0500M
DEN 7/5/2022 0:53 91.9 39 15.77 340 13 0 30 1006.2 10 M SCT BKN BKN M 11000 16000 22000 M M M M M M M M 87.74 KDEN 0500M
DEN 7/8/2022 20:53 91.9 39.9 16.34 M M 0 30.23 1015.2 10 M SCT SCT SCT M 9000 12000 20000 M M M M M M M M 87.78 KDEN 0820M
DEN 7/8/2022 20:57 91.9 37.9 15.11 120 5 0 30.23 M 10 M SCT SCT SCT M 9000 12000 20000 M M M M M M M M 87.69 KDEN 0820M
DEN 7/9/2022 16:53 91.9 44.1 19.21 M 3 0 30.31 1016.6 10 M FEW SCT M M 10000 22000 M M M M M M M M M 88.09 KDEN 0916M
DEN 7/15/2022 21:53 91.9 48 22.26 120 3 0 30.17 1012 10 M SCT BKN BKN M 10000 15000 22000 M M M M M M M M 88.53 KDEN 1521M
DEN 7/17/2022 17:53 91.9 50 23.99 40 8 0 30.21 1013.2 10 M FEW FEW M M 10000 22000 M M M M M M M M M 88.84 KDEN 1717M
DEN 7/18/2022 16:53 91.9 44.1 19.21 290 4 0 30.12 1009.5 10 M FEW FEW SCT M 11000 15000 22000 M M M M M M M M 88.09 KDEN 1816M
DEN 7/19/2022 22:09 91.9 45 19.88 180 8 0 30.07 M 10 M SCT BKN BKN M 10000 15000 22000 M VCTS M M M M M M 88.17 KDEN 1922M
DEN 7/20/2022 18:53 91.9 46.9 21.36 20 4 0 30.17 1011.8 10 M FEW SCT SCT M 9000 15000 22000 M M M M M M M M 88.39 KDEN 2018M
DEN 7/20/2022 22:53 91.9 43 18.42 50 8 0 30.13 1010.9 10 M FEW SCT BKN M 6000 8500 14000 M M M M M M M M 87.99 KDEN 2022M
DEN 7/23/2022 20:53 91.9 39.9 16.34 60 10 0 30.06 1008.2 10 20 SCT SCT BKN BKN 8000 11000 15000 22000 M M M M 27 10 7/23/2022 20:02 87.78 KDEN 2320M
DEN 7/27/2022 22:53 91.9 48.9 23.03 40 11 0 30.08 1009.6 10 M FEW BKN BKN M 10000 14000 22000 M M M M M M M M 88.66 KDEN 2722M
DEN 8/1/2022 17:53 91.9 44.1 19.21 M 4 0 30.17 1012.3 10 M FEW FEW SCT M 9000 14000 22000 M M M M M M M M 88.09 KDEN 0117M
DEN 8/2/2022 17:53 91.9 45 19.88 100 7 0 30.06 1007.6 10 M FEW FEW SCT M 10000 14000 22000 M M M M M M M M 88.17 KDEN 0217M
DEN 8/2/2022 22:53 91.9 45 19.88 320 14 0 30 1005.8 10 M SCT BKN BKN M 11000 14000 22000 M M M M M 28 330 8/2/2022 22:08 88.17 KDEN 0222M
DEN 8/4/2022 18:53 91.9 44.1 19.21 0 0 0 30.13 1010.7 10 M FEW SCT M M 9000 22000 M M M M M M M M M 88.09 KDEN 0418M
DEN 8/5/2022 16:53 91.9 51.1 24.99 20 4 0 30.08 1008.2 10 M FEW FEW SCT M 10000 15000 22000 M M M M M M M M 89.04 KDEN 0516M
DEN 8/9/2022 18:53 91.9 51.1 24.99 80 11 0 30.23 1014.1 10 M FEW FEW SCT M 10000 12000 15000 M M M M M M M M 89.04 KDEN 0918M
DEN 8/9/2022 23:53 91.9 43 18.42 110 10 0 30.18 1012.9 10 18 SCT SCT M M 11000 15000 M M M M M M M M M 87.99 KDEN 0923M
DEN 8/10/2022 18:53 91.9 42.1 17.79 90 13 0 30.32 1016.9 10 20 FEW M M M 9000 M M M M M M M M M M 87.92 KDEN 1018M
DEN 8/10/2022 19:53 91.9 42.1 17.79 170 9 0 30.3 1016.5 10 16 FEW M M M 9000 M M M M M M M M M M 87.92 KDEN 1019M
DEN 8/11/2022 23:53 91.9 43 18.42 150 14 0 30.13 1011 10 M SCT BKN M M 11000 20000 M M M M M M M M M 87.99 KDEN 1123M
DEN 8/13/2022 0:53 91.9 42.1 17.79 60 7 0 30.14 1011 10 M FEW SCT M M 11000 20000 M M M M M M M M M 87.92 KDEN 1300M
DEN 8/13/2022 21:53 91.9 45 19.88 M 5 0 30.14 1011.5 10 19 FEW FEW FEW M 10000 16000 22000 M M M M M M M M 88.17 KDEN 1321M
DEN 8/13/2022 21:55 91.9 45 19.88 60 7 0 30.14 M 10 M FEW FEW FEW M 10000 16000 22000 M M M M M M M M 88.17 KDEN 1321M
DEN 8/30/2022 22:53 91.9 43 18.42 40 11 0 30.23 1014.7 10 M FEW FEW M M 10000 13000 M M M M M M M M M 87.99 KDEN 3022M
DEN 8/31/2022 21:53 91.9 34 12.95 30 11 0 30.19 1012.5 10 M SCT BKN BKN M 10000 16000 22000 M M M M M M M M 87.56 KDEN 3121M
DEN 9/1/2022 19:53 91.9 33.1 12.49 M 3 0 30.11 1010.1 10 M FEW SCT SCT M 10000 15000 22000 M M M M M M M M 87.44 KDEN 0119M
DEN 9/1/2022 20:53 91.9 33.1 12.49 40 4 0 30.09 1009.5 10 M FEW SCT SCT M 10000 15000 22000 M M M M M M M M 87.44 KDEN 0120M
DEN 9/2/2022 19:53 91.9 37 14.58 360 11 0 30.18 1012.2 10 M FEW FEW M M 13000 22000 M M M M M M M M M 87.65 KDEN 0219M
DEN 9/2/2022 21:53 91.9 36 14.02 M 6 0 30.17 1012 10 M FEW FEW SCT M 9000 13000 22000 M M M M M M M M 87.62 KDEN 0221M
DEN 9/2/2022 23:53 91.9 36 14.02 40 12 0 30.17 1012.3 10 18 FEW SCT SCT M 10000 13000 22000 M M M M M M M M 87.62 KDEN 0223M
DEN 9/4/2022 19:53 91.9 35.1 13.53 50 7 0 30.17 1012.4 10 M FEW M M M 10000 M M M M M M M M M M 87.6 KDEN 0419M
DEN 9/5/2022 19:53 91.9 37 14.58 280 4 0 30.12 1010.2 10 M FEW M M M 11000 M M M M M M M M M M 87.65 KDEN 0519M
DEN 9/20/2022 20:53 91.9 24.1 8.64 M 5 0 30.07 1009.2 10 M FEW SCT SCT M 10000 14000 20000 M M M M M M M M 86.53 KDEN 2020M
DEN 6/11/2022 16:53 91 39.9 16.8 180 4 0 30 1006.1 10 M FEW FEW M M 11000 22000 M M M M M M M M M 86.98 KDEN 1116M
DEN 6/12/2022 0:53 91 36 14.42 180 3 0 29.88 1001.9 10 M SCT BKN BKN M 11000 15000 22000 M M M M M M M M 86.83 KDEN 1200M
DEN 6/12/2022 1:53 91 34 13.32 30 7 0 29.88 1001.7 10 M SCT BKN BKN M 10000 15000 22000 M M M M M M M M 86.79 KDEN 1201M
DEN 6/12/2022 21:53 91 46 21.24 40 16 0 29.81 1000 10 M SCT BKN BKN M 11000 15000 20000 M M M M M M M M 87.45 KDEN 1221M
DEN 6/13/2022 17:53 91 24.1 8.89 M 3 0 29.7 995.4 7 M FEW M M M 14000 M M M M M M M M M M 85.86 KDEN 1317M
DEN 6/17/2022 17:53 91 46.9 21.97 140 16 0 30.09 1009 10 23 FEW SCT M M 11000 22000 M M M M M M M M M 87.55 KDEN 1717M
DEN 6/17/2022 23:53 91 39 16.23 300 13 0 29.97 1006.1 10 M SCT SCT SCT M 11000 14000 22000 M M M M M 31 160 6/17/2022 22:54 86.94 KDEN 1723M
DEN 6/23/2022 19:53 91 25 9.23 140 7 0 30.03 1007.5 10 M FEW SCT BKN M 9000 15000 22000 M M M M M M M M 85.93 KDEN 2319M
DEN 6/23/2022 20:53 91 24.1 8.89 110 5 0 30 1007.2 10 M FEW SCT BKN M 10000 15000 22000 M M M M M M M M 85.86 KDEN 2320M
DEN 6/23/2022 21:53 91 24.1 8.89 M M 0 29.99 1006.7 10 M FEW SCT SCT M 10000 15000 22000 M M M M M M M M 85.86 KDEN 2321M
DEN 6/23/2022 21:55 91 24.1 8.89 40 7 0 29.99 M 10 M FEW SCT SCT M 10000 15000 22000 M M M M M M M M 85.86 KDEN 2321M
DEN 6/24/2022 19:55 91 35.1 13.91 30 5 0 29.99 M 10 M SCT SCT SCT M 10000 14000 22000 M M M M M M M M 86.81 KDEN 2419M
DEN 6/28/2022 18:53 91 28.9 10.84 130 7 0 30.25 1015.5 10 M FEW FEW M M 10000 14000 M M M M M M M M M 86.27 KDEN 2818M
DEN 6/28/2022 19:53 91 27 10.02 360 8 0 30.23 1015 10 M SCT SCT M M 10000 14000 M M M M M M M M M 86.1 KDEN 2819M
DEN 6/28/2022 21:53 91 24.1 8.89 310 7 0 30.2 1014.4 10 M SCT SCT SCT M 10000 14000 22000 M M M M M M M M 85.86 KDEN 2821M
DEN 6/29/2022 22:53 91 37.9 15.54 300 8 0 30.11 1010.3 10 M FEW BKN BKN M 11000 14000 22000 M M M M M 29 310 6/29/2022 22:01 86.9 KDEN 2922M
DEN 7/3/2022 19:53 91 43 18.94 M 3 0 29.98 1006 10 16 SCT SCT BKN M 9000 13000 22000 M M M M M M M M 87.18 KDEN 0319M
DEN 7/4/2022 18:53 91 42.1 18.3 350 7 0 30.05 1007.9 10 16 SCT SCT M M 10000 22000 M M M M M M M M M 87.11 KDEN 0418M
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station valid tmpf tmpc alti dwpf relh drct sknt p01i mslp vsby gust skyc1 skyc2 skyc3 skyc4 skyl1 skyl2 skyl3 skyl4 wxcodes ice_accreti ice_accreti ice_accreti peak_wind peak_wind peak_wind feel metar snowdepth
SEQM 5/1/2022 6:00 M #VALUE! 30.27 M M 130 2 0 M M M M M M M M M M M M M M M M M M M SEQM 0106M
SEQM 5/7/2022 21:40 M #VALUE! M M M 40 7 0 M M M FEW BKN BKN M 3000 3300 30000 M #NAME? M M M M M M M SEQM 0721M
SEQM 7/6/2022 17:00 M #VALUE! M M M 310 3 0 M 6.21 M BKN SCT M M 3000 8000 M M M M M M M M M M SEQM 0617M
SEQM 11/19/2022 18:00 80.6 27 30.15 46.4 30.07 M 3 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 79.56 SEQM 1918M
SEQM 9/8/2022 19:00 80.6 27 30.18 28.4 14.81 80 11 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 78.72 SEQM 0819M
SEQM 5/3/2022 19:00 80.6 27 30.21 44.6 28.08 240 5 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 79.42 SEQM 0319M
SEQM 7/19/2022 20:00 78.8 26 30.15 39.2 24.19 270 12 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 78.8 SEQM 1920M
SEQM 8/23/2022 19:00 78.8 26 30.15 30.2 16.9 340 13 0 M 6.21 M FEW SCT M M 3000 30000 M M M M M M M M M 78.8 SEQM 2319M
SEQM 9/9/2022 19:00 78.8 26 30.18 37.4 22.54 60 9 0 M 6.21 M M M M M M M M M M M M M M M M 78.8 SEQM 0919M
SEQM 12/22/2022 18:00 78.8 26 30.18 39.2 24.19 360 4 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 78.8 SEQM 2218M
SEQM 9/9/2022 18:00 78.8 26 30.21 37.4 22.54 40 10 0 M 6.21 M SCT SCT M M 5000 30000 M M M M M M M M M 78.8 SEQM 0918M
SEQM 9/13/2022 18:00 78.8 26 30.21 35.6 21 350 12 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 78.8 SEQM 1318M
SEQM 9/15/2022 18:00 78.8 26 30.21 44.6 31.62 300 9 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 77 COR SEQM M
SEQM 9/23/2022 19:00 78.8 26 30.21 37.4 22.54 M 4 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 78.8 SEQM 2319M
SEQM 5/7/2022 19:00 78.8 26 30.24 50 36.51 360 11 0 M 6.21 M BKN M M M 3300 M M M VCSH M M M M M M 78.8 SEQM 0719M
SEQM 5/7/2022 18:00 78.8 26 30.27 44.6 29.79 190 4 0 M 6.21 M BKN M M M 3300 M M M M M M M M M M 78.8 SEQM 0718M
SEQM 1/21/2022 20:00 77 25 30.15 41 27.53 90 7 0 M 6.21 M FEW SCT BKN M 3000 3300 7000 M M M M M M M M 77 SEQM 2120M
SEQM 4/30/2022 19:00 77 25 30.15 48.2 36.22 60 10 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 77 SEQM 3019M
SEQM 7/19/2022 20:15 77 25 30.15 41 27.53 340 15 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 77 SEQM 1920M
SEQM 7/19/2022 20:38 77 25 30.15 42.8 29.51 320 12 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 77 SEQM 1920M
SEQM 8/18/2022 19:00 77 25 30.15 46.4 33.85 360 15 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 77 SEQM 1819M
SEQM 8/19/2022 20:00 77 25 30.15 39.2 25.67 330 6 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 77 SEQM 1920M
SEQM 9/2/2022 19:00 77 25 30.15 41 27.53 360 7 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 77 SEQM 0219M
SEQM 9/13/2022 19:00 77 25 30.15 46.4 33.85 350 19 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 77 SEQM 1319M
SEQM 11/1/2022 19:00 77 25 30.15 50 38.74 340 14 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 77 SEQM 0119M
SEQM 11/30/2022 18:00 77 25 30.15 39.2 25.67 340 14 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 77 SEQM 3018M
SEQM 12/23/2022 19:00 77 25 30.15 46.4 33.85 360 13 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 77 SEQM 2319M
SEQM 1/19/2022 19:00 77 25 30.18 44.6 31.62 50 11 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 77 SEQM 1919M
SEQM 5/8/2022 20:00 77 25 30.18 46.4 33.85 20 5 0 M 6.21 M SCT SCT M M 3300 10000 M M M M M M M M M 77 SEQM 0820M
SEQM 7/19/2022 19:00 77 25 30.18 41 27.53 270 11 0 M 6.21 M FEW M M M 3600 M M M M M M M M M M 77 SEQM 1919M
SEQM 7/30/2022 20:00 77 25 30.18 41 27.53 270 4 0 M 6.21 M FEW BKN M M 4000 10000 M M M M M M M M M 77 SEQM 3020M
SEQM 8/17/2022 20:00 77 25 30.18 42.8 29.51 350 12 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 77 SEQM 1720M
SEQM 8/18/2022 18:00 77 25 30.18 41 27.53 350 13 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 77 SEQM 1818M
SEQM 8/23/2022 18:00 77 25 30.18 26.6 15.48 360 11 0 M 6.21 M FEW SCT M M 3000 30000 M M M M M M M M M 77 SEQM 2318M
SEQM 9/13/2022 18:31 77 25 30.18 44.6 31.62 350 18 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 77 SEQM 1318M
SEQM 9/23/2022 19:18 77 25 30.18 42.8 29.51 350 16 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 77 SEQM 2319M
SEQM 9/25/2022 18:00 77 25 30.18 42.8 29.51 350 7 0 M 6.21 M BKN M M M 3300 M M M M M M M M M M 77 SEQM 2518M
SEQM 10/1/2022 20:00 77 25 30.18 39.2 25.67 160 12 0 M 6.21 M FEW SCT M M 3000 3300 M M M M M M M M M 77 SEQM 0120M
SEQM 10/10/2022 20:00 77 25 30.18 39.2 25.67 90 9 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 77 SEQM 1020M
SEQM 11/1/2022 18:00 77 25 30.18 42.8 29.51 350 9 0 M 6.21 M FEW BKN M M 3300 4000 M M M M M M M M M 77 SEQM 0118M
SEQM 11/18/2022 18:00 77 25 30.18 44.6 31.62 250 5 0 M 6.21 M FEW SCT M M 2300 3000 M M VCSH M M M M M M 77 SEQM 1818M
SEQM 12/23/2022 18:00 77 25 30.18 46.4 33.85 20 8 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 77 SEQM 2318M
SEQM 1/19/2022 18:00 77 25 30.21 44.6 31.62 60 10 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 77 SEQM 1918M
SEQM 5/2/2022 18:00 77 25 30.21 42.8 29.51 M 2 0 M 6.21 M SCT M M M 3600 M M M M M M M M M M 77 SEQM 0218M
SEQM 5/7/2022 20:00 77 25 30.21 48.2 36.22 340 12 0 M 6.21 M BKN M M M 4000 M M M VCSH M M M M M M 77 SEQM 0720M
SEQM 7/29/2022 18:00 77 25 30.21 44.6 31.62 280 6 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 77 SEQM 2918M
SEQM 7/31/2022 18:00 77 25 30.21 46.4 33.85 320 8 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 77 SEQM 3118M
SEQM 8/17/2022 19:00 77 25 30.21 41 27.53 350 11 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 77 SEQM 1719M
SEQM 9/1/2022 18:00 77 25 30.21 41 27.53 360 10 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 77 SEQM 0118M
SEQM 9/8/2022 18:00 77 25 30.21 39.2 25.67 350 12 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 77 SEQM 0818M
SEQM 9/12/2022 19:00 77 25 30.21 46.4 33.85 350 19 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 77 SEQM 1219M
SEQM 9/18/2022 18:00 77 25 30.21 41 27.53 10 13 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 77 SEQM 1818M
SEQM 10/1/2022 19:00 77 25 30.21 39.2 25.67 150 10 0 M 6.21 M FEW SCT M M 3000 3300 M M M M M M M M M 77 SEQM 0119M
SEQM 10/10/2022 19:00 77 25 30.21 39.2 25.67 60 9 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 77 SEQM 1019M
SEQM 5/3/2022 18:00 77 25 30.24 44.6 31.62 240 4 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 77 SEQM 0318M
SEQM 5/8/2022 19:00 77 25 30.24 48.2 36.22 200 7 0 M 6.21 M SCT SCT M M 3300 10000 M M M M M M M M M 77 SEQM 0819M
SEQM 9/8/2022 17:00 77 25 30.24 35.6 22.28 M 4 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 77 SEQM 0817M
SEQM 9/9/2022 17:00 77 25 30.24 35.6 22.28 240 8 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 77 SEQM 0917M
SEQM 9/10/2022 19:00 77 25 30.24 41 27.53 160 12 0 M 6.21 25 SCT M M M 4000 M M M M M M M M M M 77 SEQM 1019M
SEQM 9/12/2022 18:00 77 25 30.24 39.2 25.67 320 10 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 77 SEQM 1218M
SEQM 9/15/2022 17:00 77 25 30.24 42.8 29.51 M 4 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 77 SEQM 1517M
SEQM 9/23/2022 18:00 77 25 30.24 37.4 23.93 M 6 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 77 SEQM 2318M
SEQM 10/2/2022 18:00 77 25 30.24 37.4 23.93 210 11 0 M 6.21 M FEW SCT BKN M 4000 10000 30000 M M M M M M M M 77 SEQM 0218M
SEQM 10/3/2022 18:00 77 25 30.24 39.2 25.67 70 3 0 M 6.21 M FEW SCT M M 4000 8000 M M M M M M M M M 77 SEQM 0318M
SEQM 10/12/2022 17:00 77 25 30.24 41 27.53 330 7 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 77 SEQM 1217M
SEQM 11/7/2022 18:00 77 25 30.24 39.2 25.67 330 11 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 77 SEQM 0718M
SEQM 5/2/2022 17:00 77 25 30.27 44.6 31.62 M 3 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 77 SEQM 0217M
SEQM 5/3/2022 17:00 77 25 30.27 44.6 31.62 210 4 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 77 SEQM 0317M
SEQM 8/14/2022 18:00 77 25 30.27 41 27.53 290 6 0 M 6.21 M SCT SCT M M 4000 10000 M M M M M M M M M 77 SEQM 1418M
SEQM 8/24/2022 18:00 77 25 30.27 35.6 22.28 280 8 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 77 SEQM 2418M
SEQM 10/2/2022 17:00 77 25 30.27 39.2 25.67 200 5 0 M 6.21 M FEW SCT BKN M 4000 10000 30000 M M M M M M M M 77 SEQM 0217M
SEQM 11/7/2022 17:00 77 25 30.27 37.4 23.93 M 4 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 77 SEQM 0717M
SEQM 8/12/2022 18:00 77 25 30.3 35.6 22.28 310 9 0 M 6.21 M SCT M M M 3600 M M M M M M M M M M 77 SEQM 1218M
SEQM 11/30/2022 20:00 75.2 24 30.09 44.6 33.57 360 17 0 M 6.21 M FEW SCT M M 2600 3000 M M M M M M M M M 75.2 SEQM 3020M
SEQM 9/15/2022 20:00 75.2 24 30.12 48.2 38.46 340 20 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 75.2 SEQM 1520M
SEQM 11/19/2022 19:00 75.2 24 30.12 53.6 46.98 360 14 0 M 6.21 M FEW SCT M M 2600 3000 M M M M M M M M M 75.2 SEQM 1919M
SEQM 12/22/2022 20:00 75.2 24 30.12 46.4 35.94 350 16 0 M 6.21 M FEW SCT M M 4000 10000 M M M M M M M M M 75.2 SEQM 2220M
SEQM 1/19/2022 20:00 75.2 24 30.15 42.8 31.34 60 11 0 M 6.21 M SCT BKN M M 3600 30000 M M M M M M M M M 75.2 SEQM 1920M
SEQM 1/20/2022 20:00 75.2 24 30.15 41 29.23 150 11 0 M 6.21 M BKN BKN M M 3000 10000 M M M M M M M M M 75.2 SEQM 2020M
SEQM 1/24/2022 18:00 75.2 24 30.15 53.6 46.98 350 16 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 75.2 SEQM 2418M
SEQM 5/3/2022 20:00 75.2 24 30.15 48.2 38.46 350 15 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 0320M
SEQM 7/19/2022 21:00 75.2 24 30.15 48.2 38.46 350 13 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 75.2 SEQM 1921M
SEQM 7/29/2022 20:00 75.2 24 30.15 42.8 31.34 M 4 0 M 6.21 M FEW SCT M M 2600 3000 M M VCSH M M M M M M 75.2 SEQM 2920M
SEQM 7/29/2022 21:00 75.2 24 30.15 50 41.14 340 11 0 M 6.21 M FEW SCT M M 2600 3000 M M M M M M M M M 75.2 SEQM 2921M
SEQM 7/30/2022 21:00 75.2 24 30.15 50 41.14 360 13 0 M 6.21 M FEW SCT M M 4000 10000 M M M M M M M M M 75.2 SEQM 3021M
SEQM 8/7/2022 20:00 75.2 24 30.15 39.2 27.26 100 11 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 0720M



SEQM 8/8/2022 20:00 75.2 24 30.15 37.4 25.4 110 12 0 M 6.21 23 SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 0820M
SEQM 8/23/2022 20:00 75.2 24 30.15 32 20.49 60 9 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 75.2 COR SEQM M
SEQM 9/8/2022 20:00 75.2 24 30.15 44.6 33.57 10 12 0 M 6.21 M FEW BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 0820M
SEQM 9/9/2022 20:00 75.2 24 30.15 37.4 25.4 70 7 0 M 6.21 M FEW BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 0920M
SEQM 9/26/2022 20:00 75.2 24 30.15 37.4 25.4 100 7 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 75.2 SEQM 2620M
SEQM 10/7/2022 19:00 75.2 24 30.15 48.2 38.46 350 16 0 M 6.21 M SCT SCT M M 2300 30000 M M M M M M M M M 75.2 SEQM 0719M
SEQM 10/10/2022 21:00 75.2 24 30.15 41 29.23 110 10 0 M 6.21 M FEW SCT M M 3300 30000 M M M M M M M M M 75.2 SEQM 1021M
SEQM 10/14/2022 19:00 75.2 24 30.15 44.6 33.57 40 9 0 M 6.21 M FEW SCT M M 3000 3300 M M VCSH M M M M M M 75.2 SEQM 1419M
SEQM 10/30/2022 19:00 75.2 24 30.15 41 29.23 360 13 0 M 6.21 M FEW M M M 3300 M M M M M M M M M M 75.2 SEQM 3019M
SEQM 10/31/2022 19:00 75.2 24 30.15 48.2 38.46 340 15 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 3119M
SEQM 11/14/2022 19:00 75.2 24 30.15 48.2 38.46 340 19 0 M 6.21 M FEW SCT M M 2600 3000 M M VCSH M M M M M M 75.2 COR SEQM M
SEQM 12/12/2022 18:27 75.2 24 30.15 48.2 38.46 350 22 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 1218M
SEQM 12/21/2022 19:00 75.2 24 30.15 46.4 35.94 350 14 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 75.2 SEQM 2119M
SEQM 12/22/2022 19:00 75.2 24 30.15 41 29.23 350 12 0 M 6.21 M FEW BKN M M 4000 8000 M M M M M M M M M 75.2 SEQM 2219M
SEQM 1/18/2022 18:00 75.2 24 30.18 44.6 33.57 350 11 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 1818M
SEQM 1/23/2022 18:00 75.2 24 30.18 48.2 38.46 330 12 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 2318M
SEQM 5/2/2022 19:00 75.2 24 30.18 48.2 38.46 350 12 0 M 6.21 M BKN M M M 3600 M M M M M M M M M M 75.2 SEQM 0219M
SEQM 5/8/2022 21:00 75.2 24 30.18 53.6 46.98 360 12 0 M 6.21 M FEW SCT M M 3000 3300 M M VCSH M M M M M M 75.2 SEQM 0821M
SEQM 7/7/2022 19:00 75.2 24 30.18 39.2 27.26 250 5 0 M 6.21 M FEW BKN M M 3000 7000 M M M M M M M M M 75.2 SEQM 0719M
SEQM 7/29/2022 19:00 75.2 24 30.18 42.8 31.34 330 11 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 2919M
SEQM 8/7/2022 19:00 75.2 24 30.18 37.4 25.4 90 11 0 M 6.21 22 SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 0719M
SEQM 8/8/2022 19:00 75.2 24 30.18 39.2 27.26 110 12 0 M 6.21 23 SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 0819M
SEQM 8/16/2022 20:00 75.2 24 30.18 44.6 33.57 340 13 0 M 6.21 M FEW SCT M M 3000 3300 M M VCSH M M M M M M 75.2 SEQM 1620M
SEQM 9/15/2022 19:00 75.2 24 30.18 48.2 38.46 350 17 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 1519M
SEQM 9/18/2022 19:00 75.2 24 30.18 46.4 35.94 350 18 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 75.2 SEQM 1819M
SEQM 9/26/2022 19:00 75.2 24 30.18 37.4 25.4 M 4 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 75.2 SEQM 2619M
SEQM 9/27/2022 20:00 75.2 24 30.18 33.8 22.02 190 4 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 2720M
SEQM 10/2/2022 20:00 75.2 24 30.18 39.2 27.26 210 10 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 0220M
SEQM 10/2/2022 21:00 75.2 24 30.18 41 29.23 50 8 0 M 6.21 M FEW BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 0221M
SEQM 10/30/2022 18:00 75.2 24 30.18 42.8 31.34 M 6 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 75.2 SEQM 3018M
SEQM 10/31/2022 18:00 75.2 24 30.18 42.8 31.34 320 12 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 3118M
SEQM 11/11/2022 19:00 75.2 24 30.18 46.4 35.94 360 12 0 M 6.21 M SCT M M M 3000 M M M VCSH M M M M M M 75.2 SEQM 1119M
SEQM 11/13/2022 18:00 75.2 24 30.18 44.6 33.57 340 12 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 1318M
SEQM 11/14/2022 18:00 75.2 24 30.18 44.6 33.57 340 8 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 1418M
SEQM 11/15/2022 19:00 75.2 24 30.18 48.2 38.46 360 10 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 1519M
SEQM 12/12/2022 18:00 75.2 24 30.18 41 29.23 10 9 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 1218M
SEQM 12/20/2022 19:00 75.2 24 30.18 44.6 33.57 350 12 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 2019M
SEQM 1/23/2022 17:00 75.2 24 30.21 44.6 33.57 280 4 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 75.2 SEQM 2317M
SEQM 2/3/2022 18:00 75.2 24 30.21 44.6 33.57 330 9 0 M 6.21 M FEW BKN M M 2600 30000 M M M M M M M M M 75.2 SEQM 0318M
SEQM 4/3/2022 18:00 75.2 24 30.21 50 41.14 350 9 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 0318M
SEQM 4/30/2022 16:34 75.2 24 30.21 48.2 38.46 M 2 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 75.2 SEQM 3016M
SEQM 5/1/2022 18:00 75.2 24 30.21 48.2 38.46 360 5 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 0118M
SEQM 7/3/2022 20:00 75.2 24 30.21 48.2 38.46 340 5 0 M 6.21 M FEW SCT M M 2600 3000 M M VCSH M M M M M M 75.2 SEQM 0320M
SEQM 7/19/2022 18:00 75.2 24 30.21 39.2 27.26 130 7 0 M 6.21 M FEW M M M 3600 M M M M M M M M M M 75.2 SEQM 1918M
SEQM 7/30/2022 19:00 75.2 24 30.21 41 29.23 310 7 0 M 6.21 M FEW SCT M M 4000 10000 M M M M M M M M M 75.2 SEQM 3019M
SEQM 8/7/2022 18:00 75.2 24 30.21 41 29.23 90 9 0 M 6.21 M BKN M M M 3000 M M M M M M M M M M 75.2 SEQM 0718M
SEQM 8/18/2022 17:00 75.2 24 30.21 39.2 27.26 330 6 0 M 6.21 M FEW M M M 2600 M M M M M M M M M M 75.2 SEQM 1817M
SEQM 8/27/2022 19:00 75.2 24 30.21 35.6 23.66 90 10 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 2719M
SEQM 8/30/2022 19:00 75.2 24 30.21 41 29.23 150 16 0 M 6.21 26 SCT M M M 4000 M M M VCSH M M M M M M 75.2 SEQM 3019M
SEQM 9/2/2022 18:00 75.2 24 30.21 39.2 27.26 260 7 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 0218M
SEQM 9/4/2022 18:00 75.2 24 30.21 39.2 27.26 230 12 0 M 6.21 M SCT SCT BKN M 4000 8000 30000 M M M M M M M M 75.2 SEQM 0418M
SEQM 9/9/2022 17:37 75.2 24 30.21 35.6 23.66 360 14 0 M 6.21 M SCT SCT M M 5000 30000 M M M M M M M M M 75.2 SEQM 0917M
SEQM 9/10/2022 20:00 75.2 24 30.21 41 29.23 120 8 0 M 6.21 M SCT SCT M M 4000 10000 M M M M M M M M M 75.2 SEQM 1020M
SEQM 9/14/2022 18:00 75.2 24 30.21 42.8 31.34 30 8 0 M 6.21 M FEW SCT M M 4000 8000 M M M M M M M M M 75.2 SEQM 1418M
SEQM 9/22/2022 18:00 75.2 24 30.21 41 29.23 320 10 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 2218M
SEQM 9/25/2022 17:00 75.2 24 30.21 42.8 31.34 M 4 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 75.2 SEQM 2517M
SEQM 9/27/2022 19:00 75.2 24 30.21 35.6 23.66 100 11 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 2719M
SEQM 9/29/2022 18:00 75.2 24 30.21 44.6 33.57 20 9 0 M 6.21 M SCT SCT M M 3300 10000 M M M M M M M M M 75.2 SEQM 2918M
SEQM 10/2/2022 19:00 75.2 24 30.21 37.4 25.4 150 10 0 M 6.21 M SCT SCT BKN M 4000 10000 30000 M M M M M M M M 75.2 SEQM 0219M
SEQM 10/3/2022 19:00 75.2 24 30.21 39.2 27.26 70 12 0 M 6.21 M FEW BKN M M 4000 8000 M M M M M M M M M 75.2 SEQM 0319M
SEQM 10/5/2022 18:00 75.2 24 30.21 44.6 33.57 340 8 0 M 6.21 M FEW SCT M M 3000 3300 M M M M M M M M M 75.2 SEQM 0518M
SEQM 10/27/2022 18:00 75.2 24 30.21 50 41.14 330 11 0 M 6.21 M SCT M M M 3000 M M M VCSH M M M M M M 75.2 SEQM 2718M
SEQM 11/7/2022 19:00 75.2 24 30.21 44.6 33.57 350 14 0 M 6.21 M SCT M M M 3600 M M M M M M M M M M 75.2 SEQM 0719M
SEQM 11/11/2022 18:00 75.2 24 30.21 44.6 33.57 20 9 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 75.2 SEQM 1118M
SEQM 11/18/2022 17:00 75.2 24 30.21 46.4 35.94 M 5 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 75.2 SEQM 1817M
SEQM 11/19/2022 17:00 75.2 24 30.21 44.6 33.57 M 4 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 75.2 SEQM 1917M
SEQM 11/25/2022 18:00 75.2 24 30.21 44.6 33.57 M 4 0 M 6.21 M SCT SCT M M 3300 10000 M M M M M M M M M 75.2 SEQM 2518M
SEQM 12/12/2022 17:00 75.2 24 30.21 44.6 33.57 M 4 0 M 6.21 M FEW BKN M M 3300 30000 M M M M M M M M M 75.2 SEQM 1217M
SEQM 12/19/2022 18:00 75.2 24 30.21 46.4 35.94 350 12 0 M 6.21 M FEW M M M 3600 M M M M M M M M M M 75.2 SEQM 1918M
SEQM 12/20/2022 18:00 75.2 24 30.21 44.6 33.57 M 6 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 2018M
SEQM 12/21/2022 18:00 75.2 24 30.21 44.6 33.57 360 10 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 75.2 SEQM 2118M
SEQM 12/22/2022 17:00 75.2 24 30.21 39.2 27.26 310 7 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 75.2 SEQM 2217M
SEQM 12/29/2022 19:00 75.2 24 30.21 44.6 33.57 10 11 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 75.2 SEQM 2919M
SEQM 1/3/2022 18:00 75.2 24 30.24 42.8 31.34 360 8 0 M 6.21 M FEW SCT M M 3000 30000 M M M M M M M M M 75.2 SEQM 0318M
SEQM 1/21/2022 17:00 75.2 24 30.24 44.6 33.57 290 6 0 M 6.21 M BKN BKN M M 4000 10000 M M M M M M M M M 75.2 SEQM 2117M
SEQM 6/5/2022 17:00 75.2 24 30.24 50 41.14 M 3 0 M 6.21 M FEW FEW SCT M 2600 3000 30000 M M M M M M M M 75.2 SEQM 0517M
SEQM 7/2/2022 17:00 75.2 24 30.24 44.6 33.57 30 7 0 M 6.21 M SCT SCT M M 4000 10000 M M M M M M M M M 75.2 SEQM 0217M
SEQM 7/19/2022 17:00 75.2 24 30.24 39.2 27.26 180 14 0 M 6.21 M FEW M M M 3600 M M M M M M M M M M 75.2 SEQM 1917M
SEQM 8/12/2022 21:00 75.2 24 30.24 33.8 22.02 360 13 0 M 6.21 M FEW M M M 3600 M M M M M M M M M M 75.2 SEQM 1221M
SEQM 8/17/2022 18:00 75.2 24 30.24 39.2 27.26 300 4 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 1718M
SEQM 8/24/2022 19:00 75.2 24 30.24 37.4 25.4 110 16 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 2419M
SEQM 8/24/2022 20:00 75.2 24 30.24 37.4 25.4 110 15 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 2420M
SEQM 8/27/2022 18:00 75.2 24 30.24 37.4 25.4 320 6 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 2718M
SEQM 9/2/2022 17:00 75.2 24 30.24 41 29.23 M 5 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 0217M
SEQM 9/13/2022 17:00 75.2 24 30.24 35.6 23.66 10 9 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 75.2 SEQM 1317M
SEQM 9/18/2022 17:00 75.2 24 30.24 39.2 27.26 M 5 0 M 6.21 M FEW BKN M M 4000 30000 M M M M M M M M M 75.2 SEQM 1817M
SEQM 9/26/2022 17:00 75.2 24 30.24 41 29.23 M 3 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 75.2 SEQM 2617M



SEQM 9/27/2022 18:00 75.2 24 30.24 33.8 22.02 100 6 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 2718M
SEQM 10/1/2022 17:00 75.2 24 30.24 42.8 31.34 180 12 0 M 6.21 M SCT SCT M M 3300 30000 M M M M M M M M M 75.2 SEQM 0117M
SEQM 10/1/2022 18:00 75.2 24 30.24 41 29.23 140 13 0 M 6.21 M SCT SCT M M 3300 10000 M M M M M M M M M 75.2 SEQM 0118M
SEQM 10/10/2022 18:00 75.2 24 30.24 37.4 25.4 60 8 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 1018M
SEQM 10/11/2022 19:00 75.2 24 30.24 41 29.23 240 11 0 M 6.21 M BKN SCT M M 3300 10000 M M M M M M M M M 75.2 SEQM 1119M
SEQM 10/16/2022 17:00 75.2 24 30.24 46.4 35.94 300 5 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 75.2 SEQM 1617M
SEQM 11/1/2022 17:00 75.2 24 30.24 42.8 31.34 M 4 0 M 6.21 M SCT BKN M M 4000 8000 M M M M M M M M M 75.2 SEQM 0117M
SEQM 12/29/2022 18:00 75.2 24 30.24 42.8 31.34 350 10 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 75.2 SEQM 2918M
SEQM 5/8/2022 18:00 75.2 24 30.27 50 41.14 210 4 0 M 6.21 M SCT BKN M M 3300 10000 M M M M M M M M M 75.2 SEQM 0818M
SEQM 7/12/2022 17:00 75.2 24 30.27 42.8 31.34 M 3 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 1217M
SEQM 7/28/2022 18:00 75.2 24 30.27 42.8 33.29 360 5 0 M 6.21 M BKN M M M 3000 M M M M M M M M M M 73.4 COR SEQM M
SEQM 8/12/2022 19:00 75.2 24 30.27 33.8 22.02 70 5 0 M 6.21 17 SCT M M M 3600 M M M M M M M M M M 75.2 SEQM 1219M
SEQM 8/12/2022 20:00 75.2 24 30.27 33.8 22.02 100 9 0 M 6.21 M FEW SCT M M 3600 30000 M M M M M M M M M 75.2 SEQM 1220M
SEQM 8/27/2022 17:00 75.2 24 30.27 37.4 25.4 210 8 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 2717M
SEQM 9/8/2022 16:00 75.2 24 30.27 39.2 27.26 290 6 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 75.2 SEQM 0816M
SEQM 9/10/2022 18:00 75.2 24 30.27 41 29.23 160 12 0 M 6.21 22 BKN SCT M M 4000 30000 M M M M M M M M M 75.2 SEQM 1018M
SEQM 9/11/2022 19:00 75.2 24 30.27 39.2 27.26 180 7 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 1119M
SEQM 9/15/2022 16:00 75.2 24 30.27 44.6 33.57 280 6 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 75.2 SEQM 1516M
SEQM 9/23/2022 17:00 75.2 24 30.27 37.4 25.4 M 5 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 75.2 SEQM 2317M
SEQM 9/27/2022 17:00 75.2 24 30.27 33.8 22.02 340 8 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 75.2 SEQM 2717M
SEQM 10/3/2022 17:00 75.2 24 30.27 39.2 27.26 M 3 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 0317M
SEQM 8/13/2022 18:00 75.2 24 30.3 28.4 17.7 350 10 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 75.2 SEQM 1318M
SEQM 8/17/2022 17:00 75.2 24 30.3 39.2 27.26 M 3 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 75.2 SEQM 1717M
SEQM 8/25/2022 18:00 75.2 24 30.3 39.2 27.26 80 9 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 75.2 SEQM 2518M
SEQM 9/10/2022 17:00 75.2 24 30.3 41 29.23 160 14 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 75.2 SEQM 1017M
SEQM 10/2/2022 16:00 75.2 24 30.3 37.4 25.4 360 7 0 M 6.21 M FEW SCT BKN M 4000 10000 30000 M M M M M M M M 75.2 SEQM 0216M
SEQM 10/3/2022 16:00 75.2 24 30.3 41 29.23 300 5 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 75.2 SEQM 0316M
SEQM 10/4/2022 16:00 75.2 24 30.3 42.8 31.34 330 8 0 M 6.21 M SCT BKN M M 3300 30000 M M M M M M M M M 75.2 SEQM 0416M
SEQM 11/2/2022 17:00 75.2 24 30.3 44.6 33.57 220 4 0 M 6.21 M SCT BKN M M 4000 8000 M M M M M M M M M 75.2 SEQM 0217M
SEQM 5/7/2022 17:00 75.2 24 30.33 50 41.14 290 3 0 M 6.21 M BKN M M M 3300 M M M M M M M M M M 75.2 SEQM 0717M
SEQM 1/23/2022 20:00 73.4 23 30.12 55.4 53.29 10 15 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 2320M
SEQM 2/2/2022 20:00 73.4 23 30.12 53.6 49.9 350 17 0 M 6.21 M FEW SCT M M 3000 30000 M M M M M M M M M 73.4 SEQM 0220M
SEQM 10/30/2022 20:00 73.4 23 30.12 46.4 38.18 340 18 0 M 6.21 M FEW M M M 3300 M M M M M M M M M M 73.4 SEQM 3020M
SEQM 11/1/2022 20:00 73.4 23 30.12 51.8 46.71 340 18 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 0120M
SEQM 11/30/2022 19:00 73.4 23 30.12 35.6 25.13 350 12 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 73.4 SEQM 3019M
SEQM 1/19/2022 21:00 73.4 23 30.15 42.8 33.29 50 9 0 M 6.21 M SCT SCT M M 3600 30000 M M M M M M M M M 73.4 SEQM 1921M
SEQM 1/20/2022 21:00 73.4 23 30.15 41 31.05 180 15 0 M 6.21 M SCT SCT M M 3000 10000 M M M M M M M M M 73.4 SEQM 2021M
SEQM 1/23/2022 19:00 73.4 23 30.15 51.8 46.71 350 19 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 2319M
SEQM 2/2/2022 19:00 73.4 23 30.15 48.2 40.85 350 13 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 73.4 SEQM 0219M
SEQM 4/30/2022 21:00 73.4 23 30.15 46.4 38.18 330 9 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 3021M
SEQM 5/2/2022 21:00 73.4 23 30.15 53.6 49.9 340 13 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 73.4 SEQM 0221M
SEQM 5/3/2022 21:00 73.4 23 30.15 55.4 53.29 350 16 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 73.4 SEQM 0321M
SEQM 8/7/2022 21:00 73.4 23 30.15 39.2 28.96 100 10 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 73.4 SEQM 0721M
SEQM 8/18/2022 20:00 73.4 23 30.15 51.8 46.71 360 16 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 73.4 SEQM 1820M
SEQM 8/23/2022 21:00 73.4 23 30.15 41 31.05 340 18 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 73.4 SEQM 2321M
SEQM 9/3/2022 21:00 73.4 23 30.15 42.8 33.29 190 10 0 M 6.21 M BKN SCT M M 3000 30000 M M M M M M M M M 73.4 COR SEQM M
SEQM 9/9/2022 21:00 73.4 23 30.15 48.2 40.85 340 15 0 M 6.21 M FEW BKN M M 4000 30000 M M M M M M M M M 73.4 SEQM 0921M
SEQM 9/13/2022 20:00 73.4 23 30.15 50 43.69 350 20 0 M 6.21 M FEW BKN M M 4000 30000 M M M M M M M M M 73.4 SEQM 1320M
SEQM 9/13/2022 20:10 73.4 23 30.15 51.8 46.71 360 18 0 M 6.21 28 FEW BKN M M 4000 30000 M M M M M M M M M 73.4 SEQM 1320M
SEQM 9/23/2022 20:00 73.4 23 30.15 50 43.69 350 18 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 73.4 SEQM 2320M
SEQM 9/27/2022 21:00 73.4 23 30.15 44.6 35.66 340 16 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 2721M
SEQM 10/5/2022 19:00 73.4 23 30.15 51.8 46.71 350 19 0 M 6.21 M FEW SCT BKN M 3000 3300 30000 M M M M M M M M 73.4 SEQM 0519M
SEQM 10/14/2022 19:03 73.4 23 30.15 46.4 38.18 50 7 0 M 6.21 M FEW SCT M M 3000 3300 M M TS VCSH M M M M M M 73.4 SEQM 1419M
SEQM 11/20/2022 18:00 73.4 23 30.15 44.6 35.66 340 7 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 73.4 SEQM 2018M
SEQM 11/24/2022 19:00 73.4 23 30.15 48.2 40.85 350 16 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 73.4 SEQM 2419M
SEQM 11/25/2022 19:00 73.4 23 30.15 48.2 40.85 340 13 0 M 6.21 M FEW SCT M M 3000 3300 M M M M M M M M M 73.4 SEQM 2519M
SEQM 12/1/2022 19:00 73.4 23 30.15 46.4 38.18 350 13 0 M 6.21 M SCT M M M 3300 M M M M M M M M M M 73.4 SEQM 0119M
SEQM 12/5/2022 18:00 73.4 23 30.15 41 31.05 340 11 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 0518M
SEQM 12/6/2022 18:00 73.4 23 30.15 44.6 35.66 340 9 0 M 6.21 M FEW M M M 4000 M M M M M M M M M M 73.4 SEQM 0618M
SEQM 12/10/2022 19:00 73.4 23 30.15 42.8 33.29 M 7 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 73.4 SEQM 1019M
SEQM 12/12/2022 19:00 73.4 23 30.15 51.8 46.71 350 21 0 M 6.21 M SCT BKN M M 4000 30000 M M M M M M M M M 73.4 SEQM 1219M
SEQM 12/19/2022 19:00 73.4 23 30.15 50 43.69 360 17 0 M 6.21 M SCT M M M 3600 M M M M M M M M M M 73.4 SEQM 1919M
SEQM 12/24/2022 19:00 73.4 23 30.15 50 43.69 350 17 0 M 6.21 27 FEW M M M 3000 M M M M M M M M M M 73.4 SEQM 2419M
SEQM 12/29/2022 20:00 73.4 23 30.15 48.2 40.85 350 16 0 M 6.21 M SCT SCT M M 3300 10000 M M M M M M M M M 73.4 SEQM 2920M
SEQM 1/16/2022 20:00 73.4 23 30.18 44.6 35.66 350 10 0 M 6.21 M SCT BKN M M 4000 10000 M M M M M M M M M 73.4 SEQM 1620M
SEQM 1/20/2022 18:00 73.4 23 30.18 44.6 35.66 320 4 0 M 6.21 M BKN BKN M M 3000 4000 M M M M M M M M M 73.4 SEQM 2018M
SEQM 1/22/2022 19:00 73.4 23 30.18 53.6 49.9 350 16 0 M 6.21 M BKN SCT M M 3000 10000 M M M M M M M M M 73.4 SEQM 2219M
SEQM 1/24/2022 17:00 73.4 23 30.18 48.2 40.85 360 8 0 M 6.21 M FEW M M M 3000 M M M M M M M M M M 73.4 SEQM 2417M
SEQM 2/2/2022 18:00 73.4 23 30.18 50 43.69 350 9 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 73.4 SEQM 0218M
SEQM 2/17/2022 19:00 73.4 23 30.18 53.6 49.9 350 17 0 M 6.21 M FEW SCT BKN M 3000 3300 30000 M M M M M M M M 73.4 SEQM 1719M
SEQM 4/2/2022 21:00 73.4 23 30.18 46.4 38.18 320 9 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 73.4 SEQM 0221M
SEQM 4/3/2022 19:00 73.4 23 30.18 53.6 49.9 350 17 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 0319M
SEQM 4/6/2022 19:00 73.4 23 30.18 50 43.69 270 4 0 M 6.21 M BKN SCT M M 3300 8000 M M M M M M M M M 73.4 SEQM 0619M
SEQM 4/14/2022 19:00 73.4 23 30.18 42.8 33.29 140 5 0 M 6.21 M SCT SCT M M 3300 10000 M M M M M M M M M 73.4 SEQM 1419M
SEQM 4/15/2022 19:00 73.4 23 30.18 50 43.69 10 8 0 M 6.21 M SCT SCT M M 3300 10000 M M M M M M M M M 73.4 SEQM 1519M
SEQM 4/30/2022 18:00 73.4 23 30.18 48.2 40.85 M 5 0 M 6.21 M BKN M M M 4000 M M M M M M M M M M 73.4 SEQM 3018M
SEQM 5/1/2022 19:00 73.4 23 30.18 51.8 46.71 10 12 0 M 6.21 M SCT SCT M M 4000 8000 M M M M M M M M M 73.4 SEQM 0119M
SEQM 5/24/2022 19:00 73.4 23 30.18 48.2 40.85 350 10 0 M 6.21 M SCT SCT M M 3000 30000 M M M M M M M M M 73.4 SEQM 2419M
SEQM 5/29/2022 19:00 73.4 23 30.18 41 31.05 300 6 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 2919M
SEQM 6/21/2022 20:00 73.4 23 30.18 51.8 46.71 330 12 0 M 6.21 M SCT BKN M M 3300 8000 M M M M M M M M M 73.4 SEQM 2120M
SEQM 7/1/2022 19:00 73.4 23 30.18 44.6 35.66 360 5 0 M 6.21 M BKN M M M 3000 M M M M M M M M M M 73.4 SEQM 0119M
SEQM 7/7/2022 20:00 73.4 23 30.18 39.2 28.96 120 6 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 73.4 SEQM 0720M
SEQM 7/7/2022 21:00 73.4 23 30.18 39.2 28.96 100 8 0 M 6.21 20 FEW SCT M M 3000 8000 M M M M M M M M M 73.4 SEQM 0721M
SEQM 7/31/2022 19:00 73.4 23 30.18 51.8 46.71 350 21 0 M 6.21 M SCT M M M 4000 M M M M M M M M M M 73.4 SEQM 3119M
SEQM 8/8/2022 18:39 73.4 23 30.18 39.2 28.96 90 12 0 M 6.21 M SCT M M M 3000 M M M M M M M M M M 73.4 SEQM 0818M
SEQM 8/19/2022 19:00 73.4 23 30.18 39.2 28.96 40 8 0 M 6.21 M SCT SCT M M 4000 30000 M M M M M M M M M 73.4 SEQM 1919M
SEQM 8/22/2022 21:00 73.4 23 30.18 33.8 23.39 120 6 0 M 6.21 M FEW SCT M M 4000 30000 M M M M M M M M M 73.4 SEQM 2221M
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RejectedTakeoffSpeed_METAR

June 29, 2023

[1]: # Import libraries
import numpy as np
import pandas as pd
import datetime as dt
import matplotlib.pyplot as plot
import glob

[2]: # Grab the METAR csv files for each facility:
files = glob.glob('c:/Users/pilot/OneDrive/Desktop/San Jose State University/

↪Masters_Project/Rejected_Takeoff_Speed/Data/*.csv')

# Create an empty list to store METAR Dataframes:
frame = []
for file in files:

frame.append(pd.read_csv(file))

# Concatenate Dataframes into a single Dataframe:
df = pd.concat(frame)

[3]: # Get METAR data from the concatenated database - select airport/station here:
# stations: SFO, DEN,SEQM
df = df.loc[df["station"] == "SFO"]

[4]: # Rename columns for readability:
df = df[["station","valid","tmpf","drct","sknt","alti","gust"]]
df.rename(columns={'station':'Airport','valid':'Datetime_UTC','tmpf':

↪'Temp_F','drct':'Wind_direction','sknt':
'Avg_wind_speed','alti':'Altimeter','gust':

↪'Gust_Conditions','metar':'METAR'}, inplace = True)

# Create a dictionary to convert specific columns to float type:
convert_dict = {'Temp_F': float, 'Wind_direction': float, 'Avg_wind_speed':␣

↪float}

# Since "M"s exist throughout the dataframe, replace with 'nan' to avoid errors:
df = df.replace('M',np.nan,regex=True)
df = df.astype(convert_dict)

1



[5]: # Convert the date in the .csv file to datetime format:
df["Datetime_UTC"] = pd.to_datetime(df.Datetime_UTC)
df["Date_UTC"] = df["Datetime_UTC"].dt.strftime('%m/%d/%Y')

# Reposition Date_UTC, adjacent to Datetime_UTC:
df = df[["Airport","Datetime_UTC","Date_UTC","Temp_F","Wind_direction",

"Avg_wind_speed",'Altimeter',"Gust_Conditions"]]

[6]: # Obtain the average wind speed conditions, grouped by Date:
Wind_conditions = df.groupby(['Date_UTC']).mean().

↪sort_values('Avg_wind_speed',ascending = False)
Wind_conditions

[6]: Temp_F Wind_direction Avg_wind_speed Altimeter
Date_UTC
04/11/2022 52.675862 277.241379 22.206897 29.938621
04/26/2022 56.088000 283.600000 20.760000 30.030800
05/08/2022 54.711111 289.629630 20.259259 30.021481
05/19/2022 61.529167 288.333333 19.833333 29.985417
05/16/2022 57.582143 274.642857 19.571429 30.058929
… … … … …
01/11/2022 51.064000 47.600000 1.840000 30.374000
11/21/2022 52.433333 70.000000 1.833333 30.198333
01/28/2022 53.237500 82.083333 1.791667 30.267083
02/13/2022 59.470833 67.083333 1.750000 30.186667
01/27/2022 51.476000 64.400000 1.600000 30.192000

[364 rows x 4 columns]

[7]: # Obtain the average altimeter and temperature readings, used for density␣
↪calculations:

Alti = df.groupby(['Date_UTC']).mean().
↪sort_values(['Altimeter',"Temp_F"],ascending = True)

Alti

[7]: Temp_F Wind_direction Avg_wind_speed Altimeter
Date_UTC
09/09/2022 67.245833 305.833333 11.916667 29.592083
09/18/2022 64.276923 174.400000 11.769231 29.660769
11/08/2022 50.922581 173.870968 10.290323 29.669355
03/28/2022 56.644444 166.800000 9.153846 29.700741
12/11/2022 50.641379 237.586207 11.517241 29.718276
… … … … …
12/24/2022 50.966667 78.750000 2.500000 30.344583
02/04/2022 51.041667 140.416667 3.833333 30.348333
01/11/2022 51.064000 47.600000 1.840000 30.374000
02/27/2022 54.150000 108.750000 3.708333 30.377917
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01/10/2022 52.025000 107.083333 2.916667 30.383750

[364 rows x 4 columns]

[8]: # Create pivot table for the average wind speed and wind direction:
Wind_conditions_pivot = Wind_conditions.

↪pivot_table(index='Date_UTC',columns=None,values=['Avg_wind_speed',
␣

↪ 'Wind_direction'])
Wind_conditions_pivot

[8]: Avg_wind_speed Wind_direction
Date_UTC
01/01/2022 4.791667 168.181818
01/02/2022 2.625000 114.166667
01/03/2022 7.700000 162.666667
01/04/2022 4.604167 122.291667
01/05/2022 4.551724 165.000000
… … …
12/26/2022 5.357143 82.857143
12/27/2022 13.034483 182.068966
12/28/2022 5.750000 180.434783
12/29/2022 4.117647 102.058824
12/30/2022 11.227273 176.818182

[364 rows x 2 columns]

[9]: # Create pivot table for altimeter readings:
Alti_pivot = Alti.

↪pivot_table(index='Date_UTC',columns=None,values=['Altimeter','Temp_F'])
Alti_pivot

[9]: Altimeter Temp_F
Date_UTC
01/01/2022 30.104583 46.583333
01/02/2022 30.268750 43.200000
01/03/2022 30.198667 51.016667
01/04/2022 30.271458 52.906250
01/05/2022 30.306552 53.548276
… … …
12/26/2022 30.157500 50.825000
12/27/2022 29.904138 56.982759
12/28/2022 29.971250 51.237500
12/29/2022 29.904118 50.482353
12/30/2022 29.939091 57.631818

[364 rows x 2 columns]
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[10]: # Export pivot tables to Excel for plot/chart generation:
#Wind_conditions_pivot.to_excel('Plot.xlsx')
#Alti_pivot.to_excel('Plot.xlsx')
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clc
close all
clear

% James D. Gonzalez III
% Dr. Lombaerts

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Step 1: Identify and define aircraft and airfield parameters:

% KSFO Airport Information:
l_28R = 3618;                                       % Length of the runway 29R
 at KSFO [m]
rho_0 = 1.225;                                      % Density of air at sea-
level conditions [kg/m^3].
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Runway surface conditions
l_28R_MagHeading = 284;                             % Magnetic heading of RWY
 28R at KSFO [deg]
mu_roll_dry_TO = 0.02;                              % Rolling coefficient for
 a dry, paved runway [-]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Wind conditions obtained from METAR observation:
V_wind_avg = 35;                                    % Average wind speed,
 obtained from METAR observation [kts]
%V_wind_avg = 0.001;                                % Uncomment to implement
 zero wind condition [kts]
V_wind_avg = V_wind_avg*0.51444;                    % Average wind speed [m/s]
V_wind_dir = 312;                                   % Wind direction, obtained
 from METAR observation [deg]
V_wind_dir_angle = V_wind_dir-l_28R_MagHeading;     % Wind direction with
 respect to the aircraft body [deg]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Nose and Main gear parameters:
W_b_x = 28.605;                                     % Distance from main wheel
 to nose wheel (center-to-center) [m]
W_b_y = 12.456;                                     % Distance from left main
 wheel to right main wheel (center-to-center) [m]
W_b_z = 5.5;                                        % Vertical distance from
 wheels to C.G., approximated from maintenance document [m]
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r1 = 28.61;                                         % Horizontal distance from
 C.G. to center of nose wheel [m]
r4 = 1.0;                                           % Horizontal distance from
 C.G. to center of main wheels [m]
r_y_eng_inboard = 14.8;                             % Lateral distance between
 C.G. and center of inboard engines [m]
r_y_eng_outboard = 25.7;                            % Lateral distance between
 C.G. and center of outboard engines [m]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Aerodynamic parameters:
S = 845;                                            % Total wing surface area
 [m^2]
b = 79.75;                                          % Wingspan [m]
T_eng_1 = 0.704*348e3;                              % Maximum thrust generated
 by engine #1 [N]
T_eng_2 = 0.704*348e3;                              % Maximum thrust generated
 by engine #2 [N]
T_eng_3 = 0.704*348e3;                              % Maximum thrust generated
 by engine #3 [N]
T_eng_4 = 0.704*348e3;                              % Maximum thrust generated
 by engine #4 [N]
T_max = T_eng_1+T_eng_2+T_eng_3+T_eng_4;            % Total thrust generated
 by engines [N]
T_rev = T_max*.15;                                  % Maximum reverse thrust
 (i.e. 15% of maximum thrust) [N]
r_y_eng_in = 14.8;                                  % Horizontal distance
 between C.G. and inboard engines (#2 and #3) [m]
r_y_eng_out = 25.7;                                 % Horizontal distance
 between C.G. and outboard engines (#1 and #4) [m]
z1 = 1.25;                                          % Vertical distance
 between C.G. and center of #1 and #4 engines (estimation)
z2 = 2.25;                                           % Vertical distance
 between C.G. and center of #2 and #3 engines
I_zz = 13.53103E7;                                  % Mass moment of inertia
 about the z-axis (I_zz = 0.037*M_MTOW*b^2) [kg m^2)
del_r_max = 26;                                     % Max. rudder deflection
 angle [deg]
del_nw_max = 10;                                    % Max. nose wheel
 deflection angle [deg]
C_l_beta = -0.221;                                  % Non-dimensional measure
 of the change in roll rate due to a change in sideslip angle [1/rad]
C_l_delr = 0.007;                                   % Non-dimensional measure
 of the change in roll rate due to a change in rudder deflection angle [1/rad]
C_l_r = 0.101;                                      % Non-dimensional measure
 of the change in roll rate due to a change in yaw rate [1/rad]
C_Y_beta = -0.96;                                   % Non-dimensional measure
 of the change in side force due to a change in sideslip angle [1/rad]
C_Y_delr = 0.175;                                   % Non-dimensional measure
 of the change in side force due to a change in rudder deflection angle [1/
rad]
C_n_beta = 0.150;                                   % Non-dimensional measure
 of the change in yaw moment due to a change in sideslip angle [1/rad]
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C_n_delr = -0.109;                                  % Non-dimensional measure
 of the change in yaw moment due to a change in rudder deflection angle [1/
rad]
C_n_r = -0.30;                                      % Non-dimensional measure
 of the change in yaw moment due to a change in yaw rate [1/rad]
C_L = 0.75;                                         % Lift coefficient [-]
C_D = 0.013;                                        % Drag coefficient [-]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Simulation parameters and Conversion factors:
epsilon_precision = 1E-9;                           % Safeguard for
 singularities [-]
rad2deg=180/pi;                                     % Convert radians to
 degrees [deg]
deg2rad = pi/180;                                   % Convert degrees to
 radians [1/deg]
dt = 0.001;                                           % Timestep [s]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Aircraft Mass and Weight specifications:
g_0 = 9.80665;                                      % Acceleration due to
 gravity at sea-level [m/s^2]
M_MTOW = 575000;                                    % Maximum takeoff mass
 [kg]
W_MTOW = M_MTOW*g_0;                                % Maximum takeoff weight
 (MTOW) [N]
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Step 2: Apply EOMs and initial conditions:

% First, initialize the parameters for the takeoff roll:
i = 1;                                                                        
  % First index, parameters evaluated at x = 0 m [-]

% Initial position and longitudinal/lateral speed:
s_x_TO(i) = 0;                                                                
  % Initial position of aircraft on runway (x-dir) [m]
s_y_TO(i) = 0;                                                                
  % Initial position of aircraft on runway (y-dir) [m]
u(i) = 0;                                                                     
  % Forward velocity with respect to the body frame [m/s]
v(i) = 0;                                                                     
  % Lateral velocity with respect to the body frame [m/s]
beta_g(i) = atan(v(i)/max([u(i) epsilon_precision]));                         
  % Tire sideslip angle [rad]
V_g(i)  = sqrt(u(i)^2+v(i)^2);                                                
  % Inertial velocity relative to the ground [m/s]

3



r(i) = 0;                                                                     
  % Initial yaw rate [rad/s]
r_psi(i) = 0;                                                                 
  % Initial heading with respect to the body frame and RWY centerline [rad]
kappa(i) = r_psi(i) + beta_g(i);                                              
  % Track angle relative to the ground [rad]
V_g_x(i) = V_g(i)*cos(kappa(i));                                              
  % Ground speed component in the inertial frame (x-dir) [m/s]
V_g_y(i) = V_g(i)*sin(kappa(i));                                              
  % Ground speed component in the inertial frame (y-dir) [m/s]
V_wind_x(i) = V_wind_avg*cos(V_wind_dir_angle*pi/180 - r_psi(i));             
  % Horizontal wind component (i.e., headwind) [m/s]
V_wind_y(i) = V_wind_avg*sin(V_wind_dir_angle*pi/180 - r_psi(i));             
  % Orthogonal wind component with respect to RWY (i.e., crosswind) [m/s]
beta(i) = atan((v(i)+V_wind_y(i))/max([(u(i)+V_wind_x(i))
 epsilon_precision])); % Aerodynamic sideslip angle [rad]

% Initialize gear sideslip and nose wheel deflection angle:
beta_g_mw_left(i) = atan((v(i)-(r(i)*r4))/max([(u(i)+(r(i)*(W_b_y/2)))
 epsilon_precision]));    % Left main wheel sideslip angle [rad]
beta_g_mw_right(i) = atan((v(i)-(r(i)*r4))/max([(u(i)-(r(i)*(W_b_y/2)))
 epsilon_precision]));   % Right main wheel sideslip angle [rad]
del_nw(i) = 0;                                                                
                  % Nose wheel deflection angle [rad]
beta_g_nw(i) = del_nw(i) + atan((v(i)+r(i)*r1)/max([u(i) epsilon_precision]));
                  % Nose wheel sideslip angle [rad]
del_r(i) = 0;                                                                 
                  % Rudder deflection angle [rad]

% Initialize the aerodynamic forces:
V_air(i) = sqrt((V_g_x(i)+V_wind_x(i))^2+(V_g_y(i)+V_wind_y(i))^2);           
                  % Airspeed magnitude [m/s]
q(i) = 0.5*rho_0*V_air(i)^2;                                                  
                  % Dynamic pressure [N/m^2]
V_air_lift(i) = sqrt((V_g_x(i)+V_wind_x(i))^2);                               
                  % Airspeed magnitude for lift calculations [m/s]
q_lift(i) = 0.5*rho_0*V_air_lift(i)^2;                                        
                  % Dynamic pressure for lift calculations [N/m^2]
F_x_aero(i) = T_max - q(i)*S*C_D;                                            
                   % Aerodynamic force along \hat{b_x} direciton in body frame
 [N]
F_y_aero(i) = q(i)*S*(C_Y_beta*beta(i) + C_Y_delr*del_r(i));                 
                   % Aerodynamic force along \hat{b_y} direciton in body frame
 [N]
F_z_aero(i) = W_MTOW - q_lift(i)*S*C_L;                                      
                   % Aerodynamic force along \hat{b_z} direciton in body frame
 [N]

% Initialize the aerodynamic moments:
M_x_aero(i) = q(i)*S*b*(C_l_beta*beta(i) + C_l_delr*del_r(i) + C_l_r*(r(i)*b)/
(2*V_air(i)));    % Aerodynamic moment about the roll axis [N m]
M_y_aero(i) = z1*(T_eng_1 + T_eng_4) + z2*(T_eng_2 + T_eng_3);                
                  % Aerodynamic moment about the pitch axis [N m]
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M_z_aero(i) = q(i)*S*b*(C_n_beta*beta(i)+C_n_delr*del_r(i)+C_n_r*((r(i)*b)/
(2*V_air(i))))...    % Aerodynamic moment about the yaw axis [N m]
    + (T_eng_1 - T_eng_4)*T_eng_4*r_y_eng_outboard + (T_eng_2 -
 T_eng_3)*r_y_eng_inboard;

% Initialize the lateral runway friction coefficients for the nose wheel and
 both main gears:
mu_s_nw(i) =
 abs(0.39*exp(-0.015*sqrt(V_g(i)))*atan(0.33*beta_g_nw(i)*rad2deg));          
      % Lateral runway friction coeff. nose wheel [-]
mu_s_mw_left(i) =
 abs(0.39*exp(-0.015*sqrt(V_g(i)))*atan(0.33*beta_g_mw_left(i)*rad2deg));    
  % Lateral runway friction coeff. left main wheel [-]
mu_s_mw_right(i) =
 abs(0.39*exp(-0.015*sqrt(V_g(i)))*atan(0.33*beta_g_mw_right(i)*rad2deg));  
  % Lateral runway friction coeff. right main wheel [-]

% Implement correction factors for the lateral runway friction coefficients:
mu_s_nw_corr(i) = mu_s_nw(i)*cos(beta_g_nw(i)) +
 mu_roll_dry_TO*sin(beta_g_nw(i));
mu_s_mw_left_corr(i) = mu_s_mw_left(i)*cos(beta_g_mw_left(i)) +
 mu_roll_dry_TO*sin(beta_g_mw_left(i));
mu_s_mw_right_corr(i) = mu_s_mw_right(i)*cos(beta_g_mw_right(i)) +
 mu_roll_dry_TO*sin(beta_g_mw_right(i));

% Setup the gear submodel A and B matrices for calculating all three normal
 forces:
B = [M_x_aero(i);
     M_y_aero(i);
     F_z_aero(i)];

A = [(-W_b_z*mu_s_nw_corr(i)*(sign(beta_g_nw(i)))) (-
W_b_z*mu_s_mw_left_corr(i)*(sign(beta_g_mw_left(i))) - 0.5*W_b_y)...
    (-W_b_z*mu_s_mw_right_corr(i)*(sign(beta_g_mw_right(i))) + 0.5*W_b_y);
    (-W_b_z*mu_roll_dry_TO - r1) (-W_b_z*mu_roll_dry_TO+r4) (-
W_b_z*mu_roll_dry_TO+r4);
    1 1 1];

% Initialize all three normal forces:
X = A\(-1*B);
F_z_nw(i) = X(1,:);                                                     %
 Normal force on the nose wheel [N]
F_z_mw_left(i) = X(2,:);                                                %
 Normal force on the left main wheel [N]
F_z_mw_right(i) = X(3,:);                                               %
 Normal force on the right main wheel [N]

% Setup dummy variables to validate calculations related to the gear submodel:
normal_force_total(i) = F_z_nw(i)+F_z_mw_left(i)+F_z_mw_right(i);
test(i) = normal_force_total(i) + F_z_aero(i);

% Initialize the forces acting on the gear:
F_x_gear(i) = F_z_nw(i)*mu_roll_dry_TO + F_z_mw_left(i)*mu_roll_dry_TO +
 F_z_mw_right(i)*mu_roll_dry_TO;
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F_y_gear(i) = F_z_nw(i)*mu_s_nw_corr(i)*(sign(beta_g_nw(i))) +
 F_z_mw_left(i)*mu_s_mw_left_corr(i)*sign(beta_g_mw_left(i))...
    + F_z_mw_right(i)*mu_s_mw_right_corr(i)*sign(beta_g_mw_right(i));

% Initialize the moments acting on the gear:
M_x_gear(i) = -W_b_z*(F_z_nw(i)*mu_s_nw_corr(i)*sign(beta_g_nw(i)) +...       
                                              % Gear moment about roll axis [N
 m]
    F_z_mw_left(i)*mu_s_mw_left_corr(i)*sign(beta_g_mw_left(i))...
    + F_z_mw_right(i)*mu_s_mw_right_corr(i)*sign(beta_g_mw_right(i)));

M_y_gear(i) = -W_b_z*(F_z_nw(i)*mu_roll_dry_TO + F_z_mw_left(i)*mu_roll_dry_TO
 + F_z_mw_right(i)*mu_roll_dry_TO);           % Gear moment about pitch axis
 [N m]
M_z_gear(i) = -(F_z_mw_left(i)*mu_s_mw_left_corr(i)*sign(beta_g_mw_left(i))...
    + F_z_mw_right(i)*mu_s_mw_right_corr(i)*sign(beta_g_mw_right(i)))*r4 +
 F_z_nw(i)*mu_s_nw_corr(i)*sign(beta_g_nw(i))...  % Gear moment about yaw axis
 [N m]
    *r1 + F_z_mw_left(i)*mu_roll_dry_TO*(W_b_y/2) -
 F_z_mw_right(i)*mu_roll_dry_TO*(W_b_y/2);

% Initialize the longitudinal, lateral, and rotational accelection:
u_dot(i) = (F_x_aero(i) + F_x_gear(i))/M_MTOW + r(i)*v(i);  % Acceleration
 along \hat{b_x} direciton in body frame [N]
v_dot(i) = (F_y_aero(i) + F_y_gear(i))/M_MTOW - r(i)*u(i);  % Acceleration
 along \hat{b_y} direciton in body frame [N]
r_dot(i) = (M_z_aero(i) + M_z_gear(i))/I_zz;                % Acceleration
 along \hat{b_z} direciton in body frame [N]

% Initialize time variable:
time(i) = 0;                                        % Initialize the total
 time to zero [s]

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Step 2: Apply EOMs for the takeoff procedure:
 while s_x_TO < l_28R
    i = i+1;                            % Advance to the next timestep

    % Apply an explicit Euler method and approximate velocities in the
 \hat{b_x},\hat{b_y}, and \hat{b_z} directions:
    u(i) = u(i-1) + dt*u_dot(i-1);      % Forward velocity with respect to the
 body frame [m/s]
    v(i) = v(i-1) + dt*v_dot(i-1);      % Lateral velocity with respect to the
 body frame [m/s]
    r(i) = r(i-1) + dt*r_dot(i-1);      % yaw rate [rad/s]

    % Apply an explicit Euler method and approximate distances/heading in the
 \hat{b_x},\hat{b_y}, and \hat{b_z} directions:
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    s_x_TO(i) = s_x_TO(i-1) + dt*u(i);  % Position of aircraft on runway (x-
dir) [m]
    s_y_TO(i) = s_y_TO(i-1) + dt*v(i);  % Position of aircraft on runway (y-
dir) [m]
    r_psi(i) = r_psi(i-1) + dt*r(i);    % Heading angle [rad]

    % Calculate new sideslip angles and velocity magnitudes:
    beta_g(i) = atan(v(i)/max([u(i) epsilon_precision]));                     
      % Tire sideslip angle [rad]
    V_g(i)  = sqrt(u(i)^2+v(i)^2);                                            
      % Inertial velocity relative to the ground [m/s]
    kappa(i) = r_psi(i) + beta_g(i);                                          
      % Track angle relative to the ground [rad]
    V_g_x(i) = V_g(i)*cos(kappa(i));                                          
      % Ground speed component in the inertial frame (x-dir) [m/s]
    V_g_y(i) = V_g(i)*sin(kappa(i));                                          
      % Ground speed component in the inertial frame (y-dir) [m/s]
    V_wind_x(i) = V_wind_avg*cos(V_wind_dir_angle*pi/180 - r_psi(i));         
      % Horizontal wind component (i.e., headwind) [m/s]
    V_wind_y(i) = V_wind_avg*sin(V_wind_dir_angle*pi/180 - r_psi(i));         
      % Orthogonal wind component with respect to RWY (i.e., crosswind) [m/s]
    beta(i) = atan((v(i)+V_wind_y(i))/max([(u(i)+V_wind_x(i))
 epsilon_precision])); % Aerodynamic sideslip angle [rad]

    % Gear sideslip and nose wheel deflection angle:
    beta_g_mw_left(i) = atan((v(i)-(r(i)*r4))/max([(u(i)+(r(i)*(W_b_y/2)))
 epsilon_precision]));
    beta_g_mw_right(i) = atan((v(i)-(r(i)*r4))/max([(u(i)-(r(i)*(W_b_y/2)))
 epsilon_precision]));
    K_nw = -0.01/0.95;
    del_nw(i) = K_nw*s_y_TO(i); % Feedback loop; choose k-value (tuning)
    beta_g_nw(i) = del_nw(i) + atan((v(i)+(r(i)*r1))/max([u(i)
 epsilon_precision]));
    del_r(i) = del_nw(i)*(del_r_max/del_nw_max);%0;                           
      % Rudder deflection angle [rad]

    % Aerodynamic forces:
    V_air(i) = sqrt((V_g_x(i)+V_wind_x(i))^2+(V_g_y(i)+V_wind_y(i))^2);
    q(i) = 0.5*rho_0*V_air(i)^2;
    V_air_lift(i) = sqrt((V_g_x(i)+V_wind_x(i))^2);
    q_lift(i) = 0.5*rho_0*V_air_lift(i)^2;
    F_x_aero(i) = T_max - q(i)*S*C_D;
    F_y_aero(i) = q(i)*S*(C_Y_beta*beta(i) + C_Y_delr*del_r(i));
    F_z_aero(i) = W_MTOW - q_lift(i)*S*C_L;

    % Aerodynamic Moments:
    M_x_aero(i) = q(i)*S*b*(C_l_beta*beta(i) + C_l_delr*del_r(i) +
 C_l_r*(r(i)*b)/(2*V_air(i)));
    M_y_aero(i) = z1*(T_eng_1 + T_eng_4) + z2*(T_eng_2 + T_eng_3);
    M_z_aero(i) =
 q(i)*S*b*(C_n_beta*beta(i)+C_n_delr*del_r(i)+C_n_r*((r(i)*b)/
(2*V_air(i))))...
        + (T_eng_1 - T_eng_4)*T_eng_4*r_y_eng_outboard + (T_eng_2 -
 T_eng_3)*r_y_eng_inboard;
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    % Calculate lateral runway friction coefficients for the nose wheel and
 both main gears:
    mu_s_nw(i) =
 abs(0.39*exp(-0.015*sqrt(V_g(i)))*atan(0.33*beta_g_nw(i)*rad2deg));
    mu_s_mw_left(i) =
 abs(0.39*exp(-0.015*sqrt(V_g(i)))*atan(0.33*beta_g_mw_left(i)*rad2deg));
    mu_s_mw_right(i) =
 abs(0.39*exp(-0.015*sqrt(V_g(i)))*atan(0.33*beta_g_mw_right(i)*rad2deg));

    % Implement correction factors for the lateral runway friction
 coefficients:
    mu_s_nw_corr(i) = mu_s_nw(i)*cos(beta_g_nw(i)) +
 mu_roll_dry_TO*sin(beta_g_nw(i));
    mu_s_mw_left_corr(i) = mu_s_mw_left(i)*cos(beta_g_mw_left(i)) +
 mu_roll_dry_TO*sin(beta_g_mw_left(i));
    mu_s_mw_right_corr(i) = mu_s_mw_right(i)*cos(beta_g_mw_right(i)) +
 mu_roll_dry_TO*sin(beta_g_mw_right(i));

    % Setup the gear submodel A and B matrices for calculating all three
 normal forces:
    B = [M_x_aero(i);
         M_y_aero(i);
         F_z_aero(i)];

    A = [(-W_b_z*mu_s_nw_corr(i)*(sign(beta_g_nw(i)))) (-
W_b_z*mu_s_mw_left_corr(i)*(sign(beta_g_mw_left(i))) - 0.5*W_b_y)...
        (-W_b_z*mu_s_mw_right_corr(i)*(sign(beta_g_mw_right(i))) + 0.5*W_b_y);
        (-W_b_z*mu_roll_dry_TO - r1) (-W_b_z*mu_roll_dry_TO+r4) (-
W_b_z*mu_roll_dry_TO+r4);
        1 1 1];

    % Calculate three normal forces:
    X = A\(-1*B);
    F_z_nw(i) = X(1,:);
    F_z_mw_left(i) = X(2,:);
    F_z_mw_right(i) = X(3,:);

    % Dummy calculations to validate gear submodel:
    normal_force_total(i) = F_z_nw(i)+F_z_mw_left(i)+F_z_mw_right(i);
    test(i) = normal_force_total(i) + F_z_aero(i);

    % Initialize the forces acting on the gear:
    F_x_gear(i) = F_z_nw(i)*mu_roll_dry_TO + F_z_mw_left(i)*mu_roll_dry_TO +
 F_z_mw_right(i)*mu_roll_dry_TO;
    F_y_gear(i) = F_z_nw(i)*mu_s_nw_corr(i)*(sign(beta_g_nw(i))) +
 F_z_mw_left(i)*mu_s_mw_left_corr(i)*sign(beta_g_mw_left(i))...
        + F_z_mw_right(i)*mu_s_mw_right_corr(i)*sign(beta_g_mw_right(i));

    % Initialize the moments acting on the gear:
    M_x_gear(i) = -W_b_z*(F_z_nw(i)*mu_s_nw_corr(i)*sign(beta_g_nw(i)) +...
        F_z_mw_left(i)*mu_s_mw_left_corr(i)*sign(beta_g_mw_left(i))...
        + F_z_mw_right(i)*mu_s_mw_right_corr(i)*sign(beta_g_mw_right(i)));
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    M_y_gear(i) = -W_b_z*(F_z_nw(i)*mu_roll_dry_TO +
 F_z_mw_left(i)*mu_roll_dry_TO + F_z_mw_right(i)*mu_roll_dry_TO);
    M_z_gear(i) = -
(F_z_mw_left(i)*mu_s_mw_left_corr(i)*sign(beta_g_mw_left(i))...
        + F_z_mw_right(i)*mu_s_mw_right_corr(i)*sign(beta_g_mw_right(i)))*r4 +
 F_z_nw(i)*mu_s_nw_corr(i)*sign(beta_g_nw(i))...
        *r1 + F_z_mw_left(i)*mu_roll_dry_TO*(W_b_y/2) -
 F_z_mw_right(i)*mu_roll_dry_TO*(W_b_y/2);

    % Dynamic submodel:
    u_dot(i) = (F_x_aero(i) + F_x_gear(i))/M_MTOW + r(i)*v(i);
    v_dot(i) = (F_y_aero(i) + F_y_gear(i))/M_MTOW - r(i)*u(i);
    r_dot(i) = (M_z_aero(i) + M_z_gear(i))/I_zz;

    % Time array:
    time(i) = time(i-1) + dt;
 end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%
% Step 3: Plot the results:
figure(1)
subplot(2,1,1)
plot(s_x_TO(1,:),u(1,:))
ylabel('u [m/s]')
xlabel('s_x_{TO} [m]')
title('Inertial Velocity in x-direction [m/s]')
grid on

subplot(2,1,2)
plot(-1*flip(s_y_TO(1,:)),v(1,:))
ylabel('v [m/s]')
xlabel('s_y_{TO} [m]')
title('Inertial Velocity in y-direction [m/s]')
grid on

figure(2)
subplot(2,1,1)
plot(s_x_TO(1,:),u(1,:))
ylabel('u [m/s]')
xlabel('s_x_{TO} [m]')
title('Inertial Velocity in x-direction [m/s]')
grid on

subplot(2,1,2)
plot(s_x_TO(1,:),v(1,:))
ylabel('v [m/s]')
xlabel('s_x_{TO} [m]')
title('Inertial Velocity in y-direction [m/s]')
grid on
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figure(3)
plot(s_x_TO(1,:),s_y_TO(1,:))
set(gca, 'YDir','reverse')
ylabel('s_y_{TO} [m]')
xlabel('s_x_{TO} [m]')
title('ground track of takeoff roll [m]')
axis equal

figure(4)
plot(s_x_TO(1,:),r_psi(1,:)*rad2deg)
ylabel('psi [deg]')
xlabel('s_x_{TO} [m]')
title('aircraft heading during takeoff roll [deg]')
grid on

% zeros_plot = zeros(size(s_x_TO));
% figure(5)
% axes1 = axes('Parent', figure(5));
% hold(axes1,'on');
% rectangle('Parent',axes1,'Position',[0 -60.96/2 3000 60.96],'FaceColor',[0 0
 1 0.5]); % Plots the rectangle
% hold on
% trajectory3(s_x_TO,s_y_TO,zeros_plot,zeros_plot,zeros_plot,r_psi
+pi/2,0.01,50,'A380',[0 90])
% set(gca, 'YDir','reverse')
% grid on
% %axis equal
% axis manual
% %ylim([-500 500])
% %xlim([0 s_x_TO(end)])
% ylabel('Runway Width [m]')
% xlabel('Runway Length [m]')

figure(6)
subplot(2,1,1)
plot(s_x_TO(1,:),del_nw(1,:)*rad2deg)
ylabel('\delta_{nw} [deg]')
xlabel('s_x_{TO} [m]')
grid on

subplot(2,1,2)
plot(s_x_TO(1,:),del_r(1,:)*rad2deg)
ylabel('\delta_{r} [deg]')
xlabel('s_x_{TO} [m]')
grid on

figure(7)
plot(V_air, F_z_nw)
hold on
plot(V_air, F_z_mw_left)
plot(V_air,F_z_mw_right)
ylabel('Normal Forces [N]')
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xlabel('V_{air} [m/s]')
legend('Nose wheel','Left Main Wheel','Right Main Wheel')
title('aircraft heading during takeoff roll [deg]')
grid on

figure(8)
plot(s_x_TO, test)
ylim([-1,1])
ylabel('F_{z} - F_{aero} [N]')
xlabel('s_x_TO [m]')
title('Normal forces and Aerodynamic Force in z-direction Check')
grid on

figure(9)
subplot(1,2,1)
plot(time, V_g/0.51444)
xlim([0 30])
ylabel('V_g [knots]')
xlabel('Time (s)')
grid on
title('V_g vs. time')

subplot(1,2,2)
plot(time,r_psi*rad2deg)
hold on
plot(time,beta*rad2deg)
plot(time,del_r*rad2deg)
xlim([0 30])
ylabel('Degrees')
xlabel('Time (s)')
legend('hdg','\beta','\delta_r')
title('Figure 10b in Paper')
grid on
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Appendix H:
Gear Submodel Derivation
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