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Impact of Takeoff Trajectory Design on Performance and Noise
for AAM Aircraft

Victoria Gonzalez∗, Seraphin Yeung†, and Jacqueline Huynh‡

University of California Irvine, 4200 Engineering Gateway, Irvine, CA, 92617, USA

R. John Hansman§

Massachusetts Institute of Technology, 77 Massachusetts Ave., Cambridge, MA, 02139, USA

A broad range of AAM aircraft are currently in development, each with varying community

noise footprints and energy consumption depending on the specifics of their departure and

arrival flight trajectories, which must be understood for effective airspace integration. This

work presents a framework for analyzing AAM trajectory design, focusing on key performance

characteristics including community noise impact, energy consumption, and flight duration.

The framework can be applied to diverse AAM vehicle types, as demonstrated in this work on

a Blown-Flap Short Takeoff and Landing vehicle, a Tilt-Rotor Vertical Takeoff and Landing

vehicle, and a Lift plus Cruise Vertical Takeoff and Landing vehicle. Results of comparing

various takeoff procedures for each vehicle show trade-offs between community noise, energy

consumption, and flight duration, highlighting the importance of strategic trajectory design.

I. Nomenclature

𝑎 = acceleration

AAM = Advanced Air Mobility

ABEAT = ANOPP2 Blade Element Acoustic Tool

AEDT = FAA Aviation Environmental Design Tool

ANOPP = NASA Aircraft NOise Prediction Program

ATM = Air Traffic Management

dBA = decibels A-weighted

deg = Degrees
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eSTOL = Electric Short Takeoff and Landing

eVTOL = Electric Vertical Takeoff and Landing

FAA = Federal Aviation Administration

ft = Feet

h = Acceleration altitude

kts = Knots

kWh = Kilowatt hours

𝐿𝐴,𝑀𝑎𝑥 = Maximum A-weighted Sound Pressure Level

lbs = Pound force

LPC = Lift Plus Cruise

m = Mass

MPPI = Model Predictive Path Integral

NAS = National Airspace System

NDARC = NASA Design and Analysis of Rotorcraft

nm = Nautical miles

𝑁𝑅 = Number of rotors

𝑅 = Rotor diameter

RPM = Revolutions per Minute

RVLT = NASA Revolutionary Vertical Lift Technology

s = Seconds

SEL = Sound Exposure Level

𝑇 = Total thrust force per rotor

𝑉1 = Velocity where wing lift is 50% aircraft weight

𝑉 𝑗 = Jet Velocity

𝑉∞ = Free stream velocity

X = Aircraft state vector

()𝐶 = Cruise-direction

()𝐿 = Lift-direction

()𝑥 = x-direction

()𝑧 = z-direction

𝛼 = Angle of attack

Δ𝜃𝐵 = Change in blade root pitch
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𝛿 𝑓 = Flap detent

𝛾 = Flight path angle

𝛾𝑐 = Flight path angle of climb segments

𝛾𝑖 = Flight path angle of initial climb for eSTOL flights

𝛾𝑡 = Flight path angle of transition for eVTOL flights

𝜏 = Rotor tilt angle

II. Introduction

As large cities see constant increases in urbanization and traffic congestion, Advanced Air Mobility (AAM) is

proposed to combat inner and intra-city transportation challenges by leveraging the significant advancements

in necessary technology of recent decades [1, 2]. This evolving concept for air transportation has a primary goal of

providing scheduled and on-demand services as a part of inter-modal transportation links within major cities [1–4].

Such procedures are expected to operate at higher densities, lower altitudes, and in closer proximity to urban areas

than legacy transport aircraft operations of the National Airspace System (NAS) today [1, 3]. As an emerging system

entering the NAS, which has been evolving for decades, the introduction of AAM will require adherence to current

regulations and procedures without disrupting existing air traffic procedures. Additionally, there are many distinct AAM

aircraft being developed throughout the industry, all designed to meet diverse operation objectives and performance

capabilities [5–7]. Thus, a diverse set of aircraft are intended to operate within a confined, densely populated airspace at

low altitudes. However, the range of feasible procedures for the various AAM aircraft is not well understood and there is

a lack of comprehensive comparative analysis. Furthermore, operations occurring at low altitude and within congested

airspace present a dual emphasis on minimizing community noise impact and maximizing operational efficiency.

As Advanced Air Mobility continues to evolve and integrate into existing airspace systems, policymakers, regulators,

and industry stakeholders must navigate diverse operational requirements and unique airspace constraints [8]. The

challenge is to ensure safety, fairness, airspace efficiency, minimal power consumption and community noise impact.

Understanding the impacts of substantial non-uniformity in vehicle design and performance on AAM traffic flow

management is crucial for addressing these challenges. Therefore, the ability to reliably model aircraft performance and

trajectories will play a crucial role in advancing the broader AAM ecosystem, emphasizing that ongoing progress in this

area is vital [9]. To this end, several works have examined methods to assess flight performance for different AAM flight

missions [9, 10], including acoustic aware path planning for a single aircraft [11, 12].Various tools have been developed

that evaluate mission performance as a part of the AAM vehicle design process [13–15]. The geometric programming

vehicle optimization method for optimizing cost per trip in [14] implemented a semi-emperical post-processing method

for analyzing noise and found a general trend that higher lift-to-drag ratios and disk loading presented lower operating
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costs, but were generally louder. Ackerman et al. [16] developed an acoustic constraint function for spatial path planning

within a multi-vehicle trajectory generation framework. They, however, used simplified dynamic assumptions that do

not consider specifics of vehicle performance capabilities.

Performance modeling for AAM aircraft is challenging due to limited vehicle data from proprietary markets.

Concequently, NASA Revolutionary Vertical Lift Technology (RVLT) project designed six conceptual AAM vehicle

designs using NASA’s Design and Analysis of Rotorcraft (NDARC) software [17, 18]. NDARC is a rotorcraft

design toolthat sizes a rotorcraft to meet specified flight conditions of an assumed mission and estimates the design’s

performance and is not directly capable of defining feasible missions of a provided rotorcraft [17, 19]. Hartman et

al. [9] developed flight performance models for three of the NASA conceptual AAM designs [18], and leveraged

NDARC to compute performance at operating conditions, but noted limitations in applicability to other AAM vehicles.

Additionally, SUAVE [20], an open-source design and analysis tool, was compared with NDARC using the Kitty Hawk

Cora eVTOL configuration, evaluating sensitivities through trade studies [21]. Clark and Alonso [15] applied SUAVE

for designing AAM vehicles, analyzing performance, and modeling community noise impact using a medium-fidelity,

semi-empirical approach, omitting broadband noise.

Public acceptance has been identified as one of the most limiting factors for successful implementation of large-scale

AAM operations [22, 23]. Beyond ensuring the safety and affordability of the service for the end-user, public

acceptance encompasses considerations regarding its impact on ground observers, including both visual and acoustic

pollution [14, 22, 24–27]. While conventional aircraft noise modeling methods exist [28], they may not be compatible

for modeling the unique noise sources of AAM aircraft. Detailed modeling, particularly for open-rotor noise is

computationally expensive, leading many existing studies to make simplifying assumptions. For example, [14] and [27]

use a semi-empirical expression to model the rotor and rotor vortex noise. Other works have developed methodologies

that allow the conceptual design and modeling of multi-rotor aircraft, as well as evaluation based on their performance

and community noise impacts. These studies use physics-based models [15, 29] to design low to medium-fidelity

flight mission profiles based on unique vehicle capabilities and perform component-based noise evaluation. Emphasis

is placed on the unique flight capabilities of conceptual AAM vehicles, where [30, 31] add on adapting tools and

methodologies to better capture and characterize their noise profiles. Due to the sensitivity of noise around public

acceptance for AAM vehicles, there has been little published results on noise modeling for AAM aircraft currently

being developed in industry. For example, in [32] new flight procedures were evaluated using high-fidelity simulations;

however, community noise results were not presented. Several papers also have made efforts to expand noise modeling

capabilities of tools such as the FAA’s Aviation Environmental Design Tool (AEDT) and create vehicle modeling

methods beyond the current fixed wing and rotor-craft databases integrated in these models, where the primary focus

was not on how noise results change according to trajectory definition [33–35].

In support of integrating future AAM configurations into the air traffic management system and understanding the
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performance trade-offs that result from different vehicle-specific operational strategies, this work presents a physics-based

methodology for assessing the performance and community noise of varied trajectories for distinct, defined AAM aircraft.

A close examination of the definition of AAM control strategies for departure procedures for regions near airports for

different vehicles is presented. Many AAM vehicle configurations are currently under development and being studied

to determine their feasibility of performing AAM operations, including but not limited to electric, blown-flap short

takeoff and landing vehicles (eSTOL), tilt-rotor electric vertical takeoff and landing vehicles (eVTOL), and lift plus

cruise electric vertical takeoff and landing vehicles (eVTOL), as depicted in Fig. 1. Each AAM vehicle has unique

performance capabilities stemming from differences in configuration such as different numbers of rotors, rotor designs,

placement, load capacity, aerodynamic structure, and takeoff capability.

(a) Blown-Flap eSTOL (b) Lift plus Cruise eVTOL (c) Tilt-Rotor eVTOL

Fig. 1 Example AAM vehicle types referenced from [36].

The methodology presented in this paper is a tool for evaluating the capabilities of each of these distinct AAM aircraft

architectures through the strategic design of flight trajectories based on the performance and dynamics of the unique

vehicles presented in Fig. 1. Resulting trajectory performance metrics, including community noise impact, energy

consumption, and flight duration are analyzed for strategically designed takeoff procedures to identify performance

trade-offs resulting from varying procedures for each AAM aircraft architecture. The vehicles studied in this work are

representative of diverse AAM aircraft architectures and each have vastly different performance capabilities and mission

objectives, thus the intention of this work is not to compare the results across vehicles, but to analyze how the resulting

performance metrics change for different departure procedures for each of the vehicles in Fig. 1.

The remainder of this paper is structured as follows: the analysis methodology is described in Section III with the

framework for flight operation control strategy, aircraft performance, flight profile generation, source noise modeling,

and trajectory integration provided in Sections III.A, III.B, III.C, III.D, and III.E respectively. The methodology is then

applied to each of the three aircraft in Fig. 1 in Section IV, where the results for the Tilt-Rotor, Lift plus Cruise, and

Blown-flap eSTOL vehicle are discussed in Sections IV.A, IV.B, and IV.C, respectively. Concluding comments and

discussion are presented in Section V.
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III. AAM Trajectory Design and Assessment Methodology
The AAM trajectory design and assessment framework is presented in Fig. 2. The design of a flight trajectory and

evaluation of performance metrics including community noise, energy consumption, and flight duration, for a given

AAM aircraft is initiated with a detailed aircraft architecture and control strategy for the flight operation.
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750 2150 1920 1640 1390 1190 1020 881 771 681 607 545 492 446 406 371 -5210 -5790 750 3550 3390 3060 2720 2400 2130 1890 1690 1520 1370 1250 1140 1050 967 894 -5850 -6480
800 2130 1900 1620 1380 1170 1010 872 763 675 601 539 487 442 402 367 335 -5820 800 3690 3420 3070 2720 2410 2130 1890 1690 1520 1370 1250 1140 1050 966 893 829 -6430

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -39200 -43100 -47300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN NaN -8460 -9940 -11500 -13200 -15000 -17000 -19200 -21500 -24000 -26700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -31800 -34900 -38300 -41800
200 NaN NaN NaN NaN NaN -3440 -4290 -5200 -6170 -7220 -8370 -9630 -11000 -12500 -14200 -16000 -18000 200 NaN NaN NaN NaN NaN NaN NaN NaN -10800 -12500 -14200 -16000 -17900 -20000 -22200 -24500 -27000
250 NaN NaN NaN -479 -587 -2390 -3000 -3660 -4380 -5160 -6030 -6980 -8030 -9190 -10500 -11900 -13400 250 NaN NaN NaN NaN NaN NaN -5230 -6290 -7400 -8570 -9820 -11100 -12600 -14100 -15700 -17500 -19400
300 NaN NaN NaN 97.1 120 238 -2320 -2840 -3410 -4040 -4740 -5510 -6360 -7310 -8350 -9510 -10800 300 NaN NaN NaN NaN NaN -1280 -3860 -4660 -5520 -6420 -7390 -8430 -9540 -10700 -12100 -13500 -15000
350 NaN NaN 518 543 633 801 999 -2380 -2860 -3390 -3980 -4630 -5360 -6160 -7050 -8040 -9120 350 NaN NaN NaN NaN -230 -253 -176 -3710 -4400 -5140 -5930 -6780 -7710 -8710 -9790 -11000 -12200
400 NaN 855 874 940 1060 1190 1060 934 -2530 -2990 -3510 -4080 -4720 -5430 -6210 -7080 -8030 400 NaN NaN NaN 422 423 494 654 921 -3700 -4330 -5000 -5730 -6530 -7390 -8320 -9340 -10400
450 1180 1190 1230 1320 1410 1230 1080 952 847 -2750 -3220 -3740 -4310 -4950 -5650 -6430 -7290 450 NaN NaN NaN 914 975 1100 1310 1580 1560 -3800 -4400 -5040 -5740 -6500 -7330 -8230 -9200
500 1520 1540 1600 1660 1430 1250 1090 962 856 767 -3050 -3520 -4050 -4630 -5280 -6000 -6780 500 NaN 1330 1330 1380 1480 1640 1850 1770 1600 1460 -4000 -4580 -5210 -5890 -6640 -7450 -8330
550 1880 1910 1930 1680 1450 1260 1100 968 861 771 695 -3400 -3890 -4440 -5040 -5700 -6430 550 1740 1740 1770 1840 1970 2130 2010 1810 1630 1480 1350 -4270 -4840 -5470 -6160 -6910 -7720
600 2270 2230 1960 1690 1460 1260 1100 970 862 772 696 631 -3800 -4320 -4890 -5510 -6190 600 2150 2160 2220 2310 2440 2280 2040 1830 1650 1500 1370 1250 -4600 -5190 -5830 -6520 -7280
650 2480 2250 1970 1700 1460 1260 1100 970 862 771 695 630 574 -4260 -4800 -5400 -6040 650 2590 2610 2680 2780 2580 2300 2060 1840 1660 1510 1380 1260 1160 -5010 -5610 -6260 -6970
700 2500 2260 1970 1700 1460 1260 1100 968 859 769 693 628 572 523 -4780 -5340 -5960 700 3050 3090 3160 2930 2600 2320 2070 1850 1670 1510 1380 1260 1160 1070 -5470 -6080 -6760
750 2500 2260 1960 1690 1450 1260 1100 964 855 765 689 625 569 521 477 -5340 -5930 750 3540 3570 3290 2940 2620 2330 2080 1860 1680 1520 1380 1270 1160 1080 996 -5980 -6620
800 2500 2250 1950 1680 1450 1250 1090 958 850 760 685 621 565 517 474 435 -5940 800 3930 3670 3310 2960 2630 2340 2080 1860 1680 1520 1380 1270 1160 1080 996 925 -6550
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -28900 -32800 -37100 -41700 -46800 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN -2250 -2970 -3790 -4740 -5830 -7100 -8560 -10200 -12100 -14300 -16700 -19300 -22300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN -150 -812 -1170 -1580 -2070 -2640 -3320 -4120 -5050 -6140 -7390 -8820 -10400 -12300 -14300 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN -13300 -15200 -17200 -19400 -21700 -24200 -26900 -29800
200 NaN NaN 171 256 -808 -1100 -1450 -1870 -2360 -2950 -3650 -4450 -5390 -6470 -7690 -9080 -10600 200 NaN NaN NaN NaN NaN -4020 -4990 -6020 -7110 -8280 -9540 -10900 -12400 -14000 -15800 -17700 -19800
250 354 360 410 408 328 -903 -1180 -1520 -1920 -2400 -2960 -3610 -4370 -5240 -6230 -7360 -8620 250 NaN NaN NaN NaN -943 -2760 -3450 -4190 -4990 -5850 -6790 -7810 -8940 -10200 -11500 -13000 -14600
300 551 572 533 418 334 274 -1070 -1360 -1710 -2120 -2590 -3150 -3800 -4530 -5380 -6330 -7400 300 NaN NaN NaN -84.7 -117 -56.4 -2630 -3210 -3840 -4520 -5270 -6100 -7000 -8000 -9100 -10300 -11600
350 773 693 540 421 336 274 229 -1290 -1600 -1970 -2400 -2890 -3460 -4110 -4850 -5680 -6610 350 NaN NaN NaN 411 466 602 836 -2650 -3170 -3740 -4370 -5060 -5830 -6670 -7600 -8630 -9750
400 833 697 541 420 334 273 228 193 -1570 -1910 -2300 -2750 -3260 -3850 -4510 -5260 -6100 400 NaN NaN 795 840 942 1110 1220 1090 -2760 -3260 -3810 -4410 -5080 -5820 -6640 -7530 -8510
450 834 693 536 416 331 270 225 190 163 -1900 -2260 -2680 -3160 -3700 -4310 -4990 -5760 450 1140 1140 1170 1240 1370 1430 1260 1120 1000 -2960 -3460 -4000 -4600 -5260 -5990 -6790 -7670
500 826 683 526 409 325 265 221 187 160 137 -2270 -2670 -3110 -3620 -4190 -4820 -5530 500 1490 1500 1550 1640 1660 1460 1280 1140 1020 913 -3240 -3730 -4280 -4890 -5550 -6290 -7090
550 810 665 511 398 317 259 216 182 156 134 115 -2690 -3120 -3600 -4130 -4730 -5400 550 1850 1880 1940 1930 1680 1470 1290 1150 1020 920 832 -3570 -4080 -4640 -5260 -5940 -6690
600 786 640 490 382 306 251 210 177 151 130 111 95.5 -3160 -3610 -4130 -4690 -5320 600 2250 2280 2230 1950 1700 1480 1300 1150 1030 924 835 759 -3970 -4490 -5080 -5710 -6410
650 752 606 462 362 293 241 202 171 146 125 107 91.6 77.6 -3660 -4160 -4700 -5300 650 2670 2550 2250 1960 1710 1490 1310 1150 1030 925 836 760 694 -4410 -4960 -5570 -6230
700 705 560 425 337 275 229 193 163 139 119 102 87 73.6 61 -4220 -4740 -5320 700 2810 2570 2260 1970 1710 1490 1310 1150 1030 924 835 759 693 635 -4910 -5490 -6120
750 640 495 377 305 253 214 182 155 132 113 96.3 81.8 68.8 56.9 45.5 -4810 -5370 750 2830 2580 2260 1970 1710 1490 1300 1150 1030 921 832 757 691 634 583 -5460 -6070
800 534 399 315 265 227 195 168 145 124 106 90 76 63.5 52 41.2 30.7 -5450 800 2830 2580 2260 1960 1700 1480 1300 1150 1020 917 828 753 688 631 580 535 -6070

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN -6530 -7900 -9400 -11100 -12900 -14900 -17200 -19700 -22400 -25400 -28700 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN -1420 -2000 -2630 -3330 -4110 -4990 -5980 -7110 -8390 -9820 -11400 -13200 -15200 -17500 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -17200 -19400 -21700 -24200 -26900 -29800 -32800
200 NaN NaN -99 -135 -1270 -1690 -2170 -2710 -3320 -4030 -4830 -5760 -6800 -7990 -9320 -10800 -12500 200 NaN NaN NaN NaN NaN NaN -5690 -6840 -8050 -9330 -10700 -12200 -13800 -15500 -17400 -19400 -21600
250 NaN NaN 241 293 429 -1280 -1640 -2060 -2540 -3090 -3730 -4460 -5290 -6230 -7290 -8490 -9820 250 NaN NaN NaN NaN NaN -3120 -3900 -4720 -5590 -6530 -7550 -8650 -9850 -11200 -12600 -14100 -15800
300 NaN 491 526 614 617 521 -1390 -1730 -2140 -2600 -3130 -3740 -4440 -5230 -6120 -7120 -8240 300 NaN NaN NaN NaN -356 -356 -2940 -3570 -4260 -5000 -5800 -6680 -7640 -8690 -9840 -11100 -12500
350 731 746 802 764 633 532 454 -1570 -1920 -2330 -2790 -3330 -3940 -4620 -5400 -6270 -7240 350 NaN NaN NaN 277 295 394 596 -2910 -3480 -4090 -4760 -5490 -6300 -7180 -8150 -9210 -10400
400 993 1020 947 776 641 537 457 395 -1810 -2180 -2600 -3080 -3630 -4250 -4940 -5720 -6580 400 NaN NaN 716 737 816 967 1190 1240 -3000 -3530 -4110 -4750 -5440 -6210 -7060 -7980 -9000
450 1280 1160 955 781 644 539 458 395 345 -2110 -2500 -2950 -3450 -4010 -4650 -5350 -6140 450 NaN 1090 1100 1160 1280 1450 1430 1280 1150 -3180 -3690 -4260 -4880 -5570 -6320 -7150 -8060
500 1340 1170 958 781 643 537 457 394 343 302 -2470 -2880 -3350 -3870 -4460 -5120 -5850 500 1450 1460 1500 1580 1710 1650 1460 1300 1170 1050 -3430 -3940 -4510 -5140 -5830 -6580 -7400
550 1340 1160 954 777 639 534 453 391 341 300 265 -2870 -3310 -3810 -4360 -4970 -5650 550 1830 1840 1900 2000 1910 1680 1480 1320 1180 1070 966 -3750 -4270 -4850 -5490 -6180 -6950
600 1340 1160 944 769 633 529 449 386 337 296 262 233 -3320 -3790 -4320 -4900 -5540 600 2230 2260 2320 2200 1930 1690 1500 1330 1190 1070 972 885 -4130 -4670 -5260 -5920 -6630
650 1320 1140 930 756 623 521 442 381 332 292 258 230 204 -3820 -4320 -4870 -5490 650 2650 2690 2520 2210 1940 1700 1500 1330 1190 1070 974 888 812 -4560 -5130 -5740 -6410
700 1300 1120 909 739 609 511 435 375 326 287 254 225 201 178 -4360 -4890 -5480 700 3070 2850 2530 2230 1950 1710 1510 1340 1190 1080 974 888 813 747 -5050 -5640 -6280
750 1270 1090 881 717 592 498 425 367 320 281 248 220 196 175 155 -4940 -5510 750 3120 2870 2540 2230 1950 1710 1510 1340 1190 1070 973 886 811 746 687 -5590 -6210
800 1240 1050 846 689 571 482 413 357 312 274 242 215 191 170 151 133 -5580 800 3140 2870 2540 2230 1950 1710 1500 1330 1190 1070 970 883 809 743 685 633 -6190

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN -15000 -17200 -19600 -22200 -25000 -28100 -31400 -35000 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN -3680 -4590 -5570 -6650 -7840 -9160 -10600 -12200 -14000 -16000 -18200 -20600 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -21600 -24100 -26800 -29600 -32600 -35800
200 NaN NaN NaN NaN -1730 -2280 -2880 -3540 -4270 -5100 -6020 -7050 -8210 -9500 -10900 -12500 -14300 200 NaN NaN NaN NaN NaN NaN NaN -7660 -8980 -10400 -11900 -13500 -15200 -17000 -19000 -21100 -23400
250 NaN NaN NaN 42.7 106 -1650 -2100 -2600 -3160 -3790 -4500 -5300 -6210 -7220 -8350 -9620 -11000 250 NaN NaN NaN NaN NaN -3480 -4340 -5240 -6200 -7210 -8310 -9480 -10800 -12100 -13600 -15200 -17000
300 NaN NaN 401 451 572 723 -1700 -2110 -2560 -3080 -3670 -4330 -5080 -5920 -6870 -7920 -9090 300 NaN NaN NaN NaN -599 -661 -3250 -3940 -4680 -5470 -6330 -7260 -8280 -9380 -10600 -11900 -13300
350 NaN 679 712 796 885 762 659 -1840 -2230 -2680 -3190 -3760 -4410 -5140 -5950 -6860 -7870 350 NaN NaN NaN 141 122 182 344 -3180 -3780 -4440 -5150 -5930 -6770 -7690 -8700 -9800 -11000
400 954 968 1020 1080 912 778 671 585 -2050 -2450 -2910 -3420 -3990 -4640 -5360 -6170 -7070 400 NaN NaN NaN 633 687 813 1030 1310 -3230 -3800 -4410 -5080 -5810 -6610 -7480 -8430 -9480
450 1250 1280 1300 1100 923 786 677 590 519 -2330 -2740 -3210 -3740 -4320 -4980 -5710 -6520 450 NaN NaN 1040 1080 1180 1340 1540 1430 1290 -3390 -3930 -4520 -5170 -5880 -6660 -7510 -8440
500 1570 1550 1320 1100 929 789 679 591 520 462 -2660 -3100 -3580 -4130 -4740 -5410 -6160 500 1420 1410 1440 1520 1640 1800 1640 1470 1320 1190 -3620 -4160 -4740 -5390 -6100 -6870 -7710
550 1750 1560 1320 1110 931 790 679 590 519 461 412 -3050 -3500 -4020 -4590 -5220 -5910 550 1800 1810 1860 1950 2080 1870 1660 1490 1340 1210 1100 -3920 -4460 -5060 -5710 -6430 -7200
600 1770 1570 1320 1110 929 787 676 588 517 459 410 368 -3480 -3970 -4510 -5100 -5760 600 2200 2230 2290 2390 2140 1900 1680 1500 1350 1220 1110 1010 -4290 -4840 -5450 -6120 -6840
650 1770 1560 1320 1100 923 783 672 584 513 455 407 365 329 -3970 -4480 -5050 -5670 650 2630 2670 2730 2450 2160 1910 1690 1510 1350 1220 1110 1010 929 -4710 -5290 -5910 -6600
700 1760 1550 1300 1090 914 775 666 579 508 451 402 362 326 295 -4500 -5040 -5640 700 3090 3090 2790 2470 2180 1920 1700 1510 1360 1220 1110 1020 931 857 -5190 -5790 -6440
750 1740 1530 1290 1070 901 765 657 572 502 445 398 357 322 291 263 -5070 -5650 750 3390 3140 2810 2480 2180 1920 1700 1510 1360 1220 1110 1010 931 857 791 -5720 -6350
800 1720 1510 1260 1050 884 751 647 563 495 439 392 352 317 287 259 234 -5700 800 3430 3160 2810 2480 2180 1920 1700 1510 1360 1220 1110 1010 929 855 790 731 -6310

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -27100 -30300 -33600 -37300 -41200 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN -5830 -7020 -8300 -9680 -11200 -12800 -14600 -16600 -18800 -21100 -23700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -26400 -29300 -32300 -35500 -38800
200 NaN NaN NaN NaN -2190 -2860 -3590 -4370 -5220 -6160 -7200 -8340 -9610 -11000 -12600 -14300 -16100 200 NaN NaN NaN NaN NaN NaN NaN NaN -9920 -11400 -13000 -14700 -16600 -18500 -20600 -22800 -25200
250 NaN NaN NaN -216 -236 -2020 -2550 -3130 -3770 -4480 -5260 -6140 -7120 -8210 -9410 -10700 -12200 250 NaN NaN NaN NaN NaN -3850 -4780 -5770 -6800 -7890 -9060 -10300 -11700 -13100 -14700 -16400 -18200
300 NaN NaN NaN 276 351 520 -2010 -2480 -2990 -3560 -4210 -4920 -5720 -6620 -7610 -8710 -9930 300 NaN NaN NaN NaN -843 -968 -3550 -4300 -5100 -5950 -6860 -7850 -8910 -10100 -11300 -12700 -14100
350 NaN NaN 616 673 792 949 847 -2110 -2550 -3040 -3580 -4200 -4880 -5650 -6500 -7450 -8500 350 NaN NaN NaN NaN -53 -34.4 86.4 -3440 -4090 -4790 -5540 -6360 -7240 -8200 -9250 -10400 -11600
400 912 913 950 1040 1140 998 870 764 -2290 -2720 -3210 -3750 -4360 -5030 -5790 -6620 -7550 400 NaN NaN NaN 528 556 655 843 1130 -3470 -4060 -4710 -5400 -6170 -7000 -7900 -8890 -9960
450 1220 1230 1290 1370 1180 1020 883 775 686 -2540 -2980 -3470 -4020 -4640 -5320 -6070 -6910 450 NaN NaN 973 999 1080 1220 1440 1570 1430 -3600 -4160 -4780 -5450 -6190 -6990 -7870 -8820
500 1550 1580 1620 1390 1190 1020 890 781 691 617 -2850 -3310 -3820 -4380 -5010 -5700 -6470 500 NaN 1370 1390 1450 1560 1730 1800 1620 1460 1330 -3810 -4370 -4980 -5640 -6370 -7160 -8020
550 1900 1900 1650 1410 1200 1030 893 783 693 618 555 -3220 -3700 -4230 -4810 -5460 -6170 550 1770 1770 1810 1900 2030 2060 1840 1650 1490 1350 1230 -4090 -4650 -5270 -5940 -6670 -7460
600 2130 1920 1660 1410 1200 1030 894 782 692 617 554 501 -3640 -4140 -4700 -5310 -5980 600 2180 2200 2250 2350 2350 2090 1860 1670 1500 1360 1240 1130 -4450 -5020 -5640 -6320 -7060
650 2150 1930 1660 1410 1200 1030 892 780 690 615 552 499 452 -4120 -4640 -5220 -5860 650 2610 2640 2710 2680 2380 2110 1880 1680 1510 1370 1240 1140 1040 -4860 -5450 -6090 -6780
700 2150 1930 1650 1400 1200 1020 887 776 686 611 549 496 450 409 -4640 -5190 -5800 700 3070 3110 3030 2700 2390 2120 1890 1690 1520 1370 1250 1140 1050 966 -5330 -5940 -6600
750 2150 1920 1640 1390 1190 1020 881 771 681 607 545 492 446 406 371 -5210 -5790 750 3550 3390 3060 2720 2400 2130 1890 1690 1520 1370 1250 1140 1050 967 894 -5850 -6480
800 2130 1900 1620 1380 1170 1010 872 763 675 601 539 487 442 402 367 335 -5820 800 3690 3420 3070 2720 2410 2130 1890 1690 1520 1370 1250 1140 1050 966 893 829 -6430

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -39200 -43100 -47300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN NaN -8460 -9940 -11500 -13200 -15000 -17000 -19200 -21500 -24000 -26700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -31800 -34900 -38300 -41800
200 NaN NaN NaN NaN NaN -3440 -4290 -5200 -6170 -7220 -8370 -9630 -11000 -12500 -14200 -16000 -18000 200 NaN NaN NaN NaN NaN NaN NaN NaN -10800 -12500 -14200 -16000 -17900 -20000 -22200 -24500 -27000
250 NaN NaN NaN -479 -587 -2390 -3000 -3660 -4380 -5160 -6030 -6980 -8030 -9190 -10500 -11900 -13400 250 NaN NaN NaN NaN NaN NaN -5230 -6290 -7400 -8570 -9820 -11100 -12600 -14100 -15700 -17500 -19400
300 NaN NaN NaN 97.1 120 238 -2320 -2840 -3410 -4040 -4740 -5510 -6360 -7310 -8350 -9510 -10800 300 NaN NaN NaN NaN NaN -1280 -3860 -4660 -5520 -6420 -7390 -8430 -9540 -10700 -12100 -13500 -15000
350 NaN NaN 518 543 633 801 999 -2380 -2860 -3390 -3980 -4630 -5360 -6160 -7050 -8040 -9120 350 NaN NaN NaN NaN -230 -253 -176 -3710 -4400 -5140 -5930 -6780 -7710 -8710 -9790 -11000 -12200
400 NaN 855 874 940 1060 1190 1060 934 -2530 -2990 -3510 -4080 -4720 -5430 -6210 -7080 -8030 400 NaN NaN NaN 422 423 494 654 921 -3700 -4330 -5000 -5730 -6530 -7390 -8320 -9340 -10400
450 1180 1190 1230 1320 1410 1230 1080 952 847 -2750 -3220 -3740 -4310 -4950 -5650 -6430 -7290 450 NaN NaN NaN 914 975 1100 1310 1580 1560 -3800 -4400 -5040 -5740 -6500 -7330 -8230 -9200
500 1520 1540 1600 1660 1430 1250 1090 962 856 767 -3050 -3520 -4050 -4630 -5280 -6000 -6780 500 NaN 1330 1330 1380 1480 1640 1850 1770 1600 1460 -4000 -4580 -5210 -5890 -6640 -7450 -8330
550 1880 1910 1930 1680 1450 1260 1100 968 861 771 695 -3400 -3890 -4440 -5040 -5700 -6430 550 1740 1740 1770 1840 1970 2130 2010 1810 1630 1480 1350 -4270 -4840 -5470 -6160 -6910 -7720
600 2270 2230 1960 1690 1460 1260 1100 970 862 772 696 631 -3800 -4320 -4890 -5510 -6190 600 2150 2160 2220 2310 2440 2280 2040 1830 1650 1500 1370 1250 -4600 -5190 -5830 -6520 -7280
650 2480 2250 1970 1700 1460 1260 1100 970 862 771 695 630 574 -4260 -4800 -5400 -6040 650 2590 2610 2680 2780 2580 2300 2060 1840 1660 1510 1380 1260 1160 -5010 -5610 -6260 -6970
700 2500 2260 1970 1700 1460 1260 1100 968 859 769 693 628 572 523 -4780 -5340 -5960 700 3050 3090 3160 2930 2600 2320 2070 1850 1670 1510 1380 1260 1160 1070 -5470 -6080 -6760
750 2500 2260 1960 1690 1450 1260 1100 964 855 765 689 625 569 521 477 -5340 -5930 750 3540 3570 3290 2940 2620 2330 2080 1860 1680 1520 1380 1270 1160 1080 996 -5980 -6620
800 2500 2250 1950 1680 1450 1250 1090 958 850 760 685 621 565 517 474 435 -5940 800 3930 3670 3310 2960 2630 2340 2080 1860 1680 1520 1380 1270 1160 1080 996 925 -6550
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -28900 -32800 -37100 -41700 -46800 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN -2250 -2970 -3790 -4740 -5830 -7100 -8560 -10200 -12100 -14300 -16700 -19300 -22300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN -150 -812 -1170 -1580 -2070 -2640 -3320 -4120 -5050 -6140 -7390 -8820 -10400 -12300 -14300 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN -13300 -15200 -17200 -19400 -21700 -24200 -26900 -29800
200 NaN NaN 171 256 -808 -1100 -1450 -1870 -2360 -2950 -3650 -4450 -5390 -6470 -7690 -9080 -10600 200 NaN NaN NaN NaN NaN -4020 -4990 -6020 -7110 -8280 -9540 -10900 -12400 -14000 -15800 -17700 -19800
250 354 360 410 408 328 -903 -1180 -1520 -1920 -2400 -2960 -3610 -4370 -5240 -6230 -7360 -8620 250 NaN NaN NaN NaN -943 -2760 -3450 -4190 -4990 -5850 -6790 -7810 -8940 -10200 -11500 -13000 -14600
300 551 572 533 418 334 274 -1070 -1360 -1710 -2120 -2590 -3150 -3800 -4530 -5380 -6330 -7400 300 NaN NaN NaN -84.7 -117 -56.4 -2630 -3210 -3840 -4520 -5270 -6100 -7000 -8000 -9100 -10300 -11600
350 773 693 540 421 336 274 229 -1290 -1600 -1970 -2400 -2890 -3460 -4110 -4850 -5680 -6610 350 NaN NaN NaN 411 466 602 836 -2650 -3170 -3740 -4370 -5060 -5830 -6670 -7600 -8630 -9750
400 833 697 541 420 334 273 228 193 -1570 -1910 -2300 -2750 -3260 -3850 -4510 -5260 -6100 400 NaN NaN 795 840 942 1110 1220 1090 -2760 -3260 -3810 -4410 -5080 -5820 -6640 -7530 -8510
450 834 693 536 416 331 270 225 190 163 -1900 -2260 -2680 -3160 -3700 -4310 -4990 -5760 450 1140 1140 1170 1240 1370 1430 1260 1120 1000 -2960 -3460 -4000 -4600 -5260 -5990 -6790 -7670
500 826 683 526 409 325 265 221 187 160 137 -2270 -2670 -3110 -3620 -4190 -4820 -5530 500 1490 1500 1550 1640 1660 1460 1280 1140 1020 913 -3240 -3730 -4280 -4890 -5550 -6290 -7090
550 810 665 511 398 317 259 216 182 156 134 115 -2690 -3120 -3600 -4130 -4730 -5400 550 1850 1880 1940 1930 1680 1470 1290 1150 1020 920 832 -3570 -4080 -4640 -5260 -5940 -6690
600 786 640 490 382 306 251 210 177 151 130 111 95.5 -3160 -3610 -4130 -4690 -5320 600 2250 2280 2230 1950 1700 1480 1300 1150 1030 924 835 759 -3970 -4490 -5080 -5710 -6410
650 752 606 462 362 293 241 202 171 146 125 107 91.6 77.6 -3660 -4160 -4700 -5300 650 2670 2550 2250 1960 1710 1490 1310 1150 1030 925 836 760 694 -4410 -4960 -5570 -6230
700 705 560 425 337 275 229 193 163 139 119 102 87 73.6 61 -4220 -4740 -5320 700 2810 2570 2260 1970 1710 1490 1310 1150 1030 924 835 759 693 635 -4910 -5490 -6120
750 640 495 377 305 253 214 182 155 132 113 96.3 81.8 68.8 56.9 45.5 -4810 -5370 750 2830 2580 2260 1970 1710 1490 1300 1150 1030 921 832 757 691 634 583 -5460 -6070
800 534 399 315 265 227 195 168 145 124 106 90 76 63.5 52 41.2 30.7 -5450 800 2830 2580 2260 1960 1700 1480 1300 1150 1020 917 828 753 688 631 580 535 -6070
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50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN -6530 -7900 -9400 -11100 -12900 -14900 -17200 -19700 -22400 -25400 -28700 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN -1420 -2000 -2630 -3330 -4110 -4990 -5980 -7110 -8390 -9820 -11400 -13200 -15200 -17500 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -17200 -19400 -21700 -24200 -26900 -29800 -32800
200 NaN NaN -99 -135 -1270 -1690 -2170 -2710 -3320 -4030 -4830 -5760 -6800 -7990 -9320 -10800 -12500 200 NaN NaN NaN NaN NaN NaN -5690 -6840 -8050 -9330 -10700 -12200 -13800 -15500 -17400 -19400 -21600
250 NaN NaN 241 293 429 -1280 -1640 -2060 -2540 -3090 -3730 -4460 -5290 -6230 -7290 -8490 -9820 250 NaN NaN NaN NaN NaN -3120 -3900 -4720 -5590 -6530 -7550 -8650 -9850 -11200 -12600 -14100 -15800
300 NaN 491 526 614 617 521 -1390 -1730 -2140 -2600 -3130 -3740 -4440 -5230 -6120 -7120 -8240 300 NaN NaN NaN NaN -356 -356 -2940 -3570 -4260 -5000 -5800 -6680 -7640 -8690 -9840 -11100 -12500
350 731 746 802 764 633 532 454 -1570 -1920 -2330 -2790 -3330 -3940 -4620 -5400 -6270 -7240 350 NaN NaN NaN 277 295 394 596 -2910 -3480 -4090 -4760 -5490 -6300 -7180 -8150 -9210 -10400
400 993 1020 947 776 641 537 457 395 -1810 -2180 -2600 -3080 -3630 -4250 -4940 -5720 -6580 400 NaN NaN 716 737 816 967 1190 1240 -3000 -3530 -4110 -4750 -5440 -6210 -7060 -7980 -9000
450 1280 1160 955 781 644 539 458 395 345 -2110 -2500 -2950 -3450 -4010 -4650 -5350 -6140 450 NaN 1090 1100 1160 1280 1450 1430 1280 1150 -3180 -3690 -4260 -4880 -5570 -6320 -7150 -8060
500 1340 1170 958 781 643 537 457 394 343 302 -2470 -2880 -3350 -3870 -4460 -5120 -5850 500 1450 1460 1500 1580 1710 1650 1460 1300 1170 1050 -3430 -3940 -4510 -5140 -5830 -6580 -7400
550 1340 1160 954 777 639 534 453 391 341 300 265 -2870 -3310 -3810 -4360 -4970 -5650 550 1830 1840 1900 2000 1910 1680 1480 1320 1180 1070 966 -3750 -4270 -4850 -5490 -6180 -6950
600 1340 1160 944 769 633 529 449 386 337 296 262 233 -3320 -3790 -4320 -4900 -5540 600 2230 2260 2320 2200 1930 1690 1500 1330 1190 1070 972 885 -4130 -4670 -5260 -5920 -6630
650 1320 1140 930 756 623 521 442 381 332 292 258 230 204 -3820 -4320 -4870 -5490 650 2650 2690 2520 2210 1940 1700 1500 1330 1190 1070 974 888 812 -4560 -5130 -5740 -6410
700 1300 1120 909 739 609 511 435 375 326 287 254 225 201 178 -4360 -4890 -5480 700 3070 2850 2530 2230 1950 1710 1510 1340 1190 1080 974 888 813 747 -5050 -5640 -6280
750 1270 1090 881 717 592 498 425 367 320 281 248 220 196 175 155 -4940 -5510 750 3120 2870 2540 2230 1950 1710 1510 1340 1190 1070 973 886 811 746 687 -5590 -6210
800 1240 1050 846 689 571 482 413 357 312 274 242 215 191 170 151 133 -5580 800 3140 2870 2540 2230 1950 1710 1500 1330 1190 1070 970 883 809 743 685 633 -6190
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50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN -15000 -17200 -19600 -22200 -25000 -28100 -31400 -35000 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN -3680 -4590 -5570 -6650 -7840 -9160 -10600 -12200 -14000 -16000 -18200 -20600 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -21600 -24100 -26800 -29600 -32600 -35800
200 NaN NaN NaN NaN -1730 -2280 -2880 -3540 -4270 -5100 -6020 -7050 -8210 -9500 -10900 -12500 -14300 200 NaN NaN NaN NaN NaN NaN NaN -7660 -8980 -10400 -11900 -13500 -15200 -17000 -19000 -21100 -23400
250 NaN NaN NaN 42.7 106 -1650 -2100 -2600 -3160 -3790 -4500 -5300 -6210 -7220 -8350 -9620 -11000 250 NaN NaN NaN NaN NaN -3480 -4340 -5240 -6200 -7210 -8310 -9480 -10800 -12100 -13600 -15200 -17000
300 NaN NaN 401 451 572 723 -1700 -2110 -2560 -3080 -3670 -4330 -5080 -5920 -6870 -7920 -9090 300 NaN NaN NaN NaN -599 -661 -3250 -3940 -4680 -5470 -6330 -7260 -8280 -9380 -10600 -11900 -13300
350 NaN 679 712 796 885 762 659 -1840 -2230 -2680 -3190 -3760 -4410 -5140 -5950 -6860 -7870 350 NaN NaN NaN 141 122 182 344 -3180 -3780 -4440 -5150 -5930 -6770 -7690 -8700 -9800 -11000
400 954 968 1020 1080 912 778 671 585 -2050 -2450 -2910 -3420 -3990 -4640 -5360 -6170 -7070 400 NaN NaN NaN 633 687 813 1030 1310 -3230 -3800 -4410 -5080 -5810 -6610 -7480 -8430 -9480
450 1250 1280 1300 1100 923 786 677 590 519 -2330 -2740 -3210 -3740 -4320 -4980 -5710 -6520 450 NaN NaN 1040 1080 1180 1340 1540 1430 1290 -3390 -3930 -4520 -5170 -5880 -6660 -7510 -8440
500 1570 1550 1320 1100 929 789 679 591 520 462 -2660 -3100 -3580 -4130 -4740 -5410 -6160 500 1420 1410 1440 1520 1640 1800 1640 1470 1320 1190 -3620 -4160 -4740 -5390 -6100 -6870 -7710
550 1750 1560 1320 1110 931 790 679 590 519 461 412 -3050 -3500 -4020 -4590 -5220 -5910 550 1800 1810 1860 1950 2080 1870 1660 1490 1340 1210 1100 -3920 -4460 -5060 -5710 -6430 -7200
600 1770 1570 1320 1110 929 787 676 588 517 459 410 368 -3480 -3970 -4510 -5100 -5760 600 2200 2230 2290 2390 2140 1900 1680 1500 1350 1220 1110 1010 -4290 -4840 -5450 -6120 -6840
650 1770 1560 1320 1100 923 783 672 584 513 455 407 365 329 -3970 -4480 -5050 -5670 650 2630 2670 2730 2450 2160 1910 1690 1510 1350 1220 1110 1010 929 -4710 -5290 -5910 -6600
700 1760 1550 1300 1090 914 775 666 579 508 451 402 362 326 295 -4500 -5040 -5640 700 3090 3090 2790 2470 2180 1920 1700 1510 1360 1220 1110 1020 931 857 -5190 -5790 -6440
750 1740 1530 1290 1070 901 765 657 572 502 445 398 357 322 291 263 -5070 -5650 750 3390 3140 2810 2480 2180 1920 1700 1510 1360 1220 1110 1010 931 857 791 -5720 -6350
800 1720 1510 1260 1050 884 751 647 563 495 439 392 352 317 287 259 234 -5700 800 3430 3160 2810 2480 2180 1920 1700 1510 1360 1220 1110 1010 929 855 790 731 -6310
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50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -27100 -30300 -33600 -37300 -41200 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN -5830 -7020 -8300 -9680 -11200 -12800 -14600 -16600 -18800 -21100 -23700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -26400 -29300 -32300 -35500 -38800
200 NaN NaN NaN NaN -2190 -2860 -3590 -4370 -5220 -6160 -7200 -8340 -9610 -11000 -12600 -14300 -16100 200 NaN NaN NaN NaN NaN NaN NaN NaN -9920 -11400 -13000 -14700 -16600 -18500 -20600 -22800 -25200
250 NaN NaN NaN -216 -236 -2020 -2550 -3130 -3770 -4480 -5260 -6140 -7120 -8210 -9410 -10700 -12200 250 NaN NaN NaN NaN NaN -3850 -4780 -5770 -6800 -7890 -9060 -10300 -11700 -13100 -14700 -16400 -18200
300 NaN NaN NaN 276 351 520 -2010 -2480 -2990 -3560 -4210 -4920 -5720 -6620 -7610 -8710 -9930 300 NaN NaN NaN NaN -843 -968 -3550 -4300 -5100 -5950 -6860 -7850 -8910 -10100 -11300 -12700 -14100
350 NaN NaN 616 673 792 949 847 -2110 -2550 -3040 -3580 -4200 -4880 -5650 -6500 -7450 -8500 350 NaN NaN NaN NaN -53 -34.4 86.4 -3440 -4090 -4790 -5540 -6360 -7240 -8200 -9250 -10400 -11600
400 912 913 950 1040 1140 998 870 764 -2290 -2720 -3210 -3750 -4360 -5030 -5790 -6620 -7550 400 NaN NaN NaN 528 556 655 843 1130 -3470 -4060 -4710 -5400 -6170 -7000 -7900 -8890 -9960
450 1220 1230 1290 1370 1180 1020 883 775 686 -2540 -2980 -3470 -4020 -4640 -5320 -6070 -6910 450 NaN NaN 973 999 1080 1220 1440 1570 1430 -3600 -4160 -4780 -5450 -6190 -6990 -7870 -8820
500 1550 1580 1620 1390 1190 1020 890 781 691 617 -2850 -3310 -3820 -4380 -5010 -5700 -6470 500 NaN 1370 1390 1450 1560 1730 1800 1620 1460 1330 -3810 -4370 -4980 -5640 -6370 -7160 -8020
550 1900 1900 1650 1410 1200 1030 893 783 693 618 555 -3220 -3700 -4230 -4810 -5460 -6170 550 1770 1770 1810 1900 2030 2060 1840 1650 1490 1350 1230 -4090 -4650 -5270 -5940 -6670 -7460
600 2130 1920 1660 1410 1200 1030 894 782 692 617 554 501 -3640 -4140 -4700 -5310 -5980 600 2180 2200 2250 2350 2350 2090 1860 1670 1500 1360 1240 1130 -4450 -5020 -5640 -6320 -7060
650 2150 1930 1660 1410 1200 1030 892 780 690 615 552 499 452 -4120 -4640 -5220 -5860 650 2610 2640 2710 2680 2380 2110 1880 1680 1510 1370 1240 1140 1040 -4860 -5450 -6090 -6780
700 2150 1930 1650 1400 1200 1020 887 776 686 611 549 496 450 409 -4640 -5190 -5800 700 3070 3110 3030 2700 2390 2120 1890 1690 1520 1370 1250 1140 1050 966 -5330 -5940 -6600
750 2150 1920 1640 1390 1190 1020 881 771 681 607 545 492 446 406 371 -5210 -5790 750 3550 3390 3060 2720 2400 2130 1890 1690 1520 1370 1250 1140 1050 967 894 -5850 -6480
800 2130 1900 1620 1380 1170 1010 872 763 675 601 539 487 442 402 367 335 -5820 800 3690 3420 3070 2720 2410 2130 1890 1690 1520 1370 1250 1140 1050 966 893 829 -6430
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50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -39200 -43100 -47300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN NaN -8460 -9940 -11500 -13200 -15000 -17000 -19200 -21500 -24000 -26700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -31800 -34900 -38300 -41800
200 NaN NaN NaN NaN NaN -3440 -4290 -5200 -6170 -7220 -8370 -9630 -11000 -12500 -14200 -16000 -18000 200 NaN NaN NaN NaN NaN NaN NaN NaN -10800 -12500 -14200 -16000 -17900 -20000 -22200 -24500 -27000
250 NaN NaN NaN -479 -587 -2390 -3000 -3660 -4380 -5160 -6030 -6980 -8030 -9190 -10500 -11900 -13400 250 NaN NaN NaN NaN NaN NaN -5230 -6290 -7400 -8570 -9820 -11100 -12600 -14100 -15700 -17500 -19400
300 NaN NaN NaN 97.1 120 238 -2320 -2840 -3410 -4040 -4740 -5510 -6360 -7310 -8350 -9510 -10800 300 NaN NaN NaN NaN NaN -1280 -3860 -4660 -5520 -6420 -7390 -8430 -9540 -10700 -12100 -13500 -15000
350 NaN NaN 518 543 633 801 999 -2380 -2860 -3390 -3980 -4630 -5360 -6160 -7050 -8040 -9120 350 NaN NaN NaN NaN -230 -253 -176 -3710 -4400 -5140 -5930 -6780 -7710 -8710 -9790 -11000 -12200
400 NaN 855 874 940 1060 1190 1060 934 -2530 -2990 -3510 -4080 -4720 -5430 -6210 -7080 -8030 400 NaN NaN NaN 422 423 494 654 921 -3700 -4330 -5000 -5730 -6530 -7390 -8320 -9340 -10400
450 1180 1190 1230 1320 1410 1230 1080 952 847 -2750 -3220 -3740 -4310 -4950 -5650 -6430 -7290 450 NaN NaN NaN 914 975 1100 1310 1580 1560 -3800 -4400 -5040 -5740 -6500 -7330 -8230 -9200
500 1520 1540 1600 1660 1430 1250 1090 962 856 767 -3050 -3520 -4050 -4630 -5280 -6000 -6780 500 NaN 1330 1330 1380 1480 1640 1850 1770 1600 1460 -4000 -4580 -5210 -5890 -6640 -7450 -8330
550 1880 1910 1930 1680 1450 1260 1100 968 861 771 695 -3400 -3890 -4440 -5040 -5700 -6430 550 1740 1740 1770 1840 1970 2130 2010 1810 1630 1480 1350 -4270 -4840 -5470 -6160 -6910 -7720
600 2270 2230 1960 1690 1460 1260 1100 970 862 772 696 631 -3800 -4320 -4890 -5510 -6190 600 2150 2160 2220 2310 2440 2280 2040 1830 1650 1500 1370 1250 -4600 -5190 -5830 -6520 -7280
650 2480 2250 1970 1700 1460 1260 1100 970 862 771 695 630 574 -4260 -4800 -5400 -6040 650 2590 2610 2680 2780 2580 2300 2060 1840 1660 1510 1380 1260 1160 -5010 -5610 -6260 -6970
700 2500 2260 1970 1700 1460 1260 1100 968 859 769 693 628 572 523 -4780 -5340 -5960 700 3050 3090 3160 2930 2600 2320 2070 1850 1670 1510 1380 1260 1160 1070 -5470 -6080 -6760
750 2500 2260 1960 1690 1450 1260 1100 964 855 765 689 625 569 521 477 -5340 -5930 750 3540 3570 3290 2940 2620 2330 2080 1860 1680 1520 1380 1270 1160 1080 996 -5980 -6620
800 2500 2250 1950 1680 1450 1250 1090 958 850 760 685 621 565 517 474 435 -5940 800 3930 3670 3310 2960 2630 2340 2080 1860 1680 1520 1380 1270 1160 1080 996 925 -6550
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50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -28900 -32800 -37100 -41700 -46800 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN -2250 -2970 -3790 -4740 -5830 -7100 -8560 -10200 -12100 -14300 -16700 -19300 -22300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN -150 -812 -1170 -1580 -2070 -2640 -3320 -4120 -5050 -6140 -7390 -8820 -10400 -12300 -14300 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN -13300 -15200 -17200 -19400 -21700 -24200 -26900 -29800
200 NaN NaN 171 256 -808 -1100 -1450 -1870 -2360 -2950 -3650 -4450 -5390 -6470 -7690 -9080 -10600 200 NaN NaN NaN NaN NaN -4020 -4990 -6020 -7110 -8280 -9540 -10900 -12400 -14000 -15800 -17700 -19800
250 354 360 410 408 328 -903 -1180 -1520 -1920 -2400 -2960 -3610 -4370 -5240 -6230 -7360 -8620 250 NaN NaN NaN NaN -943 -2760 -3450 -4190 -4990 -5850 -6790 -7810 -8940 -10200 -11500 -13000 -14600
300 551 572 533 418 334 274 -1070 -1360 -1710 -2120 -2590 -3150 -3800 -4530 -5380 -6330 -7400 300 NaN NaN NaN -84.7 -117 -56.4 -2630 -3210 -3840 -4520 -5270 -6100 -7000 -8000 -9100 -10300 -11600
350 773 693 540 421 336 274 229 -1290 -1600 -1970 -2400 -2890 -3460 -4110 -4850 -5680 -6610 350 NaN NaN NaN 411 466 602 836 -2650 -3170 -3740 -4370 -5060 -5830 -6670 -7600 -8630 -9750
400 833 697 541 420 334 273 228 193 -1570 -1910 -2300 -2750 -3260 -3850 -4510 -5260 -6100 400 NaN NaN 795 840 942 1110 1220 1090 -2760 -3260 -3810 -4410 -5080 -5820 -6640 -7530 -8510
450 834 693 536 416 331 270 225 190 163 -1900 -2260 -2680 -3160 -3700 -4310 -4990 -5760 450 1140 1140 1170 1240 1370 1430 1260 1120 1000 -2960 -3460 -4000 -4600 -5260 -5990 -6790 -7670
500 826 683 526 409 325 265 221 187 160 137 -2270 -2670 -3110 -3620 -4190 -4820 -5530 500 1490 1500 1550 1640 1660 1460 1280 1140 1020 913 -3240 -3730 -4280 -4890 -5550 -6290 -7090
550 810 665 511 398 317 259 216 182 156 134 115 -2690 -3120 -3600 -4130 -4730 -5400 550 1850 1880 1940 1930 1680 1470 1290 1150 1020 920 832 -3570 -4080 -4640 -5260 -5940 -6690
600 786 640 490 382 306 251 210 177 151 130 111 95.5 -3160 -3610 -4130 -4690 -5320 600 2250 2280 2230 1950 1700 1480 1300 1150 1030 924 835 759 -3970 -4490 -5080 -5710 -6410
650 752 606 462 362 293 241 202 171 146 125 107 91.6 77.6 -3660 -4160 -4700 -5300 650 2670 2550 2250 1960 1710 1490 1310 1150 1030 925 836 760 694 -4410 -4960 -5570 -6230
700 705 560 425 337 275 229 193 163 139 119 102 87 73.6 61 -4220 -4740 -5320 700 2810 2570 2260 1970 1710 1490 1310 1150 1030 924 835 759 693 635 -4910 -5490 -6120
750 640 495 377 305 253 214 182 155 132 113 96.3 81.8 68.8 56.9 45.5 -4810 -5370 750 2830 2580 2260 1970 1710 1490 1300 1150 1030 921 832 757 691 634 583 -5460 -6070
800 534 399 315 265 227 195 168 145 124 106 90 76 63.5 52 41.2 30.7 -5450 800 2830 2580 2260 1960 1700 1480 1300 1150 1020 917 828 753 688 631 580 535 -6070
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50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN -6530 -7900 -9400 -11100 -12900 -14900 -17200 -19700 -22400 -25400 -28700 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN -1420 -2000 -2630 -3330 -4110 -4990 -5980 -7110 -8390 -9820 -11400 -13200 -15200 -17500 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -17200 -19400 -21700 -24200 -26900 -29800 -32800
200 NaN NaN -99 -135 -1270 -1690 -2170 -2710 -3320 -4030 -4830 -5760 -6800 -7990 -9320 -10800 -12500 200 NaN NaN NaN NaN NaN NaN -5690 -6840 -8050 -9330 -10700 -12200 -13800 -15500 -17400 -19400 -21600
250 NaN NaN 241 293 429 -1280 -1640 -2060 -2540 -3090 -3730 -4460 -5290 -6230 -7290 -8490 -9820 250 NaN NaN NaN NaN NaN -3120 -3900 -4720 -5590 -6530 -7550 -8650 -9850 -11200 -12600 -14100 -15800
300 NaN 491 526 614 617 521 -1390 -1730 -2140 -2600 -3130 -3740 -4440 -5230 -6120 -7120 -8240 300 NaN NaN NaN NaN -356 -356 -2940 -3570 -4260 -5000 -5800 -6680 -7640 -8690 -9840 -11100 -12500
350 731 746 802 764 633 532 454 -1570 -1920 -2330 -2790 -3330 -3940 -4620 -5400 -6270 -7240 350 NaN NaN NaN 277 295 394 596 -2910 -3480 -4090 -4760 -5490 -6300 -7180 -8150 -9210 -10400
400 993 1020 947 776 641 537 457 395 -1810 -2180 -2600 -3080 -3630 -4250 -4940 -5720 -6580 400 NaN NaN 716 737 816 967 1190 1240 -3000 -3530 -4110 -4750 -5440 -6210 -7060 -7980 -9000
450 1280 1160 955 781 644 539 458 395 345 -2110 -2500 -2950 -3450 -4010 -4650 -5350 -6140 450 NaN 1090 1100 1160 1280 1450 1430 1280 1150 -3180 -3690 -4260 -4880 -5570 -6320 -7150 -8060
500 1340 1170 958 781 643 537 457 394 343 302 -2470 -2880 -3350 -3870 -4460 -5120 -5850 500 1450 1460 1500 1580 1710 1650 1460 1300 1170 1050 -3430 -3940 -4510 -5140 -5830 -6580 -7400
550 1340 1160 954 777 639 534 453 391 341 300 265 -2870 -3310 -3810 -4360 -4970 -5650 550 1830 1840 1900 2000 1910 1680 1480 1320 1180 1070 966 -3750 -4270 -4850 -5490 -6180 -6950
600 1340 1160 944 769 633 529 449 386 337 296 262 233 -3320 -3790 -4320 -4900 -5540 600 2230 2260 2320 2200 1930 1690 1500 1330 1190 1070 972 885 -4130 -4670 -5260 -5920 -6630
650 1320 1140 930 756 623 521 442 381 332 292 258 230 204 -3820 -4320 -4870 -5490 650 2650 2690 2520 2210 1940 1700 1500 1330 1190 1070 974 888 812 -4560 -5130 -5740 -6410
700 1300 1120 909 739 609 511 435 375 326 287 254 225 201 178 -4360 -4890 -5480 700 3070 2850 2530 2230 1950 1710 1510 1340 1190 1080 974 888 813 747 -5050 -5640 -6280
750 1270 1090 881 717 592 498 425 367 320 281 248 220 196 175 155 -4940 -5510 750 3120 2870 2540 2230 1950 1710 1510 1340 1190 1070 973 886 811 746 687 -5590 -6210
800 1240 1050 846 689 571 482 413 357 312 274 242 215 191 170 151 133 -5580 800 3140 2870 2540 2230 1950 1710 1500 1330 1190 1070 970 883 809 743 685 633 -6190

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN -15000 -17200 -19600 -22200 -25000 -28100 -31400 -35000 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN -3680 -4590 -5570 -6650 -7840 -9160 -10600 -12200 -14000 -16000 -18200 -20600 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -21600 -24100 -26800 -29600 -32600 -35800
200 NaN NaN NaN NaN -1730 -2280 -2880 -3540 -4270 -5100 -6020 -7050 -8210 -9500 -10900 -12500 -14300 200 NaN NaN NaN NaN NaN NaN NaN -7660 -8980 -10400 -11900 -13500 -15200 -17000 -19000 -21100 -23400
250 NaN NaN NaN 42.7 106 -1650 -2100 -2600 -3160 -3790 -4500 -5300 -6210 -7220 -8350 -9620 -11000 250 NaN NaN NaN NaN NaN -3480 -4340 -5240 -6200 -7210 -8310 -9480 -10800 -12100 -13600 -15200 -17000
300 NaN NaN 401 451 572 723 -1700 -2110 -2560 -3080 -3670 -4330 -5080 -5920 -6870 -7920 -9090 300 NaN NaN NaN NaN -599 -661 -3250 -3940 -4680 -5470 -6330 -7260 -8280 -9380 -10600 -11900 -13300
350 NaN 679 712 796 885 762 659 -1840 -2230 -2680 -3190 -3760 -4410 -5140 -5950 -6860 -7870 350 NaN NaN NaN 141 122 182 344 -3180 -3780 -4440 -5150 -5930 -6770 -7690 -8700 -9800 -11000
400 954 968 1020 1080 912 778 671 585 -2050 -2450 -2910 -3420 -3990 -4640 -5360 -6170 -7070 400 NaN NaN NaN 633 687 813 1030 1310 -3230 -3800 -4410 -5080 -5810 -6610 -7480 -8430 -9480
450 1250 1280 1300 1100 923 786 677 590 519 -2330 -2740 -3210 -3740 -4320 -4980 -5710 -6520 450 NaN NaN 1040 1080 1180 1340 1540 1430 1290 -3390 -3930 -4520 -5170 -5880 -6660 -7510 -8440
500 1570 1550 1320 1100 929 789 679 591 520 462 -2660 -3100 -3580 -4130 -4740 -5410 -6160 500 1420 1410 1440 1520 1640 1800 1640 1470 1320 1190 -3620 -4160 -4740 -5390 -6100 -6870 -7710
550 1750 1560 1320 1110 931 790 679 590 519 461 412 -3050 -3500 -4020 -4590 -5220 -5910 550 1800 1810 1860 1950 2080 1870 1660 1490 1340 1210 1100 -3920 -4460 -5060 -5710 -6430 -7200
600 1770 1570 1320 1110 929 787 676 588 517 459 410 368 -3480 -3970 -4510 -5100 -5760 600 2200 2230 2290 2390 2140 1900 1680 1500 1350 1220 1110 1010 -4290 -4840 -5450 -6120 -6840
650 1770 1560 1320 1100 923 783 672 584 513 455 407 365 329 -3970 -4480 -5050 -5670 650 2630 2670 2730 2450 2160 1910 1690 1510 1350 1220 1110 1010 929 -4710 -5290 -5910 -6600
700 1760 1550 1300 1090 914 775 666 579 508 451 402 362 326 295 -4500 -5040 -5640 700 3090 3090 2790 2470 2180 1920 1700 1510 1360 1220 1110 1020 931 857 -5190 -5790 -6440
750 1740 1530 1290 1070 901 765 657 572 502 445 398 357 322 291 263 -5070 -5650 750 3390 3140 2810 2480 2180 1920 1700 1510 1360 1220 1110 1010 931 857 791 -5720 -6350
800 1720 1510 1260 1050 884 751 647 563 495 439 392 352 317 287 259 234 -5700 800 3430 3160 2810 2480 2180 1920 1700 1510 1360 1220 1110 1010 929 855 790 731 -6310

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -27100 -30300 -33600 -37300 -41200 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN -5830 -7020 -8300 -9680 -11200 -12800 -14600 -16600 -18800 -21100 -23700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -26400 -29300 -32300 -35500 -38800
200 NaN NaN NaN NaN -2190 -2860 -3590 -4370 -5220 -6160 -7200 -8340 -9610 -11000 -12600 -14300 -16100 200 NaN NaN NaN NaN NaN NaN NaN NaN -9920 -11400 -13000 -14700 -16600 -18500 -20600 -22800 -25200
250 NaN NaN NaN -216 -236 -2020 -2550 -3130 -3770 -4480 -5260 -6140 -7120 -8210 -9410 -10700 -12200 250 NaN NaN NaN NaN NaN -3850 -4780 -5770 -6800 -7890 -9060 -10300 -11700 -13100 -14700 -16400 -18200
300 NaN NaN NaN 276 351 520 -2010 -2480 -2990 -3560 -4210 -4920 -5720 -6620 -7610 -8710 -9930 300 NaN NaN NaN NaN -843 -968 -3550 -4300 -5100 -5950 -6860 -7850 -8910 -10100 -11300 -12700 -14100
350 NaN NaN 616 673 792 949 847 -2110 -2550 -3040 -3580 -4200 -4880 -5650 -6500 -7450 -8500 350 NaN NaN NaN NaN -53 -34.4 86.4 -3440 -4090 -4790 -5540 -6360 -7240 -8200 -9250 -10400 -11600
400 912 913 950 1040 1140 998 870 764 -2290 -2720 -3210 -3750 -4360 -5030 -5790 -6620 -7550 400 NaN NaN NaN 528 556 655 843 1130 -3470 -4060 -4710 -5400 -6170 -7000 -7900 -8890 -9960
450 1220 1230 1290 1370 1180 1020 883 775 686 -2540 -2980 -3470 -4020 -4640 -5320 -6070 -6910 450 NaN NaN 973 999 1080 1220 1440 1570 1430 -3600 -4160 -4780 -5450 -6190 -6990 -7870 -8820
500 1550 1580 1620 1390 1190 1020 890 781 691 617 -2850 -3310 -3820 -4380 -5010 -5700 -6470 500 NaN 1370 1390 1450 1560 1730 1800 1620 1460 1330 -3810 -4370 -4980 -5640 -6370 -7160 -8020
550 1900 1900 1650 1410 1200 1030 893 783 693 618 555 -3220 -3700 -4230 -4810 -5460 -6170 550 1770 1770 1810 1900 2030 2060 1840 1650 1490 1350 1230 -4090 -4650 -5270 -5940 -6670 -7460
600 2130 1920 1660 1410 1200 1030 894 782 692 617 554 501 -3640 -4140 -4700 -5310 -5980 600 2180 2200 2250 2350 2350 2090 1860 1670 1500 1360 1240 1130 -4450 -5020 -5640 -6320 -7060
650 2150 1930 1660 1410 1200 1030 892 780 690 615 552 499 452 -4120 -4640 -5220 -5860 650 2610 2640 2710 2680 2380 2110 1880 1680 1510 1370 1240 1140 1040 -4860 -5450 -6090 -6780
700 2150 1930 1650 1400 1200 1020 887 776 686 611 549 496 450 409 -4640 -5190 -5800 700 3070 3110 3030 2700 2390 2120 1890 1690 1520 1370 1250 1140 1050 966 -5330 -5940 -6600
750 2150 1920 1640 1390 1190 1020 881 771 681 607 545 492 446 406 371 -5210 -5790 750 3550 3390 3060 2720 2400 2130 1890 1690 1520 1370 1250 1140 1050 967 894 -5850 -6480
800 2130 1900 1620 1380 1170 1010 872 763 675 601 539 487 442 402 367 335 -5820 800 3690 3420 3070 2720 2410 2130 1890 1690 1520 1370 1250 1140 1050 966 893 829 -6430

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -39200 -43100 -47300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN NaN -8460 -9940 -11500 -13200 -15000 -17000 -19200 -21500 -24000 -26700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -31800 -34900 -38300 -41800
200 NaN NaN NaN NaN NaN -3440 -4290 -5200 -6170 -7220 -8370 -9630 -11000 -12500 -14200 -16000 -18000 200 NaN NaN NaN NaN NaN NaN NaN NaN -10800 -12500 -14200 -16000 -17900 -20000 -22200 -24500 -27000
250 NaN NaN NaN -479 -587 -2390 -3000 -3660 -4380 -5160 -6030 -6980 -8030 -9190 -10500 -11900 -13400 250 NaN NaN NaN NaN NaN NaN -5230 -6290 -7400 -8570 -9820 -11100 -12600 -14100 -15700 -17500 -19400
300 NaN NaN NaN 97.1 120 238 -2320 -2840 -3410 -4040 -4740 -5510 -6360 -7310 -8350 -9510 -10800 300 NaN NaN NaN NaN NaN -1280 -3860 -4660 -5520 -6420 -7390 -8430 -9540 -10700 -12100 -13500 -15000
350 NaN NaN 518 543 633 801 999 -2380 -2860 -3390 -3980 -4630 -5360 -6160 -7050 -8040 -9120 350 NaN NaN NaN NaN -230 -253 -176 -3710 -4400 -5140 -5930 -6780 -7710 -8710 -9790 -11000 -12200
400 NaN 855 874 940 1060 1190 1060 934 -2530 -2990 -3510 -4080 -4720 -5430 -6210 -7080 -8030 400 NaN NaN NaN 422 423 494 654 921 -3700 -4330 -5000 -5730 -6530 -7390 -8320 -9340 -10400
450 1180 1190 1230 1320 1410 1230 1080 952 847 -2750 -3220 -3740 -4310 -4950 -5650 -6430 -7290 450 NaN NaN NaN 914 975 1100 1310 1580 1560 -3800 -4400 -5040 -5740 -6500 -7330 -8230 -9200
500 1520 1540 1600 1660 1430 1250 1090 962 856 767 -3050 -3520 -4050 -4630 -5280 -6000 -6780 500 NaN 1330 1330 1380 1480 1640 1850 1770 1600 1460 -4000 -4580 -5210 -5890 -6640 -7450 -8330
550 1880 1910 1930 1680 1450 1260 1100 968 861 771 695 -3400 -3890 -4440 -5040 -5700 -6430 550 1740 1740 1770 1840 1970 2130 2010 1810 1630 1480 1350 -4270 -4840 -5470 -6160 -6910 -7720
600 2270 2230 1960 1690 1460 1260 1100 970 862 772 696 631 -3800 -4320 -4890 -5510 -6190 600 2150 2160 2220 2310 2440 2280 2040 1830 1650 1500 1370 1250 -4600 -5190 -5830 -6520 -7280
650 2480 2250 1970 1700 1460 1260 1100 970 862 771 695 630 574 -4260 -4800 -5400 -6040 650 2590 2610 2680 2780 2580 2300 2060 1840 1660 1510 1380 1260 1160 -5010 -5610 -6260 -6970
700 2500 2260 1970 1700 1460 1260 1100 968 859 769 693 628 572 523 -4780 -5340 -5960 700 3050 3090 3160 2930 2600 2320 2070 1850 1670 1510 1380 1260 1160 1070 -5470 -6080 -6760
750 2500 2260 1960 1690 1450 1260 1100 964 855 765 689 625 569 521 477 -5340 -5930 750 3540 3570 3290 2940 2620 2330 2080 1860 1680 1520 1380 1270 1160 1080 996 -5980 -6620
800 2500 2250 1950 1680 1450 1250 1090 958 850 760 685 621 565 517 474 435 -5940 800 3930 3670 3310 2960 2630 2340 2080 1860 1680 1520 1380 1270 1160 1080 996 925 -6550
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -28900 -32800 -37100 -41700 -46800 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN -2250 -2970 -3790 -4740 -5830 -7100 -8560 -10200 -12100 -14300 -16700 -19300 -22300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN -150 -812 -1170 -1580 -2070 -2640 -3320 -4120 -5050 -6140 -7390 -8820 -10400 -12300 -14300 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN -13300 -15200 -17200 -19400 -21700 -24200 -26900 -29800
200 NaN NaN 171 256 -808 -1100 -1450 -1870 -2360 -2950 -3650 -4450 -5390 -6470 -7690 -9080 -10600 200 NaN NaN NaN NaN NaN -4020 -4990 -6020 -7110 -8280 -9540 -10900 -12400 -14000 -15800 -17700 -19800
250 354 360 410 408 328 -903 -1180 -1520 -1920 -2400 -2960 -3610 -4370 -5240 -6230 -7360 -8620 250 NaN NaN NaN NaN -943 -2760 -3450 -4190 -4990 -5850 -6790 -7810 -8940 -10200 -11500 -13000 -14600
300 551 572 533 418 334 274 -1070 -1360 -1710 -2120 -2590 -3150 -3800 -4530 -5380 -6330 -7400 300 NaN NaN NaN -84.7 -117 -56.4 -2630 -3210 -3840 -4520 -5270 -6100 -7000 -8000 -9100 -10300 -11600
350 773 693 540 421 336 274 229 -1290 -1600 -1970 -2400 -2890 -3460 -4110 -4850 -5680 -6610 350 NaN NaN NaN 411 466 602 836 -2650 -3170 -3740 -4370 -5060 -5830 -6670 -7600 -8630 -9750
400 833 697 541 420 334 273 228 193 -1570 -1910 -2300 -2750 -3260 -3850 -4510 -5260 -6100 400 NaN NaN 795 840 942 1110 1220 1090 -2760 -3260 -3810 -4410 -5080 -5820 -6640 -7530 -8510
450 834 693 536 416 331 270 225 190 163 -1900 -2260 -2680 -3160 -3700 -4310 -4990 -5760 450 1140 1140 1170 1240 1370 1430 1260 1120 1000 -2960 -3460 -4000 -4600 -5260 -5990 -6790 -7670
500 826 683 526 409 325 265 221 187 160 137 -2270 -2670 -3110 -3620 -4190 -4820 -5530 500 1490 1500 1550 1640 1660 1460 1280 1140 1020 913 -3240 -3730 -4280 -4890 -5550 -6290 -7090
550 810 665 511 398 317 259 216 182 156 134 115 -2690 -3120 -3600 -4130 -4730 -5400 550 1850 1880 1940 1930 1680 1470 1290 1150 1020 920 832 -3570 -4080 -4640 -5260 -5940 -6690
600 786 640 490 382 306 251 210 177 151 130 111 95.5 -3160 -3610 -4130 -4690 -5320 600 2250 2280 2230 1950 1700 1480 1300 1150 1030 924 835 759 -3970 -4490 -5080 -5710 -6410
650 752 606 462 362 293 241 202 171 146 125 107 91.6 77.6 -3660 -4160 -4700 -5300 650 2670 2550 2250 1960 1710 1490 1310 1150 1030 925 836 760 694 -4410 -4960 -5570 -6230
700 705 560 425 337 275 229 193 163 139 119 102 87 73.6 61 -4220 -4740 -5320 700 2810 2570 2260 1970 1710 1490 1310 1150 1030 924 835 759 693 635 -4910 -5490 -6120
750 640 495 377 305 253 214 182 155 132 113 96.3 81.8 68.8 56.9 45.5 -4810 -5370 750 2830 2580 2260 1970 1710 1490 1300 1150 1030 921 832 757 691 634 583 -5460 -6070
800 534 399 315 265 227 195 168 145 124 106 90 76 63.5 52 41.2 30.7 -5450 800 2830 2580 2260 1960 1700 1480 1300 1150 1020 917 828 753 688 631 580 535 -6070

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN -6530 -7900 -9400 -11100 -12900 -14900 -17200 -19700 -22400 -25400 -28700 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN -1420 -2000 -2630 -3330 -4110 -4990 -5980 -7110 -8390 -9820 -11400 -13200 -15200 -17500 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -17200 -19400 -21700 -24200 -26900 -29800 -32800
200 NaN NaN -99 -135 -1270 -1690 -2170 -2710 -3320 -4030 -4830 -5760 -6800 -7990 -9320 -10800 -12500 200 NaN NaN NaN NaN NaN NaN -5690 -6840 -8050 -9330 -10700 -12200 -13800 -15500 -17400 -19400 -21600
250 NaN NaN 241 293 429 -1280 -1640 -2060 -2540 -3090 -3730 -4460 -5290 -6230 -7290 -8490 -9820 250 NaN NaN NaN NaN NaN -3120 -3900 -4720 -5590 -6530 -7550 -8650 -9850 -11200 -12600 -14100 -15800
300 NaN 491 526 614 617 521 -1390 -1730 -2140 -2600 -3130 -3740 -4440 -5230 -6120 -7120 -8240 300 NaN NaN NaN NaN -356 -356 -2940 -3570 -4260 -5000 -5800 -6680 -7640 -8690 -9840 -11100 -12500
350 731 746 802 764 633 532 454 -1570 -1920 -2330 -2790 -3330 -3940 -4620 -5400 -6270 -7240 350 NaN NaN NaN 277 295 394 596 -2910 -3480 -4090 -4760 -5490 -6300 -7180 -8150 -9210 -10400
400 993 1020 947 776 641 537 457 395 -1810 -2180 -2600 -3080 -3630 -4250 -4940 -5720 -6580 400 NaN NaN 716 737 816 967 1190 1240 -3000 -3530 -4110 -4750 -5440 -6210 -7060 -7980 -9000
450 1280 1160 955 781 644 539 458 395 345 -2110 -2500 -2950 -3450 -4010 -4650 -5350 -6140 450 NaN 1090 1100 1160 1280 1450 1430 1280 1150 -3180 -3690 -4260 -4880 -5570 -6320 -7150 -8060
500 1340 1170 958 781 643 537 457 394 343 302 -2470 -2880 -3350 -3870 -4460 -5120 -5850 500 1450 1460 1500 1580 1710 1650 1460 1300 1170 1050 -3430 -3940 -4510 -5140 -5830 -6580 -7400
550 1340 1160 954 777 639 534 453 391 341 300 265 -2870 -3310 -3810 -4360 -4970 -5650 550 1830 1840 1900 2000 1910 1680 1480 1320 1180 1070 966 -3750 -4270 -4850 -5490 -6180 -6950
600 1340 1160 944 769 633 529 449 386 337 296 262 233 -3320 -3790 -4320 -4900 -5540 600 2230 2260 2320 2200 1930 1690 1500 1330 1190 1070 972 885 -4130 -4670 -5260 -5920 -6630
650 1320 1140 930 756 623 521 442 381 332 292 258 230 204 -3820 -4320 -4870 -5490 650 2650 2690 2520 2210 1940 1700 1500 1330 1190 1070 974 888 812 -4560 -5130 -5740 -6410
700 1300 1120 909 739 609 511 435 375 326 287 254 225 201 178 -4360 -4890 -5480 700 3070 2850 2530 2230 1950 1710 1510 1340 1190 1080 974 888 813 747 -5050 -5640 -6280
750 1270 1090 881 717 592 498 425 367 320 281 248 220 196 175 155 -4940 -5510 750 3120 2870 2540 2230 1950 1710 1510 1340 1190 1070 973 886 811 746 687 -5590 -6210
800 1240 1050 846 689 571 482 413 357 312 274 242 215 191 170 151 133 -5580 800 3140 2870 2540 2230 1950 1710 1500 1330 1190 1070 970 883 809 743 685 633 -6190

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN -15000 -17200 -19600 -22200 -25000 -28100 -31400 -35000 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN -3680 -4590 -5570 -6650 -7840 -9160 -10600 -12200 -14000 -16000 -18200 -20600 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -21600 -24100 -26800 -29600 -32600 -35800
200 NaN NaN NaN NaN -1730 -2280 -2880 -3540 -4270 -5100 -6020 -7050 -8210 -9500 -10900 -12500 -14300 200 NaN NaN NaN NaN NaN NaN NaN -7660 -8980 -10400 -11900 -13500 -15200 -17000 -19000 -21100 -23400
250 NaN NaN NaN 42.7 106 -1650 -2100 -2600 -3160 -3790 -4500 -5300 -6210 -7220 -8350 -9620 -11000 250 NaN NaN NaN NaN NaN -3480 -4340 -5240 -6200 -7210 -8310 -9480 -10800 -12100 -13600 -15200 -17000
300 NaN NaN 401 451 572 723 -1700 -2110 -2560 -3080 -3670 -4330 -5080 -5920 -6870 -7920 -9090 300 NaN NaN NaN NaN -599 -661 -3250 -3940 -4680 -5470 -6330 -7260 -8280 -9380 -10600 -11900 -13300
350 NaN 679 712 796 885 762 659 -1840 -2230 -2680 -3190 -3760 -4410 -5140 -5950 -6860 -7870 350 NaN NaN NaN 141 122 182 344 -3180 -3780 -4440 -5150 -5930 -6770 -7690 -8700 -9800 -11000
400 954 968 1020 1080 912 778 671 585 -2050 -2450 -2910 -3420 -3990 -4640 -5360 -6170 -7070 400 NaN NaN NaN 633 687 813 1030 1310 -3230 -3800 -4410 -5080 -5810 -6610 -7480 -8430 -9480
450 1250 1280 1300 1100 923 786 677 590 519 -2330 -2740 -3210 -3740 -4320 -4980 -5710 -6520 450 NaN NaN 1040 1080 1180 1340 1540 1430 1290 -3390 -3930 -4520 -5170 -5880 -6660 -7510 -8440
500 1570 1550 1320 1100 929 789 679 591 520 462 -2660 -3100 -3580 -4130 -4740 -5410 -6160 500 1420 1410 1440 1520 1640 1800 1640 1470 1320 1190 -3620 -4160 -4740 -5390 -6100 -6870 -7710
550 1750 1560 1320 1110 931 790 679 590 519 461 412 -3050 -3500 -4020 -4590 -5220 -5910 550 1800 1810 1860 1950 2080 1870 1660 1490 1340 1210 1100 -3920 -4460 -5060 -5710 -6430 -7200
600 1770 1570 1320 1110 929 787 676 588 517 459 410 368 -3480 -3970 -4510 -5100 -5760 600 2200 2230 2290 2390 2140 1900 1680 1500 1350 1220 1110 1010 -4290 -4840 -5450 -6120 -6840
650 1770 1560 1320 1100 923 783 672 584 513 455 407 365 329 -3970 -4480 -5050 -5670 650 2630 2670 2730 2450 2160 1910 1690 1510 1350 1220 1110 1010 929 -4710 -5290 -5910 -6600
700 1760 1550 1300 1090 914 775 666 579 508 451 402 362 326 295 -4500 -5040 -5640 700 3090 3090 2790 2470 2180 1920 1700 1510 1360 1220 1110 1020 931 857 -5190 -5790 -6440
750 1740 1530 1290 1070 901 765 657 572 502 445 398 357 322 291 263 -5070 -5650 750 3390 3140 2810 2480 2180 1920 1700 1510 1360 1220 1110 1010 931 857 791 -5720 -6350
800 1720 1510 1260 1050 884 751 647 563 495 439 392 352 317 287 259 234 -5700 800 3430 3160 2810 2480 2180 1920 1700 1510 1360 1220 1110 1010 929 855 790 731 -6310

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -27100 -30300 -33600 -37300 -41200 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN -5830 -7020 -8300 -9680 -11200 -12800 -14600 -16600 -18800 -21100 -23700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -26400 -29300 -32300 -35500 -38800
200 NaN NaN NaN NaN -2190 -2860 -3590 -4370 -5220 -6160 -7200 -8340 -9610 -11000 -12600 -14300 -16100 200 NaN NaN NaN NaN NaN NaN NaN NaN -9920 -11400 -13000 -14700 -16600 -18500 -20600 -22800 -25200
250 NaN NaN NaN -216 -236 -2020 -2550 -3130 -3770 -4480 -5260 -6140 -7120 -8210 -9410 -10700 -12200 250 NaN NaN NaN NaN NaN -3850 -4780 -5770 -6800 -7890 -9060 -10300 -11700 -13100 -14700 -16400 -18200
300 NaN NaN NaN 276 351 520 -2010 -2480 -2990 -3560 -4210 -4920 -5720 -6620 -7610 -8710 -9930 300 NaN NaN NaN NaN -843 -968 -3550 -4300 -5100 -5950 -6860 -7850 -8910 -10100 -11300 -12700 -14100
350 NaN NaN 616 673 792 949 847 -2110 -2550 -3040 -3580 -4200 -4880 -5650 -6500 -7450 -8500 350 NaN NaN NaN NaN -53 -34.4 86.4 -3440 -4090 -4790 -5540 -6360 -7240 -8200 -9250 -10400 -11600
400 912 913 950 1040 1140 998 870 764 -2290 -2720 -3210 -3750 -4360 -5030 -5790 -6620 -7550 400 NaN NaN NaN 528 556 655 843 1130 -3470 -4060 -4710 -5400 -6170 -7000 -7900 -8890 -9960
450 1220 1230 1290 1370 1180 1020 883 775 686 -2540 -2980 -3470 -4020 -4640 -5320 -6070 -6910 450 NaN NaN 973 999 1080 1220 1440 1570 1430 -3600 -4160 -4780 -5450 -6190 -6990 -7870 -8820
500 1550 1580 1620 1390 1190 1020 890 781 691 617 -2850 -3310 -3820 -4380 -5010 -5700 -6470 500 NaN 1370 1390 1450 1560 1730 1800 1620 1460 1330 -3810 -4370 -4980 -5640 -6370 -7160 -8020
550 1900 1900 1650 1410 1200 1030 893 783 693 618 555 -3220 -3700 -4230 -4810 -5460 -6170 550 1770 1770 1810 1900 2030 2060 1840 1650 1490 1350 1230 -4090 -4650 -5270 -5940 -6670 -7460
600 2130 1920 1660 1410 1200 1030 894 782 692 617 554 501 -3640 -4140 -4700 -5310 -5980 600 2180 2200 2250 2350 2350 2090 1860 1670 1500 1360 1240 1130 -4450 -5020 -5640 -6320 -7060
650 2150 1930 1660 1410 1200 1030 892 780 690 615 552 499 452 -4120 -4640 -5220 -5860 650 2610 2640 2710 2680 2380 2110 1880 1680 1510 1370 1240 1140 1040 -4860 -5450 -6090 -6780
700 2150 1930 1650 1400 1200 1020 887 776 686 611 549 496 450 409 -4640 -5190 -5800 700 3070 3110 3030 2700 2390 2120 1890 1690 1520 1370 1250 1140 1050 966 -5330 -5940 -6600
750 2150 1920 1640 1390 1190 1020 881 771 681 607 545 492 446 406 371 -5210 -5790 750 3550 3390 3060 2720 2400 2130 1890 1690 1520 1370 1250 1140 1050 967 894 -5850 -6480
800 2130 1900 1620 1380 1170 1010 872 763 675 601 539 487 442 402 367 335 -5820 800 3690 3420 3070 2720 2410 2130 1890 1690 1520 1370 1250 1140 1050 966 893 829 -6430

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN 50 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -39200 -43100 -47300 100 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN
150 NaN NaN NaN NaN NaN NaN NaN -8460 -9940 -11500 -13200 -15000 -17000 -19200 -21500 -24000 -26700 150 NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN NaN -31800 -34900 -38300 -41800
200 NaN NaN NaN NaN NaN -3440 -4290 -5200 -6170 -7220 -8370 -9630 -11000 -12500 -14200 -16000 -18000 200 NaN NaN NaN NaN NaN NaN NaN NaN -10800 -12500 -14200 -16000 -17900 -20000 -22200 -24500 -27000
250 NaN NaN NaN -479 -587 -2390 -3000 -3660 -4380 -5160 -6030 -6980 -8030 -9190 -10500 -11900 -13400 250 NaN NaN NaN NaN NaN NaN -5230 -6290 -7400 -8570 -9820 -11100 -12600 -14100 -15700 -17500 -19400
300 NaN NaN NaN 97.1 120 238 -2320 -2840 -3410 -4040 -4740 -5510 -6360 -7310 -8350 -9510 -10800 300 NaN NaN NaN NaN NaN -1280 -3860 -4660 -5520 -6420 -7390 -8430 -9540 -10700 -12100 -13500 -15000
350 NaN NaN 518 543 633 801 999 -2380 -2860 -3390 -3980 -4630 -5360 -6160 -7050 -8040 -9120 350 NaN NaN NaN NaN -230 -253 -176 -3710 -4400 -5140 -5930 -6780 -7710 -8710 -9790 -11000 -12200
400 NaN 855 874 940 1060 1190 1060 934 -2530 -2990 -3510 -4080 -4720 -5430 -6210 -7080 -8030 400 NaN NaN NaN 422 423 494 654 921 -3700 -4330 -5000 -5730 -6530 -7390 -8320 -9340 -10400
450 1180 1190 1230 1320 1410 1230 1080 952 847 -2750 -3220 -3740 -4310 -4950 -5650 -6430 -7290 450 NaN NaN NaN 914 975 1100 1310 1580 1560 -3800 -4400 -5040 -5740 -6500 -7330 -8230 -9200
500 1520 1540 1600 1660 1430 1250 1090 962 856 767 -3050 -3520 -4050 -4630 -5280 -6000 -6780 500 NaN 1330 1330 1380 1480 1640 1850 1770 1600 1460 -4000 -4580 -5210 -5890 -6640 -7450 -8330
550 1880 1910 1930 1680 1450 1260 1100 968 861 771 695 -3400 -3890 -4440 -5040 -5700 -6430 550 1740 1740 1770 1840 1970 2130 2010 1810 1630 1480 1350 -4270 -4840 -5470 -6160 -6910 -7720
600 2270 2230 1960 1690 1460 1260 1100 970 862 772 696 631 -3800 -4320 -4890 -5510 -6190 600 2150 2160 2220 2310 2440 2280 2040 1830 1650 1500 1370 1250 -4600 -5190 -5830 -6520 -7280
650 2480 2250 1970 1700 1460 1260 1100 970 862 771 695 630 574 -4260 -4800 -5400 -6040 650 2590 2610 2680 2780 2580 2300 2060 1840 1660 1510 1380 1260 1160 -5010 -5610 -6260 -6970
700 2500 2260 1970 1700 1460 1260 1100 968 859 769 693 628 572 523 -4780 -5340 -5960 700 3050 3090 3160 2930 2600 2320 2070 1850 1670 1510 1380 1260 1160 1070 -5470 -6080 -6760
750 2500 2260 1960 1690 1450 1260 1100 964 855 765 689 625 569 521 477 -5340 -5930 750 3540 3570 3290 2940 2620 2330 2080 1860 1680 1520 1380 1270 1160 1080 996 -5980 -6620
800 2500 2250 1950 1680 1450 1250 1090 958 850 760 685 621 565 517 474 435 -5940 800 3930 3670 3310 2960 2630 2340 2080 1860 1680 1520 1380 1270 1160 1080 996 925 -6550
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Fig. 2 Trajectory design and assessment framework for AAM vehicles.

The aircraft architecture encompasses the detailed geometry of the aircraft, known operating states, vehicle capacity,

range, and unique configuration settings that the vehicle is intended to operate in. The vehicles that are evaluated in this

paper are presented in Fig. 1 where this information is compiled according to publicly available data. These inputs are

provided to the AAM Performance-Based Trajectory Model, which generates an aircraft state vector of the aircraft along

a trajectory that meets the objectives of the control strategy, while accounting for the performance unique to the defined

AAM aircraft. The state vector, denoted as 𝑋 in Fig. 2, is generated within the Flight Profile Generation Module using a

segment based force-balance-kinematic model, constrained by the vehicle performance characteristics from the Aircraft

Performance Module and following flight instructions defined in the Control Strategy. Along with the Control Strategy,

the aircraft state vector of the previous segment of the trajectory is used to compute the state vector of the next segment.

In the Aircraft Performance Module, the aircraft characteristics such as wing shape, weight, rotor placement, and design

conditions are utilized to determine the performance of the vehicle and propulsion system, leveraging the representative

rotor designs and parametric drag build up of [36] and [37]. The details of these processes are included in Section

III.B and III.C. Described in Section III.D, the Source Noise Module enables the evaluation of component noise levels

for varying aircraft configurations and operational settings by modeling source noise of the aircraft’s propulsion and

airframe at each segment of the trajectory. The state vector, 𝑋 , the flight trajectory, and the source noise database are

inputs to the Trajectory Integration Module, where the resulting trajectory performance components: community noise,

energy consumption, and flight duration, for the given operation and aircraft definition are calculated, as described in
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Section III.E. A control strategy can only be executed for a given AAM aircraft with the performance capabilities to

meet the desired flight operation. Further details and assumptions regarding the strategic design of control strategies for

each AAM vehicle are described in Section III.A.

A. Control Strategy of Flight Operation

The high level inputs to the trajectory design and assessment framework in Fig. 2 are the AAM aircraft’s architecture,

as described in the previous section, and the control strategy of the flight operation intended to be flown by the vehicle.

Flight objectives for each segment of a modeled trajectory are defined in the control strategy, such as those illustrated

in Fig. 3, and include a combination of the aircraft configuration, desired flight path angle, and the thrust, power, or

acceleration across the segment. The control strategy also includes the objective of the segment such as achieving a

given altitude, velocity, flight path angle, or final configuration that indicates the end of a segment. Additionally, the

methods for which the Aircraft Performance Module solves for rotor performance along the segment, as described in

Section III.B, must be defined.

h
1. Vertical takeoff to altitude h
2. Hover for 10 second flight check
3. Configuration transition at γ!
4. Steady climb to cruise altitude at γ"
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Fig. 3 Example control strategy for eVTOL and eSTOL AAM aircraft.

The performance of a given trajectory for a given AAM vehicle architecture is highly sensitive to the definition

of the flight operation. Not all operations are feasible for all types of AAM aircraft, thus this framework assumes the

user-defined control strategy is feasible for the aircraft being studied. The aircraft assessed in this study (see Fig. 1) are

not all capable of performing the same flight profiles, for example, a STOL vehicle is not capable of vertical takeoff.

Thus, the control strategy for vertical takeoff presented in Fig. 3a is not considered for the STOL vehicle, but rather

the control strategy in Fig. 3b is used. Provided that the feasible range and performance objectives of a given AAM

aircraft is assumed to be well understood, this framework is capable of assessing trajectory performance metrics of

strategically designed trajectories. This provides a means for understanding the trade-offs between energy consumption,

noise impact, and flight duration for a given AAM aircraft.
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B. Aircraft Performance Module

The Aircraft Performance Module provides the aerodynamic and propulsion performance characteristics, according

to the detailed description of the aircraft geometry, rotor geometry, vehicle configuration, and desired airspeed and

throttle settings provided in the Aircraft Architecture and Flight Profile Generation Module. This framework leverages

the AAM performance modeling methodology presented in [37] to determine the aerodynamic forces and detailed rotor

performance, of which is necessary to model the dynamics and source noise of the aircraft. At each timestep over

a flight segment, of which the vehicle orientation, configuration, desired airspeed and throttle settings are identified

according to the control strategy, the lift, drag, thrust, rotor RPM and blade pitch are determined. The aircraft of this

study, presented in Fig. 1, are assumed to be electric, and thus the weight of the aircraft is assumed constant. The lift of

the vehicle is calculated according to the assumed aircraft characteristics such as wing area, airfoil dimensions and lift

coefficients for each mode of flight, where eVTOL vehicles in a vertical lift configuration are assumed to have zero wing

lift. The parabolic drag buildup from [37] that calculates parasitic and induced drag is referenced to predict the total

vehicles drag, dependent on the assumed airspeed and aircraft configuration.

The propulsion performance considers the rotor RPM, thrust, power, pitch angle along with the rotor geometry,

and inflow velocity using the blade element momentum rotor theory design tool, XROTOR [38], to determine rotor

performance according to the vehicles state. Propellers describe a mechanical device that generates thrust force for the

forward motion of a vehicle, are usually operated vertically, and are associated with fixed wing aircraft. This is distinct

from rotors which directly produce both lift and thrust for a vehicle and can be operated both horizontally and vertically,

as in the case of a tilting rotor. In this work, all propulsion devices are referred to as rotors. The assigned inflow velocity

is assumed to be the component of the vehicle velocity vector that is perpendicular to the rotor disc, accounting for

aircraft pitch, rotor tilt, and vehicle flight path angle as necessary. It is important to note, during transition phases, the

impact of edgewise flight on blade loading is not captured in this modeling technique. Given a representative rotor

designed uniquely for each vehicle architecture design condition [37] and the definition of the control strategy, unknown

parameters are defined. For example, given the airspeed, required thrust, and desired RPM setting, the power and pitch

angle of the rotor is defined by XROTOR. The design of representative rotors for each of the vehicles is referenced from

[36] and [37].

The resulting propulsion and aerodynamic performance at a given instance is used in the Flight Profile Generation

Module to build the flight dynamics and trajectory as described in Section III.C, and the rotor geometry and placement

is necessary for the Source Noise Module to model the noise as described in Section III.D.

C. Flight Profile Generation Module

The Flight Profile Generation Module determines the flight dynamics using a time-stepped point mass model,

constrained by the control strategy and AAM architecture, and influenced by the inertial effects of the aerodynamic loads
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and propulsion performance from the Aircraft Performance Module, as depicted in Fig. 2. The necessary unknowns

regarding the aircraft’s performance within a given segment are calculated at each time step by the Aircraft Performance

Module. The resulting flight parameters at each time step within a segment is stored in the aircraft state vector, 𝑋 , and

include altitude, attitude, vehicle configuration, thrust, flight path angle, position, rotor RPM, airspeed, and power. The

state vector at the previous time step is used to compute the state of the aircraft for the next time step. This state vector

accumulates into the flight trajectory, consisting of necessary details for determining the source noise of each segment

as described in Section III.D, and for calculating the overall trajectory design outputs as described in Section III.E.

The point mass model, governed by the component level equations provided in eq. 1 and 2, is evaluated at time steps

within each segment of the overall trajectory, where the flight objective of each segment is defined within the control

strategy input introduced in Section III.A. Multirotor vehicles can be trimmed using variable pitch and RPM, or with

control surfaces. In this work the vehicles are assumed to be trimmed with control surfaces.

𝑇𝑥 − 𝐷𝑟𝑎𝑔𝑥 − 𝐿𝑖 𝑓 𝑡𝑥 = 𝑚𝑎𝑥 (1)

𝑇𝑧 − 𝐷𝑟𝑎𝑔𝑧 + 𝐿𝑖 𝑓 𝑡𝑧 −𝑊𝑒𝑖𝑔ℎ𝑡 = 𝑚𝑎𝑧 (2)

The total thrust of the vehicle is the resultant vector of the components 𝑇𝑥 and 𝑇𝑧 of eq. 1 and 2. The thrust required

for individual rotors (𝑇) in eq. 3 is assumed to be uniform across operating rotors, and is therefore found by dividing the

total thrust by the number of rotors considered to be operating (𝑁𝑅), as defined by the control strategy.

𝑇 =

√︁
𝑇2
𝑥 + 𝑇2

𝑧

𝑁𝑅

(3)

D. Source Noise Module

When modeling the source noise of AAM vehicles within the framework presented in Fig. 2, it is assumed that the

aircraft noise is composed of rotor and airframe source noise. These components of the source noise vary depending on

the AAM vehicle type, configuration, rotor geometry, and operating conditions. The inputs to the source noise module

include the vehicles speed, rotor RPMs, blade pitch, and aircraft configuration, see Fig. 4.

Source Noise Module 

• Airframe
• Propulsion

Operational Properties

• Vehicle Speed
• Rotor RPM(s)
• Blade Pitch(s)
• Configuration (e.g., 

rotor tilt, flap setting, 
etc.)

Source Noise
Hemisphere 

Fig. 4 Source Noise framework for AAM vehicles.
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The output is a noise hemisphere for the given operating state. Used in the modeling of entire flight trajectories,

as depicted in Fig. 2, is a source noise database of modeled noise according to feasible vehicle states. The AAM

vehicles being studied, presented in Fig. 1, include open rotor, distributed propulsion, which is assumed to produce

tonal and broadband noise components. Following the noise modeling procedure presented in [36], the NASA Aircraft

NOise Prediction Program (ANOPP2) [39] is used, including features from the ANOPP2 Blade Element Acoustic Tool

(ABEAT) [40] to model rotor tonal and broadband self noise, and the implementation of the Fink method [41] and Guo

methods [42][43] in ANOPP for airframe trailing edge noise and high lift device and landing gear noise, respectively.

Rotor loading is calculated within the ABEAT module using blade element momentum theory with blade geometry, such

as feather angle, defined in the operating state vector. These results are used to model discrete loading and thickness

noise using Farassat Formulation 1A methods [44], while broadband self noise from the rotor blade is modeled from

semi-empirical methods [45], with the RPM and vehicle forward velocity defined in the state vector from the Flight

Profile Generation Module, as described in Section III.C. Previous work has shown agreement of ABEAT modeled rotor

noise to measured acoustic tests [46]. Following recommendations in [47], in order to obtain far-field noise values on the

hemisphere surface, the radius of a source noise hemisphere was modeled such that the hemisphere surface was at least

five rotor diameters away from the outermost rotor of the aircraft. The noise for each component is modeled as a source

noise hemisphere as a function of frequency and directivity for each segment of the procedure, as defined in Fig. 3.

E. Trajectory Integration Module

The integration of the state vector and corresponding source noise along the segments that compose the trajectory

for an AAM vehicle is done in the Trajectory Integration Module to determine the trajectory performance metrics:

community noise, energy consumption, and flight duration. This provides a means for evaluating the performance of

such metrics for a given AAM vehicle and control strategy, as well as compare them across operations.

Given modeled rotor and airframe noise sources along each segment, the community noise impact is generated

by performing a propagation using ANOPP2 and based on atmospheric conditions and attenuation [48]. The final

output of the community noise exposure is represented in metrics such as Maximum A-weighted sound pressure level

(𝐿𝐴,𝑀𝑎𝑥) and Sound Exposure Level (SEL). From the power setting determined using the blade element momentum

rotor theory design tool, XROTOR, as described in the Aircraft performance Module (Section III.B) and the duration of

each segment along the trajectory, the energy consumption is assumed by integrating the power over the duration of

the trajectory. This provides a simplified method for understanding the energy consumption for the given operation,

without a thorough understanding of the power train system. Lastly, the summation of the duration of each segment of

the trajectory results in the flight duration for the operation, providing a means of understanding the duration of a given

control strategy such as from takeoff to cruise altitude or velocity. In this paper, the flight duration is defined as the time

from lift off in eVTOL operations and the start of takeoff roll in eSTOL operations, to when the aircraft is at cruise
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altitude, and in cruise configuration for the given vehicle, at a groundtrack distance of 3 nm.

IV. Trajectory Design and Assessment Results of Sample Departure Procedures

A. Example Tilt-Rotor eVTOL Aircraft

Presented in this section is a comparison of various applications of a reference control strategy defined for the four

passenger, 4000 lb Tilt-Rotor eVTOL vehicle with aircraft characteristics described in Section IV.A.1. A detailed

description of the control strategy and cases studies are provided in Section IV.A.2, and the resulting trajectories and

performance metrics are presented in Section IV.A.3.

1. Tilt-Rotor eVTOL Aircraft Characteristics

The Tilt-Rotor eVTOL aircraft has six, 5-bladed rotating rotors capable of providing thrust at any arbitrary rotor

tilt angle, 𝜏, between the vertical and horizontal direction, dependant on the requirement from the control strategy,

as described in Section III.C. The x-direction and z-direction thrust per rotor, denoted by 𝑇𝑥 and 𝑇𝑧 , respectively are

defined as the x and z components of the thrust vector per rotor, T, illustrated in Fig. 5. 𝑇𝑥 and 𝑇𝑧 are used to construct

the flight profile according to eq. 1 and 2 as described in Section III.C.

(a) Vehicle Configuration

𝛄
V

T T
𝛂

Weight

Lift

Drag
𝛄

x

z
τ

(b) Summary of Aerodynamic Forces

Fig. 5 Vehicle summary for 4000lb, 4 passenger Tilt-Rotor eVTOL [36].

The performance of the Tilt-Rotor eVTOL is highly dependant of the vehicle properties. Important vehicle properties

assumed for this analysis are summarized in Table 1, including aircraft and propulsion characteristics. These properties

are used within the Aircraft Performance Module as described in Section III.B to define the aerodynamic loads and

rotor performance through the segments of the flight profile that are defined according to the control strategy outlined

in the next section (Section IV.A.2). The maximum power, RPM, and thrust of the propulsion system are assumed

according to the rotor designed for this vehicle from [37].
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Table 1 Tilt-Rotor eVTOL vehicle properties, referenced from [36, 49], used for example trajectory design
analysis.

Aircraft Characteristics

Weight (lbs) 4000

Number of Passengers 4

Span (ft) 35

Cruise Speed (kts) 152

Propulsion Characteristics

Maximum Power per Rotor (kW) 125

Maximum RPM of Rotor 800

Maximum Thrust per Rotor (lb) 867

Rotor Geometry

Rotor Diameter (ft) 9.5

Number of Rotors 6

Number of Blades per Rotor 5

Hub Percent of Rotor Diameter (%) 10

Rotor image

2. Control Strategy for Sample Departure Procedures of Tilt-Rotor eVTOL

The control strategy, as depicted in the framework in Fig. 2, is a segmented flight objective for the desired procedure.

In this study, the eVTOL control strategy introduced in Fig. 3a of Section III.A is adapted for the Tilt-Rotor vehicle as

summarized in Fig. 6 for four departure procedures.
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Fig. 6 Comparison of 4000 lb, 4 passenger Tilt-Rotor eVTOL flight profiles.

The four variations of departure trajectories include changes in the acceleration altitude (denoted as h) that the

vertical takeoff is constrained by, and the flight path angle (𝛾𝑡 ) of the transition (segment 3). As summarized in Table 2,
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trajectories either vertically climb to 50 ft or 500 ft, and the transition occurs either level, or while climbing at 10◦.

Table 2 Tilt-Rotor eVTOL trajectories analyzed in case study.

Case Number Description

Case 1 50 ft hover, level transition

Case 2 50 ft hover, 10◦ climbing transition

Case 3 500 ft hover, level transition

Case 4 500 ft hover, 10◦ climbing transition

The control strategy is divided into six segments, each of which constrain the vehicle to a desired condition and is

described below.

Segment 1: The vertical takeoff segment constrains the rotors of the Tilt-Rotor vehicle to 90◦ from the horizontal.

The total thrust of the vehicle is set to a constant 102% of the vehicles weight, thus resulting in vertical flight. As

described in Section III.B, the aircraft performance module determines the power and rotor pitch necessary for this

operation, and the dynamics of the vehicle is resolved to determine the aircraft’s velocity and acceleration. In vertical

flight the lift of the wing is assumed to be zero.

Segment 2: The hover segment begins when the acceleration altitude, h, is reached. The thrust then drops to 100%

of the vehicles weight, and the vehicle remains in a hovering state for a notional 10-second flight check.

Segment 3: During the transition segment, the rotor’s tilt follows a velocity-based schedule from the vertical, 90◦

configuration, to the horizontal, 0◦ configuration. The rotor’s tilt is measured from the angle of attack, 𝛼, of the aircraft

(see Fig.5b). This velocity-based tilt schedule was derived by resolving the vehicle dynamics at various degrees of

rotor tilt. As the rotor tilts towards horizontal, the direction of the thrust vector changes, resulting in acceleration in the

horizontal direction and a loss of vertical thrust. As the vehicle accelerates, an increase in horizontal velocity increases

the lift from the wing. In order to maintain altitude or the desired flight path angle, 𝛾𝑡 , the rotor tilt angle, 𝜏, is scheduled

at a velocity such that the gained lift is equal to the loss in vertical thrust from the rotors. During the transition segment

it is assumed the aircraft has an angle of attack of 12◦ according to [50]. Upon completion of transition, the vehicle has

accelerated to a velocity that results in the vertical forces equal to the weight.

Segment 4: The vehicle climbs at a desired flight path angle, 𝛾𝑐, to cruise altitude at constant velocity, holding

constant propulsion conditions. The velocity of this segment is assumed to be constant with the final velocity from

segment 3. This tilt-rotor vehicle is capable of climbing at a 𝛾𝑐 of 10◦ at a 12◦ angle of attack. In this study, cruise

altitude is assumed to be 2000 ft.

Segment 5: Upon reaching cruise altitude, the aircraft begins to accelerate and level out to cruise conditions,
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assuming the cruise velocity to be the best cruise speed of 112 kts, as determined in [51] with an angle of attack of 6◦.

Segment 6: The vehicle remains in cruise configuration for the remainder of the trajectory, until reaching a

groundtrack distance of 3 nm.

The resulting trajectories and corresponding performance are presented in Section IV.A.3 to demonstrate how the

vehicle performance changes according to the flight trajectory.

3. Trajectory Design Results of Sample Departure Control Strategies

The methodology presented in Section III is applied to the Tilt-Rotor eVTOL according to the control strategy

presented above in Section IV.A.2. The resulting trajectories are compared in Fig. 7 as a function of time, where

interfaces between segments that displayed nonlinearities were smoothed. This figure illustrates the changes in aircraft

state, denoted as 𝑋 in the framework in Fig. 2, and the aerodynamic and propulsion performance. For visual inspection,

the altitude is plotted at the top of both columns. Key differences between the cases include the time at which the aircraft

reaches cruise altitude, cruise velocity, and where changes in aircraft performance occur. Cases 1 and 2 have a lower

constraint on the vertical climb, and reach cruise altitude earlier, where Case 2, the climbing transition, reaches cruise

altitude first. Likewise, the cases reach the end of the departure trajectory in the same order, with little differences

between cases with the same vertical takeoff altitude. However, Cases 1 and 2 remain at a lower altitude for longer in the

beginning of the trajectory, thus performing the transition segment of the control strategy at a lower altitude, and earlier

in the trajectory. Increasing the flight path angle during transition (𝛾𝑡 ) results in a subtle difference in acceleration, but

allows the aircraft to reach a higher altitude, as evident for Cases 2 and 4.
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Case 1: 50 ft hover, level transition
Case 2: 50 ft hover, 10o climbing transition

Case 3: 500 ft hover, level transition
Case 4: 500 ft hover, 10o climbing transition
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Fig. 7 Comparison of 4000 lb, 4 passenger Tilt-Rotor eVTOL flight profiles.

As each of the cases presented in Fig. 7 follow the same control strategy, they follow similar trends across the

flight profile, but performed at different times. This provides a means for identifying the impact that the vertical lift

altitude (h) and the transition climb angle have on the aircraft’s energy and community noise impact. The trajectory

performance is summarized in Fig. 8, including a plot for the cumulative total energy over time, and the undertrack noise

plotted as overall A-weighted sound pressure level (𝐿𝐴,𝑀𝑎𝑥) and sound exposure level (SEL) modeled according to the

methodology presented in Section III.D. As presented in Fig. 8, there is a trade-off between undertrack noise, energy,

and time depending on the altitude reached on vertical takeoff (h). The higher vertical takeoff, Cases 3 and 4, result in

more energy and time but produce lower undertrack noise levels early in the trajectory as well as an overall quieter
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observed noise level during transition. Thus, gaining altitude early in the trajectory is advantageous for community

noise for this vehicle. The resulting undertrack noise presents comparable noise levels at a similar condition to the

reported noise level of 45 dBA at 1640 ft altitude and 100 kts airspeed published by vehicle manufacturers of similar

tilt-rotor configurations [52], with contour areas comparable to the flight test results presented in [53].

Case 1: 50 ft hover, level transition
Case 2: 50 ft hover, 10o climbing transition

Case 3: 500 ft hover, level transition
Case 4: 500 ft hover, 10o climbing transition

Fig. 8 Trajectory performance results of 4000 lb, 4 passenger Tilt-Rotor eVTOL case studies.

Noise contours, shown in Fig. 9, are used to compared the community noise impacts of each takeoff trajectory. All

four tilt-rotor contours at both medium and high 𝐿𝐴,𝑀𝑎𝑥 levels are teardrop-shaped with the widest point of the contour

surrounding the takeoff origin and an elongated tail following the direction of flight.
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Fig. 9 65 dBA 𝐿𝐴,𝑀𝑎𝑥 single event noise contours for 4000 lb, 4 passenger Tilt-Rotor eVTOL trajectories.

Compared to Case 1, the steeper transition angle of Case 2 results in a more tapered noise contour as the vehicle

departs. At the takeoff origin, the contour for Case 2 has a slightly larger radius compared to Case 1, however, this is a

less pronounced change in area compared to the taper. In contrast, Cases 3 and 4 are quite similar in shape and area,

being concentric circles of similar radii. The effect of transition angle seem to have little effect in changing contour area

and shape for Cases 3 and 4. The contour area from Case 1 to 2 decreased by 0.04 𝑛𝑚2 while Cases 3 to 4 showed no

area change.

A summary of the overall trajectory performance including the 65 dB 𝐿𝐴,𝑀𝑎𝑥 contour area, the total energy, and the

time the aircraft takes to reach the end of the departure procedure is presented in Table 3. The contour areas for Cases 3

and 4 have the same and smallest size, thus the differences in these trajectories do not impact the 65 dB noise level.

However, the higher vertical takeoff altitude does take longer and require more energy. Case 1 required the least amount

of energy, but Case 2 is slightly faster with minimal increase in energy due to the climbing transition.

Table 3 Tilt-Rotor eVTOL performance results for departure trajectories.

Case Vertical Takeoff Transition Climb 65 dBA 𝐿𝐴,𝑀𝑎𝑥 Noise Total Energy Flight Duration

Number Altitude (ft) Angle (deg) Contour Area (𝑛𝑚2) (kWh) (s)

Case 1 50 0◦ 0.059 9.2 152

Case 2 50 10◦ 0.058 9.4 150

Case 3 500 0◦ 0.038 11.8 180

Case 4 500 10◦ 0.041 11.9 179
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B. Example Lift plus Cruise eVTOL Aircraft

Presented in this section is a comparison of various applications of a reference control strategy defined for the

2 passenger, 2800 lb Lift plus Cruise vehicle with aircraft characteristics described in Section IV.A.1. A detailed

description of the control strategy and cases studies are provided in Section IV.A.2 and the resulting trajectories and

performance metrics are presented in Section IV.A.3.

1. Lift plus Cruise eVTOL Aircraft Characteristics

The Lift plus Cruise eVTOL is capable of vertical and forward flight through two independent propulsive systems,

as presented in Fig. 10a. The horizontal rotor is the primary source for horizontal thrust denoted as 𝑇𝑐, while the lifting

rotors are the primary source of vertical thrust in vertical flight, where their thrust per rotor is denoted as 𝑇𝐿 . The thrust

of each rotor is assumed to be perpendicular to the rotors disc, where the disc position changes according to the vehicles

Angle of Attack (𝛼). Thus, the total thrust in the x and z directions are a combination of the directional components of

the thrust produced from each rotor. Figure 10b displays that the inertial properties utilize the assumption that the thrust

vectors are fixed with respect to the vehicles airframe throughout the flight procedure.

(a) Vehicle Configuration

x

z
TL

TL

Tc

Lift

Drag
𝛄 α

Weight

V
𝛄

(b) Summary of Aerodynamic Forces

Fig. 10 Vehicle summary for a 2800 lb, 2 passenger Lift plus Cruise eVTOL [36].

The key vehicle properties used to model this Lift plus Cruise aircraft are summarized in Table 4, where the aircraft

characteristics, rotor tip mach, hub diameter, and blade count are referenced from [54]. The rotor design and propulsion

characteristics are referenced from [37], which sized the lifting and cruising rotors according to design conditions

outlined in [54].
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Table 4 Lift plus Cruise eVTOL vehicle properties [37, 54].

Aircraft Characteristics

Weight (lbs) 2800

Number of Passengers 2

Span (ft) 36

Cruise Speed (kts) 96

Propulsion Characteristics

Maximum Power per Rotor (kW) Lift Rotors 27

Cruise Rotor 98

Maximum RPM of Rotor Lift Rotors 2900

Cruise Rotor 1700

Maximum Thrust (lb) Lift Rotors 1350

Cruise Rotor 1257

Known Rotor Geometry

Rotor Diameter (ft) Lift Rotors 4.3

Cruise Rotor 6.6

Number of Rotors Lift Rotors 12

Cruise Rotors 1

Number of Blades per Rotor Lift Rotors 2

Cruise Rotors 3

Hub Percent of Rotor Diameter (%) Lift Rotor 30

Cruise Rotor 20

Rotor image Lift Rotors

Cruise Rotor

2. Control Strategy for Sample Departure Procedures of Lift plus Cruise eVTOL

The Control Strategy of the Lift plus Cruise vehicle follows that of the eVTOL, presented in Fig. 3a, but adapted to

the specific characteristics of the Lift plus Cruise vehicle outline in the previous section (Section IV.B.1). The control

strategy applied to the four cases studied for the Lift plus Cruise vehicle are detailed in Fig. 11, below.
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Fig. 11 eVTOL Control Strategy applied to four departure procedures for the Lift plus Cruise vehicle.

The four variations of departure trajectories include changes in the altitude (denoted as h) that the vertical takeoff is

constrained by, and the flight path angle, 𝛾𝑡 , of the transition (segment 3). As summarized in Table 5, trajectories either

vertically climb to 50ft or 500ft, and the transition occurs either level, or while climbing at 5◦.

Table 5 Lift plus Cruise eVTOL trajectories analyzed in case study.

Case Number Description

Case 1 50 ft hover, level transition

Case 2 50 ft hover, 5◦ climbing transition

Case 3 500 ft hover, level transition

Case 4 500 ft hover, 5◦ climbing transition

The control strategy constrains the vehicle along segments of the trajectory to a desired condition as follows.

Segment 1: A vertical takeoff, constraining the vehicle’s propulsion to only the lifting rotors, setting the total thrust

of the 12 lifting rotors to a constant 102% of the vehicles weight, thus resulting in vertical flight. The propulsion

performance is resolved according to the procedure detained in Section III.B for the power and rotor pitch. The dynamics

of the vehicle is resolved by adapting eq.1 and 2 in Section III.C to the Lift plus Cruise dynamics of Fig. 10b to

determine the aircraft’s velocity and acceleration. In vertical flight, the lift of the wing is assumed to be zero.

Segment 2: When the desired altitude, h, is reached, the total thrust of the lifting rotors drops to 100% of the weight,

and the vehicle remains in a hover state for a notional 10-second flight check.

Segment 3: From hover, the vehicle enters a transition phase where the cruise rotor is turned on to max RPM and the

vehicle begins to accelerate in the horizontal direction, increasing the aerodynamic lift and decreasing the thrust required

from the lifting rotors to maintain the desired flight path angle. This segment ends at a velocity where the total vertical

force, including aerodynamic lift and the vertical force of the cruise rotor if at a positive angle of attack, is enough for

the lifting rotors to be turned off. In non-vertical flight, the inflow velocity of the lifting rotors is assumed to be zero.
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Segment 4: After transitioning to cruise configuration, the vehicle begins a constant velocity climb at 5◦ with the

cruise rotor at max RPM and an angle of attack of 12◦ until a cruise altitude of 2000 ft.

Segment 5: When cruise altitude is reached, the vehicle accelerates to cruise velocity and levels off to cruise

condition. The cruise velocity for the Lift plus Cruise vehicle is assumed to be 90% of the maximum cruise speed from

[54].

Segment 6: The vehicle remains in cruise condition for the remainder of the trajectory, until a groundtrack distance

of 3 nm is reached.

The cases summarized in Table 5 are presented in the following section, where the resulting differences in flight

profiles and trajectory performance are compared.

3. Trajectory Design Results of Sample Departure Operation Definitions

The control strategy summarized above is applied to the Lift plus Cruise eVTOL and the resulting trajectories for

the cases in Table 5 are compared in Fig. 12, where interfaces between segments that displayed nonlinearities were

smoothed. Plotted over time, the flight profiles in Fig. 12 illustrate the changes in aircraft state, denoted as 𝑋 in the

methodology in Fig. 2, and the aerodynamic and propulsion performance. For visual inspection, the altitude is plotted

at the top of both columns. It can be seen from the propulsion data that the transition segment starts for Cases 1 and 2

when the cruise rotor turns on at 25 seconds, and ends when the lift rotor turns off at approximately 75 seconds for Case

1 and 110 seconds for Case 2. Likewise, for the higher altitude case, the transition duration is the same lengths for

the respective transition climb angles. This illustrates the impact on the acceleration rate that the transition flight path

angle, 𝛾𝑡 , has on the procedure. The acceleration rates of the transition segments are significantly slower for cases that

transition while climbing, indicating that a transition while climbing requires the lifting rotors to be on for a longer

duration of the flight, but the aircraft is gaining altitude at the same time.

Similar to the results from the Tilt-Rotor, other notable differences in the resulting procedures include the time at

which the aircraft reaches cruise altitude, cruise velocity, and the time at which changes in aircraft performance occur.

Like the Tilt-Rotor, a lower altitude constraint on the vertical climb results in reaching cruise altitude slightly earlier.

However, for the Lift plus Cruise vehicle, the level transition case reaches cruise altitude earliest, primarily due to the

more notable difference in acceleration rates. When comparing the transitions segments, it can be seen in Fig. 12 that

Case 2 and Case 3 turn off their lifting rotors at nearly the same time. However, Case 2 reaches cruise altitude and the

end of the departure trajectory before Case 3, suggesting that a climbing transition is more advantageous in gaining

distance and altitude on departure as opposed to a vertical climb. Evaluating the groundtrack distance at which the

aircraft reach cruise altitude, it is evident that the cases with a lower vertical takeoff altitude, h, (Cases 1 and 2) reach

cruise altitude further from the takeoff, in groundtrack distance, than the cases with a higher vertical takeoff altitude.

Thus, the higher vertical climb performs the entire departure operation at a higher altitude than the other cases.
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Case 1: 50 ft hover, level transition
Case 2: 50 ft hover, 5o climbing transition

Case 3: 500 ft hover, level transition
Case 4: 500 ft hover, 5o climbing transition
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Fig. 12 Comparison of 2800 lb, 2 passenger Lift plus Cruise eVTOL flight profiles.

It can be seen in the flight profiles summarized in Fig. 12 that the different cases follow the same control strategy,

but the differences in vertical takeoff altitude and transition climb angle result in different magnitudes of changes

and segments occur at different times. The various differences in the flight profiles thus result in different energy

consumption, flight duration, and community noise impact. These trajectory performance metrics are summarized in Fig.

13, including a plot for the cumulative total energy over time, and the undertrack noise plotted both as 𝐿𝐴,𝑀𝑎𝑥 and SEL.

These performance metrics were modeled according to the methodology presented in Section III.E. As presented in Fig.

13, there is a visible trade-off between undertrack noise, energy, and time depending on the altitude reached on vertical

takeoff (h). Case 1 consumes overall the least amount of energy and reaches the end of the departure procedure earliest,
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however has the highest undertrack noise levels during the vehicle transition, which remains at the lowest altitude for

longest. Additionally, there is a notable spike in undertrack noise during the transition segment of the flight procedure

for Cases 1 and 3, where the aircraft does not climb during transition. Thus, with little impact on energy consumption, a

climbing transition segment can potentially provide community noise benefits for the Lift plus Cruise vehicle.

Case 1: 50 ft hover, level transition
Case 2: 50 ft hover, 5o climbing transition

Case 3: 500 ft hover, level transition
Case 4: 500 ft hover, 5o climbing transition

Fig. 13 Trajectory performance results of 2800 lb, 2 passenger Lift plus Cruise eVTOL case studies.

The noise contours for the Lift plus Cruise cases are presented in Fig. 14. Each contour has two distinct regions, a

rounded contour surrounding the takeoff origin where the lift rotors are operational, and an elongated elliptical shape

where the cruise rotor starts and the vehicle moves away from the origin.
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Fig. 14 65 dBA 𝐿𝐴,𝑀𝑎𝑥 single event noise contours for 2800 lb, 2 passenger Lift plus Cruise eVTOL trajectories.

At the point of lift and cruise rotor transition, Case 1 shows a sharp reduction in contour width while Case 2 becomes

two distinct contours about the takeoff origin and transition ground-track areas. Generally, there is a decrease in contour

area associated with an increase in transition flight path angle, 𝛾𝑡 . From Cases 1 to 2, there is an area reduction of 0.20

𝑛𝑚2, while operating from Case 3 to 4 yields a reduction of 0.12 𝑛𝑚2. A summary of the overall trajectory results are

presented in Table 6. Case 4 presents the smallest noise contour area, but requires the most energy and has the longest

flight duration. Case 1 requires the least amount of energy and is the fastest procedure, but has the largest noise contour

area.
Table 6 Lift plus Cruise eVTOL performance results for departure trajectories.

Case Vertical Takeoff Transition Climb 65 dBA 𝐿𝐴,𝑀𝑎𝑥 Noise Total Energy Flight Duration

Number Altitude (ft) Angle (deg) Contour Area (𝑛𝑚2) (kWh) (s)

Case 1 50 0◦ 0.44 10.7 196

Case 2 50 5◦ 0.24 11.3 201

Case 3 500 0◦ 0.21 13.7 226

Case 4 500 5◦ 0.09 14.3 231

C. Example Blown-Flap eSTOL AAM Aircraft

A comparison of applications of a 9 passenger, 6000 lb Blown-Flap eSTOL reference control strategy is presented.

Notable aircraft characteristics that impact the definition of the control strategy for the Blown-Flap eSTOL are detailed

in Section IV.C.1. The control strategy for the cases studies of this vehicle are provided in Section IV.C.2, and the

resulting trajectories and performance metrics are discussed in Section IV.C.3.
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1. Blown-Flap eSTOL Aircraft Characteristics

The Blown-Flap eSTOL vehicle illustrated in Fig. 15a, functions similar to a traditional fixed-wing aircraft. However,

the unique short takeoff and landing capabilities of this vehicle are achieved through distributed propulsion and blown

flap technology as outlined in [55] and summarized in Fig. 16. The rotors that line the leading edge of the wing produce

a jet, 𝑉 𝑗 , of increased velocity compared to the airspeed of the vehicles. The increased jet velocity of the flow over

the flaps provides higher 𝐶𝐿 values at lower airspeeds. Thus, a blown-flap results in lower required takeoff velocities,

allowing the vehicle to takeoff in shorter distances. The total thrust of the rotors is assumed to be in the direction of

flight, with flight path angle denoted as 𝛾 shown in Fig. 15b.

(a) Vehicle Configuration
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(b) Summary of Aerodynamic Forces

Fig. 15 Vehicle Summary for 6000 lb, 9 passenger Blown-Flap eSTOL [36].

Due to the increased velocity of the rotor wake, the blown-flap induces an additional source of drag, which is

determined via the momentum theory of jet contraction, following the analysis in [56] and is captured within the drag

buildup [37] included in the Aircraft Performance Module outlined in Section III.B.
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Fig. 16 Rotor wake interaction with the flap in Blown-Flap eSTOL aircraft [36].

The lift coefficients of the blown-flap are determined according to the vehicles airspeed, angle of attack, and jet

velocity (𝑉 𝑗 ) at a given state by referencing blown-flap wind tunnel data in [55]. The inertial properties are calculated

by determining the aerodynamic forces in Fig. 15b according to the methods described in Section III.B and adapting the

equations of motion highlighted in eq.1 and 2 in Section III.C to the Blown-Flap eSTOL. Significant vehicle properties

assumed for the Blown-Flap eSTOL to model the flight performance including aircraft and propulsion characteristics, as

well as known rotor geometry are described in Table 7, where the rotor design is referenced from [37]. This vehicle is

assumed to achieve a 150 ft takeoff field length at maximum power, as indicated in [56], with a takeoff velocity of 38

25



kts. The propulsion characteristics are assumed according to the rotor design published in [37] and the cruise speed is

assumed according to the data presented in [56].

Table 7 Blown-Flap eSTOL vehicle properties, referenced from [56] and [57].

Aircraft Characteristics

Weight (lbs) 6000

Number of Passengers 9

Span (ft) 43.7

Cruise Speed (kts) 150

Propulsion Characteristics

Maximum Power per Rotor (kW) 90

Maximum RPM of Rotor 4000

Maximum Thrust per Rotor (lb) 352

Known Rotor Geometry

Rotor Diameter (ft) 2.7

Number of Rotors 8

Number of Blades per Rotor 5

Hub Percent of Rotor Diameter (%) 25

Rotor image

2. Control Strategy for Sample Departure Procedures of Blown-Flap eSTOL

The control strategy constraining for the Blown-Flap eSTOL vehicle defines segments of the flight trajectory similar

to that of a conventional aircraft. The control strategy outlined Fig. 3b of Section III.A is applied to this Blown-Flap

eSTOL for four variations of departure procedures as depicted in Figure 17.
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Fig. 17 eSTOL Control Strategy applied to four departure procedures for the Blown-Flap eSTOL vehicle.

The four variations of departure trajectories include changes in the takeoff field length and acceleration altitude (h).

As summarized in Table 8, trajectories either takeoff in 150 ft at maximum RPM, or in 300 feet at 80% maximum RPM.
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For this aircraft, the 150 ft takeoff is assumed to use a flap detent, 𝛿 𝑓 , of 20◦ and the 300 ft takeoff requires a flap detent

of 40◦ in order to produce enough lift at the same takeoff velocity of 38 kts with a lower jet velocity 𝑉 𝑗 from the lower

takeoff RPM setting.

Table 8 Blown-Flap eSTOL trajectories analyzed in case study.

Case Number Description

Case 1 150 ft takeoff field-length, initial climb to 100 ft at 100% RPM

Case 2 150 ft takeoff field-length, initial climb to 400 ft at 100% RPM

Case 3 300 ft takeoff field-length, initial climb to 100 ft at 80% RPM

Case 4 300 ft takeoff field-length, initial climb to 400 ft at 80% RPM

The control strategy constrains the vehicle along segments of the flight trajectory to a desired condition, defined as

follows.

Segment 1: The takeoff segment is defined according to the desired takeoff field length, determining the power or

RPM required at takeoff. This vehicle is capable of a 150ft takeoff field length at max power. By lowering the power on

takeoff, the takeoff field length will increase and the vehicle will have less power on the initial climb, as the initial climb

assumes the same power setting from the takeoff segment.

Segment 2: The initial climb assumes constant conditions to that of segment 1, and the flight path angle of the initial

climb, 𝛾𝑖 , is determined. At maximum power, the vehicle climbs at a 𝛾𝑖 of 10◦. The vehicle climbs in the defined takeoff

condition until the desired acceleration altitude, h.

Segment 3: When the vehicle reaches the acceleration altitude, h, the vehicle will lower the climb rate to accelerate

to the flaps up velocity of 70 kts. If a higher flap detent was used during takeoff, the flaps are retracted to 20◦. For the

cases studied, this acceleration segment starts at either an altitude of 100 or 400 feet.

Segment 4: Upon retracting the flaps, the aircraft climbs at constant velocity at a 𝛾𝑐 of 10◦ until cruise altitude.

Segment 5: At cruise altitude, assumed to be 2000 ft, the aircraft levels out and accelerates to cruise conditions.

Segment 6: Cruise conditions are held until the aircraft reaches 3 nm groundtrack distance.

The resulting trajectories are analyzed in Section IV.C.3 to demonstrate how the vehicle’s performance changes

according to the departure procedure.

3. Trajectory Design Results of Sample Departure Control Strategies

The methodology presented in Section III is applied to the Blown-Flap eSTOL according to the control strategy

presented in Section IV.A.2 for the four variations summarized in Table 8. The resulting trajectories are compared in

Fig. 18 as a function of time, where interfaces between segments that displayed nonlinearities were smoothed. For
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visual inspection, the altitude is plotted at the top of both columns.

Case 1: 150 ft takeoff field-length, initial climb to 100 ft
Case 2: 150 ft takeoff field-length, initial climb to 400 ft

Case 3: 300 ft takeoff field-length, initial climb to 100 ft
Case 4: 300 ft takeoff field-length, initial climb to 400 ft
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Fig. 18 Comparison of 6000 lb, 9 passenger Blown-Flap eSTOL flight profiles.

The flight profiles in Fig. 18 illustrate the changes in aircraft state, denoted as 𝑋 in the methodology in Fig. 2, and

the aerodynamic and propulsion performance. Like the other vehicles, there are differences in the time at which the

aircraft reaches cruise altitude, and where changes in aircraft performance occur. The cases with a lower acceleration

altitude, h, reach cruise altitude and the end of the departure procedure first. On the takeoff roll, the difference in

acceleration rate and the jet velocity are evident, where the 300 ft takeoff has a jet velocity of approximately 20 kts less

than that of the maximum power takeoff. The 300 ft takeoff roll uses a 40◦ flap detent, and a flap change occurs at the

acceleration altitude. During the acceleration segment, the aircraft levels out as it accelerates to flaps up velocity. The
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200ft takeoff roll also climbs at a lower flight path angle of 7.5◦ than the 150 ft takeoff roll. In this control strategy,

the aircraft is assumed to maintain 80% maximum RPM after the initial takeoff, if neccessary. Thus, it is not able to

accelerate up to the cruise velocity of 150 kts, but rather reaches 112 kts by the end of the departure procedure, at 3 nm.

The trajectory performance of these cases are summarized in Fig. 19, including a plot for the cumulative total energy

over time, and the undertrack noise including both 𝐿𝐴,𝑀𝑎𝑥 and SEL, modeled according to the methodology presented

in Section III.E.

Case 1: 150 ft takeoff field-length, initial climb to 100 ft
Case 2: 150 ft takeoff field-length, initial climb to 400 ft

Case 3: 300 ft takeoff field-length, initial climb to 100 ft
Case 4: 300 ft takeoff field-length, initial climb to 400 ft

Fig. 19 Trajectory performance results of 6000 lb, 9 passenger Blown-Flap eSTOL case studies.

As presented in Fig. 19 for respective takeoff distances, the lower acceleration altitude, h, results in lower energy

consumption during the takeoff procedure. However, when observing the undertrack SEL, Case 1, has a noticeable

decrease in noise when compared to the higher acceleration altitude of Case 2. This is assumed to be primarily due

to the cutback that occurs at the acceleration altitude. Case 4 displays the lowest undertrack noise early in the flight

trajectory as it operates at lower power and gains more altitude than the other cases, however, later in the profile it is at

a lower altitude for longer and thus has higher undertrack noise in comparison. Additionally, Case 4 is the slowest

procedure and the most energy consuming.

The noise contours for the Blown-Flap eSTOL cases are presented in Fig. 20. At 100% RPM, there is little contour

shape and area change with increasing transition altitude as seen in Cases 1 and 2. The contour width tapers off as the

vehicle departs. At 65 dB 𝐿𝐴,𝑀𝑎𝑥 , climbing to a higher acceleration altitude results in a 0.03 𝑛𝑚2 reduction in area.
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At 80 % RPM the contours in the initial takeoff are noticeably smaller than the 80 % RPM cases. Compared to Case

4, Case 3 widens at a shorter ground-track distance from the origin as the vehicle accelerates. The change in width

between Cases 3 and 4, however, is almost equal and both contours taper at a similar rate as the ground-track distance

increases. At 65 dB, there is a 0.06 𝑛𝑚2 decrease in area between Cases 3 and 4.
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Fig. 20 65 dBA 𝐿𝐴,𝑀𝑎𝑥 single event noise contours for 6000 lb, 9 passenger eSTOL trajectories.

The overall trajectory results are presented in Table 9. The 65 dB 𝐿𝐴,𝑀𝑎𝑥 contour area, total energy, and departure

flight duration are summarized. The 300 ft takeoff with the higher acceleration altitude (Case 4) results in the smallest

noise contour area. In general, the ability to perform a 300 foot takeoff results in lower RPM and thus overall less

community noise impact, and also requires less energy than the respective 150 foot takeoff cases.

Table 9 eSTOL performance results for departure trajectories.

Case Takeoff Field- Acceleration Takeoff 65 dBA 𝐿𝐴,𝑀𝑎𝑥 Noise Total Energy Flight

Number length (ft) Altitude (ft) RPM Contour Area (𝑛𝑚2) (kWh) Duration (s)

Case 1 150 100 100% 0.91 19.6 157

Case 2 150 400 100% 0.94 23.0 168

Case 3 300 100 80% 0.63 19.1 162

Case 4 300 400 80% 0.57 21.3 179

V. Conclusion
As Advance Air Mobility continues to mature, it is important to consider the variations of vehicle performance in

the development of the AAM airspace. This paper presented a framework for analyzing AAM trajectory design and
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modeling of performance and community noise. This enables the assessment of outcomes that result from different

operational control strategies for diverse vehicle architectures. While previous work demonstrates efforts of designing

AAM vehicles to meet desired mission profiles and quantify the effects of single hemisphere noise propagation, this

work demonstrates the development of vehicle specific takeoff trajectories, and how variations in the takeoff control

strategy impact the vehicles performance. Additionally, this work demonstrates the ability to model noise specific to the

vehicles dynamic state along the trajectory.

A few notable simplifications within the noise model include a uniform inflow assumption that does not consider

rotor-wake or rotor-airframe flow interactions. Although constructive-destructive rotor-rotor noise effects were modeled,

the noise propagation does not account for noise shielding or reflection from airframe surfaces such as wings or the

fuselage. Noise tools capable of modeling these more sophisticated inflows can be readily integrated into the framework

to evaluate these additional effects should the level of fidelity be desired.

The vehicles demonstrated in this work are representative to different AAM architectures currently in development

in industry. They include a representative 9 passenger Blown-Flap Short Takeoff and Landing vehicle, a 4 passenger

Tilt-Rotor Vertical Takeoff and Landing vehicle, and a 2 passenger Lift Plus Cruise Vertical Takeoff and Landing vehicle;

however, the methodology is applicable to additional distributed, open-rotor vehicle architectures. The definition of

AAM control strategies is closely examined for departure scenarios for regions near airport for different vehicles is

presented as case studies in this work. This procedure can be applied to approach procedures and can be used to examine

the performance of additional, novel departure procedures.

The results of the departure procedures studied suggest that Tilt-Rotor procedures with a higher vertical takeoff

altitude present lower undertrack noise during transition and smaller noise contour area than lower vertical takeoff

altitudes, although requiring more energy and time. Similarly, the departure procedures for the Lift plus Cruise eVTOL

also present lower undertrack noise for higher vertical takeoff altitudes, but have an additional distinct noise advantage

when performing the transition segment while climbing, which does require more energy and time. Both eVTOL

vehicles exhibit consistent trends of decreasing noise with increasing energy consumption and flight time across Cases

1 through 4. For the eSTOL vehicle, modulating takeoff field length and RPM settings can reduce the community

noise impact. Performing lower power takeoffs reduces the community noise impact but can lead to longer flight

durations. These trade-offs amongst various vehicle types highlight considerations for operational sequencing that must

be accounted for in future air traffic control strategies for AAM.
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