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Deliver data to 

customer platforms 
& applications.

Pilotbrief
AOC planning and flight 

operations 
management.

Pilots preflight and 
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decisions.
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Operational decisions 

guidance.
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Airport personnel 

weather conditions 
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IBM’s Turbulence Forecast
MPAS 15-km global NWP model

Turbulence Mitigation Workshop 4, November 9, 2021 / © 2021 IBM Corporation

TWC/IBM Serves Airlines Around the World



Our Goal: Better Weather-Impacted Decisions
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“Fi rs t ,  i t  should  be  
understood that  forecasts  

possess no in t r ins ic  va lue .  
They acqui re  va lue  through 

the i r  ab i l i ty  to  in f luence 
the  dec is ions made by  

users  of  the  forecasts .”

Murphy, A. H., 1993: What is a Good Forecast? 
An essay on the Nature of Goodness in Weather 
Forecasting, Wea. Forecasting, 8, 281-293.

What could the 
weather be?

How do weather + 
actions translate into 
impacts?

What is the action
that maximizes the 
expected value? 

What is the value of 
each possible 
action-impact?



Our Goal: Better Turbulence Avoidance Decisions
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“Fi rs t ,  i t  should  be  
understood that  forecasts  

possess no in t r ins ic  va lue .  
They acqui re  va lue  through 

the i r  ab i l i ty  to  in f luence 
the  dec is ions made by  

users  of  the  forecasts .”

Murphy, A. H., 1993: What is a Good Forecast? 
An essay on the Nature of Goodness in Weather 
Forecasting, Wea. Forecasting, 8, 281-293.

What is the 
distribution of EDR 
(+winds, hazards)?

How does EDR 
translate into aircraft 
response (RMS-g)?

What is the flight 
path that minimizes 
the expected cost? 

What is the cost of 
elevated RMS-g 
encounters (+fuel)?



Probabilistic Forecasts Enable Better Decisions
Reroute around potential turbulence?
• Deviation is expensive in fuel and time
• But a severe turbulence accident could 

be much more costly.

Using a deterministic forecast helps …
≈≈
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EDR = 0.14

X

==
?

?

5Turbulence Mitigation Workshop 4, November 9, 2021 / © 2021 IBM Corporation

0

0.2

0.4

0.6

0.8

1

1.2

Do Nothing Deterministic

Normalized Aggregate Losses

Using deterministic forecast mitigates losses by 30%*
* Notional, not meant as a rigorous claim..



Probabilistic Forecasts Enable Better Decisions
Reroute around potential turbulence?
• Deviation is expensive in fuel and time
• But a severe turbulence accident could 

be much more costly.

Using a deterministic forecast helps …

… and using a probabilistic forecast in 
conjunction with cost-loss optimization 
further improves the net outcome.

• Probabilistic turbulence forecasts have 
25% greater value than deterministic
Buchanan (2016), in Sharman & Lane (eds), Aviation Turbulence
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Importance of Forecast Uncertainty

OR
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E[EDR] = 0.28; P(EDR > 0.44) < 0.01% E[EDR] = 0.28; P(EDR > 0.44) < 2.0%

?

Sources of uncertainty:
• NWP model forecast errors
• Limited NWP model resolution
• Diagnostic linkage to aircraft scales
• Inhomogeneity
• Random nature of turbulence
• …

≈≈
EDR = 0.28

Flying through the volume 
repeatedly would create a 
distribution of measured EDR.

Severe 
encounter 
very unlikely

2% chance 
of a severe 
encounter



Cost-Loss
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Deviate

No Encounter
(-$500)

Severe Turb
P(Y) = 2% 

= 0.02

Severe 
Encounter
(-$50,000)

Benign Turb.
P(N) = 98% 

= 0.98

No Encounter
($0)

Don’t Deviate

No Encounter
(-$500)

-$500 -$1,000Expected 
value
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Optimal decision:
Action with highest 
expected value
⇒ Deviate!

Action-Impact

Impact Value

Available Actions

Expected Value 
= Sum of 
(Impact Values x 
Probabilities)



GTG Methodology Produces Rich Information

Sharman et al. (2006), WAF
Sharman and Pearson (2017), JAMC
Kim, Chun, Sharman & Keller, (2011), JAMC
Kim, Sharman, Strahan, Scheck, Bartholomew, 
Cheung, Buchanan & Gait (2018), BAMS

Ellrod1
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FRNTGth
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TEMPG

- NVA

NCSU1

NCSU2

EDRS10

GTG

Weighted consensus of rescaled 
NWP-derived “diagnostics” tuned 
against turbulence observations

0 h forecast valid 1500 UTC 
22 September 2006
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Prob > light Prob > mod

Prob > severe

0 h forecast valid at 22 Sep 2006 15Z
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Approach also applied to 
multi-model and time-
lagged ensembles:

Images courtesy of Bob Sharman

Kim, Chan, Sridhar, and 
Sharman (2015), BAMS
Buchanan (2016)
Shin, Deierling, Muñoz-Esparza, 
Sharman (2021), ARAM

Forecasting Exceedance Probabilities
One approach: Probability ≈  fraction of diagnostics exceeding category threshold
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Clear air turbulence forecasts

Advanced Machine Learning Approaches
Training against turbulence observations, e.g., in situ EDR, Sharman et al. (2014), JAMC
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Convectively-induced turbulence nowcast

From McGovern, …, Williams (2017), BAMS

Muñoz-Esparza, Sharman, and Deierling (2020), JAMC
use RFs and Gradient Boosted Regression Trees.

May 26, 2011 0200 UTC, FL 390

From Figs. 1 and 2 of 
Williams (2014), Machine 
Learning

ML and GTG skill comparison, forecasting EDR ≥ 0.3.

Random forest votes 
calibrated to probability

RF Prob(EDR ≥ 0.2) based on 
NWP, satellite and radar data



Probabilistic Forecasting Approach
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Ideal Probabilistic Forecast Attributes
• Clearly defined

• E.g., likelihood per nautical mile or per minute of flight
• Otherwise, can’t account for turbulence volume size / duration

• Calibrated
• Probabilities must be accurate (reliable; flat PIT diagrams) 
• Otherwise, derived cost/loss estimates are flawed

• As “sharp” as possible
• More specific forecasts preferable (low Brier Score, CRPS)
• Otherwise, can be calibrated but not useful

• Forecast the entire Probability Distribution Function
• Provides probability for every EDR the aircraft may encounter
• Otherwise, challenging to translate to encounter costs for a 

variety of aircraft types, weights, flight conditions
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Kim et al., BAMS (2018)

Reliability Diagram

Probability Integral Transform Diagram

Uncalibrated Calibrated



Turbulence impact depends on aircraft 
type, weight, airspeed, cabin status, …

Categorical Probabilities Aren’t Enough
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PDF forecasts provide relevant 
information for a variety of situations!

≈≈
EDR = 0.20

≈≈
EDR = 0.20

Mayday!!

What 
turbulence?

Eq. (20) and Fig. 7 from Sharman et al. (2014), JAMC

Prob(EDR ≥ 0.2) = 15% may have 
quite varied decision implications…



Forecast the EDR Probability Distribution Function!
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EDR PDF σg PDFs Impact PDFs

E[Impact] = $20

E[Impact] = $1092



Using Hazard Forecasts to Find Safe Routes
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Avoidance regions 
based on forecast 
hazard intensity 
thresholds
Figs. from Sauer, Steiner, Sharman, Pinto 
and Deierling (2019), J. Air Transportation

Others: wind-optimal 
routes using severe 
turbulence probabilities
E.g., Williams (2009); Kim et al. (2016)



Playbook expected net costs 
derived from PF scenario simulations

PDF Translation Enables Enhanced Decision Making

Individual Flight: Compare Routes

Option Fuel 
Cost

Wx 
Hazard 
Impact

Delay 
Cost Total

Route #1 $25k $15k $0k $40k

Route #2 $30k $4k $4k $38k

…

Route #N $35k $2k $8k $45

Fleet Ops: Compare Playbooks

Option Aircraft 
Ops.

Sched. 
Impact Total

Playbook #1 $4.0M $300k $4.3M

Playbook #2 $3.8M $200k $4.0M

…

Playbook #N $4.5M $50k $5.0M
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Or compare to climatological mean impact to characterize relative risk.
c.f. Fig. 3 in Lane, Sharman, …, Williams (2012), BAMS



Methods for Creating PDF Forecasts
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Ex.: Bayesian Model Averaging
• Bias-correct / calibrate each forecast
• “Dress” each forecast EDR

• Compute the weighted combination

𝑓𝑓 = 0.20
𝜎𝜎 = 0.03

0.1         0.15        0.2         0.25         0.3         0.35       0.4
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P(
ED

R
)

*

P(
ED

R
)

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

EDR

BMA 

Goal: optimize sharpness (specificity) 
and calibration (probabilistic accuracy)

• Bayesian Model Averaging
(Raftery et al. 2005, MWR) 

• Heteroskedastic Extended Logistic 
Regression (Messner et al. 2014, MWR)

• Deep Learning 
(e.g., Grönquist et al. 2020; 
Bartholomew et al. 2021, ARAM 8.4)



Summary
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• NWP model and turbulence diagnostic 
ensembles offer rich uncertainty information
• Post-processing can produce calibrated probabilities

• Turbulence PDF forecasts support optimal 
decision making
• Translation to aircraft response & encounter costs

• Relative risk and cost maps

• Route selection, deviation decisions, cabin 
management

• Uncalibrated, poorly defined or inaccurate 
probabilities can be misleading

What is the 
distribution of EDR 
(+winds, hazards)?

How does EDR 
translate into aircraft 
response (RMS-g)?

What is the flight 
path that minimizes 
the expected cost? 

What is the cost of 
elevated RMS-g 
encounters (+fuel)?
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