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GLOBAL RESPONSE OF CLEAR-AIR TURBULENCE TO CLIMATE CHANGE 

By P. Williams, L. Storer and M. Joshi 

(Presented by P. Williams) 

Presentation 

 

Introduction 

Clear-air turbulence (CAT) is defined as high-altitude aircraft 
bumpiness in regions devoid of significant cloudiness and away 
from thunderstorm activity (Chambers, 1955). Without 
warning, aircraft can be violently thrown about by CAT. Any 
unsecured objects and unbuckled passengers and crew can be 
tossed around the cabin, causing serious injuries and even 
fatalities (De Villiers & van Heerden, 2001). The part of the 
flight most prone to injuries from CAT is the cruising phase 
above 10,000 ft, because passengers and crew are often 
unbuckled (Sharman et al., 2006). Despite recent advances in 
our mechanistic understanding (Knox et al., 2008; McCann et 
al., 2012), CAT remains one of the largest causes of weather-
related aviation accidents. CAT has been found to account for 

24% of weather-related accidents (Kim & Chun, 2011) and turbulence more generally for 
65% of weather-related accidents (Sharman et al., 2006). According to official statistics, 
around 45 passengers and crew are injured by turbulence on United States-operated 
airlines each year, although these injury rates may be grossly underestimated because 
not all injuries are reported (Sharman et al., 2006). Turbulence is by far the most 
common cause of serious injuries to flight attendants (Tvaryanas, 2003). 

An important source of CAT is strong vertical wind shear, which is prevalent especially 
within the atmospheric jet streams. The wind shear creates regions of low Richardson 
number (Ri), in which unstable Kelvin–Helmholtz waves can grow and ultimately break 
down into turbulence (Lane et al., 2012). There are several other important sources of 
CAT, including airflow over mountainous terrain (Lilly, 1978), the effects of remote 
convection (Koch & Dorian, 1988; Uccellini & Koch, 1987), and loss of balance (Williams 
et al., 2003, 2005, 2008). In these cases, gravity waves are formed and may propagate 
far away from the source region, eventually producing turbulence remotely when they 
either break or induce shear instabilities. 

Our current understanding of the response of CAT to climate change has been 
summarized by Williams and Joshi (2016) and is part of a package of work being carried 
out in the burgeoning research area of climate impacts on aviation (e.g., Coffel & 
Horton, 2015; Irvine et al., 2016; Karnauskas et al., 2011; Williams, 2016, 2017; 
Williams & Joshi, 2013). In particular, Williams and Joshi (2013) used climate model 
simulations to diagnose 21 different CAT indices and thereby study how a doubling of the 
atmospheric carbon dioxide (CO2) concentration could impact the amount of CAT on 
transatlantic flights in winter at 200 hPa. The north Atlantic flight corridor is one of the 
busiest in the world, with more than 300 flights per day in each direction (Irvine et al., 
2013). From the 21-member ensemble of CAT indices, Williams and Joshi (2013) 
calculated a 10–40% increase in the median strength of CAT and a 40–170% increase in 
the frequency of occurrence of MOG CAT in this region, in the doubled-CO2 simulation 
compared to a preindustrial control run. This was the first study to calculate how climate 
change may impact CAT in the future. Williams (2017) subsequently extended the 
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calculations to study the individual responses of light, moderate, and severe turbulence, 
finding large and significant increases in each case. 

Storer et al. (2017) have recently built on these previous studies by using a current-
generation climate model to calculate for the first time how the various strength 
categories of CAT are projected to change in different geographic regions across the 
globe, at multiple flight levels, and in all seasons.  This extended abstract describes the 
study by Storer et al. (2017). 

Methodology 

We use climate simulations that were performed with the Met Office Hadley Centre 
HadGEM2-ES model (Jones et al., 2011), which forms part of the fifth Coupled Model 
Inter-comparison Project (CMIP5) ensemble (Taylor et al., 2012). This is the only CMIP5 
model for which 6-hourly output fields have been archived on a suitable set of upper-
tropospheric and lower-stratospheric pressure levels. The 6-hourly snapshots resolve the 
diurnal cycle and are therefore expected to provide a better representation of wind shear 
than the daily mean CMIP3 fields used by Williams and Joshi (2013) and Williams 
(2017). The multiple pressure levels make it possible to calculate the vertical wind shear 
using second-order centered finite differences at both 200 hPa and 250 hPa, which 
correspond to typical cruising altitudes of approximately 12 km (39,000 ft or FL390) and 
10 km (34,000 ft or FL340), respectively. The atmosphere model has a horizontal grid 
spacing of 1.25° in latitude and 1.875° in longitude, giving 192 × 144 grid boxes 
globally, which is finer than the 2.0° by 2.5° CMIP3 model used by Williams and Joshi 
(2013) and Williams (2017). 

Two HadGEM2-ES simulations are analysed to calculate how climate change could impact 
CAT in the upper troposphere and lower stratosphere in future. Specifically, a 
preindustrial control simulation (picontrol) is compared with a climate change simulation 
using the Intergovernmental Panel on Climate Change (IPCC) Representative 
Concentration Pathway 8.5 (RCP8.5) (Flato et al., 2013). The picontrol run is a base 
state that uses constant preindustrial greenhouse gas concentrations to simulate the 
global climate before the industrial revolution. The RCP8.5 run assumes a net radiative 
forcing increase of 8.5 W m−2 by 2100 (Van Vuuren et al., 2011), which implies 
greenhouse gas concentrations equivalent to around 1,370 ppmv of CO2. We analyse 
30 years of data for the future period 2050–2080 from RCP8.5 compared to 30 years of 
historic data from picontrol. 

The present study focuses on CAT generated by wind shear and loss of balance, 
disregarding mountain waves and remote convection. For consistency, we calculate the 
same basket of CAT diagnostics indices as Williams and Joshi (2013) and Williams 
(2017), except that we exclude the potential vorticity diagnostic because it was found to 
give unrealistic results. We define a threshold for each turbulence strength category and 
each CAT diagnostic in HadGEM2-ES, following Williams (2017); see Storer et al. (2017) 
for full details. 

Results 

Global geographic maps of the percentage change in the prevalence of moderate 
turbulence in the HadGEM2-ES simulations at 200 hPa in December, January, and 
February (DJF) are shown in Figure 1 for each of the 20 CAT indices. The percentage 
change refers to the period 2050–2080 compared to preindustrial times. The indices are 
ranked in descending order according to the global-mean percentage change. (All 
geographic averages in this paper include the cosine (latitude) scaling factor, to down-
weight the smaller high-latitude grid boxes compared to the larger low-latitude ones.) 
Previous findings about CAT increasing in the North Atlantic evidently apply to other 
parts of the planet, too. In the tropical regions (30°S–30°N), the percentage changes 
are generally smaller and there is less agreement between the diagnostics. Outside the 
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tropics, in the middle- and high-latitude regions, the percentage changes are generally 
larger and there is more agreement between the diagnostics. 

 

Figure 1. Maps of the percentage change in the amount of moderate CAT from 
preindustrial times (picontrol) to the period 2050–2080 (RCP8.5). The maps 

are calculated for all 20 CAT diagnostics at 200 hPa in December, January, and 
February (DJF) using the HadGEM2-ES climate model. The maps are ordered 

(from left to right and top to bottom) from the largest to smallest global-mean 
percentage change. Bold titles indicate the seven GTG2 upper-level diagnostics 
that are used operationally (Sharman et al., 2006). Stippling indicates regions 
where the percentage change is not statistically significant at the 90% level 

according to the two-tailed binomial test. 

To assess which features are robust among the different diagnostics, the 20 estimates of 
the percentage changes in CAT shown in Figure 1 for DJF are averaged and shown in the 
first panel of Figure 2. The remaining three panels in Figure 2 show the corresponding 
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averages for March, April, and May (MAM), June, July, and August (JJA), and September, 
October, and November (SON). The averages being taken here are equally weighted, 
under the assumption that each of the 20 estimates is equally plausible. The percentage 
changes generally display relatively little seasonality, with the bulk spatial patterns 
occurring in all four seasons, although there does appear to be a moderate seasonal 
amplitude modulation locally in some regions. These bulk changes include large 
increases of several hundred per cent in the mid-latitudes in both hemispheres. In the 
Southern Hemisphere, these increases peak at around 45–75°S and are fairly zonally 
symmetric. In the Northern Hemisphere, the increases peak at around 45–75°N but they 
display more zonal variability, which appears to be associated with the presence of land 
masses. The bulk features also include small and statistically insignificant decreases of 
several tens of per cent in parts of the tropics (where convection is a more important 
source of turbulence and CAT is less relevant). The global-mean percentage changes in 
moderate CAT at 200 hPa are +30.8% (DJF), +46.5% (MAM), +42.7% (JJA), and 
+39.2% (SON), where large increases in the mid-latitudes are being partly offset by 
small decreases in the tropics. 

 

Figure 2. Maps of the average percentage change in the amount of moderate 
CAT from preindustrial times (picontrol) to the period 2050–2080 (RCP8.5) at 

200 hPa in each season. The average is taken over all 20 CAT diagnostics, 
which are equally weighted. The upper panel for December, January, and 

February is the average of the 20 panels in Figure 1. Stippling indicates regions 
where the average percentage change is not significantly different from zero at 

the 90% level according to the one-sample, two-tailed t test. 

The global-mean percentage changes for all five turbulence strength categories (light, 
light-to-moderate, moderate, moderate-to-severe, and severe) and both pressure levels 
(200 hPa and 250 hPa) in all four seasons (DJF, MAM, JJA, and SON) are tabulated in 
Figure 3. In all 40 cases, the change is positive, indicating that CAT is intensifying across 
a range of strengths and altitudes and that it is intensifying throughout the year. The 
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global-mean percentage changes are generally larger at 200 hPa than 250 hPa, largest 
for turbulence in the light strength category, and largest in MAM. 

 

Figure 3. Global-mean percentage changes in the amount of CAT from pre-
industrial times (picontrol) to the period 2050–2080 (RCP8.5). 

Because the above global averages mask large regional variations, Figure 4 tabulates the 
annual-mean percentage changes averaged within eight geographic regions, for all five 
turbulence strength categories and both pressure levels. The results indicate that the 
busiest international airspace around the middle and high latitudes (North Atlantic, North 
America, North Pacific, Europe, and Asia) experiences larger increases in CAT than the 
global average, with the volume of severe CAT approximately doubling at 200 hPa over 
North America (+112.7%), the North Pacific (+91.6%), and Europe (+160.7%). The less 
congested skies around the tropics (Africa, South America, and Australia) generally 
experience smaller increases. Whereas globally, it is light turbulence that experiences 
the largest relative increase, locally, it can be severe turbulence (e.g., Europe). For each 
strength category and geographic region, the percentage change is larger at 200 hPa 
than 250 hPa. To provide some context to aid with the interpretation of the magnitudes 
of these changes, in the North Atlantic (50–75°N, 10–60°W) at 200 hPa, we find that 
(i) in winter, severe CAT by 2050–2080 will be as common as moderate CAT in the 
control period, and (ii) for a range of turbulence strengths from light to moderate-to-
severe, summertime CAT by 2050–2080 will be as common as wintertime CAT in the 
control period. 
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Figure 4: Annual-mean percentage changes in the amount of CAT from pre-
industrial times (picontrol) to the period 2050–2080 (RCP8.5). 

Summary and Discussion 

Using climate model simulations, the study conducted by Storer et al. (2017) and 
described in this extended abstract found large relative increases in the atmospheric 
volume containing significant CAT by the period 2050–2080 under the RCP8.5 
greenhouse gas forcing scenario. The increases occur throughout the global atmosphere 
but are most pronounced in the mid-latitudes in both hemispheres. The increases occur 
in multiple aviation-relevant turbulence strength categories, at multiple flight levels, and 
in all seasons. We conclude that the intensification of CAT that has been calculated by 
previous studies, which considered only transatlantic flights in winter at altitudes of 
around 39,000 feet, apply more generally. 

Our findings may have implications for aviation operations in the coming decades. Many 
of the aircraft that will be flying in the second half of the present century are currently in 
the design phase. It would therefore seem sensible for the airframe manufacturers to 
prepare for a more turbulent atmosphere, even at this early stage. Future aeronautical 
advances, such as remote sensing of clear-air turbulence using on-board light detection 
and ranging technology, might be able to mitigate the operational effects of the 
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worsening atmospheric turbulence (Vrancken et al., 2016). Our results also reinforce the 
increasingly urgent need to improve the skill of operational CAT forecasts. Despite 
containing useful information and demonstrably improving the safety and comfort of air 
travel, these forecasts continue to include a substantial fraction of false positives and 
missed events. 
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