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Summary of project objectives (10 lines max) 

 
During the recent years, ground-based and airborne Rayleigh lidar measurements of temperature perturbations 

in the middle atmosphere show gravity wave activity covering a large spectrum of frequencies and vertical and 

horizontal wavelengths. An understanding of the different wave modes in the middle atmosphere is still 

lacking. Especially, the link of the observed gravity wave activity to possible sources in the troposphere as well 

as in the stratosphere is difficult to establish as 3D data of wind and temperature in high spatial and temporal 

resolution are missing. Therefore, the integrated forecast system (IFS) of the ECMWF will serve to fill this gap 

by providing these data globally. Idealized numerical simulations will complement the combined analysis of 

data and IFS output. 

 
 

 

 

Summary of problems encountered (10 lines max) 

No problems encountered. 

 

 

 

 

Summary of plans for the continuation of the project (10 lines max) 
 

As this project will be terminated, a new one will be proposed in a similar spirit. 
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Summary of results 
 

(1) Usage of IFS data for airborne field campaigns 

The ECMWF operational forecast data from the Integrated Forecasting System (IFS) have been 

used extensively for mission and flight planning during field campaigns, especially, for airborne 

platforms conducted with the German research aircraft HALO and DLR Falcon around the globe. 

The focus of the different missions covered a broad spectrum of different topics such as trace gas 

emissions and pollution of mega cities in Europe and East-Asia (EMeRGe
1
, COMET

2
) as well as  

atmospheric dynamics and transport in the North Atlantic region (NAWDWEX
3
) and the Southern 

Hemisphere high latitudes (SouthTRAC
4
).  

The different mission topics, used instruments, and the specific conditions in the area of operations 

(e.g., local weather, instructions by local authorities for handling flight plans,…) define the 

requirements of the forecasts. For example, forecasting the transport of trace gases by tropospheric 

winds and finding an area with mostly cloud-free conditions, where they can be measured by the 

instruments onboard, was the most important aspect during the EMeRGe campaign. During the 

SouthTRAC campaign, the focus was on forecasting of the occurrence of internal gravity waves in 

the stratosphere and mesosphere in the region of the Southern Andes, the Drake Passage, and the 

Antarctic Peninsula and on forecasting the polar vortex position.  

 

                                                           
1
 Effect of Megacities on the Transport and Transformation of Pollutants on the Regional to Global Scales, see 

https://www.halo.dlr.de/science/missions/emerge/emerge.html 
2
 Carbon Dioxide and Methane Mission,  https://www.halo.dlr.de/science/missions/comet/comet.html 

3
 North Atlantic Waveguide and Downstream impact Experiment, Schäfler et al. (2018) 

4
 https://www.pa.op.dlr.de/southtrac/science/introduction/ 

https://doi.org/10.1175/BAMS-D-17-0003.1
https://doi.org/10.1002/qj.3848
https://www.halo.dlr.de/science/missions/emerge/emerge.html
https://www.halo.dlr.de/science/missions/comet/comet.html
https://www.pa.op.dlr.de/southtrac/science/introduction/
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Figure 1: Horizontal maps of horizontal wind at 700 and 300 hPa, height of the dynamical 

tropopause, and cloud cover created with the mission support system during the SouthTRAC 

campaign. Flight tracks and waypoints are also shown in these maps. 

  

 

Figure 2: Vertical cross section of horizontal wind and cloud cover created with the mission 

support system along the flight track shown in Fig.1. 
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For these different purposes, ECMWF operational forecasts were visualized on a website showing 

the required forecast parameters. Moreover, the forecast data were integrated and visualized with 

the Mission Support System
5
 which allows for creating horizontal maps of different parameters 

(Fig. 1) and vertical cross sections along flight tracks (Fig. 2). The common visualization of 

different forecast products by this tool is essential for the effective flight planning during aircraft 

field campaigns. Moreover, the most recent available forecasts along the final flight path provide 

guidance for the scientists on board for inflight decisions (e.g., change of altitude,…). 

(2) Observation of jet stream winds during NAWDEX and characterization of systematic 

meteorological analysis errors (Schäfler et al., 2020) 

Operational analysis and forecast data from the ECMWF’s IFS and UK MetOffice Unified Model 

were applied in combination with high vertical resolution wind observations to explore the structure 

of the North Atlantic jet stream, including the sharpness of vertical wind shear changes across the 

tropopause and the wind speed (Schäfler et al., 2020). This study was conducted in the context of 

the North Atlantic Waveguide and Downstream impact EXperiment (NAWDEX). Airborne 

Doppler wind lidar, dropsonde and a ground-based stratosphere-troposphere radar data revealed 

small wind speed biases throughout the troposphere and lower stratosphere. However, this study 

finds large and spatially coherent wind errors up to ±10 m s
-1

 for individual cases, with the strongest 

errors occurring above the tropopause in upper-level ridges.  

Figure 3 shows an example of observed wind speeds and respective differences across a jet stream 

that was observed between Iceland and the UK on 23 November 2016. 

 

Figure 3: (a) Doppler wind lidar (colored areas), dropsonde (colored observations along arrows) 

and in situ (colored line contour on top of wind lidar observations) wind observations and (b) the 

respective differences to short-range forecast fields of the ECMWF IFS on 23 Oct 2016. (a, b) are 

superimposed by potential temperature (black contours) and dynamical tropopause (2 PVU, thick 

black contour) from. Figure taken from Schäfler et al. (2020). 

                                                           
5
 https://mss.readthedocs.io/en/stable/installation.html  

(a) 

(b) 

https://mss.readthedocs.io/en/stable/installation.html
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ECMWF and Met Office analyses indicate similar spatial structures in wind errors, even though 

their forecast models and data assimilation schemes differ greatly. The assimilation of operational 

observational data brings the analyses closer to the independent verifying observations but it cannot 

fully compensate the forecast error. Models tend to underestimate the peak jet stream wind, the 

vertical wind shear (by a factor of 2…5), and the abruptness of the change in wind shear across the 

tropopause, which is a major contribution to the meridional potential vorticity gradient. The 

differences are large enough to influence forecasts of Rossby wave disturbances to the jet stream 

with an anticipated effect on weather forecast skill even on large scales. 

 

(3) Observation and Simulation of Mountain Wave Turbulence above Iceland: Turbulence 

Intensification due to Wave Interference (Wilms et al., 2020) 

The High Altitude LOng Range research aircraft (HALO) encountered strong turbulence 

above Iceland at 13.8 km altitude on October 13, 2016. The generation of turbulence along 

the flight path is studied through numerical simulations in combination with the aircraft 

in situ observations. From the in situ observations, maximum EDR values (cubic root of 

the energy dissipation rate) of 0.39 m
2/3

 s
-1

 are obtained, which correspond to moderate 

to severe turbulence for a medium-weight aircraft such as HALO. The turbulent region is 

characterized by observed large amplitude vertical wind fluctuations which coincide locally 

with a stagnation of the horizontal flow.  

The strong turbulence occurred downstream and in between the two Icelandic mountains Hofsjökull 

and Langjökull. High-resolution numerical simulations, with realistic and idealized topography, 

show that the flow above these two nearby mountains is responsible for the observed turbulence.  
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Figure 4: (a) Horizontal cross section of w from Iceland 3D simulation at 13 km altitude at t = 0:75 

h. (b) Cross section along HALO flight track of w (color) and isentropes (black contours, in K) at t 

= 1:75 h. The blue line indicates the flight track with the turbulence encounter at the position of the 

filled blue diamond. The thin black lines in (a) denote longitude and latitude. In (b) red shaded 

regions indicate where N
2

 < 0. The black filled area is the topography along the flight track, the 

blue and green filled areas are the topography along cross sections parallel to the flight track cutting 

through the peak of Hofsjökull and Langjökull.  

 

Vertically propagating hydrostatic mountain waves disperse horizontally in the region downstream 

and in between Hofsjökull and Langjökull. There, both waves interfere and their superposition leads 

to enhanced amplitudes and, eventually, to convective instabilities. By comparing simulations with 

only one of the mountains to the simulation with both mountains, we infer that the wave 
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interference can locally amplify the turbulence intensity by a factor of five and 

double the vertical extent of the turbulent region. 

(4) Lidar observations of large-amplitude mountain waves in the stratosphere above Tierra 

del Fuego, Argentina (Kaifler et al., 2020) 

Large-amplitude internal gravity waves were observed using Rayleigh lidar temperature soundings 

above Rio Grande, Argentina (54°S, 68°W), in the period 16…23 June 2018. Temperature 

perturbations in the upper stratosphere amounted to 80 K peak-to-peak and potential energy 

densities exceeded 400 J/kg. The measured amplitudes and phase alignments agree well with 

operational analyses and short-term forecasts of the IFS implying that these quasi-steady gravity 

waves resulted from the airflow across the Andes. We estimate gravity wave momentum fluxes 

larger than 100 mPa applying independent methods to both lidar data and IFS model data. These 

mountain waves deposited momentum at the inner edge of the polar night jet and led to a long-

lasting deceleration of the stratospheric flow. The accumulated mountain wave drag affected the 

stratospheric circulation several thousand kilometers downstream. In the 2018 austral winter, 

mountain wave events of this magnitude contributed more than 30 % of the total potential energy 

density, signifying their importance by perturbing the stratospheric polar vortex. 

 

(6) Far-ranging impact of mountain waves excited over Greenland on stratospheric dehydration and 

rehydration (Kivi et al., 2020) 

In situ observations of reduced stratospheric water vapor combined with those of ice particle 

formation are rarely conducted. On the one hand, they are essential to broaden our knowledge about 

the formation of polar stratospheric clouds (PSCs). On the other hand, the observed profiles allow 

the comparison with global circulation models. Here, we report about a balloon-borne observation 

above Sodankylä, Finland on 26 January 2005. The frostpoint hygrometer detected layers of 

reduced water vapor by up to 2 ppmv from 18.5 to 23 km. Beneath, a 1 km deep layer of increased 

water vapor was identified. An aerosol backscatter sonde measured the presence of stratospheric ice 

clouds. 
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Figure 5. Temperature perturbations T’ (K, color shaded) at 30 hPa on 26 January 2005 

06 UTC from ERA5 (a), ERA Interim (b), and the operational ECMWF T511/L60 analyses (c). 

The red encircled areas are regions where ice clouds are likely to exist. In all panels: geopotential 

height (m, increment 80 m, black solid lines) and T-TICE ≤ 0 (red solid lines, interval 1 K). 

 

According to meteorological analysis the PSCs were formed upstream above the east coast of 

Greenland due to mountain wave-induced cooling. The mountain wave-induced temperature 

perturbations spread over the whole Atlantic Ocean and lead to the observed dehydration.  

Comparing the most recent ERA5 data with operational analyses from 2005, we find an improved 

representation of mesoscale internal gravity waves, of dehydration, and of PSC formation for this 

particular event. 


