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Abstract 
The Vertical Route Forecast: an Evaluation of a New Flight Path Based Weather Forecast 
Product with HARMONIE-AROME High Resolution Forecasts over Scandinavia 
Ingela Leffler 
 
As a complement to existing weather forecast products for aviation, a prototype of a new product is 
presented and evaluated. It shows the atmosphere in a vertical cross section along the intended route. 
This Vertical Route Forecast introduces the possibility to examine the vertical distribution of cloud 
layers, wind, precipitation, turbulence and more along the flight path. Through a market research with 
166 participating Swedish pilots it was found that the demand for the product is high and that 90 % of 
the participants would use it if available. The Vertical Route Forecast is inspired by the existing 
product GRAMET by Ogimet (Ballester Valor, n.d) but instead of using forecasts from the weather 
prediction model GFS (Global Forecast System) at 0.5° (56 km) resolution it uses data from the 2.5 
km resolution model HARMONIE-AROME. The latter is operational at SMHI (Swedish Meteor-
ological and Hydrological Institute) and because of its high resolution it enables more detailed 
structures of the weather to be presented. The product differs further from GRAMET by showing only 
the lower parts of the atmosphere so as to be of more use to small aircraft pilots flying at low levels. 
    To assess the accuracy of the forecasts, a model evaluation of HARMONIE-AROME has been 
conducted through a case study in which the model was verified and compared to GFS over Sweden. 
The two models were verified against their own analyses at four different atmospheric pressure levels 
in terms of bias, root mean square error, standard deviation and correlation. HARMONIE-AROME 
performed best for temperature while GFS had the best forecasts of relative humidity. Wind speed and 
direction were also evaluated with insignificantly better results for GFS. However, the weather did not 
vary very much during the study as the two weeks were dominated by high pressure systems. Other 
evaluations made of HARMONIE-AROME by e.g. the HIRLAM consortium (2016a) have shown 
good or adequate performance of the model. It was concluded that HARMONIE-AROME would be 
well suited as the forecast producing model for this Vertical Route Forecast. 
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Populärvetenskaplig sammanfattning 
Vertikal ruttprognos: En utvärdering av en ny flygvägsbaserad väderprognosprodukt 
med högupplösta prognoser från HARMONIE-AROME över Skandinavien 
Ingela Leffler 
 
För att piloter ska kunna planera en säker flygning behöver de tillgång till bra och användbara 
väderprognoser. Med de prognosprodukter som finns tillgängliga idag kan det dock vara svårt att få en 
detaljerad uppfattning om hur vädret kommer vara längs med vägen. Här presenteras och utvärderas 
därför ett förslag till en ny prognosprodukt som visar atmosfären i en sidovy längs en valfri sträcka. 
Med den kan piloten granska utbredningen av bland annat molntäcken, vind, nederbörd och turbulens i 
höjdled längs den planerade färdvägen. Denna vertikala ruttprognos är inspirerad av den redan 
befintliga produkten GRAMET från Ogimet (Ballester Valor, n.d) men visar mer detaljerade 
prognoser som är bättre anpassade till flygningar på låga höjder. Vid en marknadsundersökning utförd 
med 166 medverkande svenska piloter stod det klart att efterfrågan på produkten är hög och 90 % av 
de medverkande påstod att de skulle använda den om den fanns tillgänglig.  
    För att bedöma prognosernas precision har en utvärdering gjorts av den prognosmodell som använts 
till produkten. Modellen används annars hos SMHI (Sveriges Meteorologiska och Hydrologiska 
Institut) och kallas HARMONIE-AROME. I en fallstudie jämfördes den med modellen GFS som 
skapar prognoserna för GRAMET. Studien täckte Sverige och sträckte sig över 14 dagar i början av 
februari, 2017. HARMONIE-AROME visade bäst resultat för temperatur medan GFS gjorde de bästa 
fuktighetsprognoserna. Vindhastighet och vindriktning undersöktes också och för dem var modellerna 
ungefär lika bra. Vädret varierade dock inte så mycket under tvåveckorsperioden som dominerades av 
högtryck. Andra utvärderingar som gjorts av HARMONIE-AROME togs också i beaktande och 
modellen verkar generellt sett göra bra prognoser. Från samtliga resultat drogs slutsatsen att prognos-
produkten skulle underlätta för småplanspiloter samt att HARMONIE-AROME är en lämplig modell 
att använda för att skapa dess prognoser.  
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1 Introduction 
In the world of aviation, the planning stage before a flight is essential. The preparations include 

identifying the weather situation for performance calculations and to make sure the flight can be 

operated safely. For these purposes, the pilot can consult a range of various weather observations and 

forecasts such as METAR (METeorological Aerodrome Report), TAF (Terminal Area Forecast) and 

Significant Weather Charts (SWC) at different levels. These products are meant to complement each 

other, giving both the detailed airport weather needed for departure and arrival as well as an overview 

of the weather for the en-route part of the flight. 

    While the weather charts fill their purpose of describing the weather situation at specified levels, a 

lot of detail goes missing because of the large areas they cover. Also, it can be hard to get a sense of 

the vertical distribution of the weather, being of special interest when ascending and descending or for 

flights that are planned to be operated at several different levels. Addressing these issues, Spanish 

meteorologist G. Ballester Valor has developed a forecast product called GRAMET (GRÁfico 

METeorológico), available at www.ogimet.com, in which the pilot can enter the intended flight path 

and get a graphical forecast in a vertical cross section along the route. The flight planning site 

Autorouter (www.autorouter.eu) has since been influenced by this idea and the developers have 

created a modified GRAMET product of their own. 

    Both products create purely automated forecasts from the open GFS (Global Forecast System; 

NOAA NCEP, 2016a) model data with 0.5° (56 km) resolution. When compared to the distances small 

aircraft normally travel this model resolution is rather poor. Graphically the products reach up to flight 

level 600 (18 km) in the vertical and even though the vertical axis is logarithmic, not much detail is 

included for the first kilometres above the ground which is where many small aircraft operate. For the 

benefit of general aviation it is therefore of interest to create a similar but more detailed product that 

focuses on the lower levels. To realize this, a more resolved numerical weather prediction model is 

needed. 

    Operational at the Swedish Meteorological and Hydrological Institute (SMHI) is the 2.5 km limited 

area model HARMONIE-AROME (Bengtsson et al., 2017) from the HIRLAM (HIgh Resolution 

Limited Area Model) consortium which is based on the French AROME model (Seity et al., 2011). It 

is used for detailed short range forecasts over Scandinavia and makes a good choice of model for this 

project. With the cooperation of SMHI and consent to use their model data, a prototype of a new 

vertical route forecast, inspired by GRAMET, has been developed and is presented and analyzed in 

this report. 

    The product has been built up within the internal visualizing tool at SMHI called Diana in which 

there is an option to show a range of model fields in a vertical cross section. Certain settings for this 

tool have been chosen to create the most useful forecast image for the average small-aircraft pilot. The 
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fields used are wind, clouds, precipitation, temperature and turbulent kinetic energy. For aviation 

purposes icing conditions and visibility would be highly relevant as well, something that should be 

considered for further developments. 

    The main question to be answered is if a more useful product than GRAMET can be created for low 

levels by using model data from HARMONIE-AROME. For this, two criterions need to be fulfilled. 

The first concerns the information displayed in the forecast which has to be useful and more detailed 

than in GRAMET. To help evaluate this, a market research of pilot opinions has been made. However, 

more details are only valuable if the second criterion is fulfilled as well, which is that the model in 

itself needs to have good skill and make accurate forecasts. For this, a case study of the performance 

of HARMONIE-AROME compared to GFS has been made. To complement the study, the results are 

compared to existing evaluations (e.g. HIRLAM consortium, 2016a and Bengtsson et al. 2017). 
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2 Background 
While large aircraft can fly through most weather conditions safely, smaller aircraft do not exert the 

same amount of momentum to the air and are more susceptible to bad weather conditions. Depending 

on the aircraft equipment as well as the pilot’s competence and certificates, flights can be operated 

according to Visual Flight Rules (VFR) or Instrument Flight Rules (IFR). While IFR allows the pilot 

to fly through clouds or any kind of weather as long as the flight can be operated safely, VFR demands 

that the pilot is able to orientate visually at all times and in accordance to the VFR Meteorological 

Conditions (VMC; The European Commission, 2016). For flights below 10’000 feet (3050 m) the 

conditions restrict the horizontal visibility to be no less than 5 km and that the pilot has to have at least 

1500 m horizontal and 1000 feet (300 m) vertical separation to clouds. An exception is when flying in 

low level uncontrolled air space where the pilot just needs to stay clear of clouds. Additionally, the 

cloud base at the departure and arrival airports can be no less than 1500 feet (450 m). To be able to 

commence a VFR flight, meteorological reports and forecasts must in advance confirm that VMC will 

be fulfilled along the route during the intended flight time.  

    Apart from information about clouds and visibility, additional meteorological factors affect the 

possibility to operate a flight safely. Firstly, small aircraft are much more susceptible to turbulence and 

gusts. Secondly, while large aircraft normally have methods do deal with ice building up on the 

airframe, small aircraft are very exposed to supercooled water droplets and freezing rain. This is a 

highly relevant risk for IFR pilots who are allowed to fly through clouds and sometimes have no other 

option. Information about the wind field is also important for the pilot, not only to calculate headings, 

flight times and performance, but also to make sure the wind is not too strong, especially for starting 

and landing. 

    Clearly it is important to provide both VFR and IFR pilots with applicable weather information. For 

the en route part of the flight, a vertical forecast along the intended route would be a good complement 

to the Significant Weather Charts, giving the pilot a detailed overview of the weather in the vertical in 

addition to the overall weather situation presented by the SWCs. This report presents, describes and 

analyzes a new such product, initially named the Vertical Route Forecast.  

    The rest of this chapter gives a review of the numerical weather prediction (NWP) model 

HARMONIE-AROME which is used to produce the forecast, as well as a brief description of the GFS 

model to which it is compared. Chapter three describes the methods used to design the forecast as well 

as the process of evaluating HARMONIE-AROME and comparing it to GFS. Examples of the 

completed product prototype are presented in chapter four, followed by the results from the model 

evaluation and some summarized results from a market research made. Finally both the design and 

quality of the product are discussed in chapter five and summarized in chapter six. 
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2.1 HARMONIE-AROME 
AROME (Applications of Research to Operations at MesoscalE, Seity et al., 2011) is a high-resolution 

limited area NWP model developed by Météo-France who put it in operational use in 2008. It is a 

spectral model with boundary conditions that are provided by the global ECMWF (European Centre 

for Medium-Range Weather Forecasts) model. It has a non-hydrostatic dynamical core and produces 

short range deterministic forecasts. Its resolution of 2.5 km enables deep convection to be partly 

resolved. The model is divided in the vertical into eta-pressure terrain-following layers. A detailed 

description of the original version can be obtained from Seity et al. (2011). 

    The joint consortium of HIRLAM and ALADIN (Aire Limitée Adaptation dynamique 

Développement InterNational) has developed the NWP system HARMONIE (HIRLAM ALADIN 

Research on Meso-scale Operational NWP in Euromed). In HARMONIE, different physical schemes 

have been implemented and among those is the one used in AROME. This configuration is called 

HARMONIE-AROME although some physical parameterizations from AROME have been improved 

and updated by the HIRLAM-ALADIN members (Bengtsson et al., 2017). The differences include the 

description of clouds in the mixed phase as well as land surface characteristics. 

2.1.1 History of Model Performance 
The first operational version of HARMONIE-AROME was named cycle 36. Since then, a number of 

verification studies have been performed, some of them by MetCoOp (Meteorological Co-operation 

on Operational NWP) consisting of members from SMHI and the Norwegian Meteorological Institute. 

    The first of these verification studies (Køltzow et al., 2012a) compared HARMONIE-AROME 

cy36h1.4 to the 16 km resolution ECMWF host model, the 5 km resolution HIRLAM model and the 4 

km met.no version of the Unified Model (UM). Verification tests of a range of model surface 

parameters were performed in which different verification scores such as bias and Root Mean Square 

Error (RMSE) were calculated for different forecast lengths. This was done for four separate periods 

in 2011 and 2012, the longest period being 30 days long. It was found that HARMONIE-AROME 

gave better forecasts of wind and small precipitation amounts than the other models. However, it had 

the worst results for cloud cover which was believed to be because of an overestimation of low clouds 

and fog in the model. 

    In 2012 the model was updated to version cy37h1.1 which resulted in small improvements in the 

verifications.  For wind speed the scores even became worse than for the previous model version, 

especially for the mountains (Køltzow et al., 2012b). This was thought to be the cause of a changed 

description of surface drag for the new version. In 2014, an attempt to improve the model’s 

representation of clouds was done by Ivarsson (2014) in which the cloud physics in AROME, called 

ICE3, was modified by separating liquid and ice processes more clearly. Temperature, humidity and 

cloud description was improved. 
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Figure 1. Vertical profiles of bias and standard deviation for temperature (a), dew point temperature (b), wind 
direction (c) and wind speed (d) for different model configurations of HARMONIE-AROME, used with 
permission © HIRLAM Consortium [2016a]. 

 

 

 
 

Figure 2. Scorecard of HARMONIE-AROME cy40h1.1 versus ECMWF for various parameters over Sweden 
and Norway (see text), used with permission © HIRLAM Consortium [2016a]. 
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    The changes for the newest version of HARMONIE-AROME, cy40h1.1, have been described and 

assessed by the HIRLAM consortium (2016a) as well as by Bengtsson et al. (2017). Additionally, 

different institutes, among them SMHI, DMI (Danish Meteorological Institute) and FMI (Finnish 

Meteorological Institute), have made comments of their experiences of the model, summarized in two 

reports (HIRLAM consortium, 2016b & Hansen Sass, 2017). The modifications included changes in 

the physical parameterization schemes of solar radiation, turbulent mixing, sea ice and shallow 

convection in cold climates. A higher resolution data base of 250 m for terrain height was also 

introduced (HIRLAM consortium, 2016b). 

    A thorough verification of the model’s forecast performance was presented in the quality 

assessment report by the HIRLAM consortium (2016a). Figure 1 shows the bias and standard 

deviation of temperature, dew point, wind speed and wind direction in vertical profiles for different 

model configurations. Cycle 38 is presented in red and the final target verison of cycle 40h1.1 is 

shown in purple. The assmessment also included a comparison of HARMONIE-AROME cy40h1.1 to 

its host model ECMWF, presented in a score card shown in Figure 2. It shows some relative scores of 

mean sea level pressure (MSLP), 2 meter temperature (T2), 10 m wind (FF), precipitation (RR) and 

cloud cover (CC). Green marks indicate better scores for HARMONIE-AROME than ECMWF. 

    The changes in the turbulence scheme lead to clearly improved predictions of the surface winds and 

a reduction of excessive precipitation (HIRLAM consortium, 2016b). For the MetCoOp domain a 

positive bias for low clouds was reduced (HIRLAM consortium, 2016b) and there were improvements 

in total cloud cover and surface temperatures scores (HIRLAM consortium, 2016a). However, the 

model was also tested for the Iberian Peninsula for which negative biases of both temperature and 

cloud cover were strengthened (HIRLAM consortium, 2016a). Bengtsson et al. (2017) showed that the 

new surface ice scheme (SICE) contributed to better forecasts of wind speed along with temperature 

and surface pressure. 

2.1.2 Operational Configuration 
At SMHI in Sweden, the operational configuration of HARMONIE-AROME is the latest version 

cy40h1.1. It was put into operational use in the beginning of November 2016. The time step is 60 

seconds, the horizontal resolution is 2.5 km and the vertical is divided into 65 model layers (Bengtsson 

et al., 2017). At SMHI, the grid is set on a Lambert conformal projection over the MetCoOp domain 

shown in Figure 3. It comprises 739x949 grid points spread out equally (SMHI, n.d.). The lateral 

boundary conditions are gathered from the global ECMWF model and the assimilation (three 

dimensional variational data assimilation) is done with 3 hour cycling, a 3 hour assimilation window 

and a cut-off time that ranges between 1.2 h to 3.5 hours (Seity et al., 2011). The system produces new 

forecasts four times a day: 00z, 06z, 12z and 18z, with a forecast range time step of one hour. The 

longest forecast reaches 60 hours (2.5 days) ahead. Henceforward in the report, HARMONIE-

AROME cy40h1.1 over the MetCoOp domain will simply be called Arome. 



7 
 

 
Figure 3. The MetCoOp domain used for HARMONIE-AROME at SMHI on a Lambert conformal projection 
over Scandinavia. 

 

    Weaknesses of the operational version that need to be examined are addressed by the HIRLAM 

consortium (2016a) and comprise of the total cloud cover and 2 m temperature that work well in the 

MetCoOp domain but worse in others. Further studies are needed for the formulations on turbulence as 

well as on microphysics and cloud formation to improve the overall performance. Also, the surface 

scheme is planned to be updated for cycle 43 so as to improve the model performance when it comes 

to near-surface variables (Hansen Sass, 2017). Moreover, there will be continued work to improve the 

data-assimilation to make the initial state more accurate (Hansen Sass, 2017). There are also plans to 

enable ensemble forecasts and to improve the horizontal resolution further to 0.5-1.3 km (Bengtsson et 

al., 2017). 

2.2 Global Forecast System (GFS) 
The Global Forecast System (GFS; NOAA NCEP, 2016a) is a spectral global NWP model developed 

by the National Center for Environmental Prediction (NCEP). It is an open resource model available 

from NOAA NCEP (2017). The spectral grid contains 64 sigma-pressure layers in the vertical and is 

converted to a 3D grid with the choice of horizontal resolutions 0.25°, 0.5°, 1.0° and 2.5°. Along a 

meridian, 0.25° represents about 28 km and 0.5° represents 56 km. In GRAMET, the 0.5° resolution is 

used (Ballester Valor, n.d.; Hasenmueller, 2016). Forecasts are made four times a day and stretch up to 

16 days ahead. For the first five days, the 0.25° data set includes forecasts for every hour while the 

0.5° data set includes forecasts for every third hour. 

    GFS is a hydrostatic coupled model consisting of four models governing the atmosphere, ocean, 

land/soil and sea ice respectively (NOAA NCEI, n.d.). It has a dynamical core that is based on a semi-

implicit and semi-Lagrangian two time level scheme just like Arome (NOAA NCEP, 2016a; Seity et 

al., 2011). It uses a 6-hour cycling 4D ensemble variational assimilation using the Global Data 

Assimilation System (GDAS) which has an assimilation window of plus and minus three hours. It has 

a late cut-off time of 6 hours to maximize the amount of observations used (NOAA NCEP, 2016a). 

The latest big model upgrade of GFS was introduced November 5, 2016 (NOAA NCEP, 2016b). 
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    A big difference between Arome and GFS is the fact that the former is a limited area model, 

dependent on the boundary conditions of its host model ECMWF while GFS is a global model without 

lateral boundaries. GFS also produces longer forecasts. On the other hand GFS has coarser resolution 

and utilizes more parameterizations and approximations. The fine resolution of Arome produces much 

more realistic structures and features of the atmosphere. 

    No previous comparisons have been found of the GFS and Arome models, but GFS is constantly 

compared to ECMWF by NOAAs Environmental Modeling Center (NOAA EMC, 2017a). For the 

year of 2015 a score card was made where the relative performance of GFS and ECMWF for different 

pressure levels was presented, both models verified against their own analyses (NOAA EMC, 2017b). 

For the northern hemisphere it shows that in terms of RMSE for temperature and wind field, ECMWF 

performed better than GFS in the lower atmosphere. In terms of corresponding bias their scores were 

more or less equal. 
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3 Methodology 

3.1 Product Prototype 
The prototype of the product has been developed through plotting model fields from Arome within the 

internal visualizing tool Diana at SMHI (SMHI, 2016a). Diana is mainly a tool for plotting selected 

model fields at different horizontal levels, but it also has a feature in which some fields can be plotted 

in a vertical cross section. The tool has been chosen for this project not only because it simplifies the 

product development, but also because many employers at SMHI are already familiar with it, 

improving the prospects for possible further developments. 

    The parameters included in the forecast are such that were found relevant to small aircraft pilots but 

limited by the fields available from Arome in the vertical cross section feature. Clouds, wind, rain, 

snow, turbulence and temperature were chosen. Clouds by the surface imply fog or mist and the cloud 

fields also work as an indication of bad visibility along with fields of snow and rain. Temperature is 

included to show where icing conditions in the form of supercooled water inside clouds or in rain 

could be present. The parameters are shown in different colours or with symbols as described by the 

legend in Table 1. The wind is displayed with wind barbs spread out automatically by Diana at model 

levels showing both wind speed and wind direction. A useful feature of these wind barbs is that they 

show the relative direction of the wind as compared to the flight path. Temperature is shown in 

degrees Celsius through dashed isotherms with a 2 °C interval, coloured red for positive temperatures 

and blue for the zero degree isotherm and negative temperatures. 

    Rain, snow, turbulence and clouds are displayed with coloured fields. The cloud field shows areas 

of 50 % to 99 % total cloudiness in light grey and 100 % cloudiness in dark grey. The rain field is 

shown in green while snow is displayed as light blue fields. The unit of precipitation is kg per kg air, 

and a threshold value, disregarding all values below it, is set to 5 ∙ 10−5𝑘𝑘𝑘𝑘/𝑘𝑘𝑘𝑘 for both parameters as 

this was found to give the most realistic results. An interval value was also set, resulting in contours 

and a change of shading for each 5 ∙ 10−5𝑘𝑘𝑘𝑘/𝑘𝑘𝑘𝑘 change. Turbulence is displayed in an orange/peach 

colour and shows values of TKE (Turbulent Kinetic Energy) with the unit 𝐽𝐽/𝑘𝑘𝑘𝑘. A threshold value of 

1 𝐽𝐽/𝑘𝑘𝑘𝑘 was applied as well an interval value of 1 𝐽𝐽/𝑘𝑘𝑘𝑘, showing darker colours for higher TKE. 

    For the rest of the product layout, a white background was chosen for clear skies and green was 

chosen for the terrain. The tool includes different units for the vertical, such as pressure, Flight Level 

(FL), meters and feet. Ideally, feet would be the best choice as it is what most pilots use as a measure 

of height at low altitudes, swapping over to FL at some transition altitude higher up. However, by 

choosing feet the terrain disappears from the graph and without being able to modify it at this stage FL 

was chosen temporarily. Flight levels are based on the ICAO Standard Atmosphere (ISA) and actually 

show what would have been the same as hectofeet if the mean sea level pressure would have had the 

standard value of 1013.25 hPa. As a consequence, if the pilot has set the altimeter for the local mean 

sea level pressure (QNH) according to regulations, the height of the terrain as experienced by the pilot  
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Table 1. Colours and symbols of the parameters in the Vertical Route Forecast 

 
 

will not be in agreement with what is shown on the forecast. As this presents a safety issue the 

completed product is planned to have feet as a vertical axis instead. 

    Other features chosen for the product are vertical lines for every way point of the route and arrows 

underneath the graph showing the geographical direction of each leg. It also comes with distances in 

nautical miles (nm) from the departure point as well as coordinates along the way. The route can be 

chosen from any set of geographical coordinates inside the model domain. The validity time is at this 

stage chosen from the hourly model forecast outputs. Unlike GRAMET, it thus shows a snapshot of 

the weather along the route instead of a forecast that evolves with the flight time as well as with the 

distance.  

3.2 Data Collection 
To examine whether Arome can supply a more accurate vertical route forecast than GFS in GRAMET, 

data has been gathered from Arome as well as GFS model output. The parameters have been limited to 

temperature, relative humidity and wind components at the pressure levels 1000, 925, 850 and 700 

hPa. These are available directly from the model output. Data was collected from the area over 

Sweden shown in blue in Figure 4, including all GFS grid points between the latitudes 55°N and 70°N 

and the longitudes 10°E and 24°E. For each GFS grid point the closest Arome grid point was found for 

gathering Arome data, resulting in a sample size of 899 points for both models. It was not possible to 

include archived data in this study so operational data had to be used instead.  

    The period of investigation was 14 days long, stretching from January 31 to February 13, 2017, 

from which the 00 UTC model run forecasts of +12, +24 and +36 hours were saved along with the 

analyses of both models from 00 UTC and 12 UTC for verification purposes. The period was chosen 

as it represents a time with weather conditions that are characteristically unfavourable for flying, with 

low clouds, icing conditions, strong winds and normally many passing frontal systems. The total 

amount of data points gathered for each model, level and each forecast length was 12586, counting all 

899 geographical points and all 14 days. The Arome data was received from SMHI (2017) for the 

purpose of this study while the GFS 0.5° grib2 data was taken from the NCEP open ftp source (NOAA 

NCEP, 2017). 
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Figure 4. Domain of this study (blue) over Sweden inside the MetCoOp domain (red) on a Mercator projection. 

 

3.3 Forecast Verification 
The verifications have been made against each of the models’ respective analyses so as to have full 

coverage of verification data from all four levels and all geographical points. The choice of 

verification scores was influenced by the possibility to compare them with other evaluations made, 

such as those by the HIRLAM consortium (2016a) and Ivarsson (2014). In the following equations, 𝑁𝑁 

is the sample size, 𝑓𝑓𝑖𝑖 and 𝑎𝑎𝑖𝑖 are individual forecasts and analyses respectively and 𝑥𝑥𝑖𝑖 is either forecast 

or analysis. Overbars represent the mean of the sample. 

    Forecast reliability has been looked at through the bias, presented in Equation 1 (Gordon and 

Shaykewich, 2000). All 899 geographical points and all 14 days are used to get one value for the bias. 

It gives a measure of under- and overestimation. This score is intuitive but presents a risk in the 

possibility of biases of different sign cancelling each other (Inness and Dorling, 2013). A positive bias 

score means the forecast overestimates the value of the parameter while a negative score suggests an 

underestimation. A perfect score is equal to zero. 

 

 𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏 = 1
𝑁𝑁
∑ (𝑓𝑓𝑖𝑖 − 𝑎𝑎𝑖𝑖)𝑁𝑁
𝑖𝑖=1  (1) 

 

    Forecast accuracy has been examined though the Root Mean Square Error (RMSE) defined in 

Equation 2 (Gordon and Shaykewich, 2000). RMSE penalizes large errors more than small ones and 

cancelling of opposite signs is avoided. RMSE can take on any positive value and gives a perfect score 

at zero. The Centred RMSE (CRMSE; Equation 3; Taylor, 2001) has also been used, where the 

differences of the deviations from the mean are used instead. The two are related through Equation 4. 

 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  �1
𝑁𝑁
∑ (𝑓𝑓𝑖𝑖 − 𝑎𝑎𝑖𝑖)2𝑁𝑁
𝑖𝑖=1  (2)  
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 𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  �1
𝑁𝑁
∑ �(𝑓𝑓𝑖𝑖 − 𝑓𝑓̅)− (𝑎𝑎𝑖𝑖 − 𝑎𝑎�)�2𝑁𝑁
𝑖𝑖=1  (3) 

 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2 = 𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2 + �𝑓𝑓̅ − 𝑎𝑎��2 (4)  

 

    Standard deviation (Equation 5; Taylor, 2001) has been used as a measure of the variability of the 

data, giving two separate scores for forecasts and analyses. Since atmospheric variables have rather 

large variability as a result of day to day and seasonal weather change, it is not necessarily required to 

have as low standard deviation as possible, but rather one that agrees well with the observations 

(Taylor, 2001). The score can take on any positive value. 

 

 𝑏𝑏𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠 𝑠𝑠𝑑𝑑𝑑𝑑𝑏𝑏𝑎𝑎𝑠𝑠𝑏𝑏𝑑𝑑𝑠𝑠 = 𝜎𝜎 =  �1
𝑁𝑁
∑ (𝑥𝑥𝑖𝑖 − �̅�𝑥)2𝑁𝑁
𝑖𝑖=1  (5) 

 

    Lastly, the correlation between the forecasts and the observations has been examined through the 

correlation coefficient, R (Equation 6, Taylor, 2001). The score ranges from 0 to 1 (not including 

negative correlation), representing no correlation with observations and perfect positive correlation 

respectively. 

 𝐶𝐶𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝐶𝐶𝑎𝑎𝑠𝑠𝑏𝑏𝑑𝑑𝑠𝑠 𝑐𝑐𝑑𝑑𝑑𝑑𝑓𝑓𝑓𝑓𝑏𝑏𝑐𝑐𝑏𝑏𝑑𝑑𝑠𝑠𝑠𝑠 = 𝑅𝑅 =  
1
𝑁𝑁∑ (𝑓𝑓𝑖𝑖−�̅�𝑓)(𝑎𝑎𝑖𝑖−𝑎𝑎�) 𝑁𝑁

𝑖𝑖=1

𝜎𝜎𝑓𝑓𝜎𝜎𝑎𝑎
 (6) 

 

    Bias and RMSE have been presented together in a similar way as in the examples from the quality 

assessment report by the HIRLAM consortium (2016a; Figures 1 & 2) showing their vertical profiles 

for the different parameters at different forecast lengths and presenting the relative scores in a score 

card. CRMSE has been presented in Taylor diagrams (Taylor, 2001) together with standard deviation 

and the correlation coefficient. The Taylor diagram uses a relation of these three statistical 

measurements (Equation 7) to represent them simultaneously with one mark in a single graph. It 

enables several forecasting models, represented with different marks in the same graph, to be 

compared to the observations (another mark). A perfect score is found when the model mark coincides 

with the observation mark implying full correlation, zero CRMS error and an equal standard deviation. 

A summarized explanation and examples are presented by Taylor (2005). 

 

 𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜎𝜎𝑓𝑓2 + 𝜎𝜎𝑎𝑎2 − 2𝜎𝜎𝑓𝑓𝜎𝜎𝑎𝑎𝑅𝑅 (7) 

 



13 
 

    Normalizing the CRMSE and standard deviation of the forecasts with the standard deviation of the 

observations, or in this case analyses, also enables several parameters of different units to be evaluated 

in the same Taylor diagram. Hence, temperature, relative humidity, wind speed and wind direction 

from both GFS and Arome have been evaluated in the same graph. The two different models have 

been normalized by their respective analyses. One graph each has been produced for every level and 

forecast range examined. 

    The score card was made by comparing bias and RMSE for the two models and examining whether 

or not the difference was significant. To examine the significance, scores of bias and RMSE were 

calculated again, but now for each day over the entire domain and were assumed to follow normal 

distributions. A null hypothesis that the two models’ respective scores were equal was assumed and 

through the Student’s t-test (Wilks, 2005) the hypothesis was discarded whenever the 𝑠𝑠 -value 

exceeded 1.96, corresponding to the 95% significance level. The 99% and 99.9% significance levels 

were also tested. The t-tests were made according to Equations 8 and 9 where 𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑋𝑋 and 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑋𝑋 are 

samples of daily scores, 𝐴𝐴 and 𝐺𝐺 are subscripts for Arome and GFS respectively and 𝑠𝑠 is the number 

of days (14 in this case). 

 

 𝑠𝑠𝑏𝑏𝑖𝑖𝑎𝑎𝑏𝑏 = 𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏������𝐴𝐴−𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏������𝐺𝐺

�𝑠𝑠𝑠𝑠𝑠𝑠�𝑏𝑏𝑖𝑖𝑎𝑎𝑠𝑠𝐴𝐴�
2

𝑛𝑛  + 𝑠𝑠𝑠𝑠𝑠𝑠�𝑏𝑏𝑖𝑖𝑎𝑎𝑠𝑠𝐺𝐺�
2

𝑛𝑛 �
1/2 (8)  

 𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅��������𝐴𝐴−𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅��������𝐺𝐺

�𝑠𝑠𝑠𝑠𝑠𝑠�𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝐴𝐴�
2

𝑛𝑛  + 𝑠𝑠𝑠𝑠𝑠𝑠�𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝐺𝐺�
2

𝑛𝑛 �
1/2 (9) 

 

    The wind components were converted to wind speed and direction, but being a non-linear variable, 

the wind direction has been treated in a slightly different way when calculating the verification scores. 

For bias and RMSE, it was simply a matter of treating differences between the forecast and analysis 

value and making adjustments if the difference was more than 180° or less than -180°. For CRMSE, 

standard deviation and the correlation coefficient however, the mean wind direction had to be 

calculated. This was done by averaging the u- and v-components separately and using the resultant to 

get the average wind direction. As there is usually no prominent wind direction for low wind speeds, 

the wind direction was disregarded for all cases where the wind speed was less than 1 m/s in at least 

one of the models’ forecasts or analyses. This caused the sample size for wind direction to be slightly 

less than for the other parameters.  
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4 Results 

4.1 Prototype 
Figures 5 to 8 show Vertical Route Forecasts of four different routes all valid at 00 UTC 2016-12-08 

and produced in Diana (SMHI, 2016a) with the Arome 00 UTC model run from 2016-12-07. For 

comparison, the consecutive Figure 9 shows the corresponding GRAMET forecast (Autorouter, 2016) 

to the one in Figure 6. This was a night when the northern parts of Sweden were situated in a cold air 

mass whereas the southern parts were in a warm air mass as can be seen from the 850 hPa temperature 

chart (Figure 10a) from Wetterzentrale (2016). According to the analytical weather chart (Figure 10b) 

from SMHI (2016b), there were three warm fronts present. However, the aeronautical Significant 

Weather Chart (SWC; Figure 10c) over Scandinavia made at 19:45 UTC (SMHI, 2016c) said there 

would be only one warm front present south of an occluded front. 

    Figure 5 shows a forecast for a route from Kiruna through Luleå to Umeå. It shows subzero 

temperatures almost everywhere along the route and clear skies except for just above the ground 

inland between Luleå and Umeå. The warm front present south of Kiruna in the analytical weather 

chart from SMHI (Figure 10b) cannot be discerned. 

    The forecast in Figure 6 is for a long north-southerly route from Hemavan in the Scandinavian 

mountains through Sundsvall on the east coast to Västerås in the middle of Sweden. According to the 

850 hPa temperature chart in Figure 10a, this route ought definitely to pass through some kind of 

transition from cold to warm air mass and the forecast does show some features that indicate this. One 

is the transition to warmer temperatures along the route and another is the presence of clouds and 

precipitation. At the end of the path the clouds almost reach the ground, suggesting the presence of a 

warm front. The clouds along the second leg are more characteristic to an occluded front with cold air 

closest to the surface, inhibiting the clouds in the warm moist air from reaching the ground. 

    Looking at Figures 7 and 8 however, gives no doubt that the southern parts of Sweden were indeed 

situated in the warm air mass, as both show sheets of low clouds. Neither presents very good weather 

for VFR flying. For the route from Arlanda through Visby to Kalmar in Figure 7 the cloud base 

appears to be less than 1000 ft along the main part of the route. The route from Linköping through 

Gothenburg to Ängelholm in Figure 8 shows possible operational VFR conditions on top (above the 

clouds). However, it is not very likely that the pilot can ascend and descend through the layer after 

departing and prior to landing, given that the light grey areas show at least 50 % total cloudiness. IFR 

pilots should be aware of strong winds and risk for turbulence but as temperatures are positive there is 

no evident risk of icing. 

    According to the wind charts (Figure 11) from EUMetTrain (2016) the wind was easterly with a 

small northerly component over most of Sweden at both the 925 hPa and 850 hPa level. There was 

also an area of south easterly winds in the mountains along the Norwegian border stretching eastward 

to the coast between Umeå and Sundsvall. A disturbance in the pattern can also be found by the coast 
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Figure 5. The Vertical Route Forecast from Kiruna (ESNQ) through 
Luleå (ESPA) to Umeå (ESNU) for 00 UTC 2016-12-08 from the 

Arome 00z 24 hour forecast. 

Figure 6. The Vertical Route Forecast from Hemavan (ESUT) through 
Sundsvall (ESNN) to Västerås (ESOW) for 00 UTC 2016-12-08 from 

the Arome 00z 24 hour forecast. 
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Figure 7. The Vertical Route Forecast from Arlanda (ESSA) through 
Visby (ESSV) to Kalmar (ESMQ) for 00 UTC 2016-12-08 from the 

Arome 00z 24 hour forecast. 

  Figure 8. The Vertical Route Forecast from Linköping (ESSL) through 
Gothenburg (ESGG) to Ängelholm (ESTA) for 00 UTC 2016-12-08 

from the Arome 00z 24 hour forecast. 
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Figure 9. GRAMET forecast from Hemavan (ESUT) to Västerås (ESOW) for 00 UTC 2016-12-08 from the 
GFS 00z 24 hour forecast, used with permission © Autorouter [2016]. 

 
Figure 10. Meteorological charts for 00 UTC 2016-12-08. (a): GFS analysis of 850 hPa temperature and surface 
pressure, used with permission © Wetterzentrale [2016]. (b): Synoptic analytic chart, used with permission © 
SMHI [2016b]. (c): Nordic SWC issued at 19:45 UTC, used with permission © SMHI [2016c] 
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Figure 11. Satellite IR 10.8 image with ECMWF wind analysis from 00UTC 2016-12-07 at 925 and 850 hPa, 
selected from ePort, used with permission © EUMetTrain [2016]. 

 

around Luleå. The forecast relative winds in the Vertical Route Forecasts (Figures 5 to 8) agree well 

with these wind fields (the 925 hPa level can be found approximately at FL 25 while the 850 hPa level 

can be found slightly above FL 45), giving mainly east-north-easterly winds except for between 

Hemavan and Sundsvall and around Umeå where easterly or slightly south-easterly winds can be 

found. These south-easterly winds are more pronounced at the lower levels, just like the 925 hPa wind 

chart suggests. Some wind barb outliers are found in the Vertical Route Forecasts, such as in Figure 5 

where a wind barb at FL 25 and distance 134 nm deviates from the ones around it. It is hard to say if 

this is a result of the high resolution catching local perturbations, or a model weakness.  

    In the GRAMET forecast (Figure 9) from Autorouter (2016), of the same route and forecast time as 

the Vertical Route Forecast in Figure 6, the purple line shows the altitude where the forecast in Figure 

6 ends and at a first glance it is clear that the Vertical Route Forecast of this study includes more 

details for the levels below this line. For example, for GRAMET, no winds are included at all below it. 

Both forecasts show low clouds at the end of the route, although they seem to cover a larger part of the 

route and be lower in the GRAMET forecast. This could be because GRAMET shows clouds 

whenever there is 25 % cloudiness instead of 50 %. In terms of precipitation, GRAMET shows 

scattered snowfall, however not next to the highest point in the terrain where the Vertical Route 

Forecast displays it. Additionally, GRAMET shows no signs of rain as the Vertical Route Forecast 

does. At the end of the route GRAMET shows both moderate and severe turbulence at ground level, 

while just a small indication of turbulence can be found in the Vertical Route Forecast. However, 

while TKE was chosen as an indicator of turbulence for the Vertical Route Forecast, GRAMET uses 

an equation based on horizontal and vertical wind shear. It should be mentioned that a flight time of 

only a few minutes was chosen for the GRAMET forecast (Figure 9) so as to get the same validity 

time in the entire graph and in that way making it possible to compare it to the Vertical Route Forecast 

(Figure 6). 
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4.2 Market Survey 
A presentation and a survey of the product have been available online for pilots to read and give their 

opinions and impressions (https://goo.gl/forms/sVki4HoJM6kNyd6R2). The link was spread with 

consent from SMHI through small-airplane pilot associations and social networks and five days after 

the survey was released, 166 pilots had replied. Among them 84.6 % usually operated according to 

VFR and the rest according to IFR. When asked between what heights the pilots usually operated (it 

was possible to choose several answers), 79 % of the participants chose between 2000 and 5000 feet 

(600-1500 m) and many also flew below these altitudes. However, 40 % also said they regularly 

operate above 5000 feet. 

    Most pilots (64.4 %) thought the forecast was easy to understand once they had read the instructions 

and 26.8 % said they understood it straight away. A small percentage of the participants (8.8 %) 

struggled with it. The confusion mainly arose from realizing that the forecast is presented as a side-

view and from that the winds are relative to the flight path but as seen from above. There were also 

questions about the precipitation, why it sometimes didn’t reach the ground and how to get 

information about the amount. From the features of the product they then got to choose things they 

found unnecessary or irrelevant. In total, 11 % of the participants thought the coordinates along the 

horizontal axis were unnecessary and 7 % also thought the path direction arrows were superfluous or 

confused it with the wind direction. Of the parameters, the turbulence was least popular with 4 % 

voting against. 

    The most common thing the pilots wanted to add to the forecast was a clear indication of icing 

conditions (6 % mentioned this). Other weather-related suggestions were to include CB (Cumulo-

nimbus clouds), thunderstorms, visibility and QNH along the route. Several participants also thought 

the breakpoints should be indicated more clearly in the map and by the vertical breakpoint lines. Other 

reoccurring suggestions were to indicate the altitude of the planned flight somehow and to show clear 

boundaries for VMC conditions. 

    When asked what options the pilots would like to have when requesting a forecast, 65 % wished to 

be able to choose the vertical extent of the forecast, 58 % wanted to be able to choose what parameters 

to show and 48 % wanted the forecast to change in time as well as space. Moreover, 48 % also wanted 

to choose whether to show the wind as relative to the flight path or in terms of true geographical 

direction and 32 % wanted to choose the units of height and distances. 

    Many pilots had opinions on the existing range of weather forecasts available to them. There were 

several suggestions of combining as much relevant information as possible in one single product, for 

example including NOTAM (Notice to Airmen), TAF and METAR in weather maps. There were 

some pilots mentioning a lack of forecast products with a good description of cloud base and cloud 

layers in the lower levels, but they also said that the Vertical Route Forecast would amend this as long 

as the vertical axis was better resolved and showed feet instead of Flight Level as altitude. 

https://goo.gl/forms/sVki4HoJM6kNyd6R2
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    Ultimately though, most participants expressed very positive impressions of the forecast. Many said 

it was something they had been missing and that it would be a great complement to the existing 

products. When asked if the pilots would use the forecast if available, 31 % said they would use it for 

every flight, 59 % said they would use it for longer flights, 7 % would maybe use it sometimes and 

less than 2 % said they would never use it. 
 
“Fantastic! I have wanted something like this for years. Autorouter and GRAMET is a step in the 
right direction, but this would have suited private pilots much better, especially for us flying IFR 
as we need full awareness of icing conditions. There is not much to add, this would be a fantastic 
product that I would use frequently.” – Anonymous participant 
 

4.3 Forecast Verification Results  
The period of investigation started January 31, 2017, and ended February 13, 2017. The first week was 

cloudy with two days of high pressure followed by four days of weak low pressure systems passing. 

The second week was dominated by a lingering surface high pressure centre over Scandinavia building 

up in the north and settling further south with a surface maximum varying between 1040 and 1052 

hPa. This resulted in large areas of clear skies, first in the north, then further south. Over the domain 

examined, 1000 hPa temperatures ranged between -20 and 11 °C throughout the period of the study. 

    Figure 12 shows the vertical distributions of bias and RMSE for Arome (red) and GFS (green). The 

scores are for temperature, relative humidity, wind direction and wind speed and for the forecast 

lengths +12, +24 and +36 hours from the 00 UTC model run. Additionally, the relative scores of the 

two models are summarized in a score card in Figure 13 where significantly better scores found for 

Arome are represented with green and worse scores are represented with red. The results are 

calculated from all locations and all 14 days with analyses as truth. 

    Looking at the bias (Figures 12 & 13), Arome seems to perform better than GFS for temperature in 

the lower levels (1000 hPa and 925 hPa) where GFS shows a positive bias up to 0.5 °C for the 36 hour 

forecasts. Arome has a slight negative bias of 0.2 °C for temperature at the 850 hPa level. GFS has 

better scores than Arome for relative humidity, where Arome shows a negative bias that grows with 

height, reaching 5 % at 700 hPa for the 36 hour forecast. For wind direction none of the models show 

any pronounced biases. In terms of wind speed, Arome shows no bias at the 1000 hPa level but a 

positive bias up to 0.3 m/s for the higher levels. GFS on the other hand shows no bias at the 700 hPa 

level but a positive bias below, especially for the 36 hour forecasts. 

    The scores of RMSE (Figures 12 & 13) are generally better for GFS than for Arome. For both 

models the scores get worse with forecast length which is more pronounced from the 12 hour forecasts 

to the 24 hour forecasts. Arome shows better scores for temperature with a maximum at 925 hPa of 0.7 

°C for the 12 hour forecasts increasing to 1.3 °C for the 36 hour forecasts. However, the t-tests made 

for the score card show that these results are not significantly better than for GFS. The best scores of 

temperature for Arome are found for the 700 hPa level with only 0.5 °C for the 12 hour forecasts.     
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Figure 12. Vertical distribution of bias and RMSE for Arome (red) and GFS (green). a)-c) 
shows verification of temperature for the +12, +24 and +36 hour forecasts from the 00z 
models runs, d)-f) shows relative humidity, g)-i) shows wind direction and j)-l) shows wind 
speed. The truth is taken from each model’s analysis. Arome data is from SMHI (2017) 
and GFS data is from NOAA NCEP (2017). 

 

 
Figure 13. Relative scores of bias and RMSE for Arome and GFS. Each parameter, level and forecast length is 
examined. The 00 UTC model runs are used with the +12, +24 and +36 forecasts. Green indicates that Arome 
has significantly better scores than GFS and red indicates that they are worse. Grey represents insignificant 
differences. The significance was tested through the Student’s t-test using the distribution of bias and RMSE 
from each day of the investigation. Arome data is from SMHI (2017), GFS data is from NOAA NCEP (2017). 

 

    The main strength of GFS is once again relative humidity, even if both models show rather large 

RMS errors for this parameter. It is also clear that these scores get increasingly worse with both height 

and forecast length for both models, with more than a doubling of the RMSE for Arome from 9 % at 

the 1000 hPa level to 22 % at the 700 hPa level for the 36 hour forecasts. In terms of wind direction, 

GFS performs better at the lower levels while the two models are more equal for the higher ones. The 

wind direction RMS error for Arome is at its minimum at the 700 hPa level where the 12 hour 

forecasts show an RMSE of 12°. The maximum is for the 850 hPa level where the 36 hour forecasts 

 



 

22 
 

 
Figure 14. Normalized Taylor diagrams for Arome (red marks) and GFS (green marks) for the vertical pressure 
levels 1000, 925, 850 and 700 hPa and the + 12, +24 and +36 hour forecasts from the 00 UTC model runs. Each 
graph contains the standard deviation, correlation coefficient and the CRMSE (displayed RMSD) as compared to 
analyses. For each model the scores of four parameters are shown: temperature (circles), relative humidity 
(triangles), wind direction (diamonds) and wind speed (stars). The blue analysis marker indicates the position of 
a perfect score for both models. Arome data is from SMHI (2017) and GFS data is from NOAA NCEP (2017). 
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show 25°. Finally, for wind speed the two models are basically equal and both models perform best at 

the 1000 hPa level and worst at the 850 hPa level, but GFS has slightly better RMSE results for 

daytime validity times (12 and 36 hour forecasts) and a more pronounced lead for the 24 hour 

forecasts. The minimum wind speed RMS error for Arome is 1 m/s for the 12 hour 1000 hPa forecasts 

and the maximum error is found at 2.2 m/s for the 36 hour 850 hPa forecasts. 

    Figure 14 shows Taylor diagrams for all the four levels and the three forecast lengths examined. An 

over-all sense of the performance of the forecasts can be gathered from seeing how far away from the 

blue analysis mark and its standard deviation line (the blue semicircle) the scores are. Overall, as most 

results are close to the blue semicircle, the standard deviation of the forecasts coincides well with that 

of the analyses. However, even if the standard deviation is good, the distance to the blue analysis mark 

indicates that there is still an imperfect correlation and an existing CRMS error. As CRMSE is not 

exactly the same as RMSE, it is possible that the model that has the best RMSE score also has the 

worst CRMSE score. 

    Once again, for each parameter the scores of the two models are very close. As all scores are 

normalized, it is easy to compare the performance of the different parameters. In general, wind speed 

and temperature have the best scores and wind direction the worst. Arome beats GFS for most scores 

of temperature and a few scores of wind direction and wind speed. This is mainly due to better 

standard deviation. However, the GFS scores for relative humidity are consistently better than for 

Arome and the general picture is that GFS performs better. 

    The 12 hour forecasts have the best scores for both models, while the +24 and +36 hour forecast 

give approximately equal scores. Height dependencies are mainly found for relative humidity for 

which the scores get worse with height. Only addressing Arome, the correlation coefficient is always 

greater than 0.95 for temperature and 0.90 for wind speed. For wind direction the correlation 

coefficient is never smaller than 0.84 and for relative humidity it is never smaller than 0.77.  
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5 Discussion 

5.1 Product Evaluation 
The idea to create a vertical route forecast of more use for low-level flights than GRAMET was 

attempted by using vertical cross sections of Arome model fields in Diana. The Vertical Route 

Forecast is more detailed than GRAMET as it shows more information and more distinct features of 

the forecast weather at low levels. It is easy to get a picture of the relative wind field along the path 

and of any clearance between clouds (>50 %) and ground. It also shows the terrain in detail which is 

valuable for low-level flights.  

    It is important to recognize however, that as clouds are only shown for 50 % total cloudiness or 

higher (broken or overcast) there could still be scattered or few clouds where the forecast is void of 

information. The limit was set since it is usually possible to still stay flying according to VFR by 

cruising between scattered clouds, but it might be wise to consider changing this threshold and in 

some way include the occurrence of scattered and few clouds as well. 

    Considering the TKE field in the product, it is hard to evaluate whether it is a good indicator of 

turbulence, especially since aircraft of different mass and size are affected differently by disturbances 

in the air. Also, TKE includes both thermal and kinetic turbulence and the effect of different TKE 

values varies depending on both the static stability and the wind field. According to the market 

research, turbulence was the least popular field in the forecast and this is probably because it is hard to 

relate to fields of TKE when pilots are normally used to simple categories of light, medium or severe 

turbulence. It would thus be valuable to find a different way to display turbulence, either by converting 

the TKE-values somehow or by using another variable. 

    Even though icing conditions or icing categories are not included directly in the forecast and many 

pilots requested it, the combination of subzero temperatures and rain or clouds still gives a good 

indication of areas where icing will probably occur. These situations are clearly interpreted in the 

forecast as blue isotherms in the region of clouds or rain. Nevertheless, it could be considered to mark 

such areas in some way or else make the zero degree isotherm more discernible to further clarify the 

transition between positive and negative values. Visibility is not explicitly included either, making the 

forecast insufficient to confirm good enough weather conditions for a VFR flight. However, clouds 

and precipitation give a good indication of where the visibility is poor and can be used as a guiding 

reference. Even though not seen in the examples of the product above (Figures 5 to 8), heavier 

precipitation, suggesting poorer visibility, is indicated by contours and a colour shift in the displayed 

field. 

    Recently though, special flight related parameters of visibility, icing category and turbulence 

frequency have been implemented for plotting at horizontal levels in Diana. Enabling these fields to be 

plotted in the vertical cross sections as well would greatly improve the potential use of the Vertical 

Route Forecast. However, predictions of such parameters require very good forecasts of temperature 



 

25 
 

and humidity close to the ground (Hansen Sass, 2017) and forecast evaluations should be made to 

verify their use. 

    The market research revealed that it is important to include more numbers on the vertical axis and to 

make it possible to use feet or meters as a vertical reference as well and without the terrain 

disappearing. It should also be possible to choose the vertical extent of the forecast, even if a very 

large span will result in less detail. Another implementation that would be valuable, something that 

almost half of the pilots agreed with, is combining the horizontal distance-based axis with a time-

based axis, showing both the spatial changes and the evolution of the weather in time along the flight. 

This is done for GRAMET which gives it an advantage. Then again, low level flights do not normally 

take very long and the weather would not experience very much change. For extended flights, the pilot 

could always request two or more forecasts if necessary. There were many more suggestions of 

implementations from the market research. The ones that seemed useful without adding too much 

information were including QNH along the route, erasing the coordinates below the graph and 

indicating each grid point more clearly. 

    An issue with the current settings is that the terrain is moved in the vertical when the pressure 

changes so as to keep the height at the right flight level. This causes the bottom of the graph to 

sometimes be at a lower altitude than Mean Sea Level (MSL) and as it is not possible to choose a 

separate terrain colour for the sea, this makes the ocean appear like land. 

    The idea of the completed product is that it should be available online and preferably also as an 

application for mobile devices. In the user interface, the pilot would be asked to type in the intended 

departure time and intended route with a list of geographical coordinates and/or ICAO codes for 

airports. If the product is implemented with weather changes in time, the total flight time or ground 

speed would be required as well. Moreover, options of the vertical representation and what parameters 

to show should be included here if implemented. 

    From the results of the market research it was found that the demand for the Vertical Route Forecast 

is high. From what the pilots expressed, it seems it would indeed fill a gap in the already existing 

range of forecast products available for pilots in Sweden. Moreover, even though there are a lot of 

potential upgrades to the product, the fine details and sufficiently useful information make this 

Vertical Route Forecast graphically more useful at low levels than GRAMET from Autorouter. This 

conclusion is considered to be analogous in comparison with the original product from Ogimet as well. 

Hence, the first criterion is fulfilled. 

 

5.2 Model Evaluation 
The fulfilment of the second criterion, that Arome should have good enough skill and produce 

accurate forecasts, is not as certain. The comparative case study of Arome against GFS did not show 

very large differences between the two models, but Arome got slightly better scores of bias for 
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temperature than GFS while GFS was better for relative humidity. For wind speed and direction the 

differences in scores of bias were mostly insignificant. For RMSE, GFS generally got slightly lower 

errors than Arome for all parameters except temperature but they were only significantly lower for 

relative humidity and for a few low level wind scores. 

    It is important to bear in mind that the verifications are done using each model’s own analysis as a 

substitute for the true weather situation. This method gives the largest verification sample size and 

makes sure that the values are verified at the exact location and height. However, they are not 

observations and many assumptions and interpolations have been made by the model to produce 

values for each grid point. This can be affirmed by the fact that the Arome and GFS analyses give 

different parameter values even where their grid points coincide precisely. Furthermore, as GFS has a 

later cut-off time than Arome, it has time to gather more observations and the GFS analysis thus has a 

greater chance of giving the best representation of the truth. 

    Jolliffe and Stephenson (2012) talk about the fact that using a model’s analysis as verification truth 

favours the forecasts from the same model since they are assessed on the same data set. This is called 

“artificial skill” and results in better scores than if unbiased observations would have been used. Both 

GFS and Arome are therefore assumed to show artificial skill in the results of this study. This is 

probably a big reason why Arome gets slightly better results here than in the evaluation done by the 

HIRLAM consortium (2016a; Figure 1). There is also the possibility that the two models might be 

affected unequally by this effect, showing different amounts of artificial skill. 

    A smaller study with results not included in this report was also made, where radiosoundings, 

NCEP/NCAR reanalysis, synoptic reports and METAR were used as verification truth for 20 locations 

spread out in Sweden for 14 days in November and December, 2016. The study showed a general 

advantage of Arome against GFS, especially in terms of RMSE and particularly for temperature and 

wind speed. However, the sample size was too small to give the results very much meaning and the 

sample sizes of observations from the upper levels were even smaller than the lower levels. More 

importantly, because the GFS 0.5° grid is quite coarse, horizontal deviations from observation points 

were in many places much larger than for Arome, posing a risk of the results unjustly favouring 

Arome. Only considering the results for Arome however, it was found that the standard deviation of 

the forecasts agreed very well with the observations and that temperature was the best forecast 

parameter. These results agree well with the results from the main study. 

    Even though the main study included many more data points, it was only done for 14 days and only 

for one period of the year. This makes it a rather small sample size and it is unwise to put too much 

trust in the study, especially since the weather during the investigation period did not vary very much 

as it was dominated by high pressure systems. The significance tests made for the score card should be 

regarded extra carefully, as an assumption of normal distributions for sample sizes so small are not 

recommended. 
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    Consequently, it is important to consider the results from other evaluations made for Arome as well. 

Apart from the qualitative assessments done, as both Arome and GFS have recently been compared to 

ECMWF in the form of score cards, these two different studies can be used to get another estimate of 

the two models’ relative scores for temperature and wind. From the score card (Figure 2) of Arome 

against ECMWF (HIRLAM consortium, 2016a) it was seen that Arome performed better than 

ECMWF for 10 meter wind but equally for temperature. From the score card of ECMWF against GFS 

(NOAA EMC, 2017b; not shown) it was found that ECMWF held its own against GFS for both 

temperature and wind in terms of RMSE. Even though it received equal scores in terms of bias, the net 

indication was that ECMFW performed better than GFS for low levels for both parameters. Bearing in 

mind that the first study was made solely over Scandinavia and the second study over the northern 

hemisphere and that they were made for different periods, these two studies together suggest that 

Arome locally has an advantage over GFS for Scandinavia concerning temperature and the wind field. 

    However, even if the relative scores of Arome against GFS are good indicators of whether Arome is 

better suited for the Vertical Route Forecast than GFS, they don’t say very much about the actual skill 

of Arome. It is important to also make a qualitative assessment of the model. Bearing in mind that the 

scores probably show artificial skill, the results show no clear biases of the studied parameters except 

a negative bias for relative humidity that seems to grow with height and a positive bias for the 24 and 

36 hour forecasts of wind speed. The RMSE is quite large for relative humidity and wind direction, 

but the range and variability of these two parameters are large in themselves and all in all the results 

are good. Worse is the evident increase of RMS error with height for relative humidity and wind 

speed. The biggest strength of Arome is found to be temperature while the biggest weakness appears 

to be relative humidity at the higher levels. 

    According to the HIRLAM consortium (2016a), Arome’s ability to forecast the wind field has been 

improved considerably to cy40 from cy38 where no significant bias was found for the newer version. 

This reflects well on the usefulness of the Vertical Route Forecast in which the wind field is a large 

feature. Moreover, predictions of cloud cover fractions have to be good to be able to make high quality 

forecasts of low level temperatures. Consequently, as Arome got rather good scores for temperature in 

this study, it suggestively describes the cloud cover in a good way as well. This is in accordance with 

the results from the HIRLAM consortium (2016a) where the cloud cover received good scores over 

the MetCoOp domain. However, the worse scores found over the Iberian Peninsula by the HIRLAM 

consortium (2016a) indicate that the cloud cover physics in the model might still need to be improved. 

As an accurate cloud representation is very important in the Vertical Route Forecast, further 

evaluations of the cloud fields in Arome should be made.  

    Even if it is hard to determine whether the second criterion is fulfilled, Arome still shows adequate 

skill in both this evaluation and others made. Moreover, it is the model of choice for SMHI, the 

national meteorological institute in Sweden. It is concluded that Arome is still a good choice of model 

for the Vertical Route Forecast. 
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    Nevertheless, the forecasts will not be perfect and a danger with this kind of product is that the 

weather is presented in such a realistic way that the pilot might forget that it is a simple deterministic 

forecast and stop being cautious. It is vital that it is complemented and compared to other forecasts and 

meteorological reports, especially since it gives no information whatsoever of the weather on either 

side of the route. The issue is enhanced by the fact that this kind of automated forecast cannot be 

confirmed of its validity by a meteorologist or be modified to be in better agreement with other 

forecasts or observations as is normally done. It is also important that the pilot consults a brand new 

forecast just before departure. 

    For a graphical product such as this Vertical Route Forecast, high resolution is valuable as it enables 

more detailed forecasts. However, it can be questioned whether higher resolution of an NWP model is 

worthwhile. Firstly, it would take longer to run, be much more computationally expensive and would 

demand exponentially greater storage capacity. Secondly, the dynamics of the model would have to be 

redefined as the spatial resolution of the model approaches the characteristic length of features that 

were parameterized before. For example, Ivarsson (2014) showed that using Arome at 2.5 km gave 

approximately the same results in verifications as when it was used at 3 km. This suggests that it 

would be possible to save a lot of storage capacity and computer time while only marginally 

decreasing the resolution. Even so, high resolution NWP models are continuously refined to be able to 

run at higher resolutions. 

    Wyngaard (2004) introduced the term “Terra Incognita”, also known as the grey zone, which 

represents the domain of model length scales where the spatial filter is comparable in length to the 

dominant length scale 𝐿𝐿 of boundary layer eddies. In the history of NWP modelling, this zone was 

never approached seeing as spatial grids in mesoscale models were much larger than 𝐿𝐿 and Large-

Eddy Simulations (LES) resolved features of much smaller scales than 𝐿𝐿. A typical mesoscale model 

grid box of 10x10 km contains hundreds or thousands of large convective eddies, making it possible to 

parameterize the effects of them through statistical methods. However, when the model resolution 

approaches 𝐿𝐿, a single grid box it is still too large to be sure to fully resolve the large eddies but 

contains too few for parameterization to be appropriate (Zhou et al., 2014).  

     The Terra Incognita issue was addressed on a meeting on Next Generation NWP models in 2011 

(Hong and Dudhia, 2011) where the capability of different high-resolution NWP models 

(HARMONIE-AROME and AROME-FRANCE among others) were evaluated. It was found that in 

terms of dry vertical mixing and turbulence, parameterization could still be done down to grid sizes of 

1 km. The more pressing issues concerning Arome at 2.5 km are small scale deep convection that 

cannot be resolved and parameterizations of shallow convection and moist processes. Cloud cover 

fractions with associated mass fluxes and radiative effects also present issues (Hong and Dudhia, 

2011). These matters concern sections of the model physics of Arome that are constantly developed 

and was brought up by Bengtsson et al. (2017) to have been recently updated for HARMONIE-

AROME cy401.1h. 



 

29 
 

    Even though the Terra Incognita is found not to be a problem at the current resolution of 2.5 km, 

there are plans to further increase the resolution of Arome to 0.5 – 1.0 km (Bengtsson et al., 2017). If 

such a high resolution model is used, the research on model dynamics within Terra Incognita has to 

produce good results for forecasts such as the Vertical Route Forecast to be useful and not to show too 

much false detail.  
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6 Conclusions 
The Vertical Route Forecast was found to be more graphically useful for low-level flights over 

Sweden than the GRAMET products already available, fulfilling the first criterion set in the 

introduction. The response from the market research was very positive and 90 % of the 166 

participants said they would use the forecast in some extent. However, it would benefit from including 

more flight related parameters such as visibility, icing conditions, QNH, and a more intuitive 

parameter for turbulence. Moreover, the final product ought to show the weather changes occurring 

along the flight in terms of evolution in time as well as space. 

    The question of fulfillment of the second criterion, that the forecasts have good skill, is more 

uncertain. Using the Arome model to produce the forecast is beneficial in the sense that it is one of the 

highest resolved models operational in Sweden. However, from this case study the model does not 

show significantly better results than GFS except for temperature. Humidity is found to be 

significantly worse than GFS, especially for the higher levels, while the difference was insignificant 

for wind speed and direction. Then again, this case study is small and verified against analyses instead 

of observations, and other evaluations made suggest that the model performs well for most parameters. 

    All in all, the product could use some upgrading and the model is not found to be evidently better 

than GFS. Nevertheless, the demand for the product is high and it fills a gap in the range of available 

forecasts for low-level aviation. Since the product requires an NWP model of higher resolution than 

GFS, and Arome shows adequate skill in evaluations, it is still found to be a good choice of model for 

making this kind of forecast and can be recommended. Besides, future improvements planned for 

Arome brings the prospect of even better forecast quality than today. 
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Appendix: Abbreviations 
 
ALADIN Aire Limitée Adaptation dynamique Développement InterNational 
AROME Applications of Research to Operations at MesoscalE 
CB Cumulonimbus cloud 
CRMS Centred Root Mean Square Error 
DMI Danish Meteorological Institute 
ECMWF European Centre for Medium-Range Weather Forecasts 
EMC Environmental Modeling Center 
FL Flight Level 
FMI Finnish Meteorological Institute 
FTP File Transfer Protocol 
GDAS Global Data Assimilation System 
GFS Global Forecast System 
GRAMET GRÁfico METeorológico 
HARMONIE HIRLAM ALADIN Research on Meso-scale Operational NWP In Euromed 
HIRLAM HIgh Resolution Limited Area Model 
ICAO International Civil Aviation Organization 
IFR Instrument Flight Rules 
ISA ICAO Standard Atmosphere 
METAR METeorological Aerodrome Report 
MetCoOp Meteorological Co-operation on Operational NWP 
MSL Mean Sea Level 
NCAR National Center for Atmospheric Research 
NCEI National Centers for Environmental Information 
NCEP National Centers for Environmental Prediction 
NM Nautical Miles 
NOAA National Oceanic and Atmospheric Administration 
NOTAM NOTice to AirMen 
NWP Numerical Weather Prediction 
QNH Local mean sea level pressure 
RMSE Root Mean Square Error 
SMHI Swedish Meteorological and Hydrological Institute 
SWC Significant Weather Chart 
TAF Terminal Area Forecast 
TKE Turbulent Kinetic Energy 
UM the Unified Model 
UTC Coordinated Universal Time  
VFR Visual Flight Rules 
VMC VFR Meteorological Conditions 
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