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Summary
Cloud cover is a difficult parameter to forecast, because of the complexity of cloud
development. AeroVision, a company that gives advice in the procurement of geoinformation, needs reliable cloud cover forecasts for their services to support farmers to
acquire Remote Sensing images for precision agriculture purposes. This imagery will help
farmers reduce costs on inputs (fertiliser, water, etc.) by giving them a better overview of
the status of their crops. AeroVision wants to guarantee an image every 7-10 days,
because precision agriculture requires frequent information updates. If a satellites image
is not possible, drones will be used to guarantee an image. The use of satellite images is
much cheaper, which makes a reliable cloud cover forecast necessary. A cloud cover
verification study is therefore essential.
This study uses 3 x 3 contingency tables to verify cloud cover forecasts from ECMWF and
Harmonie with ceilometer observations of KNMI meteorological stations. With a
sensitivity analysis the output of forecasts and observations from four different stations
(Woensdrecht, Eelde, Lelystad and Eindhoven) are verified. Forecasts of cloudy and clear
conditions are verified with a number of statistical parameters.
Overall, it appears that cloud cover is indeed a difficult parameter to forecast. However,
forecasts of cloudy situations, which are more common, are more reliable than forecasts
of clear situations. Forecasts of 1 day ahead from both models are comparable, however
for 2 days ahead ECMWF is superior over Harmonie. For 3-5 days ahead ECMWF can be
used, however, the ECMWF five-day forecasts for show a lack in consistency which
inhibits planning on this time scale (especially clear forecasts).
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1. Introduction
Cloud cover is a difficult parameter to predict. On the 2nd of April 2016 an area of clouds
was visible that had developed right above the Netherlands and did not move the entire
day (see Figure 1). Above the North Sea and Germany there was a clear sky. Only the
Netherlands was cloudy. This cloud field was not predicted by the weather models one
and two days earlier. This is a typical example of the complexity of cloud development
and how difficult it is to make reliable cloud predictions, even one or two days ahead. This
study will research the ability of operational weather models to make reliable cloud cover
predictions. This will be conducted with a verifications study.
Section 1.1 will show the relevance of this study. More background information about
cloud development and cloud detection follows in section 1.2. In section 1.3, previous
literature will be reviewed followed by an explanation of the knowledge gap in section
1.4. Finally, the problem description and the research questions are given in section 1.5.

Figure 1: Clouds developed right above the Netherlands
(2nd of April 2016). Source: Meteosat

1.1 Relevance
BIOSCOPE is a new initiative to support farmers to acquire Remote Sensing images for
precision agriculture purposes. This imagery will help farmers reduce costs on inputs
(fertiliser, water, etc.) by giving them a better overview of the status of their crops.
BIOSCOPE was initiated by a consortium led by AeroVision to provide farmers this
information. This initiative took off in a period where the number of optical satellites
increases and operational systems for satellite image acquisition improve.
Despite the number of satellites, optical Remote Sensing for agricultural applications is
only useful when not blocked by clouds: Already several attempts in satellite based
services for farmers in the Netherlands failed due to cloud cover. Abundant clouds create
the inability to guarantee imagery throughout the season. Periods of 2-3 weeks with
6

continuous cloud cover are no exception, which can be detrimental for a service when this
happens around crucial periods in the growing season where farmers need the imagery
for e.g. fertilising their crop. AeroVision now wants to overcome this by using drone
mounted cameras when cloudy circumstances prevent a successful satellite acquisition of
farmers’ fields. The service, called BIOSCOPE, aims to deliver imagery at regular intervals.
BIOSCOPE wants to guarantee an image every 7-10 days, because precision agriculture
requires ‘fresh’ imagery. BIOSCOPE combines imagery from satellites and drones to give
farmers the best possible information based on satellite availability and weather
conditions. Both satellites and drones have pros and cons. Drones need a lot of
preparation time, their use is relatively expensive and they are vulnerable during rainy
and windy conditions. On the other hand, drones can be flexibly deployed and can be used
under cloudy conditions. Satellite images are much cheaper (Tamme van der Wal) and
cover larger areas at once, but need a clear sky when the satellites are passing a region.
The strategy hereto is to deliver satellite images when possible and drones when needed,
to ensure delivery and minimising the costs of image acquisition. So during prolonged
cloud cover periods, drones will need to be deployed to acquire imagery of the farmers’
fields. Hereto, a logistic planning needs to be made to send pilots and drones to the fields.
In order to avoid double acquisitions (drone and satellite) and hence to prioritise drone
acquisitions, it is proposed to use weather models to determine the chances on clear or
cloudy conditions. In the past, Van der Wal et al. (2013) investigated already the effect of
cloud cover on operational remote sensing services for the Netherlands: Services based
on drones have a probability for a successful acquisition in 10 day periods of 45% for
weather-sensitive drones (windspeed and rainfall restricted) up to 70% for all-weather
drones as they can be operated on clear sky and overcast conditions. This results show
that a timely cloud cover forecast is needed.
In order to understand the value of weather models and their ability to accurately predict
cloud conditions, a verification of cloud cover output from different models is required.
Due to the preparation time of drone flights, a probability forecast of 3 to 5 days ahead is
required. Based on the example showed in section 1, a decision was made to have a look
at a probability forecast of 1 and 2 days as well.
So the BIOSCOPE service will benefit from understanding the quality (i.e. reliability) of
the weather model output regarding cloud cover.

1.2 Scope/background
The formation of clouds is complicated, because clouds are highly variable in time and
location (Haiden et al., 2015). Clouds develop if a large volume of air cools down to dew
point (Rogers and Lau, 1996). Three processes can cause cooling: adiabatic expansion of
ascending air (i), radiative cooling (ii) and mixing of air masses with different
temperatures and humidities (iii) (Rogers and Lau, 1996). Clouds may develop on a small
scale, like small cumulus clouds, but also on the larger scale, like fronts associated with
large low-pressure systems. Besides temperature and humidity factors like solar
7

radiation, aerosols and dust will influence the formation and development of clouds
(Kaufman et al., 2005 and Haiden et al., 2015).
There are two typical situations when the prediction and development of clouds will
become more complicated (Rogers and Lau, 1996). Firstly, the development and
dissolution of low clouds and fog during wintertime is a difficult process. During
wintertime the sun does not have sufficient power to dissolve the clouds and fog.
Furthermore, humidity plays an important role. Sometimes the sun is strong enough or
the humidity is low enough to dissolve clouds, but it is still an uncertain balance where
weather models are having difficulties with. Secondly, in summertime another problem
will occur: the development of clouds during warm days with a result that heavy
thunderstorms can occur. The important factor is stability, in other words; the
atmosphere is stable or unstable. Buoyant or mechanical forces together with sufficient
humidity can trigger vertical motions and clouds will develop. When air is dry, clouds will
not develop. In general, processes in the boundary layer are not really well implemented
in weather models, because they need to be parameterized.

1.3 Previous research
Previous research mainly focuses on short term verification (1-2 days), however
verification studies on cloud cover are rare. Midterm (3-7days) and long-term (>7 days)
verification was performed by the European Centre for Medium-Range Weather
Forecasts (ECMWF).
The KNMI recognised the difficulty of cloud cover and its impact on weather predictions.
The use of EUMETSAT cloud masks to improve the cloudiness forecasts of the Hirlam
model has been studied (van der Veen, 2012). The cloudmask (Satellites Application
Facility (SAF)) is based on images from the Meteosat Second Generation (MSG). Cloud
cover is given in pixel sizes of 3,7 by 6,4 km. The study showed that better initial clouds
in Hirlam would always give a positive impact to cloud prediction. In 59% of the cases the
prediction for 24 h is still correct. It indicates that changing the initial dynamics is less
important than expected. In 2007 verification with METCAST has been done (Delgado et
al., 2007). METCAST is a very short-range forecasting model (1-12 hours) showing that
even at this time period cloud predictions are quite hard to make. Furthermore, a very
short-term verification (0-6 hours) was done by De Haan and Van der Veen (2014) on two
case studies. MSG clouds were inserted in a Rapid Update Cycle (RUC) of Hirlam. The case
studies were performed for two foggy days in November. They concluded that during
foggy days in November cloud initializations are necessary. Moreover, in 1999 the cloud
detection scheme METCLOCK was already introduced by Feijt et al. (1999). METCLOCK is
a cloud initialization algorithm for short-term predictions. This scheme analysed
Meteosat measurements for Europe and compared those with synoptic observations. In
total 89% of the clouds were detected during daytime by the METCLOCK algorithm.
Haiden and Trentmann (2014) have done cloudiness verification in the Alpine region with
an indicator called skill (in percentages). “Skill is defined as the standard deviation of the
forecast error divided by the standard deviation of the climatology error, where the error
8

is calculated using SYNOP observations” (Haiden et al, 2015). Their conclusion was that
the skill is very variable and especially in the Mediterranean areas high, a correlation
value of 0,8, which means that two third of the day-to-day variability can be forecasted.
Areas dominated by stratus and stratocumulus, lower parts of the Alpes, have lower skills.
However, the Netherlands is located neither in the Mediterranean nor in the Alpes.
Thomas Haiden, as mentioned in the previous section, is a researcher of ECMWF and has
done research to cloud predictions on the short- and midterm. In 2015, Haiden et al., have
studied the skill of cloud cover forecasts of the ECMWF model. They verified total cloud
cover and solar radiation with surface observations and satellite data by analysing the
skill defined above. In this research the difficulties of cloudiness were indicated.
Verification with synoptic observations show that positive skills only occur at forecast day
1 and 2, from forecast day 3 to 5 this result is negative. A comparison with satellite data
show slightly better results than a comparison with synoptic observations, but shows a
low skill.

1.4 Knowledge gap
Cloud cover is hard to predict (Stern and Davidson, 2015), but weather predictions are
improving every year and have improved immensely during the last decades. In the
eighties nowcasting was defined as indicating weather changes in the first two hours
(Browning, 1982), but more than a decade later Conway (1998) concluded that
nowcasting is a detailed forecast for the coming 6 to 12 hours. These examples show that
nowcasting has extended over the years, which means better predictions could be
expected. However, for the development of thunderstorms in the summer nowcasting is
still a manner of minutes or hours. Temperature, wind speed and amounts of rain can be
forecast a few days ahead with a high amount of certainty. Cloud cover is more
complicated as explained in section 1.2 and needs more research. Several researchers
have done researches for the short term with difficult algorithms and parameterizations.
A cloud cover forecast many days ahead will help AeroVision to decide which product
(drone or satellite) will be used. A few verification studies were showed in section 1.2, but
it is not known what the quality (correctness and reliability) of short- and midterm
predictions is for the Netherlands. A verification study based on measurements on the
ground (Meteorological stations) has not been conducted so far. In this study this
verification will be conducted based on ceilometer measurements of KNMI
Meteorological stations and forecasts of the models HIRLAM ALADIN Research on
Mesoscale Operational NWP in Euromed (Harmonie) (short-term) and ECMWF (midterm). In chapter 2 more information about the models can be found.

1.5 Problem description and research questions
Operationalisation of cloud cover predictions are a main interest as described in the
previous sections. To understand the quality of existing cloud cover predictions for this
purpose, a verification research is necessary. In this research the focus lies on short- and
midterm forecasts (1 to 5 days ahead). Therefore, the main research question is:
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1. How well do cloud cover forecasts (up to 5 days ahead) correspond with synoptic
observations?
Subquestions:
2. How do the cloud cover forecasts of the ECMWF and Harmonie models compare:
a. What are the differences between the high resolution model Harmonie and the
low resolution model ECMWF with respect to cloud cover forecasts?
b. Which model has performed the best in 2015 and can be used in this in this
project?
3. In which way can we give a meteorological advice for a cloud cover forecast of a
maximum of five days ahead?
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2. Data description
The data collection and -description is presented in this section. First, a short overview of
the areas of interest is provided. The second part describes the observational and model
data.

2.1 Case study
AeroVision has customers all over the country, but there are four specific areas where the
interest of the result of this study is high. In these area’s AeroVision is in contact with
potato farmers and already introduced the service. If this project will succeed these
farmers would like to make use of this service. These areas are the western part of NoordBrabant/Zeeland, the South-Eastern part of Noord-Brabant, Flevoland and Groningen as
indicated in Figure 2. These areas are spread over the Netherlands to see possible
differences. Besides this, the chosen KNMI meteorological stations are located close to the
relevant areas, the potato cultivation areas.

Figure 2: Potato cultivation map: the areas of interest where AeroVision is going to provide
their service. The red dots are indicating the KNMI meteorological stations with their
corresponding longitude and latitude. The squared boxes indicates the used longitude and
latitude for the verification.
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Besides the specific locations, AeroVision is also interested in a specific timeframe instead
of a complete day. The time frame AeroVision is interested in covers 10 am to 3 pm, which
corresponds with 08 UTC to 13 UTC time. This timeframe is chosen because in this
timeframe most satellites overpass the Netherlands. Furthermore, if a satellite image will
be used early in the morning or later at the day, images can be influenced by shadows of
the clouds on the ground. Furthermore, the interested period is the potato growing season
from April until September.

2.2 Observational data
In this section the observational data will be explained in detail. In section 2.3 the models
and the forecast data will be explained.

2.2.1 Visual observation
Cloud cover is quite difficult to measure, because of the irregularity of cloud development.
In the past people estimated cloud cover visually. Every hour they observed the sky to
indicate the total cloud cover. The cloud cover was given in oktas. An okta is one eighth of
the sky seen from the point of the observer (KNMI, 2005). For example when half of the
sky is cloudy, the given value in oktas is 4/8. Estimating cloud cover visually was a timeconsuming task and a subjective measurement, because it is difficult to distinguish
between e.g. 3/8 and 4/8. It was up to the observer to decide.
Measurements of cloud cover at KNMI meteorological stations are given in 9 okta classes
(a value between 0/8 to 9/8), which can be divided in five parts of total cloud cover:
-

0/8  Clear Sky (SKC)
1/8 - 2/8  Few Clouds (FEW)
3/8 - 4/8  Scattered (SCT)
5/8 – 7/8  Broken Cloud Cover (BKN)
8/8  Overcast (OVC)
9/8  Sky not visible (e.g. because of fog)

2.2.2 Ceilometer measurements
Recently, observers were replaced by automatic ceilometer measurements. Since 2003
the cloud observations are performed automatically in the Netherlands (Wauben et al,
2006). It is important to know that the observations are performed by a Vaisala LD-40
type ceilometer. This type can only measure clouds up to 13 km, but higher than 5 km the
signal of clouds will be integrated by height (Wauben, 2002). Therefore this is not
sensitive enough for measuring high clouds like cirrus and therefore from 2016 a new
ceilometer instrument, Lufft GmbH, will be used (KNMI, 2016). The measurement
strategy stays the same, but this type of ceilometer has a higher quality and reliability in
measuring high clouds like cirrus. Moreover, cloud and aerosol layers can be detected in
a better way. For this study observations from this type of ceilometer are not available,
but it should be kept in mind for further research.
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The ceilometer uses LIDAR (Light Detection And Ranging). It sends pulses into the sky
and when it hits a cloud, it scatters back and this backscatter will be detected by the
ceilometer. The height of the cloud can be detected in this way. In Figure 3 this principle
is graphically displayed.

Figure 3: backscatter profile of the ceilometer. Cloud layers
can be detected in this way (Wauben, 2001).

Every 15 seconds a backscatter profile will be derived. From the backscatter profile can
be seen when a cloud layer is detected and at which height. Every 12 seconds a cloud cover
height is registered. Why this is not 15 seconds is not known exactly. Following Brug, V.
(2004) it is the development of the system and it is easier to calculate the synoptic
observations (because 5 times 12 seconds is one minute). Larsson and Esbjorn (1995)
derived the following cloud algorithm to end up with observations given in oktas:
-

-

Three cloud base height layers will be reported (C1, C2 and C3) (indicated as a hit)
The average of five 12-second measurements are calculated and saved as oneminute values.
Every hour a synoptic observation is given, in oktas, and this is an average of the
measurements of the 30 minutes before the observation hour. Hence a given okta
at 12 o’clock is an average of the 11:30-12:00 time slot. The final 10 minutes are
double weighted.
In the end 40 values (30 plus 10, because of the double weight) with a cloud base
height, given in feet are registered.

When no clouds were detected a zero is reported. When a cloud base height is detected, a
1 is noted down. For every minute this has been done and in the end this results in 40
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values from 0 (no cloud base height detected) and 1. For a 30-minute average number this
value needs to be divided by 40 (see Table 1).
Table 1: Conversion between decimal numbers and oktas.

Number of cloudy observations
0/40
0
1/40
0,001 – 0,025
2/40
0,025 – 0,050
3/40
0,050 – 0,075
4/40
0,075 – 0,100
5/40
0,100 – 0,125
6/40
0,125 – 0,150
7/40
0,150 – 0,175
8/40
0,175 – 0,200
9/40
0,200 – 0,225
10/40 0,225 – 0,250
11/40 0,250 – 0,275
12/40 0,275 – 0,300
13/40 0,300 – 0,325
14/40 0,325 – 0,350
15/40 0,350 – 0,375
16/40 0,375 – 0,400
17/40 0,400 – 0,425
18/40 0,425 – 0,450
19/40 0,450 – 0,475
20/40 0,475 – 0,500

okta
0
1
1
1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
4
4
4

Number of cloudy observations
21/40 0,500 – 0,525
22/40 0,525 – 0,550
23/40 0,550 – 0,575
24/40 0,575 – 0,600
25/40 0,600 – 0,625
26/40 0,625 – 0,650
27/40 0,650 – 0,675
28/40 0,675 – 0,700
29/40 0,700 – 0,725
30/40 0,725 – 0,750
31/40 0,750 – 0,775
32/40 0,775 – 0,800
33/40 0,800 – 0,825
34/40 0,825 – 0,850
35/40 0,850 – 0,875
36/40 0,875 – 0,900
37/40 0,900 – 0,925
38/40 0,925 – 0,950
39/40 0,950 – 0,999
40/40 1,000

okta
4
4
5
5
5
5
5
6
6
6
6
6
7
7
7
7
7
7
7
8

The distribution is not equal, because 0 oktas means no clouds were visible during the
complete 30-minute observation period. If only one value of the one-minute data shows
the presence of a cloud, then this is already registered as 1 okta of cloudiness. On the other
side when one gap is visible in further cloudy conditions it is directly 7 oktas instead of 8.
One should expect a normal distribution, but this is how the KNMI defines the oktas. This
is also the reason to do the same in this study.
The ceilometer data used in this study was from April until September 2015 from the four
stations mentioned in section 2.1. Only the daylight period from 10 am until 3 pm is useful
(8 UTC – 13 UTC) for this study. The ceilometer data was prepared in the way described
in this section. Most of the times the decimal numbers were used (chapter 4), but in
chapter 5 the oktas will be used as well.

2.3 Model data
In the following sections the ECMWF and Harmonie data will be described in detail
including the steps to prepare the data for analysis.
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2.3.1 Data description
For this study two different meteorological models were used; ECMWF and Harmonie
model from the KNMI.
The ECMWF operational model is designed for medium-range forecasts. This means
forecasts up to two weeks ahead are calculated and also monthly and seasonal forecasts
are calculated. For this verification the atmospheric model high resolution 10-day
forecast (HRES) was used. HRES produces two runs per day: at 00 UTC and 12 UTC with
forecasts for every three hours. For this study the 00 UTC run is used. HRES has a grid size
of 0,1° x 0,1° (9 x 9 km). Furthermore, this model is hydrostatic and deterministic
(ECMWF, 2016).
Harmonie is a limited area short range model with a resolution of 2,5 km. In summer,
clouds develop on a small scale, which can be predicted better with a high resolution
model. The resolution of Harmonie is almost four times higher than ECMWF and therefore
more processes can be used to predict cloud cover. Therefore it is interesting to compare
these models. Harmonie has smaller grid sizes and it runs four times a day (6, 12, 18 and
00 UTC). For comparison with ECMWF only the 00 UTC run is used. Harmonie is a nonhydrostatic weather model that produces forecasts with 1-hour intervals and covers
North-western Europe. For short-term planning this can be very useful information. More
details of both models are given in Table 2 (KNMI, Harmonie, 2016).
Table 2: model data description.

Specifications
Longitude
Latitude
Period
Run
Resolution (km)
Forecasts from run (h)

Harmonie

ECMWF
50°N - 54°N
3°E - 10°E
1 April 2015 – 30 September 2015
Harmonie: 176 days, ECMWF: 183 days
00 UTC
2,5 x 2,5
9x9
+8 - +13
+9 and +12
+32 - +37
+33 and +36
+57 and +60
+81 and +84
+105 and +108

2.3.2 Data preparation
In section 2.1 the areas of interest were given with the central latitude and longitude. The
data from the ECMWF and Harmonie is given in a larger area than needed for these
locations. Therefore a selection was made, presented in Figure 4. The models ECMWF and
Harmonie are making calculations for every gridcell. The cloud cover, for a certain time,
is given in numbers between 0 and 1 (0 means clear sky, 1 means cloudy).
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From Figure 4 it is clear that the KNMI meteorological stations, where the cloud
observations are made, are not located in the centre of a gridcell. This makes a comparison
of one gridcell not a good comparison. To have a good overview of the location of the KNMI
meteorological stations the decision was made to make a square around this station with
corresponding latitudes and longitudes for both ECMWF and Harmonie. In Table 3 an
overview is given which makes it clearer (in Table 2 the received longitude and latitude
is given).
In an ECMWF grid raster every location of the KNMI meteorological stations is located in
one gridcell or on the border or two cells. To make a good comparison it was a better idea
to average the cells in the neighbourhood of the KNMI meteorological stations, which
implies four cells of ECMWF. Furthermore, the observation data are not measurements of
a fixed time, but a measure from the last 30 minutes, explained in section 2.2. If one wants
to do this more precisely, wind speed and -direction should be taken into account as well.
During this study this has not been done.
To compare Harmonie and ECMWF the area of both models should cover approximately
the same area. Harmonie has a higher resolution and therefore more gridcells have been
used for this comparison. Where the data of ECMWF is averaged over four gridcells,
Harmonie data is averaged over 45 cells (Figure 4). A disadvantage of averaging is that
extremes are filtered out. For Harmonie this is could give more problems than for ECMWF
(only four cells have to be averaged). On the other hand averaging gives a more realistic
overview of the cloud cover near the KNMI meteorological stations.
Table 3: Selected latitude and longitude from which model output is compared to
observations. Both models have a different resolution and therefore the selected latitudes
and longitudes are not exactly the same.
ECMWF
Latitude
Longitude

Woensdrecht
51.3 – 51.6
4.2 – 4.5

Lelystad
52.3 – 52.6
5.4 – 5.7

Eelde
53.0 – 53.3
6.4 – 6.7

Eindhoven
51.3 – 51.6
5.3 – 5.6

Harmonie
Latitude
Longitude

51.346 – 51.576
4.218 – 4.44

52.335 – 52.565
5.402 – 5.624

53.002 – 53.255
6.438 – 6.66

51.323 – 51.553
5.328 – 5.55
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Figure 4: KNMI meteorological station Lelystad given in the ECMWF grid (left) and in the
Harmonie grid (right) with the corresponding latitude and longitude on respectively the
y- and x-axis. Numbers given in each gridcell are the cloud cover. A high decimal number
indicates more cloudy conditions. Those numbers are the main core of this study. For
KNMI meteorological stations Eelde, Eindhoven and Woensdrecht similar maps can be
found in Appendix A and B.
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3. Data pre-processing
In this chapter an overview is given of the available observation and forecast data used in
this study.

3.1 Observational data
An overview of cloud cover observation data from 9 and 12 UTC is given in Figure 5. Cloud
cover observations at 0/8, 1/8, 7/8 and 8/8 are more common than half cloudy and
especially the most cloudy classes. Of a total of 183 observations in the mentioned period
almost one third (60 observations) are measured as overcast. Furthermore, the southerly
located stations (Eindhoven and Woensdrecht) are having 30 observations with no cloud
cover at 9 UTC against 20 for the more northerly located stations (Eelde and Lelystad). On
the other hand Lelystad and Eelde are showing more days with an overcast of 7/8. At 12
UTC the four stations are comparable.

Observations in each class (9
UTC)

Observations in each class (12
UTC)

80

80

60

60

40

40

20

20

0

0
0/8 1/8 2/8 3/8 4/8 5/8 6/8 7/8 8/8

0/8 1/8 2/8 3/8 4/8 5/8 6/8 7/8 8/8

Figure 5: Total number of cloud observations of 9 and 12 UTC in all the okta classes of each
station.

3.2 Forecast data ECMWF
For ECMWF in total 10 forecast times are used in this study (Table 2). Every forecast
outcome is an average over four gridcells around of the indicated KNMI meteorological
stations. Eventually, a total of 183 forecasts between 0 and 1 for the time frames of day 1
(+9, +12) are calculated. 182 forecasts calculated for day 2 (+33, +36) and so on. Following
the same principle classifying the observation data, forecast is classified in the same way.
The decimal values are classified as okta values following the same rules used for the
observation data (see Table 1). The KNMI is using this as a standard which has been used
in this study as well.
When the forecasts of ECMWF are compared with the observations a shift from
completely overcast (8/8) to 7/8 is visible. Furthermore, clear days are rare and ranges
of 1/8, 2/8 and 3/8 are bigger than the same classes of the observational data. Instead of
that, in range 0/8 fewer forecasts are visible. Probably, it indicates a shift to 1/8, 2/8 and
3/8. This is probably the result of the standards used by the KNMI; instead of a normal
distribution the 0 and 8 okta ranges are very small. The shift from 8/8 to 7/8 can be
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explained in a similar way. In section 3.4 a more elaborate explanation will be given. In a
broad way you can conclude that cloudy days are more common than clear days.
ECMWF forecasts in each class (9
UTC)

ECMWF forecasts in each class (12
UTC)
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Figure 6: Number of forecasts for +9 hours of the ECMWF model. Cloudiness data averaged
over 4 gridcells around the station.

3.3 Forecast data Harmonie
Harmonie forecasts were averaged over 45 gridcells, therefore you expect less values in
the overcast and clear classes. The reason for this are the small okta classes used by the
KNMI. This is visible for the clear days, averaging and the use of many more gridcells has
an influence on this class. Class 1/8 is much larger compared to ECMWF and the
observations. Surprisingly, there are more overcast predictions compared to ECMWF.
More than half of the forecasts (90) are predicting overcast (8/8) or heavily overcast
(7/8). At 12 UTC more days (near 30) are indicated as overcast, which is slightly less than
the same class at 9 UTC.
Harmonie forecasts in each class (9
UTC)

Harmonie forecasts in each class (12
UTC)
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Figure 7: Number of forecasts for +9 hours of the ECMWF model. Cloudiness data averaged
over 4 gridcells around the station.

3.4 Comparison Observations with predictions
In this section the raw observational and forecast data are compared. The intervals
between forecast data and observational data is different (forecasts per 0,001 and
observations per 0,025). This will result in combinations of forecasts and observations
which are almost comparable. For example, forecast data is 0,654 and observational data
is 0,650. Theoretical they are not comparable, but in essence this can be seen as a hit. Two
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compensate for this difference, two error scales are introduced based on literature.
Wauben (2002) argued that there is an error of 1/8 or 2/8 (which is comparable to 0,175
and 0,300 (see Table 1) in measuring observations. In this case the difference is small
enough to be comparable. This procedure has been done for each day in the half year
period. In Figure 8 observations and forecast data of 12 UTC from each station are
compared and given in percentages of the total possible amount of hits (percentages used
because Harmonie has less data points).
From Figure 8 can be concluded that the differences between Harmonie and ECMWF are
small. ECMWF is scoring slightly lower at Eindhoven with an error of 0,175. However,
between each hour a few differences can be noticed. The hitratio’s at 12 UTC are 5-10%
lower than at 9 UTC, especially with the small error scale of 0,175. These differences are
important, because they will come back later in this report.
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Figure 8: Total hits of observations (Obs.) with forecasts (Fcts.) at 9 and 12 UTC given in
percentages. An error scale of 0,175 and 0,300 is used which is an indication of an error of
1/8 and 2/8.
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4. Verification study
In this chapter the verification method is described used for both Harmonie and
ECMWF, directly followed by the results.

4.1 Methods
In this chapter the focus will be on the requirements AeroVision is interested in.
AeroVision is mainly interested in when it is cloudy or clear and is less interested in partly
cloudy situations. For every observation time and forecast timeframe where data was
available a division was made in three groups: clear, cloudy and partly cloudy days. In
chapter 3 became clear that completely clear and completely cloudy days were forecast
less, because of the standards used by the KNMI. To compare the observations with the
forecasts complete clear is not only 0 and completely cloudy is not only 1. This ‘range’ was
extended, which results in a sensitivity analysis. The range was enhanced such that it was
still useful, which means that a satellite image still can be useful (requirement
AeroVision).
In Table 4 these ranges are given. Both observational and forecast data of Harmonie and
ECMWF were filtered in these ranges. These ranges are not equal to the okta ranges, but
are based on the amount of cloud cover of the sky. In the weak range 0,300 means still
clear conditions, but at the same time 30% of the sky is covered by clouds.
Table 4: Ranges used for the sensitivity analysis (in decimal numbers).

Criteria 

Weak

Moderate

Strong

Cloudy
Partly cloudy
Clear

Range 1
0,7 – 1
0,3 – 0,7
0 – 0,3

Range 2
0,8 – 1
0,2 – 0,8
0 – 0,2

Range 3
0,9 – 1
0,1 – 0,9
0 – 0,1

In figure 9 this analysis is shown for clarification.

Figure 9: A formula is made to classify each observation and forecast value. This is an
example of the +9 h forecast, but this has been done for each forecast (and observation).

The procedure in Table 4 and Figure 9 has been done for all the time frames indicated in
section 2.3.1. Forecasts for two days ahead (+33, +36), three days (+57, +60), four days
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(+81, +84) and five days (+105, +108) are having a few days less. A +33 hour forecast on
the first of April doesn’t exist, because +33 hours ahead is already a forecast for the second
of April, therefore some days are missing too.
From Figure 9 it is obvious that nine combinations of observations and predictions are
possible. For this sensitivity analysis an innovative used verification method can be
introduced: the 3 x 3 contingency table or multi-category contingency Table. This
contingency Table is based on a 2 x 2 contingency Table, which is a more common type of
verification (Stanski et al., 1989; Wilks (2011)). In this situation a contingency Table of 3
x 3 makes more sense, otherwise the only deviation is cloudy and clear.

Figure 10: Structure of a contingency table. Source: Comet, MetEd (2016).

Verification studies have been done already since at least 1884 (Stephenson and Jolliffe,
2003; Murphy, 1996). Contingency tables are commonly used in verification studies
(Murphy et al., 1989; Stephenson et al., 2010) and especially in forecast verification. It is
a good method to verify the quality of forecast data like precipitation, but also cloud cover
data.
The principle of the contingency table is given in Figure 10 with the different
combinations. Correctly predicted forecasts for cloudy, partly cloudy and clear can be
recognised as a, e and i. Wrong predicted values are indicated by the other letters. Since
one is interested in cloudy and clear situations, only a and i are appropriate. The
combination partly cloudy/partly cloudy is a possible combination as well, but becomes
larger or smaller when the range is changing. This should be kept in mind and therefore
percentages will give a clearer overview. The range of cloudy, clear and partly cloudy will
change (see Table 4), hence the amount of correct partly cloudy combinations are
decreasing when the ranges are become bigger. With absolute differences this will be
compared.
The following verification statistics are used in this study (WWRP, 2015; Wilks, 2011).
a. Accuracy = number of hits. In this case the accuracy of only correct cloudy and clear
forecast:
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𝑎+𝑖

Total Accuracy (TA) (%) = (

𝑛

) ∗ 100,

(1)

where TA is the accuracy of cloudy and clear forecasts together and n the total
amount of possible combinations is (176 for Harmonie and 183 for ECMWF).
Two specific accuracies are defined for only cloudy and clear to make it more
realistic for clear and cloudy forecasts:
𝑖

Accuracy (clear) (%) = (𝑔+ℎ+𝑖) ∗ 100
𝑎

Accuracy (cloudy) (%) = (𝑎+𝑏+𝑐) ∗ 100,

(2)
(3)

Where clear and cloudy are the accuracies given in percentages.
b. Probability of detection (POD) = the proportion of observed cloudy/clear
situations that were forecast to be cloudy/clear by the models. In a 3 x 3
contingency table 2 separate POD’s can be derived:
𝑎

PODcloudy = 𝑎+𝑑+𝑔
𝑖

PODclear = 𝑐+𝑓+𝑖

(4)
(5)

A value near 0 indicates a worse probability of detection, while a value near 1
indicates an almost perfect probability of detection.
c. False Alarm Ratio (FAR) = the proportion of forecasted cloudy/clear situations that
were not observed to be cloudy/clear.
𝑏+𝑐

FARcloudy = 𝑎+𝑏+𝑐
𝑔+ℎ

FARclear = 𝑔+ℎ+𝑖

(6)
(7)

A value near 1 indicates a worse false alarm ratio, while a value near 0 indicates an
almost perfect false alarm ratio.
d. To indicate if a forecast is over- or under forecasted the bias score will be used for
both clear and cloudy forecasts. Figure 10 is used as basis.
𝑎+𝑏+𝑐

Bias cloudy = 𝑎+𝑑+𝑔
𝑔+ℎ+𝑖

Bias clear = 𝑐+𝑓+𝑖

(8)
(9)

A value near 1 indicates a perfect score or unbiased (cloudy/clear was forecast the
same number of times forecast that as observed), while a value <1 indicates
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underforecast (cloudy/clear less forecast than observed), whereas a value higher
than 1 indicates overforecast (cloudy/clear forecast more than observed).

4.2 Results of the Harmonie model
In this section results of the Harmonie model are shown. First, in section 4.2.1 the effect
of using different ranges (described in Table 4) will be analysed. In section 4.2.2 an
analysis is made between the differences between cloudy and clear situations. Finally, in
section 4.2.3, the statistical results will be analysed.

4.2.1 Total Accuracy of clear and cloudy forecasts
As can be expected, the use of a different range (weak, moderate or strong) has a large
influence on the total accuracy (TA) as can be seen in Figure 11. In all four stations the
weak range (red line) has 60-65% of hits on the first forecast hour (+8 h), which means
that almost 2/3 of the cloudy and clear forecasts were accurate. At the end of the forecast
period (+37 h) the TA has decreased to 40-45%. This can be interpreted as 2 out of 5
forecasts are correctly forecasted. If a more stronger range is used (green and blue lines),
the amount of correct hits is decreasing further. Where the TA’s of moderate ranges from
all stations are dropping from 55% to 30%, TA’s of strong ranges are decreasing from 4050% to 20% at the end of the forecast period. Remarkable is that at Woensdrecht (Figure
11A) the strong range is giving a higher value than the moderate range. There is no
explanation yet, but it is worthy to mention. Furthermore, a few odd outliers are visible.

Figure 11: Total accuracy given in percentages of clear/clear and cloudy/cloudy forecasts
together from Harmonie. The lines are indicating the three different ranges. 11A is
Woensdrecht, 11B is Lelystad, 11C is Eindhoven and 11D is Eelde.
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for example, the +37 forecast of Lelystad and the +13 forecast of Eelde. These stations are
located in the northern part of the country, hence frontal depressions could have an
influence on this, but it is unlikely that this influences only one forecast hour. For further
research, it is interesting to have a view on the larger scale, which means the location of
high- and low pressure areas.

4.2.2 Influence on accuracy of using different ranges
Where in section 4.2.1 cloudy and clear forecast were combined, in this section these are
separated and displayed in Figure 12 for the three different ranges (weak, moderate,
strong) for Lelystad only. Woensdrecht, Eelde and Eindhoven are presented in Appendix
C, Figures 30-35. The total accuracy (clear and cloudy forecasts) is the same as indicated
in section 4.2.1, but the influence of separating cloudy and clear forecasts is clearly visible.
For the weak range the total accuracy (TA) of the cloudy forecasts at the start of the period
(+8 h) is 45% and at the end of the period (+37 h) this has decreased to 30%. Clear
forecasts show a higher predictive inaccuracy. The TA is 20% at the start of the period
and decreases to 10% at the end of the period. What can be concluded from this Figure is
that cloudy forecasts are more frequent than clear forecasts and of course the accuracy of
cloudy forecasts is higher. The differences between the three ranges are small (5-10%
difference per range), but the difference between cloudy and clear forecasts is constant.
In Figure 13 the accuracy of only cloudy and clear forecasts is used (see formula 2 and 3).
Cloudy forecasts in the weak range (blue line) show an accuracy of 75% at the start of the
forecast period (+8 h) and around 55% at the end of the forecast period (+37 h). Clear
forecasts have an accuracy of around 70% at +8 h, but this accuracy decreases to 40% or
less at the end of day 2 (+37 h). The differences between the ranges is around 5% per
range (sometimes a bit larger), but especially for clear forecasts the differences between
the ranges is negligible.
Woensdrecht, Eelde and Eindhoven are showing similar results; cloudy situations have
higher accuracies than clear situations when all the measurements (176) are taken into
account. Clear forecasts show a sharp decrease at day 2, meaning that it is more difficult
to predict clear days more than 1 day in advance. Cloudy days are easier to predict,
because the decrease between day 1 and day 2 is small. This is a result that could be useful
for AeroVision. The use of drones should be used more frequently, but can be used with a
high certainty as well. Because of preparation time and cost issues this is a useful result.
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Cloudy and clear
Clear
Cloudy

Figure 12: Total accuracy given in percentages of the three ranges separately of station
Lelystad. Cloudy and clear forecasts are given separately as well, indicated by the three
different lines. 12A is the weak range, 12B the moderate range, 12C the strong range.
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Figure 13: Accuracy cloudy and clear forecasts (formulas 2 and 3) of the three different
ranges of station Lelystad. Red is the weak range, green the moderate range and blue is the
strong range.
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4.2.3 Statistics Harmonie
4.2.3.1 Probability Of Detection (POD)
In Figure 14 the POD for Lelystad and Woensdrecht is given. Similar results for the
stations Eelde and Eindhoven can be found in Appendix D. Clearly visible is the difference
between cloudy and clear. The POD of cloudy forecasts is much higher than for clear
forecasts. For 1 day ahead the POD is 0,80 which means that 4 out of 5 cloudy situations
were forecasted correctly. For 2 days ahead this ratio has decreased to 0,60 which means
3 out of 5. In clear situations the POD is 0,60 for 1 day ahead, 3 out of 5. For two days
ahead this has decreased to 0,20/0,30 for 2 days ahead, only 1 or 2 out of 5 were correctly
forecasted. Lelystad, Eelde and Eindhoven are showing similar patterns, however the POD
of Eelde clearly shows quite low values of 0,50 for 1 day ahead.
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Figure 12: POD values of weak (blue), moderate (red) and strong (green) ranges. On the yaxis the POD is given (near 0 = worse POD, near 1 = perfect POD).

4.2.3.2 False Alarm Ratio (FAR) Harmonie
The FAR in Figure 15 is showing a similar pattern as the POD, but the FAR is, as expected,
increasing in time. For cloudy situations the FAR has values around 0,30 for one day ahead
and around 0,50 for two days ahead. This means that 3 out of 10 situations (for 1 day
ahead) and 5 out of 10 (for two days ahead) were forecasted wrong. For clear situations
these values are much higher: 0,35 for 1 day ahead and 0,70 for 2 days ahead. There are
no significant differences visible between the different ranges. The strong range (green
bar) is sometimes showing higher FARs, but that is logical because the range becomes
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smaller and the chance to forecast wrong is higher. Where the POD of Woensdrecht is
showing an increase, the FAR of Woensdrecht shows the expected result: an increasing
FAR on day 2 with almost 20% for cloudy situations and 30% for clear situations.

FAR -- clear (Lelystad)

FAR -- cloudy (Lelystad)
1,00

1,00

0,80

0,80

0,60

0,60

0,40

0,40

0,20

0,20
0,00

0,00
8

8

9 10 11 12 13 32 33 34 35 36 37

9 10 11 12 13 32 33 34 35 36 37

FAR-- clear (Woensdrecht)

FAR -- cloudy (Woensdrecht)
1,00

1,00

0,80

0,80

0,60

0,60

0,40

0,40

0,20

0,20
0,00

0,00
8

9 10 11 12 13 32 33 34 35 36 37

8

9 10 11 12 13 32 33 34 35 36 37

Figure 13: FAR values of weak (blue), moderate (red) and strong (green) ranges. On the yaxis the of FAR is given (near 0 = perfect FAR, near 1 = worse FAR).

4.2.3.3 Bias scores Harmonie
Finally, the results of the cloudy and clear bias are analysed and shown in Figure 16. The
‘bias cloudy’ shows high bias scores for both Woensdrecht and Lelystad. The bias values
are higher than 1,0, which means that cloudy situations were forecast more frequently
than observed. The results improve with a value close to 1,0, which sometimes is the case.
The bias scores are fluctuating a bit during time, however the bias score stays higher than
1,0. The bias score for clear situations is much lower. Almost every forecast hour has a
value below 1,0 (0,60-0,90). This means that a clear forecast is less often forecasted than
observed. The model is predicting clouds many times when it is actually not cloudy. The
conclusion can be drawn that Harmonie tends to forecast systematically more cloudiness
than observed. When AeroVision is using this model for their service they may cancel a
flight beforehand when it is finally not necessary.
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Figure 14: Bias scores of weak (blue), moderate (red) and strong (green) ranges. On the yaxis is given the bias score (a score of 1 is a perfect score, >1 overforecast, <1
underforecast).

4.3 ECMWF results
In this chapter the results of the ECMWF model are shown. First, in section 4.3.1 the
differences between the ranges are analysed. Second, in section 4.3.2 a separation is made
between cloudy and clear and these differences are analysed. Finally, in section 4.3.3, the
statistical results will be analysed.

4.3.1 Total accuracy of cloudy and clear forecasts
In Figure 17 the ECMWF results are showing a similar pattern as the Harmonie results.
The weak range shows a total accuracy (TA) of 60% at the start of the forecast period and
this value is decreasing to 50% at the end of the forecast period (+108 h). A much faster
decrease was expected with an increasing forecast period. If the moderate range (green
line) is used the TA is dropping from 45% to 35%, whereas a stronger range (blue line) is
used, the TA is dropping from 35% to 25%.
Interesting is the fluctuation at stations Lelystad (B), Eindhoven (C) and Eelde (D). The
percentages are fluctuating and the highest TA was noticed during the 9 UTC forecast (11
hour local time) from the 00 UTC run. This can be caused by morning fog/stratus.
Woensdrecht can be influenced by the sea. During the day the sun could have an influence
on the cloud developing. As indicated in the introduction clouds develop during the day
as a consequence of convection. This convection could be another explanation for the
decrease at 12 hours UTC.
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It is interesting that a slow decrease in time is visible. In total the decrease in 5 days’ time
(per range) is around 10% which means a drop of 2% per day on average. Harmonie
shows a sharper decrease from 1 day ahead to 2 days ahead instead of ECMWF. In
conclusion, Harmonie and ECMWF are showing similar results for 1 day ahead. However,
ECMWF shows quite good results for 2-5 days forecasts. These results can be used by
AeroVision in their decision for consulting one of the two models.

Figure 15: Total accuracy given in percentages of clear/clear and cloudy/cloudy forecasts
together from ECMWF. The lines are indicating the three different ranges. 16A is
Woensdrecht, 16B is Lelystad, 16C is Eindhoven and 16D is Eelde.

4.3.2 Influence on accuracy of using different ranges

Just like Harmonie, the influence of the different ranges will be evaluated. In Figure 18
this separation is given in the three different ranges for Eindhoven. Similar results for the
stations Woensdrecht, Lelystad and Eelde can be found in Appendix G, Figure 39 to 44.
The total accuracy (TA) is the same as indicated in section 4.3.1, but the influence of
separating cloudy and clear forecasts is clearly visible for ECMWF as well. In total, 35%
was correctly forecasted for cloudy forecasts at the start of the forecast period (+9 h). At
the end of the forecast period (+108 h), these percentages are dropping to 30%, but with
a lot of fluctuations (also mentioned in section 4.3.1). Clear forecasts are showing much
lower results for ECMWF as well. For the weak range (Figure 18A) the following results
can be seen: 20% TA at the beginning of the forecast period (+9 h) and around 10% at the
end of the period (+108 h). Quite low percentages, which mean that only 20% during the
chosen period is giving correct predictions (also Harmonie is showing this).
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In Figure 19 the accuracy can be seen of when only cloudy and clear forecasts are used
(see formulas 2 and 3). At the start of the forecast period (+9 h) the accuracy of cloudy
forecasts (of the weak range) is around 70% and is slightly decreasing to 60% at the end
of the period (+108 h). The difference between the ranges is very small (only 5-10%). The
accuracy of only the clear forecasts is with 80% quite high for the weak range, but the
difference between the ranges is negligible. At the end of the forecast period (+108 h) the
accuracy is decreasing to 45%. For ECMWF the same conclusion can be drawn that cloudy
situations are more common than clear situations. Moreover, the conclusion can be made
that for 1 day ahead with cloudy forecasts 7 out of 10 situations the forecast is correct and
for clear situations 8 out of 10. For 5 days ahead this amount is decreasing to 6 out of 10
for cloudy situations and 4/5 out of 10 for clear situations.
In Appendix H the other stations are given. They are showing similar the same fluctuation,
mentioned already in section 4.3.1. It is again the forecasts for 9 UTC showing better
results than 12 UTC, which is interesting. Convection could influence the process of
forecasting.

Cloudy and clear
Clear
Cloudy

Figure 16: Total accuracy given in percentages of the three ranges separately of station
Eindhoven with 12 h intervals. Also cloudy and clear forecasts are given separately,
indicated by the three different lines. 18A is the weak range, 18B the moderate range, 18C
the strong range.
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Figure 17: Accuracy cloudy and clear forecasts (formulas 2 and 3) of the three different
ranges of station Eindhoven. Red is the weak range, green the moderate range and blue is
the strong range.

4.3.3. Statistics ECMWF
4.3.3.1 Probability Of Detection (POD) ECMWF
For the POD a rapid decrease with forecast length was expected. Remarkably, the POD is
fluctuating quite a lot during the forecast period and is slightly decreasing, from 0,70 at
the start of period to 0,50 at the end of the period for cloudy cases. For clear situations the
overall POD is fluctuating around 0,40. A trend is not directly visible (see Figure 20). This
is valid for both cloudy and clear PODs. For POD -- cloudy (Woensdrecht) a difference is
shown between the different ranges. Overall this difference is around 0,05. Moreover, also
ECMWF is showing that clear situations are more difficult to predict than cloudy
situations. Besides this, hardly any differences can be seen throughout the stations.
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Figure 18: POD values of weak (blue), moderate (red) and strong (green) ranges. On the yaxis the of POD is given (near 0 = worse POD, near 1 = perfect POD).
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4.3.3.2 False Alarm Ratio (FAR) ECMWF
The FAR in Figure 21 shows an opposite pattern as the POD. The FAR is increasing (what
can be expected) when the forecast length is increasing. For cloudy situations the FAR has
values around 0,30 for one day ahead and around 0,40 for five days ahead. This means
that 3 out of 10 situations (for 1 day ahead) and 4 out of 10 (for 2 days ahead) were
forecasted wrong. For clear situations these values can be categorized in the same range:
0,25 for 1 day ahead and 0,40 for 2 days ahead. There are clear differences (0,05) visible
between the different ranges. The strong range (green) can be classified as the worse
range, which is logical. Eindhoven and Eelde are giving the similar results and can be
found in Appendix I.
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Figure 19: FAR values of weak (blue), moderate (red) and strong (green) ranges. On the yaxis the of FAR is given (near 0 = perfect FAR, near 1 = worse FAR).

4.3.3.3 Bias scores (ECMWF)
Finally, the results of the cloudy and clear bias are shown in Figure 22. The bias cloudy
shows normal (unbiased) (1,0) to high (>1,0) bias scores. For both Woensdrecht and
Lelystad bias cloudy values are fluctuating. During 9 UTC (+9, +33, +57, +81, +105) values
around or below 1,0 and during 12 UTC (+12, +36, +60, +84, +108) these values are higher
than 1,0, which means that cloudy situations were forecast more frequently than finally
observed. The bias score for clear situations is much lower. Every forecast hour has a bias
score of 0,50 to 0,60. This means that clear situations are less often forecasted than finally
observed. In conclusion, in the beginning of the afternoon more clear situations were
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observed than forecast by the models. Because of convection in the afternoon you should
expect more clouds.
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Figure 20: Bias scores of weak (blue), moderate (red) and strong (green) ranges. On the yaxis is given the bias score (a score of 1 is a perfect score, >1 overforecast, <1
underforecast).
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5. Consistency study
The consistency of ECMWF forecasts has been with a separate method which is
described in this chapter. Furthermore, the influence of resolution differences will be
explained and described in this chapter.

5.1 Consistency forecasts ECMWF
Consistency in forecasts is important in this study, because preferably a well predicted
forecast five days ahead is more valuable than a well-predicted forecast one or two days
ahead. AeroVision has much more time to prepare for their flights or to plan the satellite
images.

5.1.1 Method

For this analysis the observational data of 9 and 12 UTC are used from each station. The
consistency will be tested on these time frames. The observational data from each station
(in total 183 values) is ordered in okta classes following Table 1. For this analysis only the
boundaries are used: clear days (0/8), 1/8, 2/8, 6/8, 7/8 and completely overcast days
(8/8). The inner classes (3/8, 4/8 and 5/8) are not used. For every observation, forecasts
are available up to five days ahead. An observation on the 5th of April 9 UTC means a
forecast of the 1st of April five days ahead (+105), the 2nd of April four days ahead (+81),
the 3rd of April three days ahead (+57), the 4th of April two days ahead (+33) and on the
5th of April 1 day ahead (+9) (see Figure 23).

Figure 21: Schematic overview of how the consistency of ECMWF forecasts are calculated.

To calculate the consistency a new formula was defined:
𝑁𝑐𝑐

𝐷𝑎𝑣𝑒ℎ,𝑐𝑐

1
=
∑|𝐹𝑖,ℎ − 𝑂𝑖,9 |,
𝑁𝑐𝑐
𝑖=1

where 𝐷𝑎𝑣𝑒ℎ,𝑐𝑐 is the average cloud cover difference between forecast and observation,
Fi,h the decimal forecasts with h = +9, +33, +57, +81, +105 and i , Oi,9 the decimal
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observations and Ncc the amount of measurements in a certain cloud cover class (0/8, 1/8,
2/8, 6/8, 7/8 and 8/8. This formula is for the 9 UTC observations and this has been done
for the 12 UTC observations as well.

5.1.2 Results
In Figure 22 the consistency of forecasts for 9 UTC from Eelde is shown. In Appendix K
Woensdrecht, Lelystad and Eindhoven are given. It appears from Figure 24 that it is
difficult to predict the clear side of the spectrum (0/8, 1/8 and 2/8). The average
difference is fluctuating most of the times around 0,300, which means an average
difference of 30% between forecasts and observations. Especially for class 2/8 the
differences are increasing to 0,500 at a forecast of +81 h. Cloudy days can be forecasted
better in advance. For completely cloudy days (8/8) the average differences are
increasing from 0,100 on forecast +9 to 0,150 on forecast +105, which means a difference
of 15% between observations and forecasts. In conclusion, there is not a real trend visible,
but as concluded already before, cloudy days can be predicted much better than clear
situations.

Consistency ECMWF forecasts 9 UTC Eelde
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7/8
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Figure 22: The consistency of the ECMWF model for station Eelde for 9 UTC
is shown for 6 okta classes.

In Figure 25 the consistency in forecasts of 12 UTC from Eelde is given. In Appendix K
Woensdrecht, Lelystad and Eindhoven are given. Classes of 1/8 and 2/8 are standing out
immediately. The averaged differences are growing from 0,400 on forecast +9 to 0,500 at
forecast +105. At the end of the forecast period the observations and forecasts differ 50%
or differently named as 4/8. Actually, the model is very poor in producing forecasts
consistently, based on (almost) clear forecasts. The same conclusion for 12 UTC can be
drawn as for 9 UTC: cloudy situations can be predicted much better. This is obvious for
completely cloudy days. For a forecast of +9 the average difference between forecasts and
observations is 0,100 and is increasing to 0,250 at the end of the period (+105 h).
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Consistency ECMWF forecasts 12UTC Eelde
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Figure 23: The consistency of the ECMWF model for station Eelde for 9 UTC
is shown for 6 okta classes.

5.2 Higher resolution Harmonie
Results show that the differences between Harmonie and ECMWF are small and ECMWF
has shown even slightly better results. This is not what you expect from a high resolution
model like Harmonie.
The averaging of the gridcells around the KNMI meteorological stations, explained in
section 2.2, could be a reason. To verify this, a smaller selection of gridcells was made
around KNMI meteorological station Lelystad. A larger area around this station could
have an influence on the comparison of observations between forecasts and the reliability
of the results. Therefore, to show if a smaller area shows better results, the area was
decreased from 45 to 9 cells around Lelystad. A distinction between cloudy, partly cloudy
and clear wasn’t made in this analysis. The observations were compared with the
predictions with the same different error scales used in section 3.4.
In Figure 26 the total amount of hits of each forecast hour are given with averaging over
9 and 45 gridcells in the two different error scales. As can be seen, around 90/100 hits are
observed with an error of 1/8 and around 110/120 with an error of 2/8 (for 1 day ahead).
This is an expected difference, as well that for 2 days ahead the total amount of hits has
decreased to 70 and 80 respectively.
When the differences between the use of 9 gridcells instead of 45 are analysed can be
found that these differences are very small. Some differences are visible, but not
significant, 2 to 5 hits difference. From these results can be concluded that averaging over
45 gridcells is a good method to compare observations with ECMWF. Averaging is not
influencing the forecasts and will give approximately the same results.
In Figure 7 it was mentioned that less forecasts were categorized as completely clear
(0/8) and completely overcast (8/8) and this could be influenced by averaging. To see if
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there are differences visible the forecasts from the 9 gridcells of 9 and 12 UTC were
divided in okta classes in the same way as has been done in Figure 7. In Figure 27 this has
been done for Lelystad to compare the two used amount of gridcells. As can be seen from
Figure 27 is that the amount of gridcells has an influence on the total measured cloudy
days. On the other side, averaging over more cells has no influence on clear days, which is
remarkable. The conclusion can be drawn that the standards used by the KNMI are not
logical and should be revised.
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Figure 26: Total hits with the use of 9 and 45 gridcells.
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Figure 27: the influence of averaging over 9 or 45 gridcells on the deviation in okta classes.
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6. Discussion
With the results in hand several new ideas and questions can be raised, but also could
have done better. In this chapter I will reflect on things could have done in a different way
and what can be improved in further research. In part 1 the main problems during this
study and in part 2 the verification method will be evaluated.
Improvements for further research
An important aspect during this study is that this study is only based on the year 2015.
This can have a positive or just a negative effect on the results, because 2015 can be a very
sunny year or just a very cloudy year. However, it shouldn’t have influences on forecasts
compared to observations. The only difference could be in the amount of sunny and
cloudy days.
To elaborate on this, during this study it was interesting that the accuracy of 12 UTC of
clear situations was lower than at 9 UTC. Convection could play a role, because this
verification period was situated in the summer months. If convection is really influencing
the observations, it is interesting to do verification per month and especially during May,
June, July and August, where convection is occurring more often. Furthermore,
AeroVision’s main interest period is the 10 am – 3 pm, which is a quite limited period and
the locations used are also quite specific. The period can be expanded and maybe more
locations can be evaluated. Convection is an example of why cloud cover is a very difficult
parameter to forecast. Especially in the summer period clouds can develop on a very local
scale. Data from solar panels can also be used to investigate this. Nowadays, lots of people
have solar panels on their roof and from the data it should be possible to identify cloudy
and clear periods and how long the duration of these periods is. Furthermore, it is possible
to have an overview on a very local scale which can be very interesting information for
AeroVision.
During this study automated ceilometers were used for the observations, but they only
measure cloud cover overhead (Haiden et al., 2015). For this study a specific area for the
forecasts around the stations was used for the verification. If this is a representative area
depends mainly on the windspeed of the cloud layers (Haiden et al., 2015). For further
research it is interesting to have an overview of the windspeed during observation hours
used to see whether the used forecast areas are representative. For a good representation,
the forecast area should be different each day depending on winddirection and
windspeed. Drones are dependent on windspeed as well, because they can only be used
at a lower windspeed (maximum 5 Beaufort). Therefore, a combination of ceilometer data
with windspeed data is useful to have a look at. When it is cloudy and the windspeed is
too high, both satellite images and drones cannot be used and this should be taken into
account in the decision making.
This study is based on the total cloud cover, hence no distinction is made between low,
medium and high clouds. In section 2.2 the working of ceilometers is explained and for
every backscatter a cloud is detected. However, high clouds are sometimes too thin to be
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detected by ceilometers. It is interesting to have a look at the differences between total
cloud cover and high clouds to see the influence in the final observations. There is a small
band where satellites can produce good images from the ground, but where this inflection
point exactly is, is difficult to determine. However, this is in interesting case to look at. To
elaborate on this, it is also interesting to have a view on other models like the Grand
Limited Area Ensemble Prediction System (Glameps). It is being developed by the KNMI
and produces probabilistic (ensemble) output, which can help to make a probability
forecast for AeroVision.
To conclude this part, one further research plan is highlighted. Cloud development on the
small scale is the most difficult part, whereas frontal systems can be predicted quite well
in advance. It is interesting to have a view on the weather maps in combination with the
ceilometer measurements. This is also known as the “Grosswetterlage”, where the larger
scale will be evaluated. The main idea is to search for a relation between the locations of
the pressure areas and fronts with the cloud cover measured in the Netherlands based on
the ceilometers. Especially to see if there are any differences visible over the country (e.g.
south/north, coast/inland).
Improvements on verification method
Haiden and Trentmann (2015) have done cloudiness verification research in the Alpine
region on a basis of Synoptic and satellite data during the whole year. Their analyses were
mainly based on skills and haven’t used contingency tables. The difference of their
research with this study is that they were only interested in how well all forecasts
correlate with observations, whereas this study focused mainly on the cloudy and clear
situations. For further research it could be interesting to evaluate the forecasts and
observations with the skill. On the other side, Haiden et al. (2015), showed already that
the skill of total cloud cover is extremely low. For a forecast of 1 and 2 days ahead there
is a positive relation (0-10%, where 100% is perfect), but for 3 days until 5 days ahead
the skill is negative, which means that it is worse than if you use climatology. This is
mainly the reason to do a verification based on contingency tables. Furthermore, this
research has been done in the Alpine region, which is geographically not comparable to
the Netherlands. To conclude, their research was also based on satellite data, which hasn’t
been done during this study. It is interesting to compare the results of the ceilometer data
(in this study) with results used with satellite data.
This verification is based on a rarely used 3 x 3 contingency table. Most used is a 2 x 2
contingency table, but the distinction between cloudy, partly cloudy and clear was a
reason to use a 3 x 3 table. Because of the use of different ranges, the partly cloudy range
is varying with the clear and cloudy ranges. Whereas the cloudy and clear ranges become
smaller and therefore more accurate, the partly cloudy range becomes larger and
therefore “weaker”. This is an assumption made during this study, but for further research
another approach should be developed. For every observation range, for example from
0,4 – 0,5, one can have a look at how many times the forecasts are given in that specific
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range and how many are given in other ranges (for example in range 0,5 – 0,6). This can
be done for the observations, but also for the forecasts. What can be expected is a standard
Gaussian distribution where most forecasts are given in the same range as the
observations and some outliers. Afterwards, boxplots can be drawn, where can be
expected that the cloudy (0,9 – 1) and clear (0 – 0,1) cases have small boxplots and the
inner ranges wider boxplots. This is an interesting case which can be explored in further
research.
Short discussion on results
Following the results shown in chapter 4 and 5 becomes clear that cloud cover is a very
difficult parameter to predict. However, AeroVision is still able to use these results as a
start for further research. As can be seen in many graphs (for example Figures 11 and 17)
is that the weak range is giving the best results, which can be expected. However, it gives
an indication how large the differences are (in percentages) between ranges (weak,
moderate, strong). As discussed above further research to the ranges can be very
interesting to have a look at. Furthermore, there is an obvious result visible between
cloudy and clear moments in (almost) every result shown. For example, the accuracy and
the probability of detection for cloudy moments for example are showing a small decrease
(in percentages) from 1 day ahead to 2 days ahead (for Harmonie). Clear moments are
showing a rapid decrease from 1 day ahead to 2 days ahead. These results could be useful
for AeroVision to use. The deployment of drones should be used more frequently, but can
be used with a higher certainty than waiting for satellites to pass. ECMWF has a lower
accuracy on 1 day ahead, but is decreasing slowly when the forecast length is growing.
However, the results cannot guarantee a complete cloudy or clear moment, which means
that there is still an uncertainty in the forecasts. To continue on this, the ECMWF model is
lacking consistency, shown in chapter 5, which makes it difficult for AeroVision to use this
model. Especially for cloudy situations the model can be used, but again for clear
situations it is difficult to rely on ECMWF.
On the other side, Harmonie tends to forecast systematically more cloudiness than
observed. Also ECMWF has higher bias scores for cloudy situations and lower bias scores
for clear situations. When AeroVision is using these models for their service there is a
possibility that they are preparing drones beforehand while in the end satellite images
can be used. However, the bias cloudy shows a higher bias at 12 UTC than at 9 UTC and
bias clear shows a lower bias at 12 UTC than at 9 UTC. In conclusion, in the beginning of
the afternoon more clear situations were observed than forecast by the models. Because
of convection in the afternoon you should expect more clouds. For further research it is
an interesting idea to widen the timeframe to the end of the afternoon (and separate the
months) to see how the bias is developing.
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7. Conclusions
In this study ceilometer measurements of four stations (Woensdrecht, Lelystad,
Eindhoven and Eelde) are compared with forecasts of the models Harmonie and ECMWF.
Four statistical parameters: accuracy, False Alarm Ratio (FAR), Probability Of Detection
(POD) and Bias scores are used to answer the main question of this study in combination
with a consistency study:
How well do cloud cover forecasts (up to 5 days ahead) correspond with
synoptic observations?
With the question below as a main subquestion:
In which way can we give a meteorological advice for a cloud cover forecast
of a maximum of five days ahead?
The focus in this study was the verification, but also the differences between ECMWF and
Harmonie. Moreover, cloudy and clear forecasts are the most important cases in study.
Based on the results shown, the differences between ECMWF and Harmonie are small.
The accuracy of cloudy forecasts of Harmonie shows 55-75% for 1 day ahead and 35-55%
for 2 days ahead. The accuracy of ECMWF show 60-70% for 1 day ahead to 50% 5 days
ahead, however for 3-5 days ahead the accuracy stays more or less constant. The accuracy
of clear forecasts of Harmonie shows a decrease from 60-70% on one day ahead and 30%
for two days ahead, whereas ECMWF shows a decrease from 80% at one day ahead to
40% at five days ahead. The POD and FAR from both models show that cloudy days can be
predicted better in advance than clear days with a probability of 0,7 at day 1 and 0,5 at
day 2 (Harmonie) and day 5 (ECMWF). In combination with the bad consistency of
ECMWF for clear situations it is a strong advice for AeroVision to use drones more often
where you want to guarantee an image every 7-10 days.
Furthermore, the bias shows a few important results: the ‘bias cloudy’ scores for every
station and every model is much higher than the ‘bias clear’ scores. For Harmonie the ‘bias
cloudy’ scores values of 1,2 and bias clear between 0,6 and 0,9. For ECMWF the bias cloudy
scores values around 1, but for the 9 UTC forecasts slightly lower than 1. The bias scores
clear have values between 0,5 and 0,7. The overall conclusion can be drawn that both
models overforecast cloudy situations and underforecast clear situations.
The differences between the stations is small, however the southerly located stations,
however, an interesting difference can be noticed between 9 UTC and 12 UTC. Especially
for ECMWF the forecasts of 9 UTC are showing a higher accuracy than the 12 UTC
forecasts. The assumption can be made that convection could influence the cloud
development, hence we advise to base further research on the specific summer months.
An overall conclusion based on the two main questions:
How well do cloud cover forecasts (up to 5 days ahead) correspond with
synoptic observations?
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In which way can we give a meteorological advice for a cloud cover forecast
of a maximum of five days ahead?
is as follows:
Overall, it appears that cloud cover is indeed a difficult parameter to forecast. However,
forecasts of cloudy situations, which are more common, are more reliable than forecasts
of clear situations. Forecasts of 1 day ahead from both models are comparable, however
for 2 days ahead ECMWF is superior over Harmonie. For 3-5 days ahead ECMWF can be
used, however, the ECMWF five-day forecasts show a lack in consistency which inhibits
planning on this time scale (especially clear forecasts).
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8. Recommendations
In the discussion chapter a few possible recommendations were already mentioned. For
clarity the most interesting follow up research is mentioned below:
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-

Instead of the complete season it is interesting to focus on specific months,
especially during the summer period and to use more years instead of one year. On
the long term, AeroVision is also interested in the winter season.

-

For further research it is interesting to have a look at the weather maps where high
and low pressure areas are located and how and when fronts are passing by. This
is also known as Grosswetterlage. This can give insight in the relation between
different systems and fronts (locations etc.) and the ceilometer data from the KNMI
stations (e.g. south/north, coast/inland).

-

More research can be done to the different ranges used. Instead of using only the
outer ranges for cloudy and clear, ranges in between can be analysed as well with
the use of Gaussian graphs and boxplots.

-

The use of other models is worthwhile to have a look at. KNMI has for example a
new developed model named GLAMEPS. This model is based on probabilistic
output (ensembles), which is interesting to study further. It can help to make a
probability forecast for AeroVision.
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Appendix A KNMI meteorological stations in Harmonie grid
raster.

Figure 24: KNMI meteorological stations Woensdrecht (A), Eelde (B) and Eindhoven (C)
given in the Harmonie grid with the corresponding latitude and longitude on respectively
the y- and x-axis. Numbers given in each gridcell is the cloud cover, a high number indicates
more cloudy conditions.
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Appendix B KNMI meteorological stations in ECMWF grid raster

Figure 25: KNMI meteorological stations Woensdrecht (A), Eelde (B) and Eindhoven (C)
given in the ECMWF grid with the corresponding latitude and longitude on respectively the
y- and x-axis. Numbers given in each gridcell is the cloud cover, a high number indicates
more cloudy conditions.
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Appendix C Different ranges other stations (Harmonie)

Cloudy and clear
Clear
Cloudy

Figure 26: Total hits given in percentages of the three ranges separately of station
Woensdrecht. Also cloudy and clear forecasts are given separately, indicated by the three
different lines. 29A is the weak range, 28B the moderate range, 28C the strong range.
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Figure 27: Accuracy cloudy and clear forecasts of the three different ranges of station
Woensdrecht. Red is the weak range, green the moderate range and blue is the strong range.
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Cloudy and clear
Clear
Cloudy

Figure 28: Total hits given in percentages of the three ranges separately of station
Eindhoven. Also cloudy and clear forecasts are given separately, indicated by the three
different lines. 29A is the weak range, 29B the moderate range, 29C the strong range.
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Figure 29: Accuracy cloudy and clear forecasts of the three different ranges of station
Eindhoven. Red is the weak range, green the moderate range and blue is the strong range.
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Cloudy and clear
Clear
Cloudy

Figure 30: Total hits given in percentages of the three ranges separately of station Eelde.
Also cloudy and clear forecasts are given separately, indicated by the three different lines.
30A is the weak range, 30B the moderate range, 30C the strong range.
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Figure 31: Accuracy cloudy and clear forecasts of the three different ranges of station Eelde.
Red is the weak range, green the moderate range and blue is the strong range.
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Appendix D Probability Of Detection different stations
(Harmonie)
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Figure 32: POD values of weak (blue), moderate (red) and strong (green) ranges. On the yaxis the of POD is given (near 0 = worse POD, near 1 = perfect POD).
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Appendix E False Alarm Ratio different stations (Harmonie)
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Figure 33: FAR values of weak (blue), moderate (red) and strong (green) ranges. On the yaxis the of FAR is given (near 0 = perfect FAR, near 1 = worse FAR).
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Appendix F Bias scores (Harmonie)
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Figure 34: Bias scores of weak (blue), moderate (red) and strong (green) ranges. On the yaxis is given the bias score (a score of 1 is a perfect score, >1 overforecast, <1
underforecast). On the x-axis forecast hours are given from Harmonie.
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Appendix G Different ranges other stations (ECMWF)

Cloudy and clear
Clear
Cloudy

Figure 35: Total hits given in percentages of the three ranges separately of station
Woensdrecht. Also cloudy and clear forecasts are given separately, indicated by the three
different lines. 34A is the weak range, 34B the moderate range, 34C the strong range.
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Figure 36: Accuracy cloudy and clear forecasts of the three different ranges of station
Woensdrecht. Red is the weak range, green the moderate range and blue is the strong range.
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Cloudy and clear
Clear
Cloudy

Figure 37: Total hits given in percentages of the three ranges separately of station Lelystad.
Also cloudy and clear forecasts are given separately, indicated by the three different lines.
35A is the weak range, 35B the moderate range, 35C the strong range.
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Figure 38: Accuracy cloudy and clear forecasts of the three different ranges of station
Lelystad. Red is the weak range, green the moderate range and blue is the strong range.
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Cloudy and clear
Clear
Cloudy

Figure 39: Total hits given in percentages of the three ranges separately of station Eelde.
Also cloudy and clear forecasts are given separately, indicated by the three different lines.
36A is the weak range, 36B the moderate range, 36C the strong range.
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Figure 40: Accuracy cloudy and clear forecasts of the three different ranges of station Eelde.
Red is the weak range, green the moderate range and blue is the strong range.
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Appendix H Probability Of Detection (POD) Eindhoven and Eelde
(ECMWF)
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Figure 41: POD values of weak (blue), moderate (red) and strong (green) ranges. On the yaxis the of POD is given (near 0 = worse POD, near 1 = perfect POD). On the x-axis forecast
hours are given from Harmonie.
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Appendix I False Alarm Ratio (FAR) Eindhoven and Eelde
(ECMWF)
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Figure 42: FAR values of weak (blue), moderate (red) and strong (green) ranges. On the yaxis the of FAR is given (near 0 = perfect FAR, near 1 = worse FAR). On the x-axis forecast
hours are given from ECMWF.
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Appendix J Bias scores ECMWF
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Figure 43: Bias scores of weak (blue), moderate (red) and strong (green) ranges. On the yaxis is given the bias score (a score of 1 is a perfect score, >1 overforecast, <1
underforecast). On the x-axis forecast hours are given from ECMWF.
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Appendix K Consistency other stations
Consistency ECMWF 9 UTC Woensdrecht
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Figure 44: The consistency of the ECMWF model for stations
Woensdrecht (9 and 12 UTC) and Lelystad (9UTC) are shown for 6
okta classes.
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Consistency ECMWF forecasts 12 UTC Lelystad
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Figure 45: The consistency of the ECMWF model for stations
Woensdrecht (12 UTC) and Eindhoven (9 and 12 UTC) are shown for
6 okta classes.
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