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Abstract 
 
Cloud Observations at a Coastal site – Analysis of Ceilometer Measurements from 
Östergarnsholm, Sweden 
Aron Stenlid 
 
In this study, four and a half months of ceilometer data from Östergarnsholm are used to analyze cloud 
related to processes in the boundary layer. Measurements are divided into two categories, which are 
defined by wind direction: a continental and a marine sector. The results show that there are significant 
differences in the height of the lowest cloud bases detected for the two sectors, where cloud base 
heights are lower for the marine wind sector during unstable and neutral conditions.  

The ceilometer’s ability to detect several cloud base heights simultaneously is utilized to test 
whether a double layer structure (DLS) can be detected. The results of this particular analysis are 
inconclusive as to whether a DLS has been observed or not. 

Detected cloud base heights differ greatly from heights suggested by the lifting condensation level 
(LCL). A new empirical formula for lowest cloud base height is then derived using the measurements.  

The Ceilometer’s estimations of sky cover are assessed to be of reasonable quality. This is 
suggested by computed high correlation with incoming shortwave radiation at noon for three months.  
However, histograms of cloud cover measurements suggest that the ceilometer tends to probably either 
overestimate or underestimate cloud cover.  

 Large differences in cloud cover were observed for the two wind sectors during unstable 
conditions. For the months of July and August, a diurnal cycle in cloud cover for the continental wind 
sector was observed which suggest the presence of Stratocumulus. 

Measurements performed during upwelling conditions closely resemble those of the marine wind 
sector performed during stable conditions. 
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Populärvetenskaplig sammanfattning 
 
Molnobservationer vid en kustnära plats – en analys av ceilometermätningar från 
Östergarnsholm 
Aron Stenlid 
 
Ceilometrar är en sorts lidar som vanligen används för att mäta moln. I denna studie analyseras fyra 
och en halv månader av ceilometerdata från Östergarnsholm, en liten ö belägen vid Gotlands östkust. 
Två vindsektorer undersöks: en marin och en kontinental. Dessa baseras på vindens riktning under 
mättillfällena. Resultaten visar att det finns signifikanta skillnader beträffande höjden av de lägsta 
molnbaser som detekterats för de två sektorerna. Det kan ses att molnbashöjderna är lägre för den 
marina vindsektorn än för den kontinentala vindsektorn då konvektiva och neutrala förhållanden råder. 

Ceilometern som använts i denna studie ger information av flera samtidiga molnbashöjder. Denna 
egenskap tas tillvara för att testa huruvida det går att se en s.k dubbellagerstruktur (DLS) i 
gränsskiktet. Resultaten av denna analys är oklara huruvida förekomsten av DLS har detekterats av 
ceilometern eller ej. 

Uppmätta molnbashöjder skiljer sig mycket från de höjder som föreslås av formler. En ny empirisk 
formel för lägsta molnbashöjd erhålls sedan empiriskt från mätningarna. 

Ceilometerns bedömning av molnmängd bedöms vara av rimlig kvalitet. Hög korrelation med 
inkommande uppmätt kortvågsstrålning middagstid under tre månader kan ses. Dock tyder histogram 
över molnmängd uppmätt av ceilometern att instrumentet troligen tenderar att överskatta eller 
underskatta molnmängd. 

Stora skillnader i molnmängd observerades för de två vindsektorerna vid förhållanden som främjar 
stigande luftrörselser (konvektion). För juli och augusti månad observerades en dygnscykel för 
molnmängd för den kontinentala vindsektorn som tyder på förekomsten av Stratocumulus-moln. 

Mätningar av moln utförda under perioder då kallt vatten har stigit till havsytan (upwelling) liknar i 
hög grad de mätningar från den marina vindsektorn som utfördes då stabila förhållanden rådde. 
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1 Introduction 
 

Clouds constitute an integral part of the climate system. They have very high albedo and they also 

absorb and emit long wave radiation. As a result, they have fundamental impact on earth’s radiation 

balance. In addition to this, clouds also affect the hydrological cycle. It is therefore of great importance 

for meteorologists to have a good understanding of the physical processes that govern cloud 

formation, and for clouds to be included in in both weather prediction models and climate models. 

Certain types of cloud, such as Stratocumulus, in particular, are commonly observed in marine 

settings (Klein & Harmann, 1993; Wood, 2012). Not surprisingly, clouds in marine environments have 

been the subject of a number of studies (e.g Remillard et al.,2012). Extensive research has been carried 

out in the Pacific Ocean region, where Stratocumulus frequently occur (e.g. Paluch & Lenschow, 

1991).  

More locally, clouds in the Baltic Sea region have also been subject to a number of scientific 

studies. Some of these have focused on thickness of Stratocumulus in the region, or remote sensing 

measurements of cloud cover (Rozwadowska, 2003; Krezel & Paszkuta, 2011). Other studies have 

focused on the marine boundary layer (Smedman, Bergström & Grisgono, 1997; Johansson et al. 

2005). In Johansson et al. (2005) double layer structures (DLS) of the marine boundary layer were 

investigated through radio soundings, LIDAR and model experiments.     

The aim of this study is to investigate whether recently obtained results from ceilometer 

measurements carried out at Östergarnsholm (located off the east coast of Gotland, see Materials and 

Method section) agree with the findings from previous research, such as: theories describing cloud 

formation processes in coastal regions and observations of the DLS in the Baltic Sea region.  Apart 

from the all-new ceilometer measurements, measurements of meteorological variables, which also 

have been made at Östergarnsholm will be used. The time period examined spans over four and a half 

months: July to mid-November, representing summer and autumn conditions 2018. 

  

More specifically, the objectives of this study are: 

 

• Depending on whether the wind direction is from the Baltic Sea or Gotland, are there any significant 

differences in the lowest cloud base height and cloud cover at Östergarnsholm detected by the 

ceilometer? If so, do the observed differences agree with the findings of the existing literature on 

marine stratiform cloud formation? Are there differences in precipitation? 

• What type of clouds can be observed during the upwelling events that occurred during the period 

examined? 

• Can the double layer structure described in (Johansson et al. 2005) be detected using the ceilometer 

measurements? 
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Furthermore, climate statistics computed from SMHI measurements from several observation stations 

located on Gotland are included in this study. These climate statistics will provide an overview, and 

highlight the spatial and temporal variations that exist across Gotland. Moreover these will also enable 

the results from the Östergarnsholm ceilometer measurements to be put in a greater context.  
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2 Theory 

2.1 Measuring cloud/cloudiness with ceilometers  
 

Ceilometers are devices which are commonly used for automated measurements of clouds. The 

ceilometer operates on the same principle as a LIDAR (light detetection and ranging) device. The 

LIDAR/ceilometer emits short laser pulses in the vertical. As these pulses encounter hydrometeors 

(such as e.g. water droplets in clouds) they are reflected back.  The reflected laser pulses (from here on 

referred to as backscatter) are measured, processed and stored as backscatter signal profiles. Software 

then uses this information to determine cloud base heights. Commonly, ceilometers are programmed 

to detect more than one cloud base height simultaneously. The ceilometer used in this study reports up 

to three simultaneous cloud base heights. 

 An example of a backscatter signal profile from Östergarnsholm obtained 8 July can be seen in 

figure 1. High backscatter signal strength values indicate the presence of hydrometeors, or other 

strongly reflecting aerosols or also hard targets if such present, e.g. airplanes. In this particular figure, 

low clouds located below 2000 m altitude can be seen during the early morning hours. After 

approximately 08:00, the backscatter signal is very weak for all heights in the range of the instrument. 

Hence, for the remainder of the day, no clouds are detected by the ceilometer. 

 

 
Figure 1. Backscatter profile of 8 July 2018 at Östergarnsholm. The strength of the backscatter signal for all 
heights within the range of the instrument is plotted using colors for different times of that particular day. The 
amplitude of the backscatter signal can be inferred from the colorbar. Black dots (visible during night-time/the 
early morning hours) represent heights for which the ceilometer has detected the first cloud base.  
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Figure 2. Photograph of the ceilometer used in this study. This picture shows the ceilometer installed at its 
previous location:  the roof of Geocentrum, Uppsala University. 

 

The amplitude of the backscatter signal varies depending on the prevailing meteorological 

conditions. The amount of time lapsed from the moment the pulse is emitted until its reflection is 

measured is then used in combination with the backscatter signal profile to determine cloud base 

heights. The height of a detected cloud base can be expressed using the formula 

 

𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑡𝑡𝑐𝑐
2

          (1)            

 

Where 𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the height of the cloud base, 𝑡𝑡 is the time lapsed from the signal is emitted until 

the reflection is measured and 𝑐𝑐 is the speed of light 

In addition to measuring cloud base height, ceilometers often employ algorithms which calculate 

cloud cover. The ceilometer used herein estimates cloud cover by dividing the number of cloud base 

hits that are registered during a given time period with the number of possible hits in order to 

determine cloud cover. This ratio is then converted into oktas, a unit commonly used to express cloud 

cover.  

As ceilometers operate automatically they are very practical. For this reason the ceilometer is often 

the instrument of choice for cloud observations.  There are however factors that may affect 

measurements, which need to be considered. For example, the amplitude of the backscatter signal may 

be affected if there is haze, fog or precipitation present in the atmosphere. Therefore, there may be 
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limitations to measuring clouds with ceilometers. This is especially true during intense precipitation 

events, such as heavy rain showers etc. During such conditions, ceilometers may detect cloud heights 

that are too low. Furthermore, as the laser pulse encounters water droplets its strength is attenuated. 

This causes measurements of cloud layer heights above the lowest layer to be considered less reliable 

than the measurements of the height of the first layer (Remillard et al., 2012). The range of the laser 

pulse is also a limitation to the measurements, as there is a finite value to the height the laser pulse can 

reach. A photograph of the ceilometer used in this study (Eliasson model CBME80B) can be seen in 

figure 2. This particular instrument has a range of 7600 m. It is thus not capable of detecting cloud 

bases that are located above this height.  

 

 

2.2 Spatial and temporal variations in surface parameters influencing 
cloud formation 

 

Conditions that affect cloud formation processes in marine settings may differ from those of 

continental settings. Here follows a short list of some fundamental differences between the two 

environments. Climate statistics for different locations on Gotland are provided in the results section. 

2.2.1 Surface heat capacity  
 

Perhaps the most fundamental difference is that of the two surfaces: water and (typically) soil/ground. 

These two surfaces have very different heat capacity. Due to the high heat capacity of water, the sea 

surface temperature (SST) changes more slowly than the temperature of soil (which has lower heat 

capacity). This often causes strong gradients to form between the sea surface and the temperature of 

the air above when winds from continental areas advect warm continental air overseas (Smedman, 

Bergström & Grisgono, 1997). In the Baltic proper, differences between the SST and the temperature 

of the air above can be as large as: 15-20 °C (Smedman, Bergström & Grisgono, 1997).  

The sea has fundamental impact on the air above.  In the Baltic proper, the sea typically cools the 

overlaying air in spring/summer, promoting stable conditions, whereas in autumn/winter, the sea 

typically heats the overlying air, instead promoting unstable conditions (Smedman, Bergström & 

Grisgono, 1997; Svensson et al., 2016). There may also be very rapid changes (on a time scale of a 

few hours-days) in SST caused by upwelling (see 2.3). This phenomenon is an often recurring feature 

of coastal regions in the Baltic Proper during summer (Sproson & Sahlee, 2014).  

2.2.2 Humidity / moisture at surface level 
 

Moisture at surface level may affect cloud formation processes in several ways. Needless to say, 

moisture is a prerequisite for clouds, it should also be pointed out that humidity affects air stability. 
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Since humidity affects the density of air, moisture fluxes from the sea to the air above will also impact 

the buoyancy of the air. Hence, in addition to affecting air stability through heating/cooling the air 

above the sea surface, moisture fluxes from the sea to the air above will also impact air stability. This 

will be further discussed in section 2.4. 

 

2.2.3 Surface friction  
 

Surface friction is considerably lower for sea surfaces as compared to surfaces of inland areas. 

Because of this wind speeds are often higher over sea compared to over land. When continental winds 

reach sea, they may accelerate, as surface friction is decreased. This will also affect the direction of the 

wind, since the magnitude of the Coriolis force is proportional to the magnitude of the speed of winds.  

Winds, or rather wind shear is crucial to the generation of turbulence (Stull, 1997). Turbulence and 

boundary layer depth, among other factors, are intrinsically connected.  

2.3 Upwelling 
 

Upwelling is a phenomenon which occurs when winds blow parallel to coastlines. Due to the Coriolis 

force water always is deflected (transported) at a right angle to the direction of the wind. What specific 

wind directions will cause upwelling depend on the orientation of the coastline of a location, and 

whether this location is located on the Northern or Southern Hemisphere, since the Coriolis force acts 

in opposite directions on Earth’s hemispheres. During upwelling, winds cause surface water to be 

transported away from the coast. As a result, by continuity, the original surface water is replaced by 

cooler water originating from below the thermocline, causing SST’s to drop. In addition to wind 

direction, the magnitude of the wind speed, and air stability also influence the extent and magnitude of 

upwelling events (Sproson & Sahlee, 2014).  

At Östergarnsholm, upwelling occurs when winds aresoutherly to south westerly - i.e. parallel to 

the coast of Gotland, and have sufficiently high speed (Norman et al. 2013; Sproson & Sahlee, 2014). 

During an upwelling event, SST’s surrounding Östergarnsholm may decrease by as much as 10 

degrees Celsius. The duration of upwelling events varies depending on the prevailing meteorological 

conditions. In the Baltic Sea, upwelling events can last 1 day – 1 month (Norman et al., 2013). 

 

2.4 Cloud formation processes in marine settings 
 

Clouds form when air parcels reach saturation. When saturation is reached, the water vapor of the 

parcels starts to condensate causing water droplets form on the tiny nuclei which are suspended in the 

air known as cloud condensation nuclei (CCN). There are different processes through which an air 
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parcel can reach saturation, e.g.: cooling the air parcel (e.g. by moving it vertically), adding moisture 

to the parcel, or mixing the air of the parcel with air from another parcel (Stull, 2017). 

One particular cloud species, the Stratocumulus, is commonly observed in marine regions. Over 

certain parts of the world’s oceans, stratocumulus is the predominating cloud type. Stratocumuli are 

convective clouds whose vertical development is inhibited by an inversion and thus spread out 

horizontally (hence the name - stratiform structure). Mixing generated by radiative cooling at the top 

of the cloud maintains the cloud and couples it to the surface, where moisture is supplied Although 

characteristic for marine environments, Stratocumulus are not only found over oceans. Provided that 

there is sufficient moisture, stratocumulus can form over continents as well (Wood, 2012).  

In marine environments, Stratocumulus clouds typically form when the SST is higher than the 

temperature of the air above .The sea surface warms the overlying air, which causes air parcels that 

have moistened by evaporation of the sea surface to become positively buoyant and rise. As these air 

parcels rise they mix with the surrounding air and thus create virtual potential temperature and 

moisture profiles that approach neutral. The rising air parcels eventually reach saturation when they 

reach the top of the neutral layer, leading to the formation of a cloud. As the thickness of the cloud 

increases, the cloud top starts to emit long-wave radiation. As a result, there is cooling of the cloud top 

and the surrounding air. This cooling is central to the maintenance of Stratocumulus clouds. Due to the 

cooling,air at the cloud top becomes negatively buoyant and sinks. Eventually a sharp inversion 

located at the height of the cloud top is formed, and there is a circulation which maintains mixing of 

the layer (Paluch & Lenschow, 1991). The mixing generated by cloud top cooling couples the cloud to 

moisture supplies at the surface, such as e.g. the sea surface (Wood, 2014). An illustration showing 

this scenario is provided in the upper part of figure 3. 

In situations where the SST is lower than the temperature of the air above, air parcels are not as 

likely to rise. Hence Stratocumulus are less likely to occur during these conditions. Nevertheless, it is 

possible for convective Cumulus clouds to form under these circumstances (see figure 3, lower part of 

figure). Due to the cooling impact of the SSTs, it becomes possible for moisture to accumulate near 

the sea surface. In this situation, the resulting virtual potential temperature and moisture profiles do 

not approach neutral, as in the case when SST is higher than the temperature of the air above. If the 

virtual temperature profile becomes steeper than the wet adiabat, air parcels will become positively 

buoyant and rise. Hence, if the parcels are sufficiently humid, shallow Cumulus convection will 

commence (Paluch & Lenschow, 1991). 

Precipitation also affects cloud formation processes. During precipitation, evaporation of water 

droplets will alter both the moisture and virtual temperature profiles of the layer below the cloud deck. 

For stratocumulus clouds this may result in the formation of other clouds. Drizzle is not uncommon 

for Stratocumulus. The small droplets of drizzle evaporate readily. If the Stratocumulus starts 

precipitating, evaporation of precipitation (drizzle) will cause the profiles (which initially were close 
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to neutral) to approach the wet adiabat. In these events shallow cumulus convection may be instigated 

(Paluch & Lenschow, 1991).   

 

 

 

 

 
Figure 3. Illustrations of two different scenarios, one in which the sea warms the air above (upper part of figure) 
and one where the sea cools the air (lower part). Clouds associated with each scenario are drawn to the left. 
Total-water mixing ratio (𝑄𝑄𝑇𝑇) and virtual temperature (𝜃𝜃𝑇𝑇) profiles are included at the right of each scenario. In 
the lower scenario, the wet adiabat is included (dashed line) for comparison with the virtual temperature profile. 
In the upper scenario the SST is higher than the temperature of the air above sea, leading to formation of 
Stratocumulus. The lower scenario depicts how Cumulus may form in situations when the SST is lower than the 
temperature of the air above sea. This figure is adapted from Paluch and Lenschow (1991) 

 

 

 

2.5 Lifting condensation level (LCL) 
 

The height at which an air parcel that is lifted from the ground becomes saturated (due to dry-adiabatic 

cooling) is called the lifting condensation level (LCL). An approximate value of the LCL (unit: m) is 

given by the equation  

                                       𝐿𝐿𝐿𝐿𝐿𝐿 ≈ 𝐴𝐴(𝑇𝑇 − 𝑇𝑇𝑐𝑐𝑏𝑏𝑑𝑑)            (2)      

Where 𝐴𝐴 is a constant: 125 m/K, and 𝑇𝑇 and 𝑇𝑇𝑐𝑐𝑏𝑏𝑑𝑑 are the temperature and dew point temperature, 

respectively. The LCL is a good approximation of the height of the lowest cloud base of convective 

clouds, such as Cumulus and Stratocumulus clouds (Stull, 2017). Its validity during convective, i.e. 

unstable, conditions will be tested in section 5.5.  
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2.6  Double layer structure (DLS) 
 
Previous research has found that a phenomenon called double layer structure (DLS) frequently occurs 

in the Baltic Sea region and at the Östergarnsholm site. The DLS can be visible in radio soundings and 

LIDAR signal profiles. In soundings, the DLS is visible as a sharp inversion in the profiles of potential 

temperature and specific humidity within the marine boundary layer. At Östergarnsholm, the DLS has 

been shown to exist in spring, summer and autumn (Johansson et al., 2005; Nilsson, Arnqvist & 

Thorsson, 2013). When Johansson et al. (2005) compared spring and autumn soundings they found 

that the DLS occurs more frequently during autumn than in spring. The DLS was also shown to be 

independent of wind direction and SST (Johansson et al. 2005). 

In the literature, there are numerous explanations for the existence of the DLS in marine 

environments.  One explanation is that the upper layer of the DLS forms as a result when convective 

layers that have been created over land are advected into marine regions get lifted and placed on top of 

convective marine boundary layers. In this scenario Cumulus clouds that are formed in the convective 

layers over land transform into Stratocumulus as the advected boundary layers reach water, where 

convection generated by surface heating is less intense. This explanation implies that there be a diurnal 

cycle to the DLS, as convection over land would be the creating mechanism. Another explanation to 

the DLS is that it is a result of the radiative cooling taking place the height of the top of Stratocumulus 

clouds. The mixing associated with the cloud-top cooling may cause the boundary layer to separate 

into an upper and a lower part (Johansson et al. 2005).  
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3 Materials and methods 
 

3.1 Description of the site 
 

The measurements used in the analysis were made at the island of Östergarnsholm, which is located 

about 5 km’s off the east coast of Gotland, see figure 4. At this site, Uppsala University has been 

conducting meteorological measurements since the mid-1990s. Apart from Uppsala University, 

Stockholm University also measures aerosols at the site. About 4 km from Östergarnsholm a wave 

rider buoy is located, which is operated by the Finish meteorological institute (FMI). There is also a 

SAMI and a Seabird sensor placed about 1 km from Östergarnsholm. These instruments measure CO2, 

water temperature, oxygen and water salinity , and are also part of the ICOS research infrastructure 

managed by Uppsala University. The measurements at Östergarnsholm are primarily used to study the 

marine boundary layer. In late June 2018, Uppsala University installed a ceilometer (Eliasson 

CBME80) at the site, enabling for automatic measurements of cloud cover and cloud base height to be 

made.  This is the ceilometer referred to herein. 

 

Figure 4. Map of Gotland. The island of  Östergarnsholm is highlighted using a red circle. Climate statistics for 
the three locations: Visby, Roma and Östergarnsholm are included in section 5.1. Map data © 2018 Google 
Maps. 

3.2 Data   
 

Climatic data used to compile statistics for different locations across Gotland were downloaded from 

SMHI’s open access data archives of measurements. The variables downloaded, and the start and end 
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times of the periods for which climate statistics have been computed can be seen in table 1. 

Measurements flagged by SMHI as not being accurate were not included in the computations.  

Apart from the Ceilometer, a number measuring instruments were used in this study. The instruments 

and information on their properties, such as instrument range and accurary are listed in table 2. 

 

 

Table 1. Meteorological variables used in computations of climate statistics. Also listed are the start and end 
times of the periods examined for the three locations. 

 Visby Airport Roma Östergarnsholm A 
Temperature Jan 1961-May 1986 Mar 1996 – Jan 2016 Aug 1995-Aug 2018 
Precipitation Jan 1946- Jan 1949 Jan 1931-Jan 1992 Aug 1995-Jan 2009 
RH Jan 2013 – Nov 2018 Jan 2013 – Jan 2016 Jan 2013 – Nov 2018 
Wind speed/direction Jan 1949 – Aug 2018 Jan 2013 – Jan 2016 Aug 1995 – Aug 2018 
 

 

 

 

Table 2. Table listing all the instruments (and their range/resolution) used in this study 

Variable Instrument Range Accuracy 
12m Temperature Ventilated sensor, 

thermocouple 
-40-40°C ±0.05°C 

SST SAMI sensor -5-45°C 0.1° C 
Wind direction Young, wind monitor 0-360°, ± 3° 
Wind Speed Young, wind monitor 0-100 m/s WS 0.3 m/s or 1%  
Precipitation Distrometer Thies   
Atmospheric pressure First sensor, 144S-BARO 800-1100 mbar < 0,05% 
Relative humidity Campbell CS-215 0-100 % ±2% (10% to 

90% range), ±4% 
(0% to 100% range) 

Incoming shortwave 
radiation 
 

Kipp & Zonen CMP10 Spectral rande 285-
2800 nm 

 

Cloud base heights  Eliasson Ceilometer      0-7600 m Greater of ± 10m 
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4 Methodology 
The aim of this study was to investigate clouds related to the boundary layer from a surface heating 

perspective. Therefore not all cloud heights measured by the ceilometer are included in parts of the 

analyses. Measured lowest cloud bases above 2500 m were not considered to be influenced by 

processes in the boundary layer. Hence, no detected cloud bases above 2500 m were included in the 

analyses of lowest cloud base heights. 

In order to facilitate computations using data pertaining to the other meteorological variables 

measured at Östergarnsholm and measurements of SST, 30 minute averages of all ceilometer 

measurements were computed. Large semi-continuous data sets (spanning July – mid-November) 

containing 30 min averages of all measured variables were then constructed.  

For the different analyses, the data sets have been divided into several sub-groups according to the 

criteria further described in the following sections. 

 

4.1 Wind sectors 
 

Measurements have been divided into two sectors depending on what the direction of the wind was 

during the time of the measurement. From here on these sectors will be referred to as the marine and 

continental wind sector.  In the literature there are slight variations regarding the definition of the 

marine wind sector at Östergarnsholm, usually depending on what parameters have been investigated. 

In this study, the marine sector was defined according to Johansson et al.  (2005), i.e. wind originating 

from the sector 100 – 220°, see figure 4. Often the sector 45 – 100° is also included in the marine wind 

sector. The particular definition of the marine wind sector used herein was chosen since the aim of this 

study is to analyze cloud and cloud formation properties, which are related to the vertical structure of 

the atmosphere, as also studied by Johansson et al. (2005)  through radio soundings and LIDAR 

measurements.  Winds originating from this sector have large fetch over water and therefore represent 

marine conditions. All other wind directions were regarded as belonging to a continental sector, i.e. 

the continental sector was defined as wind directions that are: 0 - 100 ° and 220 – 360°. The wind 

sectors are marked out in figure 4. Included in the figure is also the sector 45 – 100° for comparison.  
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Figure 4. Map of south eastern Sweden and the islands of Öland and Gotland as well as parts of the Latvian 
coast. Drawn from the location of Östergarnsholm are two black lines, these represents the boundaries of the 
Marine Wind Sector used in this study. The continental sector constitutes of all other directions. The dashed line 
represents the 45° sector, which sometimes is considered as belonging to the marine sector. Map data © 2018 
Google Maps. 

4.2 Stability 
 

Air stability was defined by the temperature difference of the SST and the air above.  The following 

definitions are used throughout (unless otherwise noted): 

Neutral: |𝑆𝑆𝑆𝑆𝑇𝑇 − 𝑇𝑇𝑏𝑏𝑎𝑎𝑎𝑎| < 1°𝐿𝐿  

Stable:  𝑆𝑆𝑆𝑆𝑇𝑇 − 𝑇𝑇𝑏𝑏𝑎𝑎𝑎𝑎 < −1°𝐿𝐿 

Unstable: 𝑆𝑆𝑆𝑆𝑇𝑇 − 𝑇𝑇𝑏𝑏𝑎𝑎𝑎𝑎 > 1°𝐿𝐿 

4.3 Upwelling 
Upwelling events were identified in the following way. First, all occurrences with wind originating 

from the sector 170-220 degrees (i.e. southerly-southwesterly winds) where the wind speed was higher 

than 5 m/s were isolated. In order to determine whether these occurrences likely were upwelling 

events or not, a time series of SST (figure 5) was examined, somewhat subjectively, to ascertain 

whether these occurrences coincided with drops in SST or not. 
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Figure 5. Time series of SST (solid black line) and 12 m temperature (solid blue line) for the entire period 
examined in this study, i.e. July – mid November 2018.  Orange dots on the x-axis denote instances for which 
upwelling conditions are fulfilled 

  

4.4 Deriving a formula for the lowest cloud base level from measurements 
Measurements of lowest detected cloud base heights were compared to the computed values for LCL 

in order to test the validity of the LCL-equation. The relation between LCL and the measurements was 

investigated by computing the correlation between measured lowest cloud base height and the 

computed value for LCL. In order to test the validity of the LCL-equation, the root mean square error 

was also computed.  

In addition to testing the existing LCL-equation, a new empirical formula for the lowest cloud base 

height was derived. For this equation, the value of the constant A was determined empirically from the 

measurements.   

When computing LCL, the Östergarnsholm ICOS measurements were used. When doing this, some 

meteorological variables needed to be calculated from measured variables. Dew point temperature is 

one such variable, which is not measured directly at Östergarnsholm. Since the dew point temperature 

is included in equation 2, it had to be computed from other meteorological variables from the ICOS 

measurements. For this Magnus’s approximate formula has been used 

 

𝑇𝑇𝑐𝑐𝑏𝑏𝑑𝑑 ≈
2353.244

9.401401−  log10 𝑒𝑒
      (3) 

 

Water vapor pressure:  𝑒𝑒, is not measured directly and thus also had to be calculated. For this the 

approximate relation for specific humidity was used 
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𝑞𝑞 ≈
𝜀𝜀𝑒𝑒
𝑝𝑝

            (4) 

 

 

Theoretically, LCL is only valid for convective clouds during unstable conditions. Therefore all 

measurements were not used when deriving a new value for the constant A, and measurements that not 

likely represented convective clouds had to be excluded. For this reason, an upper limit value for the 

measured lowest cloud base height was set. This value should also represent a probable range for 

inversion heights values. Comparison of time series of detected lowest cloud bases and computed LCL 

values indicated that the agreement between LCL and cloud bases heights was stronger for lower 

heights.  1200 m was chosen as the upper limit for the lowest cloud base heights measurements to be 

used when deriving a new LCL-equation. The constant A was then computed for each measured first 

cloud base within the data set. 

 

𝐴𝐴 =
𝑙𝑙𝑙𝑙𝑙𝑙𝑒𝑒𝑙𝑙𝑡𝑡 𝑑𝑑𝑒𝑒𝑡𝑡𝑒𝑒𝑐𝑐𝑡𝑡𝑒𝑒𝑑𝑑 𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐𝑑𝑑 𝑏𝑏𝑏𝑏𝑙𝑙𝑒𝑒

𝑇𝑇 − 𝑇𝑇𝑐𝑐𝑏𝑏𝑑𝑑
                 (5) 

 

 

In order to compute a value of A representative of all measurements, the median of all computed A’s 

was taken, but also 25th and 75th percentile values are reported. 

 

4.5 Double layer structure (DLS) 
Since the DLS structure has been found to most likely occur during unstable conditions, measurements 

taken during stable conditions were excluded when searching for potential occurrences of the DLS 

structure in the Ceilometer data. All remaining data, i.e. ceilometer data belonging to the unstable and 

neutral categories were included in the analysis. Of these, only measurements where two cloud base 

heights had been detected simultaneously were used. Furthermore, the lowest cloud base height was 

set to an upper limit of 2500 m, since this cloud layer should represent cloud within the boundary 

layer. No upper limit was set for the second cloud base height however, thus second cloud base 

heights above 2500 m were also included in the analyses.  Equations describing the relation of the 

second cloud base height as a function of the height of first cloud base were then obtained using linear 

regression.  

Two separate cases were studied. In the first case, measurements belonging to both wind sectors 

were included. Since one explanation for the existence of DLS at sea is advection of air from 

convective boundary layers originating over land, a separate case where only the continental wind 

sector measurements were included was also investigated. No separate test for the marine wind sector 

was carried out. 
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Furthermore, a test was carried out in order to investigate if it is possible to obtain an equation for 

the relation of the two cloud base heights that resembles the equation found in Johansson et al. (2005) 

describing the two boundary layer heights in the DLS boundary layer. In this test more rigid 

restrictions regarding the heights of the two layers were made. Only measurements with cloud bases 

within the range 600 m – 2500 m above ground were included. As in the previous tests, linear 

regressions between the two cloud layers were performed to describe the relation between the two 

layers. In this test, both wind sector measurements were included. 
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5 Results 

5.1 Variations in climate across Gotland 
 

In this section climate statistics from three separate locations are presented. These illustrate variations 

in climate found across the island of Gotland. The three locations; Visby, Roma and Östergarnsholm 

are chosen since they represent three different settings: the west coast, Gotland inland conditions and 

the east coast, respectively. The locations of these stations can be seen in figure 3. 

The impact of the Baltic Sea on temperaturesacross Gotland can be inferred from figure 6. The sea 

clearly has a moderating effect on temperatures. This is perhaps most evident by the warm winter 

temperatures at Östergarnsholm, but also as  smaller ranges between the 25 and 75 percentiles during 

summer for both Östergarnsholm and Visby, than found in Roma. Similar temperature ranges were 

observed for the weather stations at Hemse and Buttle, which also are located inland (not shown here). 

The moderating effect of the Baltic Sea on temperature ranges at the locations also manifests itself 

through the extreme values (which are represented by dashed lines in the figure), and values 

considered as outliers. For example, if one looks at Östergarnsholm and Visby, it can be seen that 

there are not as many outliers below -10 degrees Celsius in winter and spring as is in the stations 

located inland. Conversely, in summer the sea cools temperature, and consequently there are fewer 

outliers above 30 degrees Celsius to be seen for these two stations. 

 

 

 

Figure 6. Boxplots showing seasonal variation in mean temperatures for the three locations: Visby Airport, 
Roma and Östergarnsholm A. The lower/upper edges of the boxes represent 25th/75th percentiles, respectively. 
Horizontal lines inside boxes represent the median. Dashed lines (Whiskers) represent extreme values that are 
not considered to be outliers. The outliers are shown as red crosses. The notched regions of box sides represent 
the confidence interval for each box’s median value. If the notches of two boxes do not overlap it can be 
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concluded that the true medians differ (with 95% confidence). Hourly temperature data have been used in the 
computations 

 

As can be seen in figure 7, there are seasonal variations in precipitation on Gotland. For all three 

locations spring is the driest season. Winter is the wettest season in Visby, whereas for both Roma and 

Östergarnsholm A autumn is the wettest season. For all seasons, the median values at Östergarnsholm 

are lower than for the other two locations. It should be noted that the confidence intervals are large, 

therefore it cannot be said for certain that there is median values for the different seasons are 

significantly different (overlapping notches). 

 

 

 

 

Figure 7. Boxplots showing seasonal variation in mean monthly precipitation for the three locations: Visby 
airport, Roma and Östergarnsholm A. Monthly precipitation data have been used in the computations, except for 
Östergarnsholm A,  were daily data have been used. 

Specific humidity varies considerably throughout the year, as can be inferred from both the time 

series (figure 8 ) and the boxplots (figure 8). These results have been computed using hourly relative 

humidity and temperature measurements made at the stations assuming air pressure to be constant 

1012.7 hPa. For all three stations, median values of specific humidity range from approximately 0.004 

kg/kg in winter to 0.009 kg/kg in summer. It can be seen in the figure that, during all seasons, air is 

more humid at the coastal stations.. During the period examined in this study, a very high value (close 

to 0.020 kg/kg) can be seen for Östergarnsholm in the summer of 2018.  Unfortunately, data is missing 
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for Visby for a short time period for which this maximum occurs. Thus a comparison of the two 

coastal sites for this particular event is not possible.  

 

 

 

 

 

Figure 8. Time series, and boxplots showing seasonal variation in specific humidity at the three locations Visby 
Airport, Roma and Östergarnsholm A. Note: the Roma time series stops a little more than two and half years 
before the Visby and Östergarnsholm series.  
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Wind speed distributions for the three locations are provided in figure 9. The number of bins for each 

figure is 2ln(number of measurements at the location). This is a criterion commonly used when 

determining bin size (Alexanderson & Bergström, 2009). Ideally, the three distributions should 

resemble the Weibull distribution. This is the case for both Östergarnsholm and Visby airport. 

However, the histogram for Roma V shows high frequencies for very low wind speeds. This could be 

an indication of poor resolution in the measurements. From the three histograms it can be inferred that 

wind speeds are higher at the coastal locations (as evident from higher frequencies for the higher wind 

speeds). This is also evident from the boxplots (figure 10). At Östergarnsholm, wind speeds are 

considerably higher in all seasons compared to the other stations. 

 

 

Figure 9. Wind speed distributions for the three locations Östergarnsholm A, Roma and Visby Airport.  

 

 

Figure 10. Boxplots showing seasonal variation in wind speed at the three locations: Visby Airport, Roma and . 
Östergarnsholm A. 
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The distribution of wind directions at Östergarnsholm can be seen in figure 11. Again, the number 

of bins is 2ln(number of wind direction measurements). There is a clear maximum around 200 

degrees, indicating that this is the most frequently occurring wind direction. The frequencies of wind 

directions between approximately 180 and 280 degrees (between south and southwesterly) are higher 

than the other wind directions, which all have similar frequencies. 

 

Figure 11. Histogram showing wind direction conditions at Östergarnsholm A. 

 

5.2 Ceilometer measurements statistics  
Figures 12-14 and tables 3-5 show the results for the lowest detected cloud base height by the 

ceilometer. The results have been divided into the two wind sectors: continental and marine. As can be 

seen in table 2, during the period examined, the wind direction was mainly from the continental sector 

(58 % of the time). Hence there are more observations in the continental wind sector results. In figure 

12, the measurements of lowest cloud base have been divided into the two wind sectors. Here all data 

from each sector are included. In figures 13 and 14 and tables 4-5, the measurements from the two 

wind sectors have been further divided into the three stability classes: unstable, neutral and stable, 

defined in section 4.2.  

As can be seen in figure 12, the notches of the boxplots for the two wind sectors do not overlap. 

Hence, the medians shown in the figure are significantly different (95 % confidence), i.e. there is a 

significant difference between the heights of the lowest cloud base for the two wind sectors. For the 

marine wind sector the spread between percentiles is larger, and the 75-percentile for this sector is 

higher than for the continental wind sector.  This suggests that there are differences in the distributions 

in cloud height for the two sectors. 
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Table 3. Table showing information on: median values of the lowest detected cloud base height, data points and 
number of cloud free conditions for the two wind sectors.  

 Continental wind sector Marine wind sector 

Median 810 (m) 577 (m) 

Number of data points/ 

percentage of total  

 

3819 (58 %) 2752 (42 %) 

Frequency of cloud-free 

conditions  

1523 (40%) 1209 (44 %) 

 

 

Figure 12. Boxplots showing the height of the lowest cloud base detected by the ceilometer. The data have been 
divided into continental and marine wind sectors.  

 

Figures 13 and 14 provide more information of cloud base heights for the two wind sectors. Here 

the results in figure 12 for each wind sector have been further analyzed by investigating the impact of 

stability on the lowest detected cloud base height. There are similarities for both wind sectors that can 

be seen. The lowest cloud base heights are measured during unstable conditions, the second lowest 

heights occur during neutral conditions, and the highest heights are measured during stable conditions.  

Furthermore, for both sectors, the medians for unstable and neutral conditions are not significantly 
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different (as inferred from the notches in the boxes, which overlap), and about 450 m and 750 m, 

respectively for the marine and continental sectors. There is however, for both sectors, a significant 

difference between the median cloud base height for stable conditions and those of both unstable and 

neutral conditions. For both sectors, the median value for stable conditions is very similar.The notches 

of the boxes overlap, i.e. the medians are not significantly different. For the marine sector, the 

variability in cloud base height in stable conditions is, however, much larger, as indicated by the 25th 

to 75th  percentiles, which range between about 400 and 1900 m. This can be compared with the stable 

condition measurements of the continental wind sector, where the 25 and 75 percentiles are about 800 

and 1600 m, respectively. 

 

Table 4.  Table showing information on: median values of the lowest detected cloud base height, number of data 
points and number of cloud free conditions for the three stability classes defined in section 4.2 for the marine 
wind sector measurements 

 Neutral Marine Unstable marine Stable marine 

Median 511 (m) 379 (m) 1107 (m) 

Number of data points 1631 396 721 

Frequency of cloud-free 

conditions 

749 (46 %) 42 (11 %) 417 (58 %) 

 

 

Figure 13. Boxplots showing the height of the lowest detected cloud base for the marine wind sector. The three 
plots show the results for each stability class defined in (section 4.2).  
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Table 5: See table 4 for information 

 Unstable Continental Neutral Continental Stable Continental 

Median 755(m) 852  (m) 1155 (m) 

Number of data points 1741 1610 466 

Frequency of cloud-free 

conditions 

649 (37 %) 617 (38 %) 256 (55%) 

 

 

Figure 14. Boxplots showing the height of the lowest detected cloud base for the continental wind sector. The 
three plots show the results for each stability class defined in (section 4.2).  

 

As can be seen when comparing figures 13 and 14, there also is a larger range in the median values 

of the three stability classes for the marine wind sector than for the continental wind sector.  For the 

marine wind sector, the median value for lowest detected cloud base height is approximately 450 m 

higher for stable conditions than unstable, whereas for the continental wind sector the value is 

approximately 300 m.  

By separating the measurements of lowest cloud base height into two groups, one where wind 

speeds are below 5 m/s and one in which wind speeds are above 5 m/s, a similar trend for both wind 

sectors can be seen (table 6, figure 15-16). As table 5 suggests, for both sectors, larger values for the 



25 
 

median height of the lowest cloud base occur at higher wind speeds. From figures 15-16 it can be seen 

that the differences in median values are significant, and about 200 m higher for the higher wind speed 

classes for both sectors. 

 
Table 6. Computed median values for lowest cloud base heights for the two wind sectors. The measurements for 
the two sectors have been divided into two groups; one containing wind speeds above 5 m/s and one in which 
wind speeds are below 5 m/s 

 

 Median Wind Speed < 5 m/s Median Wind Speed > 5 m/s 
Continental wind sector 676 m 843 m 
Marine wind sector 457 m 637 m 
   
 

 

Figure 15. Boxplots showing the height of the lowest detected cloud base for the continental wind sector for two 
different wind speed categories. In (left) only measurements for which the wind speed is below 5 m/s are 
included, whereas in (right) only measurements where the wind speed is above 5 m/s are included  
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Figure 16. Boxplots showing the height of the lowest detected cloud base for the marine wind sector. In (left) 
only measurements where the wind speed is below 5 m/s are included, whereas in (right) only measurements for 
which the wind speed is above 5 m/s are included 

 

In figures 17-18, values of wind speed for each stability class for the two wind sectors can be seen.  

For each stability class, the highest wind speed values are found in the marine sector results, apart 

from some outlier values. The differences in median values are about, 0.5 m/s, 1 m/s and 2 m/s for 

unstable, neutral and stable conditions, respectively.  

 

Figure 17. Boxplots of wind speeds for the three stability categories: unstable (left), neutral (middle) and stable 
(right), for the marine wind sector. 
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Figure 18. Boxplots of wind speeds for the three stability categories: unstable (left), neutral (middle) and stable 
(right), for the continental wind sector. 

 

Histograms showing the distributions of cloud cover amounts for the two wind sectors can be seen 

in figures 19-20. Overall, The distributions are very similar.There is however one notable exception: 

during unstable conditions, for the marine wind sector (figure 20) there is a lower frequency (32 % 

lower) of observations of low cloud cover than that of the continental wind sector measurements 

(figure 19), and higher frequency of  observations of overcast skies (29 % higher). 

 
 

Figure 19. Histograms showing cloud cover distributions for the three stability classes: unstable (left), neutral 
(middle), stable (right). The x-axis shows cloud cover amount (in oktas) and the y-axis shows the frequency for 
each bin. Only measurements where the wind direction is from the continental wind sector are included 
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Figure 20. Histograms showing cloud cover distributions for the three stability classes: unstable (a), neutral (b), 
stable (c). The x-axis shows cloud cover amount (in oktas). Only measurements where the wind direction is from 
the marine wind sector are included. 

Statistics of lowest cloud base heights and cloud cover for measurements that fulfill the upwelling 

criteria can be seen in figure 21(left) and (right), respectively. The upwelling conditions were fulfilled 

18.4 % of the time during the period examined. For 39.6 % of these measurements, no clouds base 

heights were observed.  The median value of the lowest cloud base height is approximately 1270 m.  

This value is higher, but not significantly different from either the continental or marine median values 

for stable conditions.  The histogram (figure 21,right) shows the distribution of measured cloud cover 

during upwelling conditions. This distribution strongly resembles that of the neutral continental wind 

sector measurements. 

 

 

Figure 21. Boxplot (left) and histogram (right) showing lowest detected cloud heights and cloud cover, 
respectively, for measurements where upwelling conditions are fulfilled 
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Mean diurnal variations in cloud cover for the two wind sectors can be seen in figure 22. In order to 

generate these results, the mean value of the measured cloud cover for each half hour of the day for all 

days of the month has been computed. For the months of July and August, there appears to be a 

diurnal cycle in cloud cover for the continental sector. For these months cloud coverage is greater 

during night and decreases before noon. To illustrate this, the combined mean for the continental 

sector for the two months has been included in the July and August plots. From these plots, it can also 

be inferred that the cloud cover for the marine sector was very low during July. There also seems to be 

a tendency for more cloudy conditions toward the second half of the period, i.e. during September and 

October. With the exception of only a few hours in August and November, mean diurnal cloud cover 

is higher for the continental sector for all months.  

 

 

Figure 22. Plots showing mean diurnal variations in cloud cover and incoming shortwave radiation for the two 
wind sectors. Four months are included: July, August, September and October. Cloud cover for the continental 
sector measurements are plotted as solid red lines and the marine sector measurements are plotted as solid blue 
lines. Cloud cover (in oktas) is given by the numbers on the left y-axis of each plot. Incoming shortwave 
radiation is plotted using dashed black lines; values can be inferred by the scale at the right of each plot. For the 
months July and August, the combined mean cloud cover for the continental sector has been included in the plots 
(solid black line)  

 

A visualization of measured incoming solar radiation and cloud cover is provided in figures 23 

(left) and (right). Figure 23 (left) clearly shows how incoming shortwave radiation at Östergarnsholm 

varies during the period. At the beginning of the period, July daytime maxima reach above 800 W/m2, 

whereas in November the daily maximum values are just above 100 W/m2. The magnitude of 

incoming solar radiation depends on both the season and the presence of cloud, as these may reflect a 
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large amount of the incoming radiation. By comparing figures 23 (left) and (right), it can be inferred 

that areas with low (high) incoming solar radiation often coincide with areas with high (low) cloud 

coverage. This can be illustrated using two examples.  Very few clouds are measured mid-day in July, 

and consequently the incoming solar radiation is very high and few patches of low incoming solar 

radiation occur during this period.  A sharp decline in incoming shortwave radiation occurs at the 

beginning of November, this is the start of a period of overcast skies with Stratocumulus.  

 

 

 

Figure 23. Time series of measured incoming shortwave radiation (left) and total cloud cover amount (right). 
Days are shown on the x-axis and time of day on the y-axis. The magnitude of the incoming shortwave 
radiation/cloud cover for a certain point in time can be inferred from the colorbar located to the right of the plots. 
Values have been interpolated in order to produce a smoother appearance. The four white squares that can be 
seen in the upper part of (left) are caused by missing data. 

 

A more quantitative analysis of the relation between incoming shortwave solar radiation and 

measured cloud cover is provided in table 6 and illustrated in figures 24-25. In table 7, the correlation 

between the two variables is listed for measurements performed at three times of day for the months 

July, August and September. The sign of the correlation (negative) is to be expected, since clouds are 

highly reflective and thus reduce the amount of incoming solar radiation. The correlation ranges 

between -0.59 and - 0.86. For all three months, there is very good correlation for measurements at 12 

SNT, as the values range between 0.8-0.84. Regression lines between incoming solar radiation and 

cloud cover at 12:00 can be seen in figure 24. The equations for the regression lines are:  
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𝑆𝑆𝑊𝑊𝑎𝑎𝑛𝑛12:00 𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 
=809.8−44.74𝑥𝑥  

𝑆𝑆𝑊𝑊𝑎𝑎𝑛𝑛12:00 𝐴𝐴𝐽𝐽𝐴𝐴𝐽𝐽𝐴𝐴𝐴𝐴 
=686.3−54.7𝑥𝑥  

𝑆𝑆𝑊𝑊𝑎𝑎𝑛𝑛12:00 𝑆𝑆𝑆𝑆𝑆𝑆𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
=586.8−40.3𝑥𝑥  

 

Where SW is incoming shortwave radiation (in W) and x is cloud amount (in oktas). 
 

 

Figure 24. Cloud cover plotted against incoming shortwave radiation at 12:00 for the first three months. A linear 
regression fit (dashed red line) has been included for each month  

 

 

Table 7. Correlation between incoming solar radiation at Östergarnsholm and cloud cover measurements by the 
ceilometer. The table shows results for three different times of the day: 10:00, 12:00 and 14:00 (SNT) for three 
months: July, August and September. 

Time of day Correlation  

Incoming solar 

radiation & cloud 

cover 

JULY 

Correlation  

Incoming solar 

radiation & cloud 

cover 

AUGUST 

Correlation  

Incoming solar 

radiation & cloud 

cover 

SEPTEMBER 

10:00  -0.62 -0.86 -0.74 

12:00  -0.84 -0.80 -0.82 

14:00 -0.59 -0.72 -0.66 
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The decrease in incoming solar radiation as summer approaches its end is also evident by 

comparing the values of the constants in the above equations. The constant decreases by about 123 W 

from July to August, and 100 W from August to September. These equations also suggest that each 

okta of cloudy sky lowers the incoming radiation by 40-54 W. 

The square of the correlation coefficient, 𝑅𝑅2, indicates how much variability of the incoming 

shortwave radiation can be predicted using these equations.  Thus the equations can account for about 

67 % of the variability. The deviation of the “predicted” incoming radiation from the measured value 

can be seen in figure 25. Here cloud cover, as measured by the ceilometer, has been used as input in 

the above equations.  It appears that the equations are best suited for situtations when incoming 

shortwave radiation is high (figure 25). For high values of incoming shortwave radiation the equations 

seem to predict good results. However, when incoming shortwave radiation is low, it appears that the 

equations tend to overestimate values. It should also be noted that none of the equations derived will 

yield a result below a certain value, even for overcast conditions (8 oktas). 
 

 

 

Figure 25. Time series of incoming shortwave radiation at 12:00. The blue lines represent measured values of 
incoming shortwave radiation. Values that are computed with the equations obtained through linear regression 
and ceilometer measurements of cloud cover at 12:00 are represented by the dashed black lines.  
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5.3 Comparison of LCL with measured first cloud base heights  
The correlation between LCL and lowest cloud base height (that is, for the measurements included in 

this particular analysis, i.e. unstable conditions, cloud bases below 1200m) is strong: 0.77. 

Consequently the 𝑅𝑅2 value is also quite high. This means that the variability in cloud base heights can 

be predicted using the LCL equation. However, as the RMSE value indicates (table 8), the LCL 

equation still predicts values that differ quite considerably from measurements. The RMSE-value is 

considerable, especially when considering the small range of cloud base heights that were included in 

this particular analysis.  

Comparison of time series of computed LCL values and cloud base heights measurements showed 

that the computed LCL often was lower, rather than higher, than the cloud height measured by the 

ceilometer. Consequently, the value of the constant A derived in this study is higher than that of the 

equation proposed by Stull (2017) (cf. 263 m/K and 125 m/K). The 25 percentile suggests that there 

were very few instances where the original LCL equation would have given the same value as the 

observed lowest cloud base height. Using the derived equation for lowest cloud base heights, the 

RMSE error is reduced by approximately 30 %. 

 

Derived LCL equation (equation for lowest cloud base heights): 

𝐿𝐿𝐿𝐿𝐿𝐿 =
263.3𝑚𝑚

𝐾𝐾
(𝑇𝑇 − 𝑇𝑇𝑐𝑐𝑏𝑏𝑑𝑑)               (6) 

25th percentile A value LCL: 208.2 m/K 

75th percentile A value LCL:  705.0 m/K  

Table 8. Table showing the correlation and RMSE of computed LCL values and measurements of lowest cloud 
base height. Also included is the computed RMSE for the LCL equation derived using ceilometer and ICOS 
data. Only measurements during unstable conditions with cloud base heights below 1200 m have been used.  

Correlation 

coefficient 

LCL/lowest 

detected cloud base 

RMSE 

LCL & lowest 

detected cloud base 

RMSE 

LCL & lowest 

detected cloud base 

(using derived eq.) 

0.78 686 m  425 m 

 

5.4 DLS 
 

In order to find a relation between the height of the first and second cloud base heights and potential 

occurrences of DLS, scatter plots such as the ones included in figure 26 left) and right) were made.As 
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can be seen by comparing (left) and (right) (i.e. comparing measurements from both sectors vs. 

continental sector measurements only), the results of both tests are similar. In both plots, the slopes of 

the lines fitted to unstable measurements are larger than those of neutral measurements. Also the 

values of the y-intercepts of the linear fits display similarities in both tests. For unstable condition 

measurements, the value of the y-intercept is considerably lower compared to neutral measurements. 

In (left), the difference in the values of the y-intercepts is approximately 500 meters, and in (right) 740 

meters. By enforcing more restrictions on the measurements included (only including cloud bases 

between 600 and 2500 meters) it is indeed possible to obtain a fit more similar to the equation in 

Johansson et al. (2005) which describes the relation between the two inversion heights of the DLS. 

The equation of this line is 0.776x + 772.1 m, cf.  𝑧𝑧𝑎𝑎ℎ𝑎𝑎𝑖𝑖ℎ = 0.86𝑧𝑧𝑎𝑎𝑐𝑐𝑐𝑐𝑑𝑑 + 903𝑚𝑚 (Johansson et al. 2005). 

Both these lines are included in the figure for comparison. 

 

Figure 26. Scatter plots of first and second cloud base heights. In (left) measurements belonging to both wind 
sectors are included, whereas in (right) only continental wind sector measurements are included. Blue 
“diamonds” represent measurements taken during unstable conditions. Black dots represent measurements 
performed taken neutral conditions. Linear regression fits for unstable condition measurements are plotted as 
solid blue lines, and for neutral conditions as dashed black lines. The solid red line represents a fit to a reduced 
ranged of measurements (see text for further explanation). The solid yellow line represents the relation between 
the first and second inversion heights of the DLS given by Johansson et al. (2005). 
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5.5 Precipitation 
 

Precipitation statistics for all complete months included in the period are shown in table 9. There is a 

clear difference in accumulated precipitation for the two wind sectors. The majority of the total 

precipitation amounts are from the continental sector measurements. The total accumulated 

precipitation for the continental sector is more than twice as large as that of the marine wind sector. 

For the continental sector more precipitation falls during unstable and neutral conditions.  No such 

trend can be seen for the marine sector. 
Table 9. Table showing accumulated precipitation (in mm). Columns 2-4 (5-7) show accumulated precipitation 
for the different stability classes for the continental (marine) wind sector. In column 8 total accumulated 
precipitation for each month is listed. 

   

Unstable 

Continental 

Neutral 

 

Stable 

 

Unstable 

Marine 

Neutral 

 

Stable 

Total 

July 0 1.4 5.5 5.0 0.6 0 12.5 

August 16.4 14.6 2.1 3.4 3.1 13.2 52.8 

September 10.7 3.6 0.2 6.3 9.9 1.7 32.4 

October  53.3 2.4 2.6 1.0 1.8 4.1 65.2 
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6 Discussion 
All cloud base heights above 2500 m were excluded when computing the statistics for the heights of 

the detected first cloud bases presented in the results section. This was done in order to exclude frontal 

clouds and focus on boundary layer clouds at Östergarnsholm.  

During the period examined in this study, winds were mostly originating from the continental 

sector (58 % of the time). This should be a reasonable result. As the statistics computed from SMHI 

measurements at Östergarnsholm show, the total area covered by the continental wind sector bins 

appears to be slightly larger than the area covered by the marine wind sector (figure 9), and the 

predominant wind direction is from the south/south east. However, it should be pointed out that the 

SMHI data constitute a larger sample. In this data set, data for all months of the year have been 

included, not just summer and autumn months. 

The results show that the heights of the first cloud bases are lower for the marine wind sector 

compared to the continental wind sector during unstable and neutral conditions at Östergarnsholm. 

This is both evident from the 25 percentiles of the boxes and the medians in figures 13-14. For the 

unstable category, the median value for the marine wind sector is similar to the 25 percentile of the 

continental wind sector.  

 

6.1 Impact of stability & humidity on cloud base height 
 

When computing the results for lowest cloud base height for the different stability classes, air stability 

was defined from a surface heating perspective, i.e. stability was determined by the difference between 

SST and 12m air temperature. Ideally, other definitions of air stability, such as using potential 

temperature profiles obtained from radiosoundings or z/L should also be included and used in 

combination with the stability parameter used here to investigate whether results differ. Nonetheless, 

the impact of ocean surface heating on convection/stability over sea has been well documented, and 

previous studies have chosen this approach when describing cloud formation processes in marine 

settings (Paluch & Lenschow, 1991). It is therefore legitimate to assume that the method used here 

yields good results regarding the stability at the time of the measurements.  

One explanation to the differences in cloud base heights for the two wind sectors is that the air 

originating from the marine wind sector likely was more humid than the air from the continental wind 

sector. The reasoning is that, the more humid air is the shorter distance from the ground it has to be 

lifted in order to reach saturation. Therefore cloud base heights of convective clouds should be lower 

for humid air than dry air. This is evident from the LCL-equation; for smaller dew point depressions 

(air that is closer to saturation) the equation yields condensation levels that are lower. As the climate 

statistics results show, specific humidity is in general higher for the locations on the east coast as 

compared to the Gotland mainland. According to the above reasoning, cloud base heights for air 
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originating from the marine wind sector should therefore theoretically be lower than those of the 

continental sector.  

It is worth noting that there were many observations of overcast skies during the latter part of the 

period (see time series, figure 23 (right)). Backscatter profiles from this period showed that the clouds 

detected had low cloud base heights. It is possible that a great deal of these observations were 

performed during winds that originated from the marine wind sector. Since these observations are 

numerous it is possible that these clouds lowered the median values for cloud base heights for unstable 

and neutral conditions for the marine wind sector.   

For stable conditions, first cloud bases are significantly higher than those for both unstable and 

neutral conditions. This is the case for both wind sectors. The median values for the two sectors are 

very similar, but the range for the continental wind sector is considerably smaller, as inferred by 

comparing the percentiles in figures 13-14. The fact that cloud bases for stable conditions are higher 

can be interpreted in different ways. Considering the method by which stability has been defined here, 

the results for stable conditions are not very surprising. During all stable measurements, the sea 

surface acts by cooling the air above, thereby inhibiting buoyancy and thus preventing clouds from 

reaching saturation. Another possible explanation to the large values for cloud base heights during 

stable conditions is that the air during stable conditions could have been less humid, and thus had to be 

lifted a larger distance from the ground to reach saturation. Preliminary analyses showed low 

correlation between dew point depression and stability. It was however found that median values of 

dew point depressions for stable air were significantly higher for stable conditions than for both 

neutral and unstable conditions. This was the case for both wind sectors. 

6.2 Clouds during conditions that promote upwelling  
 

 It should be pointed out that the results in figure 21 describe cloud during the meteorological 

conditions that promote upwelling at Östergarnsholm. The results for cloud base height during 

upwelling conditions are similar to those of the stable marine wind sector measurements. This is not 

surprising considering the fact that the wind directions that cause upwelling at Östergarnsholm 

constitute a subset of the marine wind sector. The results, which show that lowest cloud base heights 

are higher during upwelling conditions, are in agreement with the previous discussion of surface 

cooling, as well as the results which suggest that cloud bases in the marine wind sector are higher for 

wind speeds above 5 m/s (figure 16).  

 As can be seen in figure 5, the trends of SST and 12 m temperature clearly follow each other 

throughout the period examined. It can also be seen that the 12 m temperature oscillates heavily 

whereas the SST display little diurnal variation. However, during instances identified as upwelling 

events, there are large drops in SST that can be seen. It is evident from the figure that during the 

majority of measurements identified as upwelling events, the sea surface cooled the overlaying air. 
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The temperature differences between the sea and air during these measurements were in some cases as 

large as 10 degrees Celsius. Temperature differences as large as these should suppress convection i.e. 

promote stable conditions. Interestingly, Sproson & Sahlée (2014) found that the influence of 

upwelling in the Baltic Sea region on the boundary layer in general was small, and that boundary layer 

heights were slightly lower during upwelling. They also note that high wind speeds associated with 

upwelling are likely to counteract the changes in mixing caused by cooling at sea surface. 

One source of uncertainty to these results regarding upwelling is the method used by which these 

events were identified. During upwelling, the cold waters which rise are high in CO2. This fact can be 

very useful for detecting upwelling events. Unfortunately, due to technical shortcomings, no CO2 

measurements were available for the period investigated in this study. The anti-correlation between 

SST and CO2 could also have been included as one criterion for identifying upwelling events. 

Therefore, these results may be re-analyzed when measurements of CO2 for the period are available. 

However, as evident by figure 5, a majority of the events that likely were upwelling coincide with the 

measurements included in the analysis. Hence the method used to detect upwelling should yield results 

that are useful. 

6.3 Cloud cover & cloud identification 
One striking difference between the results for the two wind sectors is that of cloud cover as measured 

by the ceilometer during unstable conditions. In the marine wind sector results (figures 19-20), the 

frequency of observations of overcast skies is approximately 30 % higher than in the continental wind 

sector results during unstable conditions. For the continental sector there instead is a higher frequency 

of cloud free skies. When interpreting these results it is very important to keep in mind that cloud base 

heights detected above 2500 m are included. 

For the continental wind sector, there is a very similar pattern in the diurnal variation of cloud 

cover for the months of July and August (figure 22). It appears that, for this sector ,during these 

months cloud cover is greater during the night and decreases during the day, eventually reaching the 

lowest values in the afternoon. One explanation to this diurnal cycle could be to look at things from a 

convection perspective. Stable continental air (which has been cooled by the ground inland during 

evening/night) that is advected out over the sea (which is warmer than the advected air) during the 

night hours becomes unstable, leading to the formation of clouds. Before reaching the sea, it is 

possible for moisture to accumulate in the air that initially is stable. As the incoming solar radiation 

increases during the day, the surface begins heating the air above, making it warmer than the sea. As 

this warm daytime continental air is advected over the sea, the effect reverses, and clouds do not form 

as easily as during night-time. 

It has been shown that Stratocumulus clouds often reach maximum coverage during nighttime 

before sunrise. During night, the absence of incoming shortwave radiation causes the radiative cooling 

at the top of the Stratocumulus to be stronger, since there is no absorption of incoming radiation taking 
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place. This causes the mixing generated by cloud top cooling to be more intense during nighttime, 

enabling for the Stratocumulus to grow (Wood, 2012).  The diurnal cycle that can be seen for the 

months of July and August suits this explanation very well, and hence suggests that these clouds were 

Stratocumulus. Cumulus, on the other hand, display another diurnal cycle, as these are driven by 

surface heating alone, their coverage instead typically reach maxima in the afternoon (Wood, 2012).  

Overcast skies are a characteristic feature of Stratocumulus clouds. Therefore, one way to identify 

cloud types from the results could be to identify measurements corresponding to a certain range of 

heights and having 8 oktas as Stratocumulus. This method could, however, potentially prove to be 

problematic for a number of reasons. For example, when computing 30 min averages, values may have 

been lowered, should the ceilometer not have detected clouds part of the time.  Another potential 

source of error is that there on certain occasions could have been both Cumulus and Stratocumulus 

present, as was highlighted in an example of an autumn observation at Östergarnsholm in Johansson et 

al. (2005). It is also possible for cumulus to form under Stratocumulus. Scenario such as these would 

likely affect the cloud base height detected by the ceilometer, as well as leading to the Cumulus clouds 

being neglected and instead labeled as Stratocumulus. As suggested by Paluch and Lenschow (1991), 

Stratocumulus are typically formed in situations where the SST is higher than the temperature of the 

air above, i.e. during unstable conditions. One should perhaps therefore expand the criteria for 

identifying measurements that correspond to detections of Stratocumulus to both 8 oktas and unstable 

conditions.  

Using the assumption that measurements of skies having 8 oktas during unstable conditions 

correspond to overcast skies with low Stratocumulus, figures 13 and 20 would thus suggest that low 

base stratocumulus are common during unstable conditions when the wind direction is from the 

marine sector. This “type” of cloud does not appear to be widespread in the unstable measurements for 

the continental wind sector, as the median value is higher and the cloud cover distribution is very 

different to that of the marine wind sector measurements. 

There is no guarantee that the cloud cover computed by the ceilometer is correct. Identification of 

cloud types may therefore be difficult. When assessing the ceilometer cloud cover measurements, it is 

very important to keep in mind the process by which the device estimates cloud cover. It is possible 

that the number of oktas as seen by the ceilometer depends on the types of cloud being detected. If this 

is the case, a sky with, for example, cumulus and cloud free patches may be allocated a cloud cover 

value that is too low should the ceilometer have failed detecting the cumulus. However, if the 

ceilometer indeed had made poor assessment of near-overcast skies for the unstable continental sector 

measurements (figure 19), this should instead raise the frequencies of all bins rather than the “clear 

skies” bin. 

Analyzing a 21 month-period of cloud observations in the MBL in the Azores, Remillard et al. 

(2012) found that Cumulus were more frequently occurring than Stratocumulus. Furthermore, 

Cumulus clouds were found to have the lowest cloud bases; in particular cases where Cumulus clouds 
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formed under Stratocumulus clouds were frequent. However, the authors note that there were instances 

of Stratocumulus with cloud bases of very low altitude (below 500 m).  

6.4 Assessing cloud cover measurements  
One way to assess the skill of the ceilometer’s ability to calculate cloud cover is to compare 

measurements of cloud cover and incoming radiation as done in figures 23-25, table 6. The correlation 

proved to be high at 12:00 for the three months examined. It may not be very realistic to expect higher 

correlation than these values. The method by which the ceilometer calculates cloud cover incorporates 

averaging of lagged variables (cloud detections). Therefore it is not likely to have perfect correlation 

between the two variables. The high correlation suggests two things: i) that the ceilometer indeed is 

able to detect clouds, and ii) the ceilometer is able to make reasonable estimates of total cloud cover. 

The equations derived describing incoming shortwave radiation as functions of cloud cover are 

very simple. These were obtained by linear regression of cloud cover measurements and incoming 

shortwave radiation. The maximum amount of incoming radiation is not constant throughout the 

month, as implied by these equations. Also, as previously noted, in general the ceilometer reports few 

occurrences of cloud cover amounts other than 0 or 8. In order to obtain better equations, ideally, more 

data for the in-between cloud cover amounts are needed. It is therefore not surprising to see deviations 

from the observed incoming radiation measured at 12:00 in the values obtained using the equations 

derived here. Furthermore, the equations suggest that there is a fix minimum value for the incoming 

solar radiation at 12:00 for each month. This is not a very physical result. Theoretically it should be 

possible to see values that are considerably lower than these. For example, it is not unrealistic that 

incoming shortwave radiation be close to 0 should there be a very thick overcast cloud layer. 

6.5 Impact of wind speed on cloud base height 
The results show that there is a significant difference in cloud height depending on whether the wind 

speed is above or below 5 m/s (figures 15 – 16). As can be seen in figures 17-18, for both sectors, 

most of the 25 percentiles for the different stability classes are above, or close to 5 m/s. Thus the 

sample size for the high wind speed data is larger. One way to interpret these results is from a 

turbulence perspective. Higher wind speeds at the surface are likely to generate more wind shear. 

Wind shear, in turn, produces turbulent kinetic energy (TKE). As TKE increases, the boundary layer 

becomes more turbulent, which in turn may enable the depth of the boundary layer to be greater (Stull, 

1988). This would enable for the possibility of boundary layer clouds forming at altitudes that are 

higher. 

6.6 LCL & lowest cloud base height 
The traditional LCL equation proved not to be very skillful in predicting the heights of the lowest 

cloud base detected by the ceilometer, as suggested by the large value of the RMSE. There was, 

however, high correlation between LCL and first cloud base heights. There was a bias towards cloud 
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base heights that were lower than the heights detected by the ceilometer. The large value of the RMSE 

may have been lower had another method been used when choosing what measurements to be 

included in the analysis. For example, it would be interesting to investigate time series of computed 

LCL values and measurements of first cloud base heights, and then select data by identifying 

measurements were a good agreement can be seen between the two variables. The method used in the 

present study was chosen as it is less subjective, and the criteria for selecting measurements to be 

included in the analysis were motivated by physical reasoning.     

For the derived equation for lowest cloud base height, the value of the constant A was almost twice 

as large as that of the traditional equation found in Stull (2017). This means that the equation derived 

herein yields LCL values that are about twice as large as those of the traditional equation. When 

comparing first inversion heights of DLS marine boundary layers at Östergarnsholm with LCL’s, 

Johansson et al. (2005) found that the LCL in general was about 140 m lower than the height of the 

first inversion. 

6.7 Detecting DLS from the cloud base height measurements 
One fundamental difference between the method used in this study to identify the DLS and the one 

used by Johansson et al. (2005) is that, in this study, cloud base heights are assumed to correspond to 

inversion heights. This means that there is an inherent uncertainty when comparing the results from 

this study to results from Johansson et al. (2005). Since it is possible that there be a DLS with no 

clouds present, it is not possible to use ceilometer measurements to comment on the frequency of 

possible DLS occurrences, other than during cloudy conditions. There is also a possibility that the 

heights of the second cloud base are erroneous, as pointed out by Remillard et al. (2012) 

Without enforcing restrictions on the cloud base heights measured by the ceilometer it was not 

possible to derive regression lines describing the DLS which resemble the equation proposed by 

Johansson et al. (2005).  One major difference is that all the equations derived in this study have 

slopes greater than 1. A slope less than 1 implies that the depth of the upper layer decreases as the 

lower layer thickens.  In this respect, the results here contradict the results in Johansson et al. (2005), 

where the opposite was found to be the case. However, as shown, it is possible to obtain an expression 

with slope less than 1 if more restrictions on the measurements are imposed. Whether this indeed 

corresponds to a DLS or not is very hard to tell. It is very possible that the restrictions on 

measurements force the line fitted to approach the equation describing the depth of the layers of the 

DLS. Therefore the overall conclusion is that the results herein are inconclusive as to whether the DLS 

occurred or did not occur during the period investigated.  

6.8 Precipitation 
A large in difference in accumulated precipitation for the two wind sectors can be seen (table X). With 

the exception of August (stable, marine wind sector) for all months the majority of the precipitation 

was measured during unstable and neutral conditions.  It can also be seen that the precipitation 
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amounts belonging to the continental sector measurements are greater. If this is related to differences 

of the presence of cloud condensation nuclei is difficult to know and no such measurements were 

available for analysis. 

Stratocumulus clouds are not associated with heavy precipitation events (MetOffice, 2019). Rather, 

these clouds are known to produce light precipitation, such as drizzle (Wood, 2012). It is therefore not 

very likely to believe that large portions of the accumulated precipitation during the period were 

caused by Stratocumulus clouds. More likely is that these precipitation events were caused by frontal 

systems, which need not be strongly influenced by the sea surface. Also, one possibility is that large 

precipitation amounts were caused by convective clouds from the continental sector. To ascertain this, 

however, further research should be carried out.  

Finally it should be mentioned that precipitation might interfere with ceilometer measurements of 

cloud heights. A thorough analysis of the contamination of ceilometer measurements due to 

precipitation was not carried out in this study. However, subjective preliminary analyses of time series 

of first cloud base heights and precipitation showed little sign of interference, perhaps a handful of 

singular events. In order to evaluate the full impact of precipitation on measurements, and the possible 

limitations these may lead to, more analyses are needed. 
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7 Conclusion 
 

The following conclusions can be drawn 

 

• The ceilometer was able to detect clouds and make reasonable estimates of cloud cover as 
evident from the high correlation between cloud cover and measured incoming shortwave 
radiation at noon. 

• Cloud base heights were significantly lower for the marine wind sector during unstable and 
neutral conditions (379m, 511 m, respectively. Cf. 755 m and 852 m for the continental wind 
sector). 

• The lowest cloud base heights were observed during unstable conditions (379 m, Marine wind 
sector; 755 m, continental wind sector).   

• Cloud base heights were significantly higher for wind speeds above 5 m/s. 
• A diurnal cycle in cloud cover characteristic to that of Stratocumulus clouds was apparent for 

the continental sector for the months of July and August, in contrast to the marine sector, 
which showed no apparent diurnal cycle.  

• Most measurements of cloud cover were allocated as either high or low numbers of oktas 
(cloud free or overcast) . 

• Cloud observations performed during meteorological conditions that force upwelling in 
general displayed similarities to those of the marine wind sector performed during stable 
conditions. 

• The lifting condensation level equation yields values that differ greatly from the first cloud 
base heights measured by the ceilometer.  

• An empirical formula (Eq. 6) for lowest cloud base height in unstable conditions was 
presented. 

• No clear results could be obtained which indicate that the ceilometer detected clouds layers 
oriented in a manner suggesting the presence of a DLS. Some similarity to earlier studies with 
regard to fitted expressions between the two lowest detected cloud bases could be obtained, 
but only after imposing strong limitations on the selected ranges of the studied parameters. 

• There was more precipitation from the continental wind sector, c.f. 112.8 mm and 50.1 mm 
(marine wind sector). The majority of the accumulated precipitation fell during unstable 
conditions; c.f. Continental: unstable: 80.4 mm, stable: 10.4 mm. 
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