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Abstract 
 
An Investigation of the Relation between Sea Breeze Circulation and Diurnal Variation 
of Methane at a Swedish Lake 
Martin Svensson 
 
Methane measurements over lake Tämnaren show a pronounced diurnal variation with high values at 
night and low values during daytime. The atmosphere over the lake and its surroundings is simulated 
with two different settings and resolutions of the WRF model during a period of eight days in May 2011 
to investigate if a lake/land breeze circulation could be the cause of the observed methane variation. A 
night time land breeze can give rise to convergence over Tämnaren of the natural methane emissions 
from the lake which possibly could explain the diurnal variation.  Analysis show that although Tämnaren 
is large enough to initiate a fully closed circulation these events are likely going to be rare because of 
the strong dependence of the background wind speed and cannot therefore be the cause of the 
pronounced diurnal variation. A fairly moderate wind speed will dominate over the thermodynamical 
forcing necessary to create a lake breeze. Even so, it is possible that a closed or nearly closed circulation 
could enhance the diurnal pattern with an increase of methane concentration at night and a decrease 
during the day. The reason for the high night time methane concentration is more likely due to the 
accumulation in a shallow internal boundary layer that develops over the lake combined with high night 
time methane flux caused by waterside convection. 
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Sammanfattning 
 
En studie av förhållandet mellan sjöbriscirkulation och dygnsvariation av metan vid en 
svensk sjö 
Martin Svensson 
 
Mätningar av metankoncentrationen över Tämnaren visar en tydlig dygnsvariation med höga värden på 
natten och låga under dagtid. Atmosfären över sjön med omgivning modelleras med två olika 
inställningar och upplösningar av WRF modellen under en åttadagarsperiod i Maj 2011 för att undersöka 
om en sjö- och landbriscirkulation kan vara orsaken till den observerade metanvariationen. På natten 
kan en landbris ge upphov till konvergens över Tämnaren av de naturliga metanutsläppen vilket skulle 
kunna vara en möjlig förklaring till dygnsvariationen. Vidare analys visar att Tämnaren är tillräckligt 
stor för att initiera en sluten cirkulation men dessa händelser är troligtvis sällsynta på grund av det starka 
inflytandet av bakgrundsvinden och kan därför inte vara orsaken till den uttalade metanvariationen. En 
relativt måttlig vind kommer dominera över den termodynamiska effekt som är drivande för skapandet 
av sjö- och landbris. Trots detta är det möjligt att en sluten eller nästan sluten cirkulation kan förstärka 
metanhaltens dygnsvariation med en ökning på natten och minskning under dagen. Orsaken till den 
observerade höga metankoncentrationen på natten är troligare en ackumulering i ett grunt internt ytskikt 
som bildas över Tämnaren kombinerat med höga nattliga metanflöden till följd av konvektion i sjön. 
 
Nyckelord: WRF-modellen, sjöbris, metanemission, dygnsvariation, internt gränsskikt 
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1. Introduction 
 

Since the industrialization concentration of greenhouse gases like carbon dioxide (CO2) and methane 

(CH4) in the atmosphere have increased significantly and there is an increasing amount of evidence of 

climate change as a consequence of this increase (IPCC). Emphasis has been put on the concentration 

of CO2 but CH4 actually have a higher warming potential. For better understanding of the global 

carbon cycle knowledge of both natural and anthropogenic sources and sinks of these greenhouse 

gases are important.  Studies using the floating chamber method show that even though lakes only 

cover a small amount of the total land area they are of significant importance and may offset the global 

land sink of carbon by as much as 25% (Bastviken et al., 2011). Lakes are also important for the 

climate at both regional and global scale (Samuelsson et al., 2010). A better understanding of 

processes in lakes involving methane and subsequent emission to the atmosphere is therefore 

important. 

In lakes methane is produced by bacteria in anoxic sediments. Favorable conditions for the 

production of CH4 are high water temperature and more organic matter while oxidization of the 

sediments have an adverse effect. Methane is transported to the surface through several different 

pathways: diffusion, ebullition, release from storage and transport through plants (Bastviken et al., 

2004). Since CH4 is oxidized by bacteria in the water diffusive transport to the surface is a small part 

of the total methane flux. Other pathways in which the CH4 have little contact with oxygen and does 

not get oxidized is transport through plants and ebullition. Ebullition means that gas is transported to 

the surface through bubbles that detach from the bottom sediments. According to measurements as 

much as 80% of the total methane flux is through ebullition (Bastviken et al., 2008). Ebullition is 

highly variable in space and time and affected by several variables such as air pressure, water table 

height and bottom shear stress but further research is needed for a full understanding of this process.  

Two different techniques are used when measuring methane flux over a lake; the floating chamber 

(FC) and eddy covariance (EC) method. The FC method is simple and inexpensive but labor intense 

which in turn typically leads to discontinuous measurements. Since the chambers used in these types 

of measurements only cover a small area, usually 0.03 m2, it is questionable how well they represent 

flux from an entire lake. Since ebullition, as discussed previously, is highly variable in space and time 

and makes up a significant part of the total CH4 flux these are major problems with the FC method. 

The EC method on the other hand gives continuous measurements with limited labor. Measurements 

done with the EC method is representative for the CH4 flux from a large upwind area called the 

footprint, typically several hundred square meters but requires expensive high frequency 

instrumentation and extensive data post-processing.  

The methane flux might also be influenced by the development of an internal boundary layer (IBL) 

over the lake and the diurnal cycle of warming/cooling in the water which can lead to waterside 
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convection. The goal of this study is to evaluate CH4 measurements over Tämnaren done with the EC 

method to see how they are influenced by the atmospheric conditions; specifically the presence of a 

lake or land breeze circulation and the development of an IBL by the use of simulations done with an 

atmospheric mesoscale model. 

2. Theory 

2.1. Sea breeze and NCMC 
 

The basic requirement for a non classical mesoscale circulation (NCMC) to form is an area with 

different thermal properties than its surroundings called pertubated area (PA). The term NCMCs was 

introduced  by Segal and Arrit (1992) for thermal circulations conceptually similar to the well 

documented sea breeze but the PAs can also be the result of differences in land use rather than the 

contrast between land and water.  An example of such differences in land use is urban areas where a 

combination of evapotranspiration, solar irradiance reflection/absorption and thermal storage of the 

subsurface create a contrast to the adjacent rural area. Another example is the difference between 

barren land/vegetation. These disparities in thermal properties can give rise to a horizontal temperature 

difference as the area is heated by day or cooled at night. As in this case for sea breeze the land 

surrounding the lake is heated much faster. This in turn leads to a horizontal temperature difference 

and consequently a difference in potential energy between the lake and its surroundings. Over the 

cooler lake the sinking motion of the air results in the formation of a thermal high pressure area and in 

contrast the rising air over the warmer land results in the creation of a thermal low. This pressure 

gradient generates a wind blowing from high to low pressure. This onshore wind is the sea breeze. For 

continuity reasons the reverse situation occurs at the top of the planetary boundary layer. When the 

ascending air reaches a stable layer and cannot rise more it must diverge. As this warm, divergent air 

moves in over the lake it is cooled and descends back towards the surface. This fully developed 

circulation is called the sea breeze (Markowski et al, 2011). 

A horizontal temperature gradient is necessary for any NCMC to form but there are also other 

conditions that that must be fulfilled. The horizontal flow associated with convective PBL large scale 

eddies must be sufficiently small to not override the sea breeze. Segal et al. (1997) showed that for this 

condition to be true the lake width must be at least twice the height of the boundary layer for the sea 

breeze circulation to overcome the convective velocity scale. However, even if this condition is true, 

the large scale background flow can still be strong enough to suppress any mesoscale thermal 

circulation. Segal and Arritt (1992) and Doran et al. (1995) investigated the smallest required size of 

the PA needed to create a closed circulation for a varying wind speed. When deriving their analytical 

expression they estimate the length from the upwind border of the PA required for the background 
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wind speed to decrease to zero when the flow works against the thermally induced mesoscale pressure 

gradient. This means the PA would be just on the limit to create a fully closed thermal circulation. 

Their final expression for the length of the pertubated area required (𝐿𝐿𝑝𝑝𝑝𝑝) is 

𝐿𝐿𝑝𝑝𝑝𝑝 =
�̅�𝜃

𝑔𝑔∆(𝑤𝑤′𝜃𝜃′)�������𝑠𝑠

𝑢𝑢𝑏𝑏3

4ln (2)
               (1) 

where �̅�𝜃 is the mean potential temperature in the PBL, 𝑢𝑢𝑏𝑏  is the background wind speed, 𝑔𝑔 is the 

acceleration of gravity and ∆(𝑤𝑤′𝜃𝜃′)�������𝑠𝑠 represents the difference in sensible heat flux between the PA and 

its surroundings. To have favorable conditions and a 𝐿𝐿𝑝𝑝𝑝𝑝 than not exceeds the width of the rather small 

lake Tämnaren a large difference in sensible heat flux together with a weak enough background wind 

speed is needed. It is worth noting that since 𝐿𝐿𝑝𝑝𝑝𝑝 ∝ 𝑢𝑢𝑏𝑏3  the results are very sensitive to the background 

wind speed. By applying this equation to measured data it is possible to get the required length, 𝐿𝐿𝑝𝑝𝑝𝑝, 

of the pertubated area needed to initiate a fully closed NCMC as a function of time. This makes it easy 

to identify at what times there are favorable conditions for the formation of a lake breeze. 

2.2. Closure techniques in numerical models 
 

To better understand the two different planetary boundary layer schemes used in this study and what 

makes them so different I will here briefly explain the difference between local and non-local closure 

and what is often referred to as the turbulence closure problem. Local closure means that known 

values and/or gradients in one point in space are used to parameterize unknown quantities at the same 

point. For non-local closure an unknown quantity at one point in space is parameterized by known 

values/gradients at many points in space (Warner, 2010).  

The closure problem arise from the Reynolds averaged Navier-Stokes equations (RANS) that 

contain more unknowns than the number of equations. The Navier-Stokes (NS) equations describe the 

motion of fluids and are used in many areas such as meteorology, oceanography and engineering. NS 

equations for an incompressible Newtonian fluid can be written in Cartesian coordinates as: 

𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

+ 𝑢𝑢
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

+ 𝑣𝑣
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

+ 𝑤𝑤
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

= −
1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜈𝜈∇2𝑢𝑢 + 𝑓𝑓𝑥𝑥               (2) 

𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

+ 𝑢𝑢
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

+ 𝑣𝑣
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

+ 𝑤𝑤
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

= −
1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜈𝜈∇2𝑣𝑣 + 𝑓𝑓𝑦𝑦               (3) 

𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕

+ 𝑢𝑢
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕

+ 𝑣𝑣
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕

+ 𝑤𝑤
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕

= −
1
𝜌𝜌
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜈𝜈∇2𝑤𝑤 + 𝑓𝑓𝑧𝑧               (4) 

Where 𝑢𝑢, 𝑣𝑣 and 𝑤𝑤 are flow velocity, 𝜕𝜕 is pressure, 𝜌𝜌 is density and 𝑓𝑓 represent other body forces. The 

left hand side of these equations describes change in the velocity caused by acceleration and 

advection. This is balanced on the right hand side by pressure force, viscous forces and external forces 
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(such as gravity and centrifugal force). One way of finding solutions to this set of complex nonlinear 

equations is by using Reynolds decomposition to obtain a new set of Reynolds-averaged Navier-

Stokes equations. The idea behind Reynolds decomposition is that an instantaneous quantity can be 

decomposed into a time averaged and a fluctuating term such as: 

𝑢𝑢(𝜕𝜕, 𝜕𝜕) = 𝑢𝑢�(𝜕𝜕) + 𝑢𝑢′(𝜕𝜕, 𝜕𝜕)               (5) 

The set of RANS equations can be written in Einstein notation (derivation omitted) as: 

𝑢𝑢�𝑗𝑗
𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕�̅�𝜕𝑗𝑗

= 𝑓𝑓�̅�𝑖 +
𝜕𝜕
𝜕𝜕𝜕𝜕𝑗𝑗

�−
𝜕𝜕
𝜌𝜌
�
𝛿𝛿𝑖𝑖𝑗𝑗 + 𝜈𝜈 �

𝜕𝜕𝑢𝑢�𝑖𝑖
𝜕𝜕𝜕𝜕𝑗𝑗

+
𝜕𝜕𝑢𝑢�𝑗𝑗
𝜕𝜕𝜕𝜕𝑖𝑖

� − 𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′������                (6) 

Where the left hand side represents change in mean momentum. This is balanced on the right hand 

side by the mean body force, isotropic stress, viscous stresses and apparent stress (−𝑢𝑢𝚤𝚤′𝑢𝑢𝚥𝚥′�����), often 

referred to as Reynolds stress. These Reynolds stresses introduce new unknowns in our set of 

equations meaning that the set of equations is not closed. To close it prognostic equations for these 

second order moments need to be derived. That can be made at different levels of complexities. 

A complete statistical description of turbulence would require an infinite set of equations. This is 

the turbulence closure problem. The solution is to only use a finite number of equations and 

parameterize the remaining unknowns. These closure approximations are named first order, second 

order, third order etc. according to the highest order prognostic equations retained. E.g. first order 

closure use parameterizations for second order moments together with prognostic equations for the 

mean variables.  There are however some assumptions that only use some of the equations. One-and-

a-half order closure for example use equations for turbulent kinetic energy, moisture and temperature 

variances along with equations for first order moments. A common first-order parameterization of the 

Reynolds stresses is called K-theory or gradient transport theory. The turbulent fluxes are related to 

the gradient of the associated mean by a constant K as: 

𝜁𝜁′𝑢𝑢𝚥𝚥′����� = 𝐾𝐾
𝜕𝜕𝜁𝜁̅
𝜕𝜕𝜕𝜕𝑗𝑗

               (7) 

Where ζ is an arbitrary variable and K is a constant with dimension m2s-1. K, often called eddy 

viscosity, is determined empirically and for statistically neutral conditions KE = KH = 1.35Km where 

KE,KH and Km are the eddy viscosities for  moisture, heat and momentum respectively. Values for Km 

can be derived in the surface layer using similarity theory. 
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2.3. CH4 emission pathways 
 

There are at least four different methane emission pathways from stratified lakes: Ebullition, water 

column storage, diffusive emission and flux through aquatic vegetation , see Figure 1(Bastviken et. al., 

2004).  

 

Figure 1. Schematic representation of different methane emission pathways. Due to ebullition and 

plant mediated emission 𝐶𝐶𝐶𝐶4concentration is higher close to the shore (from Bastviken et al., 2004). 

Ebullition is related primarily to the net methane production rate in the sediments and since there is 

more decomposing vegetation (e.g. reed) along the shoreline CH4 flux due to ebullition is higher in 

this region and since the water is more shallow bubbles can also reach the surface easier due to lower 

water pressure. For obvious reasons plant mediated emission is also concentrated along the shore. The 

amount of methane is thus probably higher in the littoral region of Tämnaren compared to further out 

over the lake. 

If there is a land breeze at night with unstable stratification over the lake and stable over land there 

might be an increase in wind speed from the area of higher CH4 concentration towards the measuring 

station situated on a small island about 1 km from the nearest shoreline. This should lead to an 

increase in measured methane content. 

During daytime the reverse situation could occur with stable stratification over the lake and 

unstable over land.  If a lake breeze is formed the wind will be blowing from the lake towards land i.e. 

from the area of low methane concentration towards land. This can result in a decrease in measured 

amount of methane at the observation site. Even if there is not a fully developed land or lake breeze 

circulation the wind speed over the lake could differ significantly from the mean flow due to the 

thermally induced pressure gradient and as a result cause a shift in measured methane content.  
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3. Method 

3.1. Model setup 
 

In this study the Weather Research and Forecasting model (WRF) version 3.3 is used over Sweden 

during an eight day period in may 2011 (18-25th). These days were chosen because the diurnal 

variation of methane were clearly pronounced during this period. WRF is an open-source model and 

has since its development in the 1990’s grown to have a large worldwide community of over 20 000 

users. It is designed to serve both atmospheric research and operational forecasting needs and is useful 

in ranges from the synoptic to local scale. There are two dynamical core versions of WRF, the 

Nonhydrostatic Mesoscale Model (NMM) and the Advanced Research WRF (ARW). For this 

investigation the ARW dynamical solver is used. The ARW use fully compressible, non-hydrostatic, 

Euler equations coupled with a third-order Runge-Kutta time-integration scheme. Acoustic and gravity 

waves are resolved with a smaller time step. There are 2nd- to 6th-order advection options for spatial 

discretization in both the horizontal and vertical directions. Prognostic variables for the ARW solver 

are column mass of dry air, horizontal velocity (u,v) and vertical velocity (w), potential temperature, 

and geopotential. Non-conserved variables (e.g. temperature, pressure, density) are diagnosed from the 

conserved prognostic variables. Skamarock et al. (2008) for a more detailed description of the WRF 

model. 

The WRF model use an Arakawa C-grid staggering in the horizontal plane and the vertical 

coordinate is a terrain following η-coordinate with vertical grid stretching permitted. Top of the model 

is a constant pressure, gravity wave absorbing, surface. For these simulations 40 vertical coordinates 

are used with 11 in the first 2000 m and the lowest at about 25 m. For initial and lateral boundary 

conditions forcing from ERA-interim reanalysis data (Dee et al., 2011) are used every 6h.  

There are in total four simulations made in this study. Two runs with a low resolution and two with 

a higher resolution. In each case three one way nested domains are used. For the low and high 

resolution simulations the horizontal grid resolutions for the three domains are 25, 5 and 1 km and 10, 

2 and 0.4 km respectively. Model domain setup is shown in Figure 2. The water surface temperature 

(SST) was approximated as constant over the simulation period. 
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Figure 2. Left figure show the three nested model domains. Right figure is a close up of the inner domain 

(marked red in the left figure). All contours in the right figure is water and Tämnaren is marked blue. 

Time step for the low resolution simulations are 100s for the coarsest parent domain and in the high 

resolution case a shorter 40s time step is used. For each simulation a parent time-step ratio of 1:5 is 

used. That means moving from a parent to a nested domain shortens the time-step by a factor 5. 

Output fields are stored every hour but no data from the first 24h are used. This is to allow the model 

24 hours to spin-up.  

3.2. Physical schemes 
 

In this section follows a brief explanation of the different physical schemes and parameterizations used 

in this study. For microphysics the WRF single-moment 3-class scheme is used which is a simple, 

efficient scheme with ice and snow processes suitable for mesoscale grid sizes. Single moment means 

that only mixing ratio of species are predicted and then the number of concentration is diagnosed from 

specified size distribution intercept parameter and predicted mixing ratio. Double moment predicts 

both mixing ratios and number of concentration of species. This scheme use three hydrometeors 

namely water vapor, cloud water and rain or for temperature <0 water vapor, cloud ice and snow. 

Long wave radiation is calculated using the RRTM (Rapid Radiative Transfer Model) scheme 

(Mlawer et al., 1997). It is a spectral-band scheme using the correlated-k method. For efficiency it uses 

look-up tables to accurately represent longwave processes due to water vapor, ozone, CO2, and trace 

gases (if present) as well as accounting for cloud optical depth.  

Shortwave radiation uses the MM5 shortwave (Dudhia) scheme (Dudhia, 1989). It is a simple 

downward integration of solar flux, accounting for clear-air scattering, water vapor absorption and 

cloud albedo and absorption. It uses look-up tables for clouds and cloud fraction is either 1 or 0 for a 

grid box.  

Two types of planetary boundary layer schemes with associated atmospheric surface layer schemes 

are used. The surface layer schemes used are MM5 similarity (Zhang and Anthes, 1982) and MYNN 
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surface layer (Nakanishi and Niino, 2004). The main job for the atmospheric surface layer physical 

schemes is to provide PBL with friction stress and water-surface fluxes of heat and momentum as well 

as supplying the land surface model with exchange coefficients for heat and moisture. Both schemes 

are based on Monin-Obukhov similarity theory but differ in stability functions and roughness lengths. 

Surface physics are parameterized with the Noah Land Surface Model (Chen and Dudhia, 2001). It 

predicts soil temperature and soil moisture in four layers and diagnoses skin temperature. It also 

handles vegetation effects and provides PBL with heat and moisture fluxes.  

Cloud physics is handled in the two coarser grids using the Kain-Fritsch scheme (Kain, 2004). It is 

a mass flux type scheme with updrafts and downdrafts, entrainment and detrainment.  Other features 

include shallow convection and CAPE removal time scale closure. 

There are two different planetary boundary layer physics schemes used in this study. Firstly the 

Mellor-Yamada Nakanishi and Niino Level 2.5 PBL scheme (Nakanishi et al., 2009). It is a local one-

and-a-half order TKE closure scheme which predicts sub-grid TKE terms to parameterize turbulence. 

Secondly, the Yonsei University scheme which is a non-local first order closure K-scheme (Hong et 

al., 2006). It has explicit treatment of the entrainment layer and instead of constant K a parabolic K-

profile mixing in the unstable mixed layer. Each scheme is run in both the low, 1000 m, and the high, 

400 m, resolution. These four separate model simulations will hereafter be referred to as YL, ML, YH 

and MH and are summarized in Table 1.  

 

Table 1. The PBL physics with associated surface layer scheme and resolution of the four simulations  

performed in this study. 

Abbreviation PBL scheme  Surface layer scheme  Resolution 

YL Yonsei University  MM5 1000 m 

ML Mellor-Yamada 

Nakanishi and Niino  

MYNN  1000 m 

YH Yonsei University  MM5 400 m 

MH Mellor-Yamada 

Nakanishi and Niino  

MYNN  400 m 

3.3. Site description and instrumentation 
 

Lake Tämnaren is located in central Sweden (60˚09' N, 17˚20' E) and it is the second largest lake in 

the county of Uppland. The lake surface is 35 m above sea level. It has an area of 38 km2 but is very 

shallow with a mean depth less than 2 m. The depth is uniformly distributed over the lake and the lake 

bed is very muddy. Along the entire shoreline there is a fairly large zone of reeds. Tämnaren is 

surrounded by mixed forest except to the north and north-west where there is a mixture of forest and 
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agriculture fields. The 6 m high measuring tower is located on a small island about 1.5 km from the 

nearest shore to the south east. On three levels (1.4, 2.7, and 6.0 m) there are propeller anemometers 

for profile measurements of wind speed and direction and there are also radiation shielded and 

ventilated thermocouples for temperature measurements. At 4.7 m there are instruments mounted for 

high frequency measurements. A sonic anemometer (WindMaster, Gill Instruments, Lymington, UK) 

for three dimensional wind components and virtual (sonic) temperature and a LI-7700 open-path 

analyzer for CH4 measurements. For CO2 and water vapor measurements the tower is equipped with a 

LI-7500A open-path gas analyzer (LI-COR Inc., Lincoln, NE, USA). Water temperature is measured 

at five levels (0.3, 0.6, 0.9, 1.2 and 1.5m) from a float anchored 70 m from the tower using radiation 

shielded thermocouples. Additional instrumentation include equipment for measurements of global 

radiation (CS300 Apogee Silicon Pyranometer, Campbell Sci. Inc., OH, USA), air pressure 

(144SC0811 Sensortechnics GmbH, Puchenheim, Germany) and relative humidity (Rotronic AG, 

Basserdorf, Switzerland). 

3.4. Taylor diagram 
 

Taylor diagrams (Taylor, 2001) are used to provide a statistical summary of how well patterns match 

each other in terms of correlation, root-mean- square difference and the ratio of variances. It is a useful 

tool when evaluating complex models, such as the WRF model. Taylor diagrams can be used to 

graphically summarize the relative merits of different models or track changes in performance as a 

model is modified. When devising skill scores the geometric relationship between the plotted statistics 

provide some guidance. The most common statistic used to quantify pattern similarity is the 

correlation coefficient. Consider two variables, fn and rn, defined at N discrete points in space (and/or 

time) where fn is a "test" field (typically a field from model simulation) and the "reference" field,  rn , 

usually represented by some observed state. Then the correlation coefficient R between f and r is 

defined as 

𝑅𝑅 =
1
𝑁𝑁∑ �𝑓𝑓𝑛𝑛 − 𝑓𝑓̅�(𝑟𝑟𝑛𝑛 − �̅�𝑟)𝑁𝑁

𝑛𝑛=1

𝜎𝜎𝑓𝑓𝜎𝜎𝑟𝑟
               (8) 

where 𝑓𝑓 ̅and �̅�𝑟 are the mean values and 𝜎𝜎𝑓𝑓 and 𝜎𝜎𝑟𝑟 are the standard deviations of the test and reference 

fields respectively. The correlation coefficient reaches maximum value 1 if for all n �𝑓𝑓𝑛𝑛 − 𝑓𝑓̅� =

𝛼𝛼(𝑟𝑟𝑛𝑛 − �̅�𝑟), where 𝛼𝛼 is a constant >0. For the special case 𝑅𝑅 = 1 the two fields have the same centered 

pattern of variation but they are not identical unless 𝛼𝛼 = 1. This means that correlation coefficient 

alone is not enough to determine if two patterns have the same amplitude of variation. For this purpose 

one can use, for example, the variances of the test and reference field defined by 
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𝜎𝜎𝑓𝑓2 =
1
𝑁𝑁
�(𝑓𝑓𝑛𝑛 − 𝑓𝑓̅)2               (9)
𝑁𝑁

𝑛𝑛=1

 

and 

𝜎𝜎𝑟𝑟2 =
1
𝑁𝑁
�(𝑟𝑟𝑛𝑛 − �̅�𝑟)2
𝑁𝑁

𝑛𝑛=1

               (10) 

Again, 𝑓𝑓 ̅and �̅�𝑟 are the mean values. To quantify differences in two fields the most used statistic is the 

RMS difference E which is defined, for fields f and r, by 

𝐸𝐸 = [
1
𝑁𝑁
�(𝑓𝑓𝑛𝑛 − 𝑟𝑟𝑛𝑛)2
𝑁𝑁

𝑛𝑛=1

]1/2               (11) 

Equations (8) and (11) can be modified to have different weighting factors for grid cells of unequal 

area or for differences in time intervals. These weighting factors should then also be used when 

calculating 𝜎𝜎𝑓𝑓 and  𝜎𝜎𝑟𝑟. E can be resolved into two components in order to isolate the difference in the 

patterns from the difference in the means of the two fields. The overall bias is defined by 

𝐸𝐸� = 𝑓𝑓̅ − �̅�𝑟               (12) 

and the centered pattern RMS difference is defined by 

𝐸𝐸′ = {
1
𝑁𝑁
�[�𝑓𝑓𝑛𝑛 − 𝑓𝑓̅� − (𝑟𝑟𝑛𝑛 − �̅�𝑟)]2}1/2               (13)
𝑁𝑁

𝑛𝑛=1

 

The full mean square difference is given by these two components added quadratically. 

𝐸𝐸2 = 𝐸𝐸′2 + 𝐸𝐸�2               (14) 

As two patterns become more similar the RMS difference approaches zero. However, for a given value 

of 𝐸𝐸′, it is impossible to determine how much of the error that is due to a difference is structure and 

phase and how much is due to a difference in the amplitude of the variations. It is possible to display 

all statistics discussed above (R, E', 𝜎𝜎𝑓𝑓 and 𝜎𝜎𝑟𝑟) in a single diagram, the Taylor diagram. This will be 

used later in this study when evaluating the model simulations together with the overall bias (equation 

12). 
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Figure 3. The standard deviation of a pattern is proportional to the radial distance from the origin and 

the correlation between two fields is given by the azimuthal position to the test field. The centered 

RMS difference between test and reference field is proportional to their distance apart. 

Figure 3 shows an example of a Taylor diagram. Four different points have been marked (A-D) 

representing different model simulations of a variable e.g. diurnal temperature variation. The 

measured values are also shown in the diagram in the point marked "observations". The relative skill 

of the different models can be inferred from Figure 3. Models that have simulated patterns agreeing 

well with measurements will lie close to the point marked observations. This means they have relative 

high correlation and low centered root mean square error. If the models have the correct standard 

deviation they will lie on the arc originating from the "observations" point. This means that the 

variations of the simulated pattern have correct amplitude. 

From Figure 3 we can see that the simulated pattern that agrees best with observations is model A. 

It has high correlation, low RMSD and the correct STD with values 0.91, 1.5 and 3.5 respectively. 

Model B is also quite good. It has the same high correlation that model A has but it overestimated the 

variations, STD is about 4.2. This result in a higher RMSD of 1.75 compared to model A. Models C 

and D have obviously produced the two worst patterns of the diurnal temperature. Both have about the 

same, quite large, centered root mean square error of ≈3 but for different reasons. Model D 
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overestimate the amplitude of the variations by a lot, STD is 4.8 while the correlation is reasonably 

high, around 0.79. Model C on the other hand have good representation of the variations, only a slight 

underestimation compared to the observed value but the correlation is poor, only 0.61.  

4. Results 

4.1. Methane concentration  
 

 

Figure 4. 𝐶𝐶𝐶𝐶4 concentration (ppm) measured with a LI-7700 open path analyzer for the duration of 

this study. From 2011-05-18 to 2011-05-26. 

The diurnal variation of methane concentration in the air at the tower site follow a clear pattern with 

increasing concentration late evening, reaching maximum some time after midnight and then dropping 

to and maintaining a minimum from around noon to late afternoon. This pattern is consistent with 

what you would expect if there was a well developed land and lake breeze circulation. Unreasonably 

high values are omitted which results in the gap in data the 18th and the odd appearance of the 

maximum the 25th.  
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4.2. Evaluation of simulated timeseries  
 

To evaluate model skill and to get a feel for if a possible lake breeze would be represented in the 

model runs four variables, pressure, temperature, wind speed and sensible heat flux, are analyzed 

using time series and bias and also with the use of Taylor diagrams.  

4.2.1. Bias 

 

The overall bias was calculated as: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = �(
𝑁𝑁

𝑛𝑛=1

𝑀𝑀𝑛𝑛 − 𝑂𝑂𝑛𝑛)/𝑁𝑁               (15) 

Where M is model values and O observations. 

 

 

Figure 5. Observations and model results for pressure (a), temperature (b), wind speed (c) and sensible heat flux 

(d) during May 18-26th. 

  

(a) (b) 

(c) (d) 
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Table 2. Temperature, pressure, wind speed and sensible heat flux bias for each model run. 

 P (hPa) T (˚C) WS (ms-1) Sens-flux (Wm-2) 

YL -0.73  0.42 0.73 20.0 

ML -0.52 -0.29 0.33 22.3 

YH -1.59  0.25 0.79 22.3 

MH -1.37 -0.37 0.64 23.6 

 

Variation in pressure is generally a consequence of changes in synoptic scale systems and therefore 

vary quite slowly over time and there is not, unlike the other variables, a pronounced diurnal variation. 

Model data follow measurements really well (Figure 5a) with observations consistently being slightly 

higher. As can be seen in Table 2 the bias for pressure is actually lower for the two runs with the lower 

resolution.  

For temperature all runs capture the diurnal variation nicely but fail to reproduce extreme values 

(Figure 5b). Daytime maximum is about 1-2 degrees colder for all runs and nighttime minimum is too 

high for the YL and YH run. The runs ML and MH are better at accurately modeling nighttime 

conditions. This problem with minimum and maximum values is most likely due to the constant sea 

surface temperature in the model compared to measurements that show a 1-2 degree diurnal variation. 

It is worth noting that the runs ML and MH have positive bias due to the warmer night time 

conditions.  

Wind speed seems to be well correlated with observations but it is a variable with high temporal 

variation so there are of course minor differences (figure 5c). Overall there are no major differences 

between the model runs but ML have a slightly lower bias, 0.33, compared to the other three with bias 

around 0.7.  

For sensible heat flux there is the same problem as for temperature, constant sea surface 

temperature in the model. The WRF model produce good results during day time but the night time 

maximum is too high (Figure 5d). The 25th the error is significantly larger than the rest of the period, 

this could be because the water temperature have a pronounced minimum, the water is 1.5-2 degrees 

colder, compared to the other nights. 
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4.2.2 Taylor diagram - pressure 

 

Taylor diagram for each of the four model runs were used to quantify the model performance when 

simulating the pressure, temperature, sensible heat flux and wind speed. 

 

Figure 6. Taylor diagram showing how closely the pressure is simulated compared to measured 

values. The letters A, B, C, D and E corresponds to measurements, YL, ML, YH and MH 

respectively.  

For pressure there is no visible disparity is skill between the different model runs as can be seen in 

Figure 6. All four simulations lie virtually in the same point. All four have high correlation and about 

the same STD indicating the phase and amplitude of the variations are close to the observed value. 

Another similarity is that all runs seem to underestimate the pressure slightly. 
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4.2.3 Taylor diagram - temperature 

 

 

Figure 7. Taylor diagram showing how closely the temperature is simulated compared to measured 

values. The letters A, B, C, D and E corresponds to measurements, YL, ML, YH and MH 

respectively. 

As can be seen in Figure 7 YL, and YH are slightly more well correlated than ML and MH with values 

≈0.92 and ≈0.88 respectively but overall all runs seems to perform well with regards to the phase of 

the temperature. The standard deviation however is much too low is all four runs with YL and YH 

being worse with a value of 1.9 compared to ML and MH that has a STD of 2.1. This compared to the 

observed STD of 2.8 means the amplitude of the diurnal variations is too low. The largest disparity 

can be seen at mid day when the temperature reaches maximum and all model runs generate a 

temperature 1-2 ˚C lower than the measured. During nighttime the error is much lower.  It can clearly 

be seen that in this case the higher resolution does not perform better than the lower but the differences 

between the runs is due to what PBL physics scheme that was used. Skill wise there are only minor 

differences between the runs because YL and YH are slightly better correlated while ML and MH 

generate a better STD. 
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4.2.4 Taylor diagram - sensible heat flux 

 

Figure 8. Taylor diagram showing how closely the sensible heat flux is simulated compared to 

measured values. The letters A, B, C, D and E corresponds to measurements, YL, ML, YH and MH 

respectively. 

All runs are about equally well correlated with a value of ≈0.82-0.85 which means the models capture 

the diurnal variations quite good (Figure 8). However the STD is grossly overestimated in every run 

with values about twice that of the observed. This could be a problem since when the sensible heat 

flux over the lake is overestimated the difference in flux between lake and land, the driving force 

behind the lake breeze circulation, will be lower (Equation 1). The high error in RMSD is largely due 

to the higher amplitude of the variations. As seen in both measurements and in the model the sensible 

heat flux reaches a maximum in early morning and this is when the largest model error occurs with an 

overestimation of the flux by as much as 2-2.5 times the observed. Immediately after this peak, when 

the flux is decreasing, model values rapidly approaches measurements and from late morning to early 

evening both phase and amplitude are quite well correlated. 

As was the case for temperature the difference in model skill seem to depend more on which PBL 

physics scheme that was used than the resolution of the model. YL and YH are slightly more 

correlated but overestimate the amplitude of the variations more and consequently have a higher STD 

and RMSD error. The difference is not huge but ML and MH seems to agree better with observations 

with regards to the sensible heat flux. 
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4.2.5 Taylor diagram - wind speed 

 

Figure 9. Taylor diagram showing how closely the wind speed is simulated compared to measured 

values. The letters A, B, C, D and E corresponds to measurements, YL, ML, YH and MH 

respectively. 

For wind speed ML and MH are better correlated than YL and YH with values of about 0.85 and 0.75 

respectively (Figure 9). The correlation is quite high considering the wind speed has, in addition to the 

slower diurnal variation, more rapid hourly changes and therefore it is a variable that's hard to predict. 

The amplitude of the variations seems to be close to that of the measurements and YL, ML and YH 

have a standard deviation close to the observed value of 2. Only MH differ in a noticeable way with a 

STD of about 2.25 which means a slight overestimation of the amplitude. ML has the smallest RMSD 

followed by MH and the two model runs using the Yonsei University scheme, namely YL and YH, 

have the largest difference. 

In terms of skill there is virtually no difference between YL and YH and they are also the two least 

accurate model runs. As in the previous cases no improvement can be seen for the model run with the 

higher resolution. The best runs are ML and MH and surprisingly, ML, the model run with the lower 

resolution have slightly better skill. 
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Figure 10. Measured and simulated wind direction from 2011-05-18 to 2011-05-26. 

Figure 10 show that modeled wind direction is well correlated with measurements except for some 

periods during the 18𝑡𝑡ℎ and the 25𝑡𝑡ℎ. As seen in the analysis of 𝐿𝐿𝑝𝑝𝑝𝑝 there are favorable conditions for 

the formation of a sea breeze from morning to early afternoon the 18𝑡𝑡ℎ. One explanation for this large 

deviation could be if the sea breeze front associated with this eventual circulation is located differently 

in the models than in reality the wind direction could very well be completely different in the models 

than what's observed. Of course there is also the possibility that this is just a model artifact. The same 

analysis of 𝐿𝐿𝑝𝑝𝑝𝑝 show that during the 25𝑡𝑡ℎ Tämnaren is much too small to initiate a closed circulation. 

This large disparity in wind direction between model and measurements therefore has to be some kind 

of model artifact. 

4.3. Sea breeze and NCMC 
 

For the calculation of 𝐿𝐿𝑝𝑝𝑝𝑝 measured data from lake Tämnaren are used: potential temperature, wind 

speed and sensible heat flux according to Equation (1). Unfortunately no measured data for sensible 

heat flux over land were available so instead model data is used. 
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Figure 11. Required length, 𝐿𝐿𝑝𝑝𝑝𝑝, as a function of time from 2011-05-18 to 2011-05-26. The upper 

and lower dotted lines are the length and width of Tämnaren respectively. For a closed circulation to 

form it is necessary for  𝐿𝐿𝑝𝑝𝑝𝑝 to be lower than the upper dotted line but the most favorable conditions 

are found when 𝐿𝐿𝑝𝑝𝑝𝑝  is below the lower dotted line. The three times during this study when a 

circulation is expected to develop, or at least when the conditions are most favorable, are found the 

18𝑡𝑡ℎ, 20𝑡𝑡ℎ and 22𝑛𝑛𝑛𝑛and are marked with red in the figure. 

Figure 11 show 𝐿𝐿𝑝𝑝𝑝𝑝  as a function of time for the duration of the study. The two horizontal lines 

represent the approximate length and width of lake Tämnaren. During conditions with westerly to 

south westerly wind the 'effective' length of Tämnaren is longer and it is enough if 𝐿𝐿𝑝𝑝𝑝𝑝 is below the 

upper line for a closed or nearly closed circulation to develop and persist. If 𝐿𝐿𝑝𝑝𝑝𝑝 is below the lower 

line there are even more favorable conditions and a circulation can be initiated regardless of wind 

direction.  

As can be seen in Figure 11 there are two occasions when, at least based on this criterion, we can 

expect the development of a closed circulation. During the 18𝑡𝑡ℎ 𝐿𝐿𝑝𝑝𝑝𝑝 is below the lower line until close 

to mid day followed by a rather rapid increase. This increase is due to a combination of a rather 

rapidly increasing wind speed and an already decreasing difference in sensible heat flux. From 07:00 

in the morning the 18𝑡𝑡ℎ and onward there is westerly to south westerly winds, i.e. 𝐿𝐿𝑝𝑝𝑝𝑝 can be closer to 

the upper line and still initiate a closed circulation. For the large scale eddies to be small enough not to 

dominate over the NCMC twice the boundary layer has to be lower than the lake width or length as 

mentioned earlier. In other words the PBL has to be lower than 2 or 3.75 km with respect to the width 
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and length of Tämnaren. During this day the boundary layer reaches a maximum depth of 1,8 km 

around 12:00-14:00. This is close, but still under, the lower condition which means it is possible for a 

closed circulation to develop although the eddies could have a significant impact on the flow. 

The second day where there is a possibility for a NCMC to develop is the 20𝑡𝑡ℎ. From around 06:00 

to 14:00 𝐿𝐿𝑝𝑝𝑝𝑝 is below the lower line. From 14:00 mainly due to an increasing wind speed the required 

size of the pertubated area quickly increases and around 16:00 is goes past the upper line. During this 

period there are mostly south westerly winds which mean the limiting size should be closer to the 

upper boundary condition. Early afternoon the boundary layer reaches maximum depth of 1,7 km so 

convective eddies could, like for the 18𝑡𝑡ℎ, be a significant but not necessary a limiting factor. 

There could also be of some interest to investigate early the 22𝑛𝑛𝑛𝑛 but a rapidly increasing wind 

speed makes the required size of the PA grow too large as early as 08:00. 

4.4. Divergence over Tämnaren 
 

The expected feature for a sea breeze is strong daytime divergence at low level over Tämnaren and a 

convergence zone (the sea breeze front) at the upstream shore. For a fully closed circulation conditions 

are reversed at some height above ground level i.e. convergence over the lake and divergence above 

the front zone. At night, when the lake is warmer than the surroundings, there is a possibility for the 

development of a land breeze. Contrary to the daytime sea breeze the characteristics for the land 

breeze is low level convergence over Tämnaren and divergence over land. 

As indicated by the previous analysis of 𝐿𝐿𝑝𝑝𝑝𝑝, the required size of the pertubated area needed to 

initiate a non classical mesoscale circulation, events with a fully closed circulation are expected to be 

rare due to the relative small size of lake Tämnaren.  However, at two occasions during the week in 

May, the 18𝑡𝑡ℎ and 20𝑡𝑡ℎ , there are rather favorable conditions for a day time sea breeze to develop. 

During nocturnal conditions the difference in sensible heat flux between lake and land seem to be too 

low for a land breeze to occur. 

From late afternoon to early morning for every day studied there is a clearly pronounced dipole 

pattern over Tämnaren with divergence at the upstream and convergence at the downstream shore 

(Figure 12). This is the expected behavior of a land breeze however after further investigation this is 

not the case. 𝐿𝐿𝑝𝑝𝑝𝑝 is too high and no shift in wind direction can be observed. As mentioned earlier the 

typical divergence/convergence pattern with respect to height could not be observed either. This 

pattern is due to a dynamic effect rather than a thermodynamical. Tämnaren have a lower roughness 

than its surroundings. This will cause the wind to accelerate over the lake and obviously the wind 

speed will be higher. To support this mean flow there has to be, for continuity reasons, divergence and 

convergence at the upstream and downstream shores respectively. This dipole pattern will promote 

vertical winds, downward at the upstream and upward at the downstream shore. During the day when 
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the difference in sensible heat flux becomes larger this pattern often disappear. Even though it is rare 

for the thermodynamical effect to dominate and form a fully closed circulation the effect of Tämnaren 

is a clear perturbation of the flow. A correlation between the dipole pattern and 𝐿𝐿𝑝𝑝𝑝𝑝 can be observed. 

High 𝐿𝐿𝑝𝑝𝑝𝑝 , which means unfavorable conditions for the formation of a NCMC, means that the 

thermodynamical effect of Tämnaren on the flow is low and the dipole pattern caused by the dynamic 

effect is well defined. As 𝐿𝐿𝑝𝑝𝑝𝑝 decreases due to a combination of increased difference in sensible heat 

flux and lower wind speed the conditions for a NCMC become favorable and the dipole pattern 

becomes weaker or completely disappears. Even though the perturbation on the flow become rather 

large for small 𝐿𝐿𝑝𝑝𝑝𝑝 times when a fully closed sea breeze circulation develops are expected to be rare. 

 

Figure 12. Contour plot of divergence over Tämnaren (10−3𝐵𝐵−1) at the height of 10 m along with 

wind vectors. Result is from model run YL (1000 m resolution) at 2011-05-18 00:00. White solid line 

marks the position of the lake. 

 

4.5. Lake breeze development May 18th 2011 
 

As discussed previously it is not enough to study 𝐿𝐿𝑝𝑝𝑝𝑝 to determine sea breeze development but it gives 

a good indication of when conditions are favorable and what times warrant further investigation.  
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4.5.1. YL simulation 

 

To determine if a NCMC has developed important parameters to look at are surface plot of divergence 

and wind vectors (Figure 13b) together with cross section of divergence (Figure 13c) and wind 

speed/direction (Figure 13d). 

 

 

(For caption, please see next page) 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 13. Contour plot of temperature (°𝐶𝐶 ) at 2 m along with wind vectors at 10 m (a) and 

divergence (10−3𝐵𝐵−1) and wind vectors at 10 m (b). Contour plot of divergence (10−3𝐵𝐵−1) (c) and v-

component of wind (𝑚𝑚𝐵𝐵−1 )(d) in a yz-cross section. Difference in sensible heat flux (𝑊𝑊𝑚𝑚−2 ) 

between Tämnaren and surrounding land (e) and comparison of wind speed (𝑚𝑚𝐵𝐵−1 ) between 

measurements and simulated values (f). The white line in (a) and (b) is the contour of Tämnaren and 

the dashed line in (b) show where the cross section is taken. All model values are from the YL run on 

2011-05-18 at 08:00. 

At 08:00 in the morning the 18𝑡𝑡ℎ  the sun has already heated the ground enough to make the 

surroundings warmer than Tämnaren. The difference in temperature is about 0.5-1℃ and the resulting 

difference in sensible heat flux is about 125 𝑊𝑊𝑚𝑚−2 Note that even though the flux difference, the 

driving force behind the creation of a NCMC, is only about half of the daily maximum the low wind 

speed (≈2 ms-1) makes it possible for a closed or nearly closed circulation to develop this early in the 

morning.  

Figure 13b show well defined divergence over most of lake Tämnaren with a maximum closer to 

the upwind shore. There are two convergence zones like a semi circle around Tämnaren. Firstly a 

distinct zone at the upwind shore consistent with what is expected for a sea breeze circulation. 

Secondly a zone at the northern upwind shore. This is most likely a dynamic effect due to difference in 

roughness rather than a thermodynamic effect due to a difference in sensible heat flux or perhaps a 

combination of the two.  

Figure 13c show a south-north cross section over Tämnaren. The divergence zone over Tämnaren 

is well defined up to about 400 meters with an area of convergence above. In the same fashion, above 

the areas with low level convergence there are distinct divergence zones consistent with a closed 

circulation caused by thermal highs and lows. Figure 13d shows the same cross section but with v-

wind component. It shows a clear shift in wind direction in connection to the convergence zone at the 

upwind shore. An indication that it is indeed a fully closed sea breeze circulation. Note that the wind 

speed, caused by the NCMC, in opposite direction from the mean flow is quite low, only 0.5-1 ms-1. 

An indication that the sea breeze observed here is close to the limit for a fully developed circulation. 
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Figure 14. Contour plot of divergence (10−3𝐵𝐵−1) and wind vectors at 10 m (a). Contour plots of 

divergence (10−3𝐵𝐵−1) (b) and v-component of the wind (𝑚𝑚𝐵𝐵−1) (c) in a yz-cross section. The white 

line in (a) show the contour of Tämnaren and the dashed line show where the cross section is taken. 

Simulated values are from model run YL 2011-05-18 at 13:00. 

At 13:00 the forcing due to sensible heat flux is about 200 Wm-2, close to the daily maximum. A 

significant increase from 08:00. However the wind speed has proportionally increased even more, 

from 2 to 6 m/s. Since 𝐿𝐿𝑝𝑝𝑝𝑝 ∝ 𝑢𝑢𝑏𝑏3 this means that the conditions for the development of a sea breeze is 

lower than for 08:00. Close to the theoretical upper limit for Tämnaren. The surface divergence plot 

doesn't show divergence over the lake as a whole but rather a maximum located closer to the southern 

shore. A convergence zone can be seen close to the upstream shore although not as distinct as for 

08:00. Figure 14b shows that the divergence over Tämnaren is greater in both height and magnitude 

than the previous case but the divergence/convergence pattern typical for a sea breeze cannot be seen 

clearly. The cross section of the v-wind component shows a strong reduction in wind speed in the 

expected areas for a sea breeze but not a clear reversal of wind direction. Tämnaren has in this case a 

very noticeable impact on the background flow but seems to be just at the limit to create a fully closed 

circulation. 

(a) (b) 

(c) 
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Between 13:00 and 14:00 there is a sudden drop in sensible heat flux difference combined with an 

increasing wind speed. This can be seen in 𝐿𝐿𝑝𝑝𝑝𝑝 as the rapid increase from the upper limit of about 7.4 

km to 20 km.  The required size for the PA needed for a closed circulation to develop, or in this case 

be maintained is thus almost three times larger than the upper, more generous limit. Tämnaren still 

cause a clear perturbation on the mean flow but in a more complex way than a sea breeze.  

4.5.2. YH simulation 

 

Figure 15. Contour plot of divergence (10−3𝐵𝐵−1) and wind vectors at 10 m (a). Contour plots of 

divergence (10−3𝐵𝐵−1) (b) and v-component of the wind (𝑚𝑚𝐵𝐵−1) (c) in a yz-cross section. The white 

line in (a) show the contour of Tämnaren and the dashed line show where the cross section is taken. 

Simulated values are from model run YH 2011-05-18 at 08:00. 

The YH run shows the same patterns for 08:00 as the YL run but due to the higher resolution more 

pronounced. The surface plot show divergence over Tämnaren and two distinct convergence zones. 

One at the upstream shore and one at the northern downstream shore. Since there is no clear shift in 

wind direction at the upper convergence zone this is not caused by a sea breeze but rather a dynamic 

effect due to roughness differences.  Since the southern convergence zone lie in the boundary from 

higher to lower roughness the expected dynamic effect here would be divergence. In other words it has 

(a) (b) 

(c) 
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to be a thermodynamical effect. There is also a significant shift in wind direction indicating a sea 

breeze circulation. The y-z cross section show the expected pattern with divergence in height in areas 

with low level convergence and vice versa. Cross section wind speed quite nicely show the shift in 

wind direction caused by the sea breeze. 

 

Figure 16. As Figure 15 but at 09:00. 

At 09:00 the overall pattern is similar to the previous hour but advected in the mean wind direction 

and somewhat weakened. There's still divergence over most of Tämnaren and a distinct convergence 

zone at the northern upwind shore. The divergence zone at the downwind shore is weaker than at 

08:00 and instead of being well defined close to the shore it has more of a horse-shoe shape around the 

main divergence zone over the lake. Analyzing the cross section divergence plot there isn't any clear 

pattern in height typical for a closed circulation. There is no clear shift in wind direction either but the 

wind speed is reduced close to 0 ms-1 in connection to the convergence zone suggesting that this is a 

dissipating sea breeze circulation. 

(a) (b) 

(c) 
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4.5.3. ML simulation 

 

 

Figure 17. As Figure 14 but for model run ML at 08:00. 

At 08:00 the ML run is similar to the YL run. The wind is almost parallel to the shore at the northern 

part of Tämnaren so the divergence here due to the dynamic roughness effect is less pronounced. 

There is mainly divergence over the lake but not as strong as for the YL run and it is advected over 

land in the wind direction (south-east). In connection to the divergence there is a convergence zone at 

the upstream shore. This is also advected in a south easterly direction. In Figure 17b we see a well 

defined divergence zone in height between about 400-800m where this low level convergence is 

located. There is convergence in height over Tämnaren but not as well defined as in the YL run. 

Analyzing the cross section of the v-wind component there is a clear shift, but not a complete reversal, 

of wind direction in connection to the upstream convergence zone. This suggests the even though this 

is not a fully developed sea breeze it is a nearly closed circulation. 

(a) (b) 

(c) 
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Figure 18. As Figure (14) but for model run ML at 12:00. 

An analysis of the situation at 12:00 is shown in Figure 18. At 12:00 the difference in sensible heat 

flux between lake and land are near maximum. The same patterns as 08:00 can be seen and due to the 

increase in flux difference they are stronger in magnitude and more clearly defined in height. There is 

a well defined area with divergence with a maximum at the center of Tämnaren.  The convergence 

zone at the southern shore of the lake is "stretched" in the mean wind direction. This narrow band with 

convergence has a magnitude about four times higher compared to 08:00. It is also well defined in 

height and slightly stronger than the northern convergence zone that's caused by a dynamic effect. At 

the upper part of the planetary boundary layer there is the expected divergence/convergence pattern 

typical for a closed circulation although somewhat weak. Analyzing the yz-cross section of the v-wind 

component it is clear that there is a shift in wind direction from approximately the center of the lake 

(center of the divergence zone) to the convergence zone at the southern shore of Tämnaren.  The total 

analysis points to that this is a closed, or at least nearly closed, circulation being advected in the mean 

wind direction.  

(a) (b) 

(c) 
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4.5.4. MH simulation 

 

Figure 19. Contour plot of divergence (10−3𝐵𝐵−1) and wind vectors at 10m. 

Unlike the three other model runs the 'MH' run, shown in Figure 19, does not show signs of a sea 

breeze circulation at 08:00 or any other time during the 18𝑡𝑡ℎ. Lake Tämnaren still has an influence on 

the flow but the result here is more of a cancellation of the rather complex divergence/convergence 

pattern over land surrounding the lake. There's a small area with divergence at the western most part of 

the lake coupled with a narrow band of convergence at the upstream shore. This is the same tendencies 

as shown in the other models but very weak and certainly not dominating or defining for the area as a 

whole.  

4.6. Methane flux and IBL 
 

Methane flux measurements over Tämnaren show a pronounced diurnal pattern with increasing flux in 

the evening and decreasing in the morning (Podgrajsek et al., 2014). They further suggest that this 

diurnal variation is not correlated with wind speed but rather the waterside stratification. At night 

when the surface water is warmer than the air the water loses heat from the surface and a waterside 

convection is triggered. These convective motions may in turn both initiate ebullition events and mix 

water vertically so bottom water with a high amount of dissolved methane rise toward the surface. 

This should result in high nighttime fluxes and when there is no waterside convection (daytime) the 

flux is very low. As shown by Sahlée et al. (2014) the partial pressure of methane, pCH4 , closely 

follow the methane flux variation with increasing values during night time. They suggest that this 

accumulation of methane at night is due to a shallow internal boundary layer that develops over the 

lake at night. 
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Figure 21. Vertical profiles of potential temperature over Tämnaren from the YL run. Dashed lines 

are at night (02:00) and solid lines are daytime (13:00). Model data is from May 18-25th so there is 

one less night time profile. 

Figure 21 show vertical profiles of potential temperature for the YL simulation but all runs show the 

same overall tendency. During day time there is a stably stratified layer close to the surface in all cases 

but one. It is hard to tell exactly how high this layer is because of the vertical resolution but it seems to 

be slightly below 100 m. The air above this layer is unstably stratified up to about 1500-1800m. At 

night when the water is warmer than the air all days show the same pattern, an unstable layer up to 

100-150m before adjusting to the stable night time conditions. As for the surrounding land the 

situation is reversed (not shown) i.e. unstable during daytime and stable at night. 

5. Discussion 
 

There are several variables that are important for the development of a lake/land breeze. The driving 

force is a difference in potential energy over the pertubated area, lake Tämnaren in this case, compared 

to the surrounding land caused by a disparity in sensible heat flux. The greater the difference the more 

advantageous it is for the initiation and continuation of the circulation. The flux follows a clear diurnal 

variation and usually the difference reaches maximum early afternoon. As seen in Figure 5d there is a 

large difference in modeled sensible heat flux during night time compared to observed values. This 

error may be due to the fact that the model was unable to reproduce a varying sea surface temperature. 

In the model the mean temperature for the period is used when in reality, since lake Tämnaren is so 

shallow with a mean depth of only 1.4 m the surface temperature changed with as much as 2˚C from 

day to night. This means the forcing, i.e. flux difference in the pertubated area, are close to measured 



32 
 

values during daytime but too low at night. For sensible heat flux conditions for a closed circulation to 

form are thus better modeled during daytime than at night when conditions are less favorable than 

according to observations. 

The required size of the pertubated area is strongly dependant on the wind speed (𝐿𝐿𝑝𝑝𝑝𝑝 ∝  𝑢𝑢𝑏𝑏3 ). 

Even when the difference in sensible heat flux is sufficient for the creation of a sea breeze the 

background wind speed has to be low enough to not dominate over the thermally induced circulation. 

For this case the boundary seems to be about 6 ms-1. The previous analysis of 𝐿𝐿𝑝𝑝𝑝𝑝 indicated that there 

could be a sea breeze during the 20𝑡𝑡ℎ and 22𝑡𝑡ℎ but the higher wind speed, as compared to the 18𝑡𝑡ℎ, is 

enough to override the formation of a sea breeze. The model fail to capture the low wind speed during 

the 22𝑡𝑡ℎ (figure 5c) so modeled conditions are less favorable than indicated by 𝐿𝐿𝑝𝑝𝑝𝑝. There is still a 

clear influence of Tämnaren in the form of a perturbation of the mean flow but no indication of a 

closed circulation during these two days. 

The horizontal flow associated with large scale convective eddies is dependent on the depth of the 

planetary boundary layer. If the PBL depth is greater than half the length of the PA the turbulent flow 

could override any NCMC. For Tämnaren, which shortest distance across is about 4 km, that means 

when the PBL reaches 2 km eddies becomes a significant limiting factor. 

6. Conclusions 
 

Overall the WRF model performed fairly similar in all four simulations. There were little to no 

improvement in performance by the increase in resolution from 1000 m to 400 m. Instead the 

differences stem from what planetary boundary layer scheme that was used. Statistically the difference 

between the two schemes (Yonsei University and Mellor-Yamada Nakanishi and Niino) in these 

simulations is moderate and neither of the schemes is consistently better than the other. 

Analysis of 𝐿𝐿𝑝𝑝𝑝𝑝 shows that Tämnaren is large enough to initiate a lake breeze but events are likely 

rare considering the strong dependence on the background wind speed (𝐿𝐿𝑝𝑝𝑝𝑝 ∝ 𝑢𝑢𝑏𝑏3) compared to the 

relative small size of the lake. A fairly moderate wind speed will prevent the development of a fully 

closed circulation. It is possible however that a lake or land breeze enhance the diurnal pattern of the 

methane variation by convergence of the natural 𝐶𝐶𝐶𝐶4 emission over Tämnaren at night and divergence 

during the day. It is possible that even when there is not a fully closed circulation the effect of 

Tämnaren can be seen in the form of a perturbation of the mean flow that could influence the amount 

of measured methane over the lake. These events however are not frequent enough to be the cause of 

the observed pronounced diurnal variation of 𝐶𝐶𝐶𝐶4 concentration. 

 At night the methane flux over Tämnaren is significantly larger than during daytime (Podgrajsek et 

al., 2014). The reason for this is most likely waterside convection that both trigger ebullition events 
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and vertical mixing of bottom water with a high concentration of dissolved methane. This high flux 

allows for a rapid accumulation in the shallow internal boundary layer that develops over the lake at 

night resulting in a higher night time concentration of methane. As seen in Figure 21 a shallow night 

time IBL develops over Tämnaren every day for the duration of this study. It is likely that this is a 

major factor for the observed diurnal variation of methane concentration.  
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