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Abstract. Land-sea interaction at the Polish Baltic Coast impacts the specific local climate conditions. Thermally driven 
circulation, observed mainly in the summer season, causes the advection of the cool sea air over land and influences 
the local atmospheric environment, including bioclimatic conditions. The aim of this paper is to present the evaluation 
of the WRF model for forecasting sensitive bioclimatic conditions on a selected day with sea breeze in the vicinity of 
the Łeba Sandbar (the Słowiński National Park). The results obtained from a numerical weather prediction model were 
post-processed to calculate the daily variability of two biothermal indices: the Effective Temperature (ET) and the Dry 
Cooling Power (H). To evaluate the thermal comfort of a person wearing typical clothes, the Michajlow’s, Petrovič and 
Kacvińsky’s scales were adopted. A detailed analysis performed for 31st July 2010 shows in most cases a satisfactory 
level of agreement between the simulated data and the in-situ measurements for nested domains with horizontal grid 
resolution less than 2 km. However, the simulation results tend to underestimate the thermal comfort, especially in the 
middle part of the Łeba Sandbar due to terrain data misrepresentations, which results in the overestimation of wind 
speed.
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1. Introduction

The climate conditions of the Słowiński Na-
tional Park are to a large extent affected by the 

land-sea interactions, which modify the air flow 
on a synoptic scale. This situation is particular-
ly well seen during the summer months, when 
breeze circulation occurs with the typical off-
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shore and onshore winds, which bring cool mar-
itime air over warmer land.

There are many papers concerning the effects 
of breeze circulation on human thermal comfort. 
However most of them focus on regions, where 
breeze circulation is a common phenomenon 
(e.g. Papanastasiou et al. 2010, Simpson 1994). 
According to Michalczewski’s (1967) research, 
breeze circulation in the Polish Baltic Coast 
(Kondracki 2002) is observed most often in the 
Gulf of Gdańsk, mainly due to the shadow ef-
fect of the Kashubia region (Borzyszkowski et al. 
1999) against prevailing western winds. The av-
erage number of days with breeze at the Polish 
coast is estimated at 25 days per year, and over 
50% of such days occur in the summer season 
(Michalczewski 1967), thus significantly modi-
fying the perceived thermal conditions. In most 
cases, an effect of the onshore wind is positive, 
mainly due to the specific cooling and refreshing 
properties of the wind, which have a stimulat-
ing effect on human body and prevent air stag-
nation in coastal regions (Błażejczyk 1980). The 
time shift between land and sea breeze is a dom-
inant factor on fluctuations in air temperature 
and air humidity of the coastline area (Świątek 
2004, Tijm et al. 1999), what in connection with 
sudden change of wind direction, especially on 
days with small cloudiness, may result in a rap-
id change of the temperature and relative hu-
midity values, which in turn may cause serious 
disturbances in the heat balance of the human body 
(Błażejczyk 1980).

Therefore forecasting of local, thermally driv-
en circulation may play a crucial role on many 
fields of human activity in the coastal regions, like 
in the case of Łeba surroundings, where fluctua-
tions of a bioclimatic conditions are in strong in-
terest of tourists, tour organizers, travel agencies, 
tourism planners, and stakeholders (Matzarakis 
2006). In order to get an appropriate forecast, the 
modern high-resolution numerical weather pre-
diction models has to be evaluated to get the an-
swer whether they are capable to recognize local 
factors like sea breeze. What’s more, currently 
tested mesoscale models used in a operational 
weather services are getting to work in horizon-
tal resolution much below 5 km grid, what may 
suggest better realism of local phenomenon rep-
resentation.

Taking into account the foregoing, one of the 
main aims of this paper is to describe the impact 
of breeze circulation on selected bioclimatic indi-
ces (perceived thermal conditions) over relative-
ly short time periods. However, the major objec-
tive of the presented research is to evaluate the 
possibilities of accurate forecasting of breeze cir-
culation and its specific aspects in the researched 
area, as they may have important implications 
not only for the bioclimatic indices, but also for 
other areas of human activity, where numerical 
weather prediction models are commonly used.

2. Materials and methods

The results presented further herein were ob-
tained on the basis of in-situ measurements at 
two sites. Both measurement locations represent 
conditions typical of the most often visited tour-
ist places of eastern parts of the Słowiński Na-
tional Park.

The field station of the Climatology Depart-
ment of Adam Mickiewicz University is located 
10 km west of Łeba and approximately 30 meters 
from the Baltic Sea coast. The station is situated 
between the frontal dunes strip and a coniferous 
forest, on a flat, sandy area randomly covered 
with low-growing grass, forming a plant com-
munity known as Helichryso-Jasionetum (Bednorz, 
Kolendowicz 2010, Półrolniczak 2011). Measure-
ments were carried out using the Vaisala MAWS-
301 automatic weather station, with the anemom-
eter located at the height of 3.75 m.

Biometeorological conditions of the middle 
part of the Łeba Sandbar were compared with the 
conditions prevailing at the station in Łeba-Rąb-
ka, which is run by the Institute of Meteorology 
and Water Management – National Research 
Institute (IMGW – PIB) and complies with the 
WMO requirements. This station is located near-
by the Łebsko Lake, approximately 1.5 km from 
the Baltic Sea. It is worthy of note that the station 
is not directly affected by the Baltic Sea due to the 
several hundred meter wide forest strip located 
between the sea and the lake area (Fig. 1).

In order to distinguish whether it is possible 
to forecast breeze occurrence with characteristic 
for this phenomenon daily change of bioclimatic 
conditions, a 24 hour forecast was produced using 
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a mesoscale numerical weather prediction mod-
el WRF 3.1 (Weather Reaseach and Forecasting 
Model). The boundary conditions were extract-
ed at 00 and 12 UTC, with horizontal resolution 
of 0.5° based on the global simulation of the GFS 
model (Global Forecast System). Data assimila-
tion of the boundary conditions was done every 

3 hours as delivered by the large-scale model. 
Due to the local character of breeze circulation, 
which cannot be recognized by global models, 
and in order to avoid a sharp resolution change, 
the 5-way nesting technique was applied (Fig. 2, 
Table 1). The horizontal grid spacing obtained for 
the smallest of the created domains was only 0.46 

Fig. 1. Location of meteorological stations used in this study. Land use categories inside the Słowiński National Park accord-
ing to CORINE 2006 (JRC-EEA 2005)

Fig. 2. Nesting of domains 1–5 used in simulations run by the WRF model
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km, but even though, not all terrain details, such 
as the coastline or land cover, deriving from the 
default USGS 30-arc-second data, were not prop-
erly represented. It should also be remembered 
that there are some limitations in prescribing the 
initial conditions of the sea surface temperature 
(SST), which are often in mesoscale models as-
similated by climatology means. More details of 
the important settings used in the simulation are 
presented in Table 2.

The authors are aware that the evaluation of 
the model requires specific and long-term testing. 

However, this paper rather focuses on a general 
evaluation whether the selected high-resolution 
mesoscale model and selected model setup may 
be used to predict breeze circulation. In case of 
a positive answer to that question, it will be im-
portant to identify the meteorological elements, 
which affect sensitive temperature, including 
those which can be forecast well and those which 
are difficult to forecast.

In order to determine a day with sea breeze 
circulation, the Biggs-Graves index (1962) was 
calculated for the entire summer season (Fig. 3) 
using the data obtained from the field station of 
Adam Mickiewicz University and Reynold’s sea 
surface temperature (SST) re-analysis1 (Reyn-
olds et al. 2007). This dimensionless index, also 
called Eckert index, considers difference of SST 

1 www.ncdc.noaa.gov/oa/climate/research/sst/grid-
data.php (accessed 31 May 2012).

Table 2. A list of important physical settings of the WRF 3.1 model used in this study

Model characteristics Type

Model core Advanced Research WRF (ARW), nonhydrostatic

Initial and lateral boundary 0.5° – resolution GFS

Cumulus parametrization 
scheme

Kain-Fritsch scheme for 1st domain – a deep and shallow sub-grid scheme using 
a mass flux approach with downdrafts and CAPE removal time scale. (Kain 2004). 
Domain 2–5 with no cumulus parametrization

Microphysics schemes Lin et al. scheme: A sophisticated 5-class scheme that has ice, suitable for real-data 
high-resolution simulations (Lin et al. 1983, Chen and Sun 2002)

Planetary Boundary Layer 
(PBL) scheme

Yonsei University scheme. Depth of PBL determined from thermal profile. (Skama-
rock et al. 2005)

Land surface physics scheme

Noah Land Surface Model: Unified NCEP/NCAR/AFWA scheme with soil tem-
perature and moisture in four layers. Vegetation effects included. Diagnoses skin 
temperature and uses emissivity. Provided heat and moisture fluxes to the PBL 
(Chen, Dudhia 2001)

Urban canopy model Off
Long and short wave radiation 
scheme Rapid Radiative Transfer Model (RRTM) (Mlawer et al. 1997).

Sea Surface Temperature 
support Yes

Orography U.S. Geological Survey (USGS) Digital Elevation Model (30s)

Table 1. Selected details of domains used in the simulation made by the WRF model

Domain 1 Domain 2 Domain 3 Domain 4 Domain 5

Time step 240 s 60 s 20 s 6.66 s 2.22 s
dx, dy
(total number of cells)

24 × 24
(576)

33 × 29
(957)

40 × 31
(1240)

64 × 46
(2944)

79 × 49
(3871)

Number of vertical layers (up to 50hPa) 45

Horizontal grid resolution 50.00 km 12.50 km 4.17 km 1.39 km 0.46 km

Fig. 3. The Biggs-Graves Index (1962) values in the Łeba 
Sandbar during summer season of 2010
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and land temperature on the background of geo-
strophic wind, as shown on eq. 1.

 
e =

u
2

C Tp · Δ  
(1)

where:
Cp – heat capacity of air at constant pressure 
[JK–1 kg–1],
u – geostrophic wind speed [m s–1],
ΔT – temperature difference between land and 
SST [K].

According to the research of Biggs and 
Graves’ concerning the Lake Erie (1962), breeze 
circulation mainly occurs when the Eckert index 
is between 0 and 3, and the probability of a day 
with breeze increases when the value is closer 
to 0. One such event was diagnosed on 31st July 
2010, when the Eckert index was only 0.4. Addi-
tionally, the choice of that date for further anal-
ysis was justified by a good level of agreement 
with the synoptic situation over Central Europe 
by the GFS model, with no active synoptic fronts 
or widespread cloud zones.

In order to determine the perceived thermal 
conditions, two biometeorological indicators 
were applied, i.e. the Effective Temperature (ET), 
which is a quasi temperature measure, and the 
Dry Cooling Power (H), which is a physical in-

dicator of heat balance between the human body 
and its environment. The effective temperature 
(ET) is usually identified as an indicator reflecting 
the total effect of temperature, relative humidity 
and wind speed on a normally dressed person or 
on a person stripped to the waist, but staying in 
the shade (to not account for solar radiation). It is 
calculated using Missenard formulas (Kozłows-
ka-Szczęsna et al. 1997) (eq. 2, 3):

ET = t – 0.4 (t – 10)(1 – 0.01f), when v ≤ 0.2 ms–1 (2)

ET = 37 –
(37 – t)

0.68 – 0.0014f +
1

1.76 + 1.4V
0.75

–0.29t (1 – 0.01f), v > 0.2 mswhen
–1

 

(3)

where:
t –air temperature [°C],
f – relative humidity [%],
v – wind speed [m s–1].

The assessment of the thermal conditions was 
performed by Michajlow’s thermal sensation 
scale, which takes into consideration a normally 
dressed man, performing light work (thermal in-
sulation 1 clo, which reflects thermal resistance 
of 0.155 Km/W2). The ranges of the ET index pre-
sented in Table 3 are most favorable for cool and 
fresh classes (Kozłowska-Szczęsna et al. 1997).

The Dry Cooling Power (H) (W/m2), also 
called biological chilling, describes the thermal 
sensation of a standing person, dressed ade-
quately for the weather. This index determines 
the heat loss of the human body due to the inter-
actions between air temperature and wind speed. 
Calculation of the H-index was done using the 
Hill formulas (Kozłowska-Szczęsna et al. 1997):

H = (36.5 – t) (0.2 + 0.4(v0.5)) 41.868, 
           when v ≤ 1.0 ms–1   

(4)

H = (36.5 – t) (0.13 + 0.47(v0.5)) 41.868, 
         when v > 1.0 ms–1   

(5)

where:
t – air temperature [°C],
v – wind speed [m s–1].

Table 3. Applied biometeorological indices and cho-
sen scales range

Index Class range Effect on human body
ET-index
(according 
to Micha-
jlow’s 
thermal 
sensation 
scale)

< 1.0 very cold
1.0–8.9 cold
9.0–16.9 cool
17.0–20.9 fresh
21.0–22.9 comfortable
23.0–26.9 warm

≥ 27.0 hot
H-index
(according 
to Petro-
vič and 
Kacvinsky’s 
thermal 
sensation 
scale)

≤ 210.0 very hot
210.1–420.0 hot
420.1–630.0 neutral
630.1–840.0 slightly cool
840.1–1260.0 cool
1260.1–1680.0 cold
1680.1–2100.0 very cold

> 2100.0 extremely cold and 
windy
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Fig. 4a. Wind hodographs at the Łeba Sandbar on 31st July 2010 for observed and modeled data. The numbers represent 
hours according to local time (UTC+2)

Fig. 4b. Wind hodographs at the Łeba-Rąbka on 31st July 2010 for observed and modeled data. The numbers represent 
hours according to local time (UTC+2)
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3. Results

The results derived from the simulation of 
domains 4 and 5 were used to evaluate the level 
of agreement in the diurnal cycle of wind speed, 
wind direction, air temperature and relative hu-
midity, and they were subsequently applied for 
calculating the selected biometeorological indi-
ces. The changes of the vector wind components 
in both locations are presented on hodographs 
(Fig. 4a, 4b), while data charts containing the 
forecast and observed changes of air temperature 
and relative humidity are shown in Fig. 5.

A detailed analysis indicates a significant in-
fluence of the sea breeze on the diurnal course 
of the meteorological phenomena which in turn 
affects the thermal sensation. Breeze occurrence 
may be easily seen by wind direction change, 
a significant increase of air humidity and de-

crease of air temperature in around noon hours, 
when the wind rapidly changes its direction from 
offshore to onshore. Most of the typical patterns 
of breeze circulation are recognized by the mod-
el, yet there are some noticeable temporal shifts, 
especially as regards air humidity, which may be 
connected with the model coastline representa-
tion. The values of wind speeds are also overes-
timated in almost all cases, which may be due to 
the problems with terrain data concerning sur-
face roughness (Czernecki 2012).

Both biometeorological indices calculated on 
the basis of the Łeba-Rąbka station reflect to low 
variability of sensitive thermal conditions during 
a chosen day (Fig. 5). The range of the ET-index 
always belongs to the cold and cool classes, while 
the H-index oscillates between the cool, slightly 
cool and neutral classes. More variable results 
were obtained for the Łeba Sandbar. Both indices 

Fig. 5. Daily course of air temperature and relative humidity in the Słowiński National Park on 31.07.2010. Given hours of 
local time (UTC+2)
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occur in three classes: ET – cold, cool and fresh, H 
– hot, neutral and slightly cool. Due to lower val-
ues of the maximum air temperature and high-
er values of the relative humidity in afternoon 
hours (in comparison with values that could be 
expected on days with synoptic-scale driven cir-
culation), there are clearly flattened courses of 
the ET and H indices (Fig. 6). The change of the 
wind direction observed around 10 UTC (Fig. 4b) 
brings cool and more humid air masses, and due 
to lower values of surface roughness over the 
sea it may influence higher wind speed in some 
distance from coastline. As a result, both indices 
point out to significantly colder perceived ther-
mal conditions than those usually observed.

An attempt at forecasting the biothermal con-
sequences of breeze circulation gives satisfactory 
results especially in the case of the Łeba-Rąbka 
station (Fig. 6). The values of ET predicted in do-
main 5, between 5 am and 11 pm are the closest to 
the actually observed values. Only slightly worse 
are the results for domain 4, but nevertheless al-
most all values of the perceived thermal condi-
tions have been classified correctly according to 
the Michajlow’s scale. Larger differences were 
recognized for the H-index, with some incidents 

of a 1-class error, and during night hours, also 
of a 2-class error according to the Petrovič and 
Kacvinsky’s scale.

The Łeba Sandbar may be a more difficult as far 
as obtaining a reliable forecast outside the sandbar. 
Model results used for calculating biothermal indi-
ces are not fitted well there (Fig. 7). For both indices, 
the daily course is correlated well, but the model 
tends to overestimate the H-index and underesti-
mate the ET values. The discrepancy between the 
model and the observation data is smaller for the 
ET index with 1-class difference mainly during the 
morning hours, while the second part of the day is 
classified in the same range, mainly due to a rela-
tively large range of this class (from 9.0°C to 17.0°C). 
A higher sensitivity of the H-index to wind speed 
results in larger discrepancies between the observed 
and modeled biothermal conditions in the Łeba 
Sandbar, which can vary by as many as 2–3 classes 
between the night and morning hours.

4. Conclusions

The analyzed case study shows a satisfactory 
level of agreement of the daily breeze circulation 

Fig. 6. Daily course of the Effective Temperature (ET) and the Cooling Power of Air (H) in Łeba-Rąbka on 31.07.2010. Given 
hours of local time (UTC+2)

Fig. 7. Daily course of the Effective Temperature (ET) and the Cooling Power of Air (H) at the Łeba Sandbar on 31.07.2010. 
Given hours of local time (UTC+2)
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observed at the selected points of the Słowiński 
National Park with the forecast dataset obtained 
from numerical simulations run by the Weather 
Research and Forecasting (WRF) model. As expect-
ed, the model results are closer to the observa-
tions for the domains with the smallest horizon-
tal resolution. It means that prediction of local 
breeze circulation requires not only high-quality 
boundary conditions, but also high-resolution 
terrain data. Only slightly worse surface data 
representation in domain 4 causes poorer results 
for the part of the day when radiation balance 
plays an important role in the surface cooling ef-
fect. This same effect simulated inside domain 5 
is slightly better recognized, however, in the case 
of the Łeba Sandbar, differences between the ob-
servations and simulations are still clearly seen. 
Confirmation of thesis with misrepresenting 
thermal fluxes during night hours may be fact of 
significantly increasing correlation between ob-
served and simulated values of meteorological 
phenomena just after sunrise (Fig. 5).

However, high quality terrain data did not 
significantly improve the quality of the wind 
speed forecast. As presented on hodographs 
(Fig. 4), even if the wind direction is predicted on 
a satisfactory level, the wind speed at the Łeba 
Sandbar is overestimated during the whole day, 
and in Łeba-Rąbka there are only a few compa-
rable results. Anyway, it must be noticed that in 
the case of automated measurements in the Łeba 
Sandbar the results may also be due to the loca-
tion of the anemometer at a lower height (3.75 m) 
and specific location of station, affected by the 
wind shadow of forest and dunes zone.

Overestimation of the wind speed has fur-
ther consequences in lower values of the Effec-
tive Temperature (ET) and higher values of the 
Cooling Power of Air (H) in comparison with 
those calculated from observations (Figs. 6 and 
7). H-index values at the Łeba Sandbar may at 
some hours vary by 2–3 classes according to the 
Petrovič and Kacvinsky’s scale, while the biggest 
differences were found at night hours. A better 
quality forecast of the biothermal conditions was 
obtained in Łeba-Rąbka, where typically the fore-
casted H-index is lower for 1 class. A satisfactory 

level of agreement for the effective temperature 
(ET), especially for the Łeba-Rąbka station (Fig. 
6), may also be a result of a relatively wide range 
(Table 3) of the cool class.

In the analyzed case study, the change of the 
wind direction from onshore to offshore was ob-
served earlier (around 9:15 am) at the Łeba Sand-
bar than in Łeba-Rąbka (around 10:30 am). The 
change of air mass advection results in a tempo-
rary decrease of air temperature and an increase 
of relative humidity values, which is confirmed 
in both locations. The observed development of 
breeze circulation influences the lower than usu-
al diurnal amplitude of the biometeorological 
indices (in comparison with the typical days at 
the Polish Baltic Coast in the summer season). 
As a result, the hottest classes according to the 
Michajlow’s, Petrovič and Kacvinsky’s scales are 
not observed.

The case study of forecasting breeze circula-
tion by the Weather Research and Forecasting (WRF) 
model presented in this paper, with a special fo-
cus placed on the biometeorological conditions, 
may give promising results. The adopted model 
settings (Table 1 and 2) seem to be adequate for 
the summer season in the area of interest, which 
in result let to represent daily course of most of 
meteorological phenomena typical for breeze 
circulation. A poorer quality of the forecast as re-
gards the Łeba Sandbar should not be surprising 
taking into account the topoclimate properties 
of the chosen station, which cannot be directly 
solved by the numerical mesoscale model.

Overestimation of the wind speed in the area 
of interest, which contributes to a lower thermal 
comfort, seems to be a systematic error, typical for 
the WRF model (Peña 2011, Czernecki 2013). How-
ever, such an assumption in this particular case re-
quires further long-term study, which is necessary 
before implementing this kind of a forecasting tool 
for a wide range of end-user needs. Moreover, in 
places characterized by spatial variation in topo-
climate types, as undoubtly is observed in Słow-
iński National Park (Kolendowicz, Bednorz 2010), 
application of the Model Output Statistics (MOS) 
seems to be more adequate to ensure a better qual-
ity of site-specific forecasting.
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