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ABSTRACT

The possiblemodifications of the surfacemeteorological conditions due to construction of a small, man-made

lake in midlatitudes (surface area of 11.55 km2 and maximum fetch distance L ’ 5 km) were investigated

using the Weather Research and Forecasting (WRF) model (version 3.3). The model was applied to four

real typical synoptic situations for which the area of interest was under the influence of a wintertime an-

ticyclone (WA), a wintertime cyclone (WC), a summertime anticyclone (SA), and a summertime cyclone

(SC). Each of these four typical synoptic setups was simulated twice—once assuming the present state

(‘‘NO-LAKE’’ experiment) and again assuming the existence of the new lake (‘‘LAKE’’ experiment). The

differences between 36-h average LAKE and NO-LAKE simulation results show noticeable mean changes

in the surface temperature and relative humidity as well as a small increase of the mean surface wind speeds

in the air above the newly constructed lake. At other portions of the investigated area (distances up to;4L–

6L downstream of the new lake), the 36-hmean differences produced by the new lake are below the order of

magnitude of accuracy of operational meteorological measurement instruments. In individual hours,

however, these differences are occasionally very high, particularly for cyclonic episodes. In addition, results

obtained for SA suggest an existence of a lake circulation cell associated with small differences between the

lake and land temperatures (at most up to;38–58C) and consequently, a slight enhancement of slope winds

in future (LAKE) conditions.

1. Introduction

Man-made lakes affect the environment in many ways.

Some of these effects are landscape and land-use/land-

cover changes, loss of habitat for existing species due to

flooding, and settlement of the new inhabitants in the

flooded area (e.g., Dale et al. 2011). Man-made lakes can

also change groundwater levels and, consequently, cause

a decline of ambient species sensitive to groundwater

level disturbances (e.g., Antoni�c et al. 2001). Addi-

tionally, any alteration of the land use/land cover will

change the surface roughness as well as the heat and

moisture fluxes at the earth’s surface, thus modifying

local weather conditions (e.g., Klai�c et al. 2002) and

climate (e.g., Foley et al. 2005; Bazgeer et al. 2008;

Hern�andez et al. 2012).

During the past decade, a number of studies inves-

tigating impacts of midlatitude lakes on ambient meteo-

rological conditions focused on thewintertime lake-effect

precipitation events. Such events are associated with

meso-b-scale circulations that develop because of cold

air moving over a warmer lake (e.g., Laird et al. 2003a),

and they can produce heavy snowfalls (e.g., Cordeira

and Laird 2008). Investigations of wintertime lake-

effect precipitation events can be grouped as follows:

1) Mesoscale numerical modeling studies of the mor-

phology of the lake-effect circulations over idealized

lakes. These studies point to the importance of the ratio

of wind speed U to maximum fetch distance L in

determining the morphology of lake-effect circulation

for both circular (Laird et al. 2003a) and elliptical

(Laird et al. 2003b) lakes. They also show that fields

produced in simulations with elliptical lakes exhibit
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more complex structures than those produced in sim-

ulations with circular lakes. 2) Case studies of observed

lake-effect precipitation events. These studies report on

the role of the land breezes in the development of the

lake-effect snowband (Payer et al. 2007). Additionally,

they show that the lake-effect snowstorms can develop

in association with an extensively ice-covered lake

(Cordeira and Laird 2008). 3) Climatological analyses of

lake-effect events. These observational (Laird et al. 2009,

2010; Alcott et al. 2012; Workoff et al. 2012) and mod-

eling (Notaro et al. 2013; Vavrus et al. 2013; Wright et al.

2013) studies focus on the frequency and environmental

conditions favorable for the occurrence of lake-effect

precipitation events. In addition, recent studies of the

Finger Lakes (Laird et al. 2009, 2010) show that the lake-

effect precipitation events can be initiated or enhanced

by lakes that are much smaller (surface area ;10–

100km2) than lakes previously considered as being as-

sociated with lake-effect events. However, such events do

not produce snowfalls as considerable as the snowfalls

associated with larger lakes.

Lake-breeze events over midlatitude lakes were also

investigated. Harris and Kotamarthi (2005) performed

mesoscale numerical simulations of two such events over

Lake Michigan, focusing primarily on lake-breeze role in

the dispersion of pollutants. Additionally, they inspected

the sensitivity of modeled circulation to lake-surface

temperatures. They obtained little change in the mod-

eled breeze when measured lake-surface temperatures

were used as initial and boundary conditions in the place

of surface skin temperature (i.e., the temperature of the

surface used to calculate the surface heat fluxes so that

the sums of upward and downward fluxes are equal). Sills

et al. (2011), while also addressing potential impact of the

lake breezes on the air quality, identified lake-breeze

events over the southern Great Lakes in 90% of days

during June–August 2007. Occasionally, lake-breeze

fronts penetrated as far as 200 km inland, which was

confirmed by both observations and a high-resolution

(2.5 km) numerical weather prediction model. In the

review paper of numerical studies of both sea and lake

breezes, Crosman andHorel (2010) pointed to the need

for further investigations of the dependence of breezes

on sets of basic configurations of water body dimensions,

the area of heated land surface, coastline geometry, and

surrounding topography. Recently, the same authors also

performed large-eddy simulations of lake breezes for

idealized lakes having diameters of 10, 25, 50, and 100 km

(Crosman and Horel 2012). They concluded that the lake

breezes for small lakes developed similarly to sea breezes

in the morning, but had a significantly weaker horizontal

wind speed component and a smaller horizontal extent

than sea breezes in the afternoon. On the other hand, the

lake breezes for large lakes (having diameters of 100km)

had characteristics similar to those for sea breezes in

terms of sensitivity to heat flux and vertical stability. Fi-

nally, Asefi-Najafabady et al. (2012) recently analyzed

Doppler radar observations of springtime lake-breeze

circulations produced by a small lake. They showed that

the lake-breeze circulation, once formed, can be persis-

tent over a range of background wind flows despite the

small lake size (mean width of ;2km). However, the

formation, location, strength, and inland penetration of

the lake breeze were highly sensitive to the strength and

direction of the background flow.

In this study, we investigate the possible impacts of

a new man-made lake on the meteorological conditions

of the surrounding areas. Specifically, a new hydropower

plant is planned to be built in Lika-Senj County, Croatia.

This project includes the construction of a new lake

(Kosinj; surface area 1.155 3 107m2, volume 3.3 3
108m3, and maximum depth 30m). The lake will be lo-

cated adjacent to the existing one (Kru�s�cica; surface

area 8.6 3 106m2, volume 1.4 3 108m3, and maximum

depth 38m). Thus, both lakes will constitute a total

storage volume of 4.73 108m3. Here, we will inspect the

effects of the alteration of a solid surface covered with

vegetation by a water surface due to the new lake.

Four different typical large-scale (synoptic, i.e., hori-

zontal length scale on the order of 1000 km) weather

situations were simulated by the Weather Research

and Forecasting (WRF)model, version 3.3 (Skamarock

et al. 2008). Each of these four typical synoptic setups

was simulated twice—once assuming the present state

(‘‘NO-LAKE’’ experiment) and again assuming the ex-

istence of the new lake (‘‘LAKE’’ experiment). Possible

modifications of meteorological conditions due to the

construction of the new lake were thereafter assessed

from the differences between meteorological fields ob-

tained for the future and present state, that is, from the

differences between meteorological fields obtained for

the LAKE and NO-LAKE experiments.

The present modeling study differs from past inves-

tigations of lake influences in several respects. While

previous studies were focused on specific seasonal

mesoscale phenomena (either wintertime lake-effect

precipitation event or summertime lake-breeze event),

here we consider both cold and warm seasons. Addi-

tionally, modeling studies discussed above addressed

either idealized (Laird et al. 2003a,b; Crosman and

Horel 2012) or substantially larger real lakes (Harris and

Kotamarthi 2005; Sills et al. 2011; Vavrus et al. 2013;

Wright et al. 2013), whereas we look at a small, real lake.

Other studies dealing with real lakes of comparable sizes

are either climatological (Laird et al. 2009, 2010) or ob-

servational (Asefi-Najafabady et al. 2012). None of the
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above studies addressed an alteration of a solid surface by

a lake.

2. Model description

TheWRFmodel (Skamarock et al. 2008) is a complex

numerical weather predictionmodeling system designed

to simulate weather conditions at the mesoscale, that is,

at the horizontal resolution of ;1 km. The model has

been widely applied for both scientific and operational

purposes (e.g., Skamarock and Klemp 2008; Coniglio

et al. 2010; Horvath et al. 2012).

The WRF dynamics solver numerically integrates a

system of flux-form prognostic equations (Euler equa-

tions) for air velocity components, potential temperature,

geopotential, air pressure, and inverse air density (spe-

cific volume). The equation system is formulated using a

terrain-following hydrostatic-pressure vertical coordinate

and is thus suitable for applications over areas with

complex topography. Furthermore, the Euler equations

include moisture through mixing ratios for water vapor,

cloud, rain, and ice, where the mixing ratio is defined as

a mass of particular quantity per mass of dry air.

The model can be run with user-defined initial and

boundary conditions (which are suitable for idealized

simulations), or it can use the data from either an ex-

ternal analysis of measured fields or forecasts (suitable

for real-data cases). The WRF modeling system also

enables nested simulations, where the results obtained

for the outer grid (at the coarser resolution) provide

initial and boundary conditions for the inner grid (at the

finer resolution).

The modeling system distinguishes five categories of

physical parameterizations: microphysical, cumulus,

planetary boundary layer, land surface model, and radia-

tion parameterization. Several parameterization schemes

are offered for each of these five categories [for full de-

tails, refer to Skamarock et al. (2008)].

3. Input data

a. Modeling domains

The new hydropower plant will be located in the Lika

region, Lika-Senj County, Croatia (Fig. 1b). This region

belongs to the wider area of the Dinaric karst (e.g.,

Biondi�c et al. 1998) and is characterized by a prevalently

mountainous landscape with karst fields, known as poljes

in the karst terminology (e.g., Nicod 2003). According to

an evaluation of the entire county of Lika-Senj (Bogunovi�c

et al. 2013), forests occupy approximately 61.3% of the

area, while the remaining 38.7% corresponds to agricul-

tural land comprising pastures, meadows, plough land,

karst orchards, and vineyards.

From the southwest, the Lika region is bounded by the

Velebit mountain range (with a highest peak of 1757m),

which stretches along the shoreline and thus isolates the

region from the thermal influence of the Adriatic Sea.

Therefore, the Lika region has a mountain climate that

differs from the wider area, mainly by its air temperature

and snow regime (Zaninovi�c et al. 2008).

To better represent complex topography and other

surface characteristics of such a heterogeneous area, we

performed double-nested simulations (Fig. 1a, Table 1)

with three domains. The largest domain (d01; horizontal

resolution of 9 km) was employed to produce initial and

boundary conditions for the medium domain (d02;

horizontal resolution of 3 km), while the medium do-

main was used to produce initial and boundary condi-

tions for the innermost domain (d03; horizontal

resolution of 1 km). Last, results obtained at the finest

resolution (1 km; d03) were considered relevant.

All three domains have the same central point placed

above the existing lake Kru�s�cica (latitude 44.688N, lon-

gitude 15.268E, Fig. 1b), the same height (20 km above

the ground), and the same vertical resolution. In the

vertical, 49 layers were assumed, allowing for finer res-

olution at lower altitudes—layer depths gradually in-

creased from 50m at the bottom to several hundred

meters at the top of the modeling domain.

As seen from Fig. 1b, the smallest domain, d03, is much

larger than the area where we would expect the new lake

to influence environmental conditions. Namely, based

on results of mesoscale-model simulations of lake-effect

circulations over idealized lakes (Laird et al. 2003a,b),

we assume that influences of the new lake can extend

downwind of the lake at most up to several maximum

fetch distances. The horizontal dimensions of domain

d03 are 120km 3 120km (Table 1), while the surface of

the future lake has an area of only 11.55 km2 (Figs. 1b,c)

and themaximum fetch distance isL’ 5 km. Such a large

domain of interest is selected to capture meteorological

measuring sites, that is, to enable validation of the model

performance at the wider region because there are no

meteorological measuring sites in the vicinity of the lakes.

In section 4, however, where we will discuss the model

results, we will focus on a smaller area around the lakes

(50km 3 50km), which corresponds to distances up to

;20–30 km downwind of the new lake (i.e., ;4L–6L).

b. Other input data

Apart from the selection of simulated periods, which

will be described in the next subsection, other input data

that must be defined for each domain prior to any sim-

ulation are the model mask (the spatial distribution of

water and land surfaces within the domain), the land-use

distribution, the domain topography, and the selection
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of numerical schemes and parameterizations. Addition-

ally, initial and boundary conditions should be pre-

determined for the outermost domain.

For the current state (NO-LAKE experiment), model

masks, land-use distributions, and topographies for all

three domains were obtained from the WRF Prepro-

cessing System, which is built into the modeling package

and employs the U.S. Geological Survey topography and

land-use categorization. Corresponding fields for the fu-

ture state (LAKE experiment) were determined from the

FIG. 1. (a) Three nested domains: d01 (891 km3 891 km), d02 (297 km3 297 km), and d03 (120km3 120 km). (b) The smallest domain

(d03). Positions of meteorological measuring sites (Senj, Rab, Zavi�zan, andGospi�c) are indicated with black circles. Contours of two lakes

are shown by the thick black lines in the center of the domain. Lakes are placed in the center of the domain d03. (c) A closer view of the

future state with the two lakes (LAKE experiment). The future lake Kosinj is located north of the current lake and it is denoted by N. All

three figures are shown in Lambert cylindrical projection. Here, (a) and (b) show the geographical latitude and longitude and (c) displays

every third kilometer of the domain grid. Terrain topography (MSL) is shown in (b) and (c).

TABLE 1. Modeling domains and corresponding horizontal and temporal resolutions employed in this study.

Domain (annotation) Outermost (d01) Medium (d02) Innermost (d03)

Horizontal dimensions 891 km 3 891 km 297 km 3 297 km 120 km 3 120km

No. of grid points in the east–west direction 100 100 121

No. of grid points in the north–south direction 100 100 121

No. of grid points in the vertical direction 50 50 50

Horizontal step 9 km 3km 1km

Time step 30 s 10 s 3 s

1124 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 53



fields obtained for the current state by replacing the data

at grid squares corresponding to the location of the future

lake with a water surface having an altitude of 550m

above sea level.

Selected numerical schemes and physical parameteri-

zations are listed in Table 2. Theywere selected following

past applications of the WRF model over domains else-

where in Croatia (e.g., Belu�si�c and Mahovi�c 2009;

Prtenjak et al. 2009, 2013; Kvaki�c 2012; Belu�si�c et al.

2013). The same parameterizations/schemes were em-

ployed for all three domains. The exception is the Betts–

Miller–Janji�c (BMJ) parameterization (Betts and Miller

1986; Janji�c 1994), which was used only for the d01 and

d02 domains (cumulus physics were not parameterized

for the finest domain).

The initial and boundary conditions for the outermost

domain were taken from the National Centers for Envi-

ronmental Prediction database (http://www.ncep.noaa.

gov/), where the open-access results of Operational

Model Global Tropospheric Analyses are available.

Boundary conditions were taken from the Global Fore-

cast System (GFS; http://rda.ucar.edu/datasets/ds083.2/)

at horizontal and temporal resolutions of 18 and 6h, re-

spectively. In the vertical direction, 26 GFS mandatory

levels ranging from 1000 to 10hPa were employed.

Whereas lake surfaces were not resolved in domains

d01 and d02, surface skin temperatures at the finest

resolution (d03) were calculated for both the NO-LAKE

and LAKE experiments using the freshwater lake model

FLake (Mironov 2008). The FLake model is a lake pa-

rameterization module developed for the use in numeri-

cal weather prediction. It predicts the vertical structure of

lake temperature over time scales from a few hours to

years. The model is based on a two-layer parameteriza-

tion of the evolving temperature profile and on the in-

tegral energy budget for the layers in question. FLake

also has a snow–ice option, which was not employed in

the present study. Namely, since data on ice and snow

cover were not available, based on data observed at the

measuring site closest to lakes (Gospi�c in Fig. 1b; see

section 4a) we assumed that during simulated time in-

tervals (section 3c) lakes were not frozen. Additionally,

during the selected time intervals there were no snowfalls

in the vicinity of the lakes. The FLake model was forced

with the same dataset and at the same resolution as the

WRF model. To avoid any spurious lake temperature

oscillations, a spinup time of 1 yr was assumed. Modeled

lake-surface temperatures (i.e., skin temperatures) were

assimilated into WRF computations every sixth hour.

c. Selection of simulated time intervals

Real typical synoptic situations were selected to cap-

ture both the season (warm/cold) and the synoptic-scale

pressure pattern (cyclonic/anticyclonic). Thus, four time

intervals in total, during which the wider area of interest

was under wintertime anticyclonic (WA), wintertime

cyclonic (WC), summertime anticyclonic (SA), and

summertime cyclonic (SC) conditions, were chosen

(Table 3). Since greater amounts of precipitation and

stronger winds are generally associated with the eastern

and southern side of the cyclone compared with the

northern and western side, when selecting WC and SC,

we chose these two episodes for which the area of interest

was found at the eastern and/or southern side of cyclone.

Lon�car and Baji�c (1994) investigated a 20-yr clima-

tology of inland regions of Croatia. By analyzing surface

synoptic charts they determined seasonal frequencies of

days associated with 28 different weather types, where

five among them are anticyclonic (the center of anticy-

clone, eastern, southern, western, and northern side of

anticyclone), and four are cyclonic (the eastern, south-

ern, western, and northern side of cyclone) (e.g., Klai�c

2001). Whereas all five anticyclonic weather types are

characterized by similar typical weather conditions, cy-

clonic weather types can be grouped into two groups.

The first group (the eastern and southern side of a cy-

clone) is characterized by stronger winds and more in-

tense precipitation, and, as already stated above, it is of

the interest for the purpose of this study. The second

group (the western and northern side of a cyclone) is

characterized by weaker winds, and less intense preci-

pitation. Based on results given for four seasons (Lon�car

and Baji�c 1994), we estimate that the cold season (16

October–15 April) has about 19% of days associated with

TABLE 2. Selected physical parameterizations and numerical schemes. For further details, refer to Skamarock et al. (2008).

Parameterization/scheme Selected option Reference

Horizontal grid Arakawa C grid staggering

Microphysical scheme Purdue Lin Lin et al. (1983)

Longwave/shortwave radiation Rapid Radiative Transfer Model Mlawer et al. (1997)

Surface-layer scheme Eta similarity Janji�c (2001)

Land surface model 5-layer thermal diffusion

Planetary boundary layer scheme Mellor–Yamada–Janji�c Mellor and Yamada (1982); Janji�c (2001)

Cumulus parameterization BMJ Betts and Miller (1986); Janji�c (1994)
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the first group of cyclonic weather types (i.e., eastern and

southern side of a cyclone) and 43% of days associated

with anticyclonic weather types. The warm season

(16 April–15 October) has about 15% of days corre-

sponding to the first group of cyclonic weather types and

33% days corresponding to anticyclonic weather types.

Thus, weather conditions similar to conditions of selected

episodes are expected to occur in approximately 62%

of days during the cold season (i.e., 43% 1 19%) and in

approximately 48% of days during the warm season (i.e.,

33% 1 15%).

Representative synoptic situations were selected based

on the surface synoptic diagnostic charts for Europe (not

shown here). These charts are produced and archived

daily by the Deutscher Wetterdienst every 6 h (0000,

0600, 1200, and 1800 UTC; the charts are available at

http://www.wetter3.de/Archiv/archiv_dwd.html).

4. Results and discussion

a. Model verification

Although the WRF model has been applied world-

wide (some references are given in section 2) as well as

elsewhere in Croatia (e.g., Belu�si�c and Mahovi�c 2009;

Prtenjak et al. 2009, 2013; Kvaki�c 2012; Belu�si�c et al.

2013; Kuzmi�c et al. 2013), we inspected its performance

at the finest resolution (1 km, domain d03) over the area

of interest. Figures 2 and 3 show a comparison between

the modeled and observed hourly mean values of avail-

able meteorological data (wind speed, wind direction, air

temperature, and relative humidity) for four measuring

sites (Gospi�c, Zavi�zan, Senj, and Rab; see Fig. 1b) during

the simulated time intervals listed in Table 3. Table 4

shows mean absolute errors (MAEs) for the wind speed,

wind direction, surface air temperature, and surface rela-

tive humidity. MAE was selected as appropriate measure

of model performance based on the recommendation of

Willmott and Matsuura (2005). It was calculated as in

Hrust et al. (2009): MAE5 (1/N)[Sj(Oi 2Mi)j], where
Oi and Mi are observed and modeled values, re-

spectively, and N is the number of pairs of the

observed and modeled values. Specifically for the wind

direction, possible artificial errors in calculation of

MAE were eliminated by replacing j(Oi 2 Mi)j with
[3608 2 j(Oi 2 Mi)j] if j(Oi 2 Mi)j was initially greater

than 1808. [For example, Oi 5 3508 and Mi 5 48 produce
artificially large absolute error of j(Oi2Mi)j5 3468, while
the real absolute error is 148, that is, 3608 2 j(Oi 2 Mi)j.]
The surface-measured data were taken from the open

access National Climatic Data Center database (avail-

able at http://www.ncdc.noaa.gov/). We note that mea-

sured data were frequently missing (viz., per particular

measuring site, meteorological variable, and simulated

synoptic setup between 24% and 69% of data were

missing).

The model performance for the surface wind speed

(Figs. 2a–d; Table 4) is comparable with the perfor-

mance of other mesoscale meteorological models over

other domains in Croatia (e.g., Klai�c et al. 2003; Belu�si�c

and Klai�c 2006; Klai�c et al. 2009a; Tudor and Ivatek-
�Sahdan 2010). The agreement between modeled and

measured wind speeds is generally better inland (Gospi�c

and Zavi�zan, Figs. 2a and 2b, respectively; Table 4)

compared with coastal measuring sites (Senj and Rab,

Figs. 2c,d; Table 4). Better agreement for inland sites

can, to a certain extent, be attributed to the model’s

spatial resolution, which, in the case of coastal sites,

most likely results in misclassification of some land

points as water points causing thus an overestimation of

sea surface effects. Namely, modeled wind speeds at the

coastal sites Senj and Rab are always higher than mea-

sured speeds (Figs. 2c and 2d, respectively), which is not

the case for inland sites Gospi�c and Zavi�zan (Figs. 2a,b).

Generally, higher speeds are expected above the sea

surface because of weaker surface friction. Therefore,

TABLE 3. List of typical synoptic situations, short description of corresponding typical local weather conditions and simulated time

intervals. All selected time intervals start and end at 1200 UTC.

Typical synoptic

situation/annotation Typical weather conditions Selected time interval

Wintertime anticyclone/WA Weak winds, clear skies, steadily falling temperatures over night

and consequent frost and fog formation, no precipitation

(except for occasional weak drizzle or snow grains produced by a fog).

2–4 Jan 2009

Wintertime cyclone/WC Windy and cloudy with rain or snow. 30 Nov–2 Dec 2009

Summertime anticyclone/SA Calm, clear, and fine weather; possible daytime formation of fine

weather cumulus clouds; pronounced diurnal variation of the

surface air temperature. Occasionally, because of local instabilities,

cumulus clouds can develop into cumulonimbus clouds accompanied

with local showers, hail and thunderstorms.

31 Jul–2 Aug 2010

Summertime cyclone/SC Windy and cloudy with abundant rain. 26–28 May 2009
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we believe that as a result of resolution limits, the model

overvalued the sea surface effects for coastal sites and

thus overestimated the wind speeds.

Additionally, in cases of Senj and Rab (Figs. 2c and

2d, respectively), the discrepancy between the modeled

and measured wind speed is partially caused by the al-

ready documented inadequate positions of measuring

sites. Specifically, the measuring site in Senj is sheltered

from winds blowing from the northeastern quadrant

(Klai�c et al. 2009b; Belu�si�c et al. 2013), that is, from di-

rections that correspond to bora winds (e.g., Yoshino

1976). Thus, real bora flows in Senj, particularly strong

and severe boras, which are due to the east-northeastern

local topography (direction ;708), are substantially

stronger than operationally measured winds (Klai�c et al.

2009b). We note that the time intervals with the largest

discrepancies between modeled and observed wind

speeds in Senj (e.g., the entireWAand the last two-thirds

FIG. 2. Modeled (NO-LAKE) vs observed hourly mean surface (10m AGL) (a)–(d) wind speed and (e)–(h) wind direction at the four

measuring sites shown in Fig. 1b. Time intervals are denoted by WA, WC, SA, and SC. Note that some of the wind directions between

08 and 908 are enlarged by 3608 to facilitate a visual comparison of measured and modeled values. (For example, a comparison of 58 and
3508would produce an artificially large discrepancy between these two values. Because of the circular nature of wind directions, the same

can be expressed as 3658 and 3508.)
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of the SC episode in Fig. 2c) coincide with the time in-

tervals with wind directions of ;708 (Fig. 2g), that is,
with directions corresponding to the bora flow. Thus, we

believe the model predicts the wind speed in Senj better

than suggested by Fig. 2c. The anemometer in Rab, on

the other hand, is sheltered fromwinds having directions

between northeast and south (Belu�si�c et al. 2013).

Last, considering all four measuring sites, we note that

the wind speed pattern (increase and/or decrease of the

wind speed with time) is well captured by the model.

Additionally, as seen from the Figs. 2e–h, the modeled

wind directions for all four sites generally agree rea-

sonably well with the observed values.

Figure 3 shows the modeled versus measured hourly

mean surface air temperature (Figs. 3a–d) and relative

humidity (Figs. 3e–h) for the four investigated synoptic

episodes. The predictions of temperature are particu-

larly good for inland sites Gospi�c and Zavi�zan (Figs. 3a

and 3b, respectively). The somewhat poorer prediction

of temperatures in the case of Senj and Rab further

corroborates our hypothesis that the model, because of

resolution limitations, most likely misclassifies some

FIG. 3.Modeled (NO-LAKE) vs observed hourlymean surface (2mAGL) (a)–(d) air temperature and (e)–(h) relative humidity of the air

at the four measuring sites shown in Fig. 1b for WA, WC, SA, and SC.

1128 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 53



land points as water points and thus overestimates an

influence of the sea. Namely, for the summertime anti-

cyclone, when we generally expect pronounced diurnal

variation of temperature and consequently, prominent

diurnal temperature amplitude, modeled diurnal varia-

tions and amplitudes for Senj and Rab (SA episodes in

Figs. 3c and 3d, respectively) are not so pronounced as

observed. Similarly, better temperature predictions for

inland compared with coastal sites were documented

previously elsewhere over the Adriatic associated with

the Aire Limit�ee Adaptation Dynamique D�eveloppe-

ment International (ALADIN) mesoscale model (Klai�c

et al. 2009a). The relative humidity (Figs. 3e–h) is well

predicted for the inland sites, particularly for the win-

tertime (Table 4). For the coastal sites Senj and Rab

(Figs. 3g and 3h, respectively; Table 4), the prediction is

good for the wintertime cyclone (Rab) and wintertime

anticyclone (Senj), while for the other time intervals it is

somewhat poorer. We note however, that both the tem-

perature pattern and the relative humidity pattern (in-

crease and/or decrease in time) are well predicted by the

model.

In summary, we conclude that the WRF model per-

formedwell over domain d03 for all four typical synoptic

episodes. The agreement between the modeled and

observed values was particularly good for inland sites

(Gospi�c and Zavi�zan), which are both geographically

closer (Fig. 1b) and climatologically more similar to the

area where the future lake will be placed than the two

coastal sites. Thus, we conclude that theWRFmodel can

be applied to assess possible influences of the new inland

lake on meteorological conditions above the neighbor-

ing areas.

b. Modeled differences between LAKE and
NO-LAKE experiments: Scalar fields

Theoretically, the introduction of a water body in-

stead of a solid surface can affect the water cycle budget,

heat exchange at the surface, and surface friction. An

increase of the quantity of water that is available for

evaporation can increase the moisture flux from the

surface and thus favor the formation of clouds and

precipitation or fog. Changes in the moisture flux from

the surface also affect other meteorological variables

depending onmoisture, such as the relative humidity of

the air, the water vapor mixing ratio, the cloud mixing

ratio, and the specific humidity. Because the WRF

model does not produce a straightforward forecast of

the fog, here we will analyze changes in the modeled

cloud mixing ratio (CMR) within the 50-m-deep

ground-based layer, where CMR is defined as a mass of

cloud elements (droplets or ice crystals) per mass of dry

air. High CMR values within the ground-based layer

point to the presence of fog (a higher CMR implies

denser fog, while no fog conditions require CMR5 0).

The presence of fog should also be accompanied with

high surface relative humidity values (at least approx-

imately 90% or higher).

The introduction of the water surface also changes the

radiation/absorption properties of the surface. In com-

parison with land, water has a high specific heat capacity

and thus is heated by the absorption of solar radiation

during the daytime (summer) at a much slower rate than

land. Similarly, cooling of the water surface due to long-

wave radiation during the nighttime (winter) is alsomuch

slower than the cooling of the land. Accordingly, the

TABLE 4. Mean absolute errors for the wind speed (MAEspeed), surface air temperature (MAEtemp), and surface relative humidity

(MAERH) and wind direction (MAEdir) for investigated synoptic setups (Table 3). Number of pairs of measured and modeled values N

employed in error calculations is given in parentheses.

Synoptic setup MAE Gospi�c Zavi�zan Senj Rab

WA MAEspeed (m s21) 3.70 (36) 3.10 (28) 13.04 (28) 10.77 (17)

WC MAEspeed (m s21) 1.39 (28) 3.14 (28) 4.06 (28) 4.66 (19)

SA MAEspeed (m s21) 0.78 (22) 0.86 (28) 2.94 (29) 1.10 (15)

SC MAEspeed (m s21) 2.55 (27) 2.16 (27) 7.76 (28) 9.14 (23)

WA MAEdir (8) 36.84 (36) 8.88 (28) 22.08 (28) 62.71 (17)

WC MAEdir (8) 79.45 (28) 21.79 (28) 54.37 (29) 82.20 (19)

SA MAEdir (8) 66.90 (22) 41.37 (28) 69.72 (29) 45.42 (16)

SC MAEdir (8) 39.35 (27) 28.76 (27) 35.89 (28) 49.91 (23)

WA MAEtemp (8C) 1.53 (36) 2.12 (28) 3.45 (28) 1.87 (22)

WC MAEtemp (8C) 1.01 (29) 1.63 (28) 3.00 (29) 0.81 (22)

SA MAEtemp (8C) 1.63 (28) 1.36 (28) 2.93 (28) 1.70 (22)

SC MAEtemp (8C) 1.34 (28) 1.98 (27) 5.32 (28) 4.52 (22)

WA MAERH (%) 7.88 (36) 7.94 (28) 11.01 (28) 19.39 (22)

WC MAERH (%) 9.54 (29) 3.62 (28) 16.95 (29) 8.13 (22)

SA MAERH (%) 11.84 (28) 17.96 (28) 18.94 (28) 13.56 (22)

SC MAERH (%) 20.09 (28) 15.36 (27) 22.63 (28) 25.97 (22)
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temperature of the air above the water surface is gener-

ally lower during the daytime (summer) relative to the

temperature of the air above the land, while during the

nighttime (winter), it is higher. Also, the water surface is

smoother when compared with that of the land, thus

producing less friction. Accordingly, lake construction

could cause changes in the ambient wind field.

It is important to note that all possible effects of the

future lake act simultaneously and that they mutually

interact in a complex, nonlinear manner. For example,

a change in the temperature field (caused by changes in

the radiation/absorption properties of the surface) can

change the ambient pressure field and, accordingly, the

wind field. However, these changes in the wind field can

modify advection (i.e., the transport of a property by the

wind field) of other atmospheric properties, such as water

vapor or temperature, which can then affect the wind

field and other meteorological fields.

Differences in the modeled atmospheric fields in each

grid point and for every hour of simulationwere calculated

by subtraction of the modeled value obtained for the

current state (NO-LAKE) from the modeled value

obtained for the future state (LAKE). The first 12h of

each simulation were considered as a prerun (thus, here-

inafter these results were not analyzed). Accordingly, for

each meteorological variable and each synoptic setup

listed in Table 3, a total of 36 hourly output files were

obtained. For the purposes of illustration, however, we

show only snapshots of the modeled differences (Figs. 4–7).

That is, we show some of the hours in which noticeable

differences are present in at least two out of four mete-

orological fields (viz., CMR, relative humidity, wind

speed, and temperature). The results are shown over

a portion of domain d03 that surrounds lakes and that has

an area of 50km 3 50km. This area stretches down-

stream of the new lake over distances up to ;4L–6L.

The inspection of all output files for wintertime anti-

cyclone mainly showed no difference between the

LAKE and NO-LAKE results for CMR (Fig. 4a). Only

occasionally and only over limited areas was the CMR

for the LAKE experiment somewhat larger (up to at

most 0.2 g kg22) than the CMR for the NO-LAKE ex-

periment. Therefore, we conclude that the new lake

would not substantially affect fog formation in the win-

tertime anticyclonic conditions. This conclusion is further

corroborated by small differences in the surface relative

humidity of the air. Namely, except for the very location

of the new lake, the differences at all times are mainly

within the range of 65%. One such example is depicted

in Fig. 4b. However, above the new lake the surface

relative humidity under wintertime anticyclonic condi-

tions would on the average be approximately 48% lower

compared with the current NO-LAKE state. This result

can be attributed to the wintertime increase of surface air

temperature, which would occur above the new lake be-

cause of the replacement of land by awater body, which is

also seen in Fig. 4d. The above is further corroborated

with an inspection of modeled surface specific humidity

fields (not shown here), which showed almost no differ-

ence between the LAKE andNO-LAKE surface specific

humidity. (That is, the decrease in relative humidity was

primarily produced by the increase in surface tempera-

ture.) The differences in precipitation amounts are also

negligible (cf. Figs. 4e,f), which is in agreement with

small changes in relative humidity over the entire 503
50 km2 area. Nevertheless, LAKE experiment results

show an north-northeast–south-southwest elongated

band stretching from the southern tip of the lake, where

accumulated precipitation is slightly (;1mm) higher

compared to the NO-LAKE experiment. This slight in-

crease in accumulated precipitation near the lake for the

LAKE experiment might be caused by an enhancement

of the moist convection due to the lake effect. The same

effect was already documented for lakes of comparable

sizes (Laird et al. 2009, 2010). However, to confirm our

hypothesis, further investigation of at least several WA

episodes is needed.

As already discussed in the previous paragraph, under

the wintertime anticyclonic conditions, the new lake

would produce an increase of surface temperatures in

the air above the lake. Such an increase (occasionally up

to ;58C) is found for every simulated hour. Moreover,

south of the new lake a temperature increase of ap-

proximately 18C frequently occurs over an elongated

area stretching in the north–south direction (not shown

here). Inspection of the wind field revealed that during

the entire simulated interval, northern winds dominated

over that area. These winds resulted in an advection of

the warm air formed above the new lake toward the

south and the consequent increase of the temperature in

the region south of the lake for the LAKE experiment.

Additionally, in several hours (4 out of 36) the temper-

ature above the northern portion of the existing lake

was at most 48C lower in the LAKE when compared

with the NO-LAKE experiment (Fig. 4d). As illustrated

in Fig. 4c, the differences in the surface wind speed are

generally low. When they are found, their values are at

most up to 62m s21.

Figure 5 illustrates the differences between the LAKE

and NO-LAKE experiment results for the summertime

anticyclone. As seen from the entire set of results (here,

we show only one hour in Fig. 5a), differences in the

surface cloud mixing ratio are most frequently (in 15 out

of 36h of simulation) found above and/or within the vi-

cinity of the lakes, where they occasionally range from

20.9 to 1.1g kg21. However, we note that there is almost
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FIG. 4. WRF-modeled hourly mean differences between the future (LAKE) and current (NO-LAKE) states for

WA at 1900 UTC 3 Jan 2009 for (a) surface cloud mixing ratio (first 50m AGL; g kg23), (b) surface relative

humidity (2mAGL;%), (c) surface horizontal wind speed (10mAGL;m s21), and (d) surface air temperature (2m

AGL; 8C). (e),(f) Total precipitation (mm) accumulated over 36 h of simulation for the NO-LAKE and LAKE

experiments, respectively. Axes display every fifth kilometer of the portion of the domain d03 (50 km 3 50 km),

which surrounds both lakes. Topography contours are shown for every 100m, and lake borders are drawn in black.
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no bias toward a general increase or decrease of CMR

values in the LAKE conditions (the 36-h average dif-

ference between the LAKE and NO-LAKE CMR for

the entire 50 km 3 50 km, although negative, is only

20.0019 g kg21), that is, when differences exist, both

positive and negative values of similar amounts always

occur simultaneously above the inspected 50 km 3
50 km area.

FIG. 5. As in Fig. 4, but for SA at 1300 UTC 1 Aug 2010.
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The differences in the relative humidity (Fig. 5b) are

within the range of 620%. However, above the area of

the new lake a persistent decrease is found in the LAKE

conditions during the nighttime, or when the solar

radiation is weak (early evening and morning hours)

(not shown here). Again, such behavior can be attrib-

uted to the nighttime increase in temperature caused by

the introduction of a water surface. Thus, the air above

FIG. 6. As in Fig. 4, but for WC at 1300 UTC 1 Dec 2009.
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the lake would be warmer when compared with the

current (NO-LAKE) state, and consequently, the rela-

tive humidity would be lower. Conversely, for daytime

hours an increase in relative humidity is found above the

lake (one such example is shown in Fig. 5b). Just as for

the wintertime anticyclone, the dominant role of tem-

perature over the specific humidity in changes of surface

relative humidity was additionally corroborated by

FIG. 7. As in Fig. 4, but for the SC at 0900 UTC 27 May 2009.
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inspection of surface specific humidity fields (not shown

here). Similarly to the CMR behavior, apart from the

area above the new lake, the fields of relative humidity

differences also do not suggest any prominent bias to-

ward a general increase or decrease of values (difference

averaged over entire 50 km 3 50 km area and over 36 h

of simulation is 20.01%). In other words, both positive

and negative values of similar amounts occur simulta-

neously throughout the simulated time interval.

Summertime anticyclonic conditions are generally

characterized by fine and dry weather (see the typical

weather conditions in Table 3). Thus, precipitation can

occur only occasionally and only over a limited area, if

local instabilities are established. Accordingly, weak pre-

cipitation intensities (up to approximately 1–2mmh21)

occurred only sporadically over small areas in some of the

simulation hours for both LAKE and NO-LAKE experi-

ment (not shown).Accordingly, both experiments resulted

in very similar modeled fields of the total precipitation

accumulated over 36h of simulation (Figs. 5e,f).

The differences in the temperature fields are the highest

above the new lake and within its vicinity (Fig. 5d), where

they are between238C and 168C. We note that positive

and negative differences correspond to the nighttime and

daytime, respectively. In other areas, these differences are

always between21.98C and12.68C. Above the new lake,

these differences are again caused by the change in the

radiation/absorption properties of the surface. Thus,

during the nighttime (daytime), the air in the LAKE

experiment is warmer (cooler) compared with the

NO-LAKE experiment.

The differences in surface wind speeds are generally

low and are always within an interval between22m s21

and13m s21 (Fig. 5c). Again, we note the simultaneous

occurrence of positive and negative differences of sim-

ilar amounts, which suggests there is no prominent in-

clination toward generally higher or lower wind speeds

in LAKE conditions.

Figure 6 illustrates differences in meteorological files

for wintertime cyclonic conditions. Over the investigated

area and over the entire simulated episode, differences in

the cloud mixing ratio, if they are present, are within the

range of61 g kg21 (Fig. 6a). Again, most frequently, both

positive and negative differences of similar magnitudes

occur simultaneously over the investigated area.

If they are present, the differences in relative humidity

are within the range from229% to121% (Fig. 6b). The

most persistent differences are found in the air above the

new lake—in all of the simulated hours, the relative

humidity for the LAKE experiment is smaller than the

NO-LAKE (212%on the average). In other parts of the

investigated area, both positive and negative values of

similar amounts are found simultaneously.

For individual simulation hours, the differences in

precipitation fields are mainly small (2–3mmh21), ex-

cept for 3 out of 36 inspected hours, when in some areas

they were as high as approximately 615mmh21 (not

shown here). Accordingly, fields of precipitation accu-

mulated over the 36-h simulation for the NO-LAKEand

LAKE experiments are very similar (Figs. 6e,f). Addi-

tionally, the LAKE experiment did not provide any

clear evidence of lake-effect precipitation event. Al-

though we note a northward elongated band of increased

accumulated precipitation stretching from the northern

tip of the new lake (Fig. 6f; x ’ 64, y ’ 66), it is accom-

panied by the decrease of precipitation, which is found

eastward and westward of the band.

Figure 6d illustrates differences in the surface air

temperature fields. Themost prominent is an increase of

the temperature above the new lake, which is found in

almost all hours and sometimes rises to approximately

158C. A temperature increase above the new lake is

expected because of wintertime influences of the water

surface. In other areas, differences either do not exist or

do not exceed 618C, except for 8 consecutive hours out

of the total of 36, when at some localities, differences up

to approximately638Care found.We note that this time

interval characterized by larger differences in the tem-

perature fields nearly coincides with the time interval

accompanied by larger differences in relative humidity

fields (not shown here).

Figure 6c illustrates differences in the surface wind

field due to construction of the new lake. Apart from

several hours, when at some locations values up to ap-

proximately 68m s21 occur, the differences are within

the interval of 62–3ms21.

The results for the summertime cyclone are illustrated

in Fig. 7. If they exist, the differences in the surface cloud

mixing ratio (Fig. 7a) are between 20.8 and 10.6 gkg21.

A persistent decrease of the relative humidity (up to

218%) above the new lake is observed in all 36 h (Fig. 7b).

In other areas, the differences are within an interval

of 69%.

The differences in hourly precipitation fields are gen-

erally low (62mmh21), except for 7 consecutive hours

starting at 1900 UTC 27 May 2009 (not shown here).

During these 7 h, the differences are within an interval of

615mmh21. However, both positive and negative values

of similar magnitudes again occur simultaneously. Fields

of accumulated precipitation are generally similar, al-

though we note an area centered at x ’ 55 and y ’ 50,

where accumulated precipitation for the LAKE experi-

ment is higher when compared with NO-LAKE results.

The differences in air temperatures are generally the

most persistent above the new lake, where an increase

(occasionally up to about 158C) is found in 29 out of
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36 h. In other parts of the investigated area, the differ-

ences are within the range of 62.58C (Fig. 7d).

Figure 7c illustrates modeled differences in the wind

fields under summertime cyclonic conditions. The highest

differences are within the range of about 610ms21.

Again, no pronounced bias toward a general increase or

decrease of the wind speed above the investigated area is

found because both positive and negative values of sim-

ilar magnitudes occurred simultaneously.

Finally, Table 5 summarizes the modeled changes of

meteorological variables averaged over the 36 h of the

simulated synoptic setup. In addition to the results ob-

tained for the variables shown in Figs. 4–7, the results for

the surface air pressure p, surface specific humidity Q,

and moisture flux from the surface MF are listed. For

each simulated time interval, average changes of the

meteorological values are separately shown for the area

above the new lake, the area surrounding the lake, and

the entire 50 km 3 50 km area.

As expected, the largest differences in meteorological

fields due to construction of the new lake are obtained

for the area above the new lake, while in the remaining

area they are substantially smaller. Furthermore, as seen

in Table 5, apart from the area above the new lake, the

modeled differences are below the accuracies of the

measurement instruments. [For example, the accuracy

of current Vaisala (Helsinki, Finland) sensors is60.128C
for the air temperature, 60.1m s21 for the wind speed

(sonic), 60.1 hPa for the air pressure, and 61% for the

relative humidity.]

In the end, we inspected temporal variations of differ-

ences between the LAKE and NO-LAKE experiments

results. While cyclonic setups did not result in any di-

urnal variations of differences between the LAKE and

NO-LAKE experiments, anticyclonic setups clearly

exhibited diurnal patterns for the relative humidity and

temperature (not shown here). For both variables and

both seasons these differences were larger during the

nighttime compared to the daytime. However, these di-

urnal patterns were not accompanied by similar patterns

of other meteorological variables.

c. Modeled differences between the LAKE
and NO-LAKE experiments: Thermally driven
circulations

Recent findings of Asefi-Najafabady et al. (2012) and

Crosman andHorel (2012) showed that lake circulations

can establish over small lakes despite their sizes. There-

fore, here we will inspect the following: 1) did such circu-

lations exist during investigated episodes, and if they did,

2) were they affected by the presence of the new lake?

As with other local thermal circulations (sea and land

breezes, up- and downslope winds, river winds, etc.),

lake breezes generally establish under summertime

fair weather conditions (e.g., Harris and Kotamarthi

2005). On the other hand, strong synoptic forcing can

completely prohibit their development (e.g., Asefi-

Najafabady et al. 2012). Among the four episodes in-

vestigated in the present study, only SA was associated

with weak synoptic forcing (i.e., with conditions favor-

able for the lake-breeze establishment), while the re-

maining three episodes were accompanied with stronger

background winds (not shown here). During the SA

episode, modeled differences between land and lake

TABLE 5. Themodeled 36-hmean differences between the LAKE andNO-LAKE experiments four synoptic setups listed in Table 3 for

the wind speed y, surface air temperature t, surface air pressure p, precipitation intensity P, surface cloud mixing ratio CMR, surface

relative humidity RH, surface specific humidityQ, andmoisture flux from the surfaceMF. Results are shown separately for the area above

the new lake (11.55 km2), the area surrounding the new lake (2488.45 km2), and the entire 50 km3 50 km area, respectively. For y, t, p, and

RH the differences that are greater than standard instrument accuracies are in boldface type.

Synoptic setup y (m s21) t (8C) p (hPa) P (mmh21) CMR (g kg21) RH (%) Q (g kg21) MF (gm22 s21)

Area above the new lake

WA 0.57 4.04 20.01 20.01 0.0000 248.5 0.01 0. 03

SA 0.22 2.03 20.01 20.04 20.0560 26.4 0.80 20. 01

WC 0.27 1.87 20.03 1.51 20.1221 211.5 0.16 0. 01

SC 0.52 2.05 0.01 1.21 20.0192 27.8 20.10 0. 02

Area surrounding the new lake

WA 0.00 0.01 0.00 0.01 0.0000 20.1 0.00 0. 00

SA 0.01 0.01 0.00 0.00 20.0017 20.4 0.01 0. 00

WC 0.02 0.03 20.01 20.30 20.0109 20.2 0.01 0. 00

SC 20.01 20.03 0.01 0.43 20.0001 0.1 20.01 0. 00

Entire 50 km 3 50 km area

WA 0.01 0.03 0.00 0.01 20.0001 20.3 0.00 0. 00

SA 0.01 0.02 0.00 0.00 20.0019 20.1 0.01 0. 00

WC 0.02 0.04 20.01 20.29 20.0115 20.3 0.01 0. 00

SC 20.01 20.02 0.01 0.43 20.0002 0.1 20.01 0. 00
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temperature (2m above the surface) were at most up to

;38–58C.
Figure 8 shows modeled surface winds at different

times during the SA episode for the NO-LAKE and

LAKE experiments, respectively. Although employed

model resolution is not fine enough to capture full de-

tails of the onshore and offshore flows for such small

lakes, we note that during the daytime a flow divergence

(suggesting lake breezes) is found above the lake surface

for both the NO-LAKE (Figs. 8a,c,e) and LAKE (Figs.

8b,d,f) experiments. Conversely, during the nighttime,

a flow convergence above the lake surface (suggesting

land breezes) is found for the NO-LAKE (Figs. 8g,i) and

LAKE experiments (Fig. 8h—southern portion of lake,

and Fig. 8j). Additionally, modeled wind fields repro-

duced diurnal, thermally induced slope winds, which are

generally established above south-facing slopes of hills

and mountains under the same conditions of weak syn-

optic forcing (Reuten et al. 2005; Klai�c et al. 2009a).

Namely, daytime winds for the NO-LAKE experiment

(Figs. 8a,c,e) show upslope flow in the area having x

coordinate approximately between 61 and 67, and y

coordinate approximately between 66 and 70. During

the nighttime, downslope, weaker winds are frequently

found in the same area (Figs. 8g,i). As expected, up- and

downslope winds are also found in the same area for the

LAKE experiment.

Considering the differences between the LAKE and

NO-LAKE wind fields, modeled surface winds over the

new lake (LAKE) were frequently stronger than winds

above the same area associated with solid surface (NO-

LAKE) (see, e.g., point x 5 63, y 5 66 in Figs. 8c,d or

point x5 63, y5 64 in Figs. 8i,j). This is expected because

of weaker surface friction over the water compared to

solid surface. However, it is interesting that during the

daytime a slight increase in the wind speed for the LAKE

compared to theNO-LAKEexperiment was occasionally

found outside the new lake area. Specifically, it was found

in the area associated with upslope winds (see, e.g.,

point x5 63, y5 68 in Figs. 8a,b, point x5 65, y5 66 in

Figs. 8c,d, and, again, point x5 65, y5 66 in Figs. 8e,f).

During the nighttime, an increase in the wind speed

for the LAKE experiment compared to the NO-LAKE

experiment was also found in the same area (see, e.g.,

point x5 65, y5 66 in Figs. 8g,h and, again, in Figs. 8i,j).

However, the nighttime increase in the wind speed was

smaller than the daytime increase.

5. Conclusions

The investigation of possible changes in surface me-

teorological fields (viz., the wind speed, air temperature,

air pressure, precipitation amount, cloud mixing ratio,

relative humidity, and moisture flux from the surface)

caused by the construction of a small man-made lake

(surface area of 11.55 km2 and maximum fetch distance

of approximately 5 km) was performed by application

of the mesoscale meteorological modelWRF to the four

typical synoptic setups (wintertime anticyclone, sum-

mertime anticyclone, wintertime cyclone, and summer-

time cyclone). Results of the model verification exhibit

generally better model performance over inland, com-

pared to coastal areas. Similar results were already

documented for other mesoscale models (e.g., Klai�c et al.

2009a). Somewhat poorer model performance for coastal

sites can generally arise because of coarse resolution or

inadequate representation of air–sea interactions in the

model. In addition, specifically for coastal winds in the

present study, the discrepancies between modeled and

measured values were partially caused by inadequate

(sheltered) positions of both anemometers.

Possible changes in meteorological fields were

inspected within the 50 km 3 50 km area encompassing

the new lake. This area corresponds to distances up to

;4L–6L downstream of the new lake. The investigation

revealed that the largest changes were to the surface air

temperature and relative humidity. Not surprisingly, the

strongest influences of the new lake are found in the air

above the lake. In the remaining parts of the investigated

50km 3 50km area, the assessed 36-h mean changes in

meteorological fields due to the new lake were for all

variables at least an order of magnitude smaller than the

accuracy of standard meteorological sensors. However,

for individual simulations hours, large changes in mete-

orological fields were occasionally found over limited

portions of the area surrounding the lake. Nevertheless,

in such cases, no prominent bias toward the general in-

crease or decrease of meteorological values was found

because both positive and negative values of similar

amounts occurred simultaneously. Additionally, except

for the area above the new lake, the magnitudes of in-

dividual changes were the most frequently larger for cy-

clonic compared with anticyclonic setups.

According to the model results, the surface air tem-

perature above the lake increased for wintertime anti-

cyclone (on average by 14.08C), wintertime cyclone

(11.98C), and summertime cyclone (12.18C). This in-

crease was present at almost all times of the simulated

episodes. However, for the summertime anticyclone, the

temperature change caused by the new lake depended

on the time of day. Accordingly, during the daytime and

nighttime, the temperature decreased (;20.18C) and

increased (;14.28C), respectively, while it increased on

average (128C).
The relative humidity of the air above the new lake

generally decreased. Changes were the largest for the
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wintertime anticyclone (on average248.5%). For other

synoptic setups they were as follows: wintertime cyclone

(211.5%), summertime cyclone (27.8%), and sum-

mertime anticyclone (26.8%).

A small increase in the surface wind speed above the

new lake was obtained for all four setups. This increase

was for wintertime episodes approximately 10.6 and

10.3ms21 for the anticyclone and cyclone, respectively.

For summertime episodes it was approximately10.2ms21

(anticyclone) and 10.5ms21 (cyclone).

While absolute differences between the LAKE and

NO-LAKE surface temperature and relative humidity

exhibited diurnal variations for both anticyclonic setups

(being larger during the nighttime compared with the

daytime), such patterns were not found for cyclonic

episodes. This is not surprising since atmospheric vari-

ables associated with cyclones generally do not follow

diurnal patterns.

Although the employed model resolution was not fine

enough to capture details in the lake circulation over

such a small lake, the daytime surface airflow divergence

and the nighttime surface airflow convergence, which

were found above the lake, suggest the existence of such

thermally induced circulation under weak synoptic forc-

ing. The surface airflow divergence/convergence was as-

sociated with small differences between lake and land

temperature, which were at most up to;38–58C. This is in
accordance with recent findings of Asefi-Najafabady et al.

(2012). Namely, based on observational data the authors

showed that lake-breeze circulations can be produced by

FIG. 8. A closer view of the modeled (d03) surface winds (10mAGL) around lakes for SA at

different times (UTC; local mean solar time is UTC11). Results for the (left) NO-LAKE and

(right) LAKE experiments. Topography contours are shown for every 50m. Lake borders are

shown with dotted lines. Axes display every second kilometer.
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FIG. 8. (Continued)
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a small lake of comparable size and that they can be driven

by differences between land and lake temperature of a few

degrees Celsius.

Additionally, our results suggest a slight increase in

the net slope winds due to construction of the new lake.

In other words, lake circulation that is produced by the

new lake interplays with the diurnal, thermally induced

slope winds established above south facing slopes of

nearby topographic obstacles. Since both these ther-

mally induced circulations have similar wind directions

throughout the day, their superposition acts to enhance

the net slope flow. Similar interplay but between the sea/

land breezes and slope winds was already described by

others (e.g., Melas et al. 2000; Caballero and Lavagnini

2002; Klai�c et al. 2009a).

In future work, a numerical modeling study at finer

spatial resolution (;100m) would be desirable to in-

vestigate full details of both the lake circulation over

such a small lake and its interplay with the slope winds.

This would require appropriate representation of the

atmospheric boundary layer, that is, large-eddy simula-

tions nested with the WRF model.

A slight increase in accumulated precipitation, which

was found in the areas above and nearby the new lake

for the wintertime anticyclone episode and is possibly

associated with lake-effect precipitation, also deserves

further exploration. Moreover, a couple of recent stud-

ies (Laird et al. 2009, 2010) showed that lake-effect

precipitation events do occur over lakes of comparable

sizes. We note, however, that such investigations should

include a larger number of wintertime episodes.

Last, we emphasize that this study of four cases focuses

on short-term influences of the new lake on ambient at-

mospheric fields. However, long-term effects resulting

from accumulation of slightly biased differences between

the LAKE and NO-LAKE atmospheric fields over time

are possible. Assessment of such long-term influences

requires a multiyear climatological examination, which is

beyond the scope of this study.
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