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ABSTRACT

Over two years of meteorological observations from Utö, a small island in the Finnish outer archipelago in

the Baltic Sea, were used to investigate the occurrence and characteristics of low-level jets (LLJs) and the

diurnal and seasonal variations in these properties. An objective LLJ identification algorithm that is suitable

for high-temporal-and-vertical-resolution Doppler lidar data was created and applied to wind profiles ob-

tained from a combination of Doppler lidar data and two-dimensional sonic anemometer observations. This

algorithm was designed to identify coherent LLJ structures and requires that they persist for at least 1 h. The

long-term mean LLJ frequency of occurrence at Utö was 12%, the mean LLJ wind speed was 11.6m s21, and

the vast majority of identified LLJs occurred below 150m above ground level. The LLJ frequency of oc-

currence was much higher during summer (21%) and spring (18%) than in autumn (8%) and winter (3%).

During winter and spring, the LLJ frequency of occurrence is evenly distributed throughout the day. In

contrast, the LLJ frequency of occurrence peaks at night (1900–0100 UTC) during summer and during the

evening hours (1700–1900 UTC) in autumn. The highest and strongest LLJs come from the southwest, which

is also the predominant LLJ direction in all seasons. LLJs below 100m are common in spring and summer, are

weaker, and do not show a strong directional dependence.

1. Introduction

Here we define a low-level jet (LLJ) to be a local-

ized maximum in the vertical profile of the horizontal

wind that is usually observed in the lowest few hun-

dred meters of the atmosphere. LLJs can be produced

by a range of different mechanisms, and the charac-

teristics of LLJs can vary considerably. In this study, a

‘‘climatology’’ of LLJs at Utö, a small island in the

Finnish archipelago (Fig. 1), is created that in-

corporates both the frequency of occurrence and the

characteristics of all LLJs, regardless of their forcing

mechanism.

LLJs have been shown to transport moisture con-

siderable horizontal distances and consequently to

influence precipitation patterns and the hydrological

cycle (e.g., Higgins et al. 1997). Likewise, pollutants

can also be transported horizontally by LLJs, affecting

air quality (Mao and Talbot 2004; Hu et al. 2013) and

Su et al. (2016) showed that shear-driven turbulence

associated with LLJs can transport aerosol and water

vapor vertically, influencing cloud formation. Strong

shear-driven turbulence below the jet can also have an

effect on the surface fluxes of heat and moisture

(Banta et al. 2002).Corresponding author: Minttu Tuononen, minttu.tuononen@fmi.fi
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The recent increase in the number of installed wind tur-

bines has also raised interest in LLJs: for example, in the

Great Plains andMidwest of theUnited States (Banta et al.

2006, 2013; Storm et al. 2009; Storm and Basu 2010;

Vanderwende et al. 2015), at onshore coastal sites in Den-

mark (Floors et al. 2013; Peña et al. 2016), and in offshore

regions in the Gulf of Maine (Pichugina et al. 2012) and the

Baltic Sea (Dörenkämper et al. 2015). Increased shear and

associated turbulence related to LLJs are harmful for wind

turbines and lower turbine lifetimes (Kelley et al. 2006), but

the enhanced low-level wind speeds in the rotor sweep area

are potentially beneficial for wind-power production.

Therefore, accurate information about how frequently LLJs

occur at a specific location, together with the characteristics

of the LLJs, would be valuable when planning new wind

farms (Kelley et al. 2006).

The occurrence, forcing mechanisms, and impacts

of LLJs have been extensively studied over the past

50 years. It is now known that LLJs can develop via

inertial oscillations in time (e.g., Blackadar 1957;

Mitchell et al. 1995; Baas et al. 2009), large-scale

baroclinicity (e.g., Kotroni and Lagouvardos 1993;

Whiteman et al. 1997), coastal effects (e.g., Parish 2000;

Ranjha et al. 2013; Orr et al. 2005), katabatic winds

(e.g., Renfrew and Anderson 2006), and barrier winds

(e.g., Parish 1982). Only a brief review of previous

LLJ studies and LLJ forcing mechanisms is given here

[see Stensrud (1996) and references within for a more

complete overview].

The majority of the early observational LLJ studies

took place in the United States. For example, Bonner

(1968) analyzed observations from 47 rawinsonde stations

and determined that LLJs most frequently occurred in the

Great Plains. Numerous further studies (e.g.,Mitchell et al.

1995; Whiteman et al. 1997) then analyzed the structure

and forcing mechanisms for the LLJs that develop in the

Great Plains; Mitchell et al. (1995) concluded that the

strongest LLJs occurred near local midnight and that a

diurnal oscillation in the wind speed and direction

was present, indicating that inertial oscillations in time play

an important role in the dynamics of these LLJs. These

observations supported the theory of inertial oscillations in

time proposed by Blackadar (1957). The acceleration of

the horizontal wind speed occurs after sunset when the

boundary layer undergoes a transition from a well-mixed

state to a stably stratified state. The rapid decrease in

convectively driven turbulent mixing and, as a conse-

quence, the decay of friction disrupts the force balance

among the pressure gradient force, the Coriolis force,

and friction, which results in acceleration of the hori-

zontal wind speed in the decoupled boundary layer.

Extensive field campaigns have more recently taken

place in the Great Plains region and have resulted

in extensive knowledge of these nocturnal LLJs

(e.g., Banta et al. 2006). Nocturnal LLJs forced by

inertial oscillations in time have also been studied in

Australia (May 1995) and in the Netherlands (e.g.,

Baas et al. 2009, 2012).

In comparison with in the United States, fewer LLJ

studies, whether focusing on their climatological

characteristics or on their forcing mechanisms, have

taken place in northern Europe where our study is fo-

cused; as a consequence, less is known about LLJs in

this region. In addition, many of the studies that have

FIG. 1. Location of the Utö measurement site in the Finnish archipelago area. In

the 500 km 3 500 km topographic map insert for Utö (USGS 2010), the location of the

measurement site is indicated by a red dot.
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examined LLJs in the Baltic Sea area have concluded

that, unlike in the Great Plains area, LLJs are not

predominantly forced by inertial oscillations in time.

Högström and Smedman-Högström (1984), Smedman

et al. (1993), and Smedman et al. (1995) investigated

LLJs, their turbulent characteristics, and forcing

mechanisms over the Baltic Sea during spring and

summer. They concluded that LLJs occur frequently

over the Baltic Sea in the warm season and that they are

the result of an ‘‘inertial oscillation in space,’’ which is

triggered by frictional decoupling at a coastline when

relatively warm air passing over a nearby landmass flows

out over much colder water. Such LLJs have also been

identified elsewhere and are discussed in theoretical

studies. Owinoh et al. (2005) and Orr et al. (2005) refer

to these LLJs as thermal boundary layer jets and noted

the similarity between these and the more classical

nocturnal jet forced by temporal, rather than spatial,

variations in atmospheric stability. When LLJs are

generated by an upwind coastline, however, the accel-

eration of the wind speed depends on the horizontal

distance from the step change in boundary layer strati-

fication, and thus these LLJs usually have no diurnal

cycle and cannot be identified from hodographs created

from point observations of wind speed and direction. A

step change in surface friction can also trigger the de-

velopment of LLJs—for example, at a coastline when

the wind flows from over rough land to smooth sea; such

jets are referred to as frictional–Coriolis–buoyancy jets

by Orr et al. (2005). More recent studies of LLJs in the

Baltic Sea include Dörenkämper et al. (2015), who

developed an LLJ climatology by using data from a

100-m mast in the central western Baltic Sea; they con-

cluded that LLJs are most common in spring and least

common in winter. In a modeling study, Svensson et al.

(2016) showed that LLJs are common over the Baltic

Sea and occur at lower heights (210–250m) in spring

than in winter (typically around 450m).

Many early studies on LLJs analyzed rawinsonde

observations (Bonner 1968; Whiteman et al. 1997).

The advantages of such observations are their con-

tinuous nature (no data gaps) and their vertical ex-

tent. Disadvantages are primarily low temporal

resolution—for example, Bonner (1968) based his

study on twice-daily observations—and the limited

number of observing stations. Studies have also ana-

lyzed LLJs using meteorological towers or masts

(e.g., Dörenkämper et al. 2015), which tend to have

good temporal and vertical resolution but are limited

to the lowest 100–300m of the atmosphere.

Remote sensing instruments have much better

temporal resolution in comparison with radiosonde

observations and provide vertical profiles that extend

much farther into the troposphere in comparison with

meteorological masts. As a consequence, active remote

sensing instruments have been used considerably in

more recent LLJ studies. For example, multiple years of

wind profiler data were utilized byMay (1995) and Song

et al. (2005), and Baas et al. (2009) combined 7 years of

meteorological mast and wind profiler observations at

Cabauw in the Netherlands. Sodar data have also been

used to determine the occurrence and characteristics of

LLJs—for example, in Florida (Karipot et al. 2009) and

in Moscow (Kallistratova and Kouznetsov 2012). High-

resolution Doppler lidar has proven to be an ideal

instrument to measure vertical wind profiles (Banta

et al. 2002, 2013), and Doppler lidar systems have even

been deployed on ships (Tucker et al. 2010; Pichugina

et al. 2012), enabling the investigation of LLJs in

marine locations.

Many of these remote sensing studies have been

conducted using research instruments. Although such

research instruments clearly provide high-quality ob-

servations, it appears to be common to deploy them

on short-term field campaigns rather than to operate

them at the same location for multiple years at a time.

In our study, we use a Doppler lidar that is part of the

Finnish Meteorological Institute (FMI) operational

ground-based remote sensing network (Hirsikko et al.

2014), the main purpose of which is to monitor winds,

air pollution, and boundary layer properties in near–

real time. Hence, this Doppler lidar provides a long

time series of observations but has a scan strategy that

is not optimized for identifying LLJs.

The first aim of this study is to create an objective

LLJ identification algorithm. Many previous LLJ

studies have developed automated algorithms to

identify LLJs from a range of datasets, and we build

on these earlier studies (Bonner 1968; Whiteman

et al. 1997; Baas et al. 2009; Tuononen et al. 2015).

The algorithm developed in this study differs some-

what from earlier algorithms, because it is specifically

designed to identify LLJs from high-temporal-and-

vertical-resolution operational Doppler lidar data

obtained in the particularly clean environment of Utö
(the strength of the Doppler lidar signal depends on

the scattering from aerosol particles; a clean atmo-

sphere may have too few aerosol particles present to

provide sufficient signal). The second aim is to in-

vestigate the occurrence and diurnal and seasonal

variability of LLJs as well as the LLJ characteristics

at Utö, which may be a potential area for future

production of wind power.

The paper is structured as follows: A description of

the measurement site and lidar observations is given in

section 2. The LLJ identification algorithm is discussed
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in detail in section 3. Section 4 includes the results of

the LLJ occurrence and characteristics at Utö as well as

information on the dependence of these results on

thresholds applied in the LLJ detection algorithm. In

section 5, a brief comparison of our results with earlier

studies in the Baltic Sea is given. An optimal scanning

scheme for LLJ identification is discussed in section 6,

before the conclusions are presented in section 7.

2. Observations

a. Measurement station and data period

Utö is a small, flat island in the Finnish outer archi-

pelago (59.788N, 21.378E), located about 80 km from the

southwestern tip of the Finnish mainland (Fig. 1). The

total area of the island is 0.81 km2, with the highest point

less than 20m above mean sea level (MSL). Utö is the

southernmost island of the Finnish archipelago. To the

north, between Utö and the Finnish mainland, there

are many islands; to the south the Baltic Sea opens

out (Fig. 1). Utö is not located close to the mainland

coastlines of Finland, Estonia, or Sweden.

Solar noon at Utö is UTC 1 1.4 h. During summer

months, the earliest sunrise is at 0413 local time and the

latest sunset is at 2300 local time. In contrast, in winter,

sunrise is around 0930 and the sun sets around 1530 local

time. The lowest monthly mean temperature,22.28C, is
observed in February, and the highest monthly mean

temperature, 116.78C, is observed in July (Pirinen

et al. 2012).

Vertical profiles of horizontal wind obtained from a

scanning Doppler lidar were the primary data used for

this study, supplemented with two-dimensional (2D)

sonic anemometer observations from a nearby tower.

Data for this study were gathered quasi continuously

from 1 January 2013 to 4 May 2015, with 118 days of

data missing because of maintenance and other issues,

mostly during spring/summer 2014. Sea ice was not

observed near Utö during this study except for a short

period in early 2013. The highest sea ice concentrations

were observed between 25 February and 14 April 2013,

but the Doppler lidar was not operating between

8 March and 5 April 2013.

b. Doppler lidar observations

Vertical profiles of horizontal wind speed and di-

rection were obtained from a Halo Photonics Stream

Line Doppler lidar operating routinely as part of

the FMI Doppler lidar network (Hirsikko et al. 2014).

This instrument operates at a wavelength of 1.5mm

and uses the heterodyne technique to detect the Doppler

shift. The pulse repetition frequency was 15kHz, pulse

length was 200 ns, and line-of-sight resolution was 30m.

A total of 320 range gates gives a potential range of

9.6 km, but useful signals are typically limited to much

closer ranges because of insufficient numbers of aerosol

or cloud particles in the atmosphere. Liquid clouds are

excellent targets, but, because they also strongly atten-

uate the lidar signal, those signals are limited to cloud

base and do not penetrate more than a few hundred

meters into the cloud. The instrument provides profiles

of signal-to-noise ratio and radial Doppler velocity at a

user-selected temporal resolution. Postprocessing then

applies background corrections to the signal-to-noise

ratio (Manninen et al. 2016), and uncertainty estimates

for the radial Doppler velocities are obtained directly

from the corrected signal-to-noise ratio by using an ap-

proximation to the Cramér–Rao lower-bound method

(Rye and Hardesty 1993) given in O’Connor et al.

(2010). Unreliable radial Doppler velocities are

identified by applying the standard operational

signal-to-noise ratio threshold of221 dB; that is, each

radial velocity measurement with a signal-to-noise

ratio of less than 221 dB has an intrinsic measure-

ment uncertainty of .0.15m s21 and is discarded.

The Doppler lidar was deployed at 3m above ground

level (AGL) (8m MSL) and was configured with a scan

schedule that included wind scans interspersed with

vertical stare and other scans. The wind scans were

composed of a Doppler beam swing (DBS) scan and a

low-level velocity–azimuth display (VAD) scan (Fig. 2a).

The three-beam DBS scan was performed every 10min

and consisted of one beam pointing toward vertical and

two orthogonal beams at 708 elevation (from horizontal)

(Fig. 2a). The low-level VAD scan was performed every

30min at 48 elevation and contained 24 beams (one every

158 in azimuth) (Fig. 2a). All wind scans were obtained

with a large number of accumulated pulses per beam

(.75 000) to ensure high accuracy. One low-level VAD

scan takes 2min to complete, and one three-beam DBS

scan takes 1min. Together with other scans, this leaves

about 45min per hour for vertically pointing operation

(Fig. 2c). It is important to note that the instrument

scanning schedule that was implemented was designed

for other operational requirements and has not been

optimized for LLJ studies.

c. Deriving vertical profiles of the horizontal wind

The horizontal wind speed and direction are obtained

from DBS (Henderson et al. 2005; Lane et al. 2013)

and VAD (e.g., Päschke et al. 2015) scans by using trig-

onometry and assuming that no major changes occur

within the scanning volume (Fig. 2b). Uncertainties in the

derived horizontal wind speed and direction are then

obtained through propagation of the radial Doppler

2580 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 56



velocity uncertainty estimates (e.g., Päschke et al. 2015).

BothDBS andVADmethods for obtaining winds assume

horizontal homogeneity and stationarity in the wind field,

which may not be appropriate in highly turbulent situa-

tions (Koscielny et al. 1984). The VADmethod proposed

by Päschke et al. (2015) uses a quality metric that is

based on the coefficient of determination for the sine fit,

together with an estimate of the collinearity of the data, to

determine reliable data. Such a metric is not available for

winds derived from DBS scans, and therefore we use the

standard deviation sw of the vertical wind to diagnose the

presence of turbulence that is sufficient to bias the DBS

measurements. The sw is calculated from the vertically

pointing data from before and after the DBS scan, using a

sliding window of 30min and three range gates centered

on each height in the wind profile to ensure a sufficient

number of samples for a reliable estimate. The threshold

value for sw above which wind profiles were discarded

for being unreliable was empirically determined to

be 0.20ms21. Similar values for estimating turbulent sit-

uations byDoppler lidar have been used, for example, in

Hogan et al. (2009) and Tucker et al. (2009).

The full vertical profile of the horizontal wind is then

obtained by concatenating the wind profiles provided

by both VAD and DBS Doppler lidar scans. At 2-km

radius, the VAD scan at an elevation of 48 from hori-

zontal reaches an altitude of 140m. Since the maximum

range of the VAD scan was typically less than 2 km, we

create the concatenated wind profile by limiting the

VAD scan to 130m AGL and then stacking the DBS

scan (from 130m AGL) on top of the VAD scan

(Figs. 2a,b). Thus, the lowest measurement height that

we use from the low-level VAD scan is 10.3m AGL,

which corresponds to a radius of 148m, and the lowest

height for the DBS scan is 130m AGL, at which height

the off-zenith beams have a horizontal distance of 47m

from the instrument (Fig. 2b). Ten-minute-averaged

winds from the 2D sonic anemometer at 20m AGL

were inserted into the concatenated profile at the ap-

propriate height level, and the VAD and 2D sonic

anemometer data were interpolated in time to match

the DBS time series (data every 10min).

d. Data availability and quality

The VAD scan is often limited to ranges that are

much closer than 2 km because of low aerosol concen-

trations or intervening cloud and precipitation, and this

situation means that there can be gaps in the concate-

nated wind profile between the highest altitude avail-

able from the VAD scan and the first measurement

FIG. 2. A schematic drawing that describes scan sequence and scans that are concatenated to create the wind-

profile dataset. (a) Illustration of the two Doppler lidar scanning patterns used in this study. Point (0, 0, 0)

represents the measurement site. (b) Horizontal and vertical distance from origin for each off-zenith beam

from VAD (below 130 m AGL) and DBS (above 130 m AGL) scans. The horizontal dashed line indicates the

height level at which the scan pattern used changes from VAD to DBS (at 130 m AGL). (c) Measurement

interval for each dataset (DBS scan, VAD scan, vertically pointing operation, and sonic anemometer) used in

this study during a 2-h sample period, indicating the effective temporal resolution of each dataset.
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altitude from the DBS scan. The seasonal data

availability for the combined dataset is presented in

Fig. 3 and clearly shows the challenge of obtaining

signal in a clean atmosphere with a shallow boundary

layer. Data availability decreases with range in all

seasons, as expected, for both DBS and VAD scans.

Clearly visible in Fig. 3 is the considerable impact that

applying the sw threshold has on DBS data avail-

ability, with up to 70% of DBS data with good signal

being discarded in winter and 27% being discarded in

summer. That turbulent conditions can reduce the

number of reliable wind profiles in good signal con-

ditions was also noted by Päschke et al. (2015). Data

availability before applying the sw threshold was

higher in winter and autumn, whereas after applying

the sw threshold the data availability was lowest in

winter. Very few turbulent issues were noted in the

VAD scans—a fact that was attributed to the low

elevation of the scanning angle. We do not expect

LLJs to be present during strong convectively driven

turbulent conditions, however, and therefore the

discarding of a significant portion of the DBS data

should not affect the true LLJ climatology. The po-

tential impact of the data availability on the LLJ

climatology is discussed in section 3.

It is clear that the 48-elevation VAD scan,

708-elevation DBS scan, and 2D sonic anemometer

are not measuring the same volume, with each mea-

surement type representing different atmospheric

scales. For example, at 127m in altitude the VAD

scan radius is 1.8 km, whereas at 130m in altitude the

horizontal distance for the off-zenith DBS beams is 47m

(Fig. 2b). To check whether this method of creating a

concatenated wind profile was valid, in Fig. 4a the

winds obtained from the 2D sonic anemometer were

compared with the VAD winds closest to the ane-

mometer height. In addition, in Fig. 4b the wind

speed from the lowest DBS height (130m AGL) was

FIG. 3. Concatenated wind-profile data availability vs height above ground for each season: (a) December–

February (DJF), (b) March–May (MAM), (c) June–August (JJA) and (d) September–November (SON),

before and after applying the sw threshold to discard unreliable turbulent wind measurements. Data avail-

ability represents the percentage of valid data at each height relative to the total number of observations.

Altitudes below 130 mAGL correspond to VAD (and 2D sonic anemometer) data availability; altitudes above

130 mAGL correspond to DBS data availability. The horizontal dashed line indicates the height level at which

the scan pattern that is used changes from VAD to DBS (at 130 m AGL).
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compared with the wind speed from the closest VAD

range gate to this height (128m AGL). Both compari-

sons showed minimal bias, with a root-mean-square

error for the VAD–DBS comparison of 0.87m s21

and a root-mean-square error of 0.29m s21 for the

VAD–2D sonic anemometer comparison. These values

give us confidence that, at this location and despite the

differences in the measurement volumes, the method

used to obtain a concatenated wind profile is suitable

for diagnosing LLJs.

3. Low-level-jet identification algorithm

TheLLJ identification algorithm consists of two parts, 1)

main criteria and 2) threshold criteria, that were applied to

the quality-controlled concatenated wind-profile data. The

main criteria are used to find all low-level wind speed

maxima in each wind profile. The threshold criteria result

in coherent LLJ cases, without sudden jumps in LLJ

height, wind speed, and wind direction, and ignore indi-

vidual wind speed maxima that should not be identified as

LLJ cases. The algorithm logic is as follows.

For each wind profile, all local wind speedmaxima and

minima below 1510m are identified. After finding all

local maxima and minima, the main criteria are applied

to each wind profile that contains at least one local

maximum: if a local maximum is both at least 2ms21

stronger and at least 25% stronger than the local minima

below and above the local maximum, the local maximum

will be denoted as a low-level wind speedmaximum. The

main criteria are checked for all local maxima in each

profile. Up to three low-level wind speed maxima are

permitted in each individual wind profile, allowing mul-

tiple LLJs, at different heights, to be identified within a

single profile.

After finding all low-level wind speed maxima, the

threshold criteria are applied. An individual profile with

at least one low-level wind speed maximum that meets

all of the thresholds is then designated as an LLJ profile.

One LLJ case is defined to be a quasi-continuous time

series of LLJ profiles, and therefore every LLJ profile

belongs to an LLJ case. The threshold criteria ensure

that an LLJ case consists of LLJ profiles that have sim-

ilar characteristics and thus are coherent features with-

out any large or sudden changes in height, speed, or

direction. It also allows short time gaps in the data. All

subjectively chosen thresholds (labeled 1–4 below) are

checked simultaneously and must be fulfilled as follows:

1) The height difference (Dh in Fig. 5a) between two

consecutive low-level wind speed maxima must be

smaller than 135m. This absolute threshold value

corresponds to the height of four range gates in

the Doppler lidar DBS data.

2) The wind speed difference (Dws in Fig. 5b) between

two consecutive low-level wind speedmaximamust

be smaller than 30%. This relative value allows

larger absolute differences when the wind speed is

high and smaller absolute differences with low

wind speed.

3) The wind direction difference (Dwd in Fig. 5c)

between two consecutive low-level wind speed

maxima must be smaller than 458.
4) The time difference (Dt in Fig. 5d) between two

consecutive low-level wind speed maxima must be

smaller than 1 h. This absolute value will allow some

missing wind profiles (i.e., data gaps) between two

consecutive LLJ profiles in the same LLJ case.

If any one of the thresholds 1–4 described above is

not fulfilled, the low-level wind speed maximum being

FIG. 4. (a) Comparison of 2D sonic anemometer wind speed from the meteorological mast (at 20 m AGL) and

Doppler lidar VAD wind speed from the height that is closest to that 2D sonic anemometer measurement height

(21 m AGL), and (b) comparison of Doppler lidar DBS wind speed at the lowest available level (130m AGL)

and Doppler lidar VAD wind speed at the highest level that was used (128 m).
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tested does not belong to the same LLJ case as the

earlier low-level wind speed maxima that fulfilled the

criteria. Furthermore, the low-level wind speed maxi-

mum that did not fulfill the threshold criteria is not re-

jected until it is verified that it is not the initial low-level

wind speed maximum of a new LLJ case. Each LLJ case

is labeled with a running number, and therefore it is

possible to calculate the estimate of the duration of each

LLJ case. In addition, it is required that each LLJ case

must last at least 1 h; this ensures that only coherent LLJ

structures are detected and prevents isolated individual

profiles that happen to meet the rest of the criteria from

being identified as an LLJ case.

The principles behind the main criteria are very

similar to those presented in previous studies. The LLJ

criteria used by Bonner (1968) and Whiteman et al.

(1997) used stricter thresholds for the LLJ maximum

and falloff above the maximum; however, these studies

did not test for a minimum below the maximum. In

contrast, the algorithm by Banta et al. (2002) consisted

of looser absolute thresholds for LLJ maximum and

falloffs for the minima, both below and above the

maximum. Andreas et al. (2000) used an absolute cri-

terion that was similar to that used in this study, but they

did not use a relative falloff criterion for the minima.

The main criteria are also similar to those applied by

Baas et al. (2009) and Tuononen et al. (2015), consisting

of both absolute and relative criteria with similar

magnitudes. High temporal resolution permits testing

the persistence of the LLJ, with a requirement that is

similar to that imposed by Baas et al. (2009). The ad-

ditional threshold criteria employed here have been

designed specifically for high-resolution Doppler lidar

data to enable the identification of coherent LLJ cases

rather than individual LLJ profiles.

On applying the main and threshold criteria to strict

quality-controlled Doppler lidar wind-profile data, it can

be seen that the algorithm is capable of objectively

identifying LLJ cases (Fig. 6). In some situations inwhich

the air is very clean or clouds are present, the Doppler

lidar signal is too weak and therefore wind measure-

ments, especially at higher altitudes in the atmosphere,

aremissing.Missing data are shown inwhite in Fig. 6, and

there is often a small gap in the concatenated profile after

combining the VAD and DBS scans, as seen around the

heights below 200m in Fig. 6. This occurs because there

is not enough signal in the VAD scan at far ranges, as

shown in the data-availability plot (Fig. 3). Data gaps

may also exist as a result of the instrument conducting

other scan types as part of its operational routine. The

algorithm detects an LLJ case when all criteria are ful-

filled butmay discard some viable cases as a result of data

gaps even though the LLJ likely continues during the

data gap. Such cases are potentially visible in Fig. 6b. An

LLJ is detected at 0000 UTC 17May 2013 and continues

until 0500 UTC 17 May 2013, but, between 0500 and

1100 UTC 17 May 2013, there are no data available

above 100m AGL and, therefore, no LLJ is identified

by the algorithm, even though it is likely that the LLJ

persisted through this period.A similar situation also occurs

in the evening between 1630 and 2100 UTC 17 May.

Because of data limitations, such as operational data gaps

and inability to observe the entire wind profile in all

weather situations with the Doppler lidar (such as in the

presence of low clouds), the LLJ duration calculation is

only suggestive and should be taken as a lower limit. How

data limitations and data availability can affect the LLJ

statistics presented here is also discussed in section 4.

4. LLJ characteristics over Utö, Finland

a. LLJ frequency of occurrence

On the basis of more than 2years of Doppler lidar data,

the LLJ frequency of occurrence atUtö is 12%, calculated

by dividing all identified LLJ profiles by the number of

observed wind profiles. At Utö, LLJs are more common

FIG. 5. A schematic drawing that describes the different threshold

criteria used for identifying LLJ profiles on the basis of (a) height,

(b) wind speed, (c) wind direction, and (d) time differences between

two consecutive low-level wind speed maxima (Dh, Dws, Dwd, and
Dt, respectively). Filled black circles represent low-level wind speed

maxima fulfilling the main criteria described in section 3. Each low-

level wind speed maximum (e.g., red-edged profile) is compared

with the previous low-level wind speed maximum (blue-edged

profile) and differences (Dh, Dws, Dwd, and Dt) between these

consecutive low-level wind speed maxima are tested against the

threshold values simultaneously. If any difference values (Dh, Dws,
Dwd, or Dt) between two consecutive low-level wind speed maxima

are larger than the given threshold value, the low-level wind speed

maximumdoes not belong to the sameLLJ case as the previous LLJ

profile.
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during spring and summer than in winter and autumn

(Fig. 7a); the LLJ frequency of occurrence is highest be-

tween March and August and is lowest between Novem-

ber and February, with a maximum in July (28%) and a

minimum in December (2%). The values of LLJ fre-

quency of occurrence corresponding to each month, sea-

son, or hour are normalized by the number of wind

profiles measured during each month, season, or hour.

Therefore, the values of LLJ frequency of occurrence

account for the variation in the number of observed wind

profiles.Multiple LLJs (i.e., more than one low-level wind

speed maximum belonging to separate LLJ cases in one

wind profile) were found in 0.1% of all wind profiles,

corresponding to 1% of all LLJ profiles.

There is little diurnal variation in LLJ frequency of

occurrence during winter and spring (Fig. 7b), but the

mean LLJ frequency of occurrence is 15% higher in

spring than in winter. Some diurnal variation is present

during summer, with LLJ frequency of occurrence

enhanced at night, by up to 15%, and in autumn, when

LLJs are up to 8% more common in the early evening.

Note that all values of LLJ frequency of occurrence

should be considered as a lower bound because of the

data limitations, as discussed in section 3.

b. LLJ characteristics

The LLJ height (Table 1) is usually lowest in

summer (median LLJ height 104m) and highest in

winter (median LLJ height 243m). Figure 8a shows

the distribution of LLJ heights observed in each season.

The vast majority of LLJs identified are below 200m,

with a peak occurrence observed between 130 and

200m. The observed LLJ height distribution in spring is

very similar to that of summer, with low (below 100m)

LLJs being common. During autumn, there are more

LLJs at higher levels and, similar to what is observed in

winter, far fewer LLJs identified below 100m. Figure 8a

shows that many LLJs occur between 130 and 200m,

corresponding to the three lowest DBS levels, but, in

reality, the truewindmaximummay occur slightly below

130m. This is a consequence of the low VAD data

availability at far ranges (Fig. 3) relative to theDBS data

availability at near ranges; the LLJ maximum is likely to

be observed at the first available DBS range gates (from

130m AGL above) in which there is much more signal.

There is a larger jump in data availability between the

farthest VAD range and the first DBS range in spring

and summer (Figs. 3b,c), which may explain the strong

peak in LLJ occurrence at the lowest DBS levels in

spring and summer. Thus, interpreting the distribution

of LLJ height should be made in reference to the data

availability at each height.

The mean LLJ wind speed is 11.6ms21 (standard de-

viation of 4.3ms21) with a median value of 10.8ms21, a

result of a slightly positively skewed LLJ wind speed dis-

tribution (Table 1). The median wind speeds in autumn

FIG. 6. Time–height plots of horizontal wind speed derived from Doppler lidar data at Utö (a) between 2100

UTC 20 May 2013 and 0000 UTC 22 May 2013 and (b) between 17 and 18 May 2013. Horizontal wind speed is

given by the color shades; white regions denote missing wind speed data due to lack of signal. Black stars denote

LLJ profiles, with black lines linking appropriate LLJ profiles into an LLJ case.
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(10.0ms21) and in summer (10.6ms21) areweaker than in

winter (11.8ms21) and in spring (11.4ms21). The LLJ

wind speed distribution also varies from season

to season (Fig. 8b), with a narrow distribution in summer

and broader distributions with longer tails toward

stronger wind speeds during other seasons. The win-

tertime distribution is particularly broad.

Three wind directions dominate LLJ occurrence

over Utö: 1) east–east-southeast, 2) south-southwest–
west, and 3) north–northwest (Fig. 8c). All three

directions are well represented during spring and

summer months, whereas during winter months the

dominant LLJ direction is from the south-southwest.

In autumn, the most common direction for LLJ

occurrence is from the southwesterly sector, together

with a slight increase in LLJ occurrence from the

southeast.

The LLJ bulk speed shears below and above the LLJ

are respectively defined as

a
below

5
U

LLJ
2U

min,below

h
LLJ

2 h
min,below

and (1)

a
above

5
U

min,above
2U

LLJ

h
min,above

2 h
LLJ

, (2)

whereULLJ is theLLJwind speed,Umin,below andUmin,above

are respectively the wind speeds of the minima below

and above the LLJ, hLLJ is the LLJ height, and hmin,below

and hmin,above are respectively the heights of the

minima below and above the jet. Median values of bulk

speed shear above and below the jet are 20.019 and

0.048ms21m21 (Table 1), respectively, and the distri-

butions of LLJ bulk speed shear values below the jet are

much broader than the distributions of shear values

above the jet. These observations demonstrate that the

speed shear is, in most cases, stronger below the LLJ

than above it. This usually is because most LLJs are very

low in altitude (below 150m) and, therefore, the height

difference hLLJ 2 hmin,below in Eq. (1) is usually smaller

than the height difference hmin,above 2 hLLJ in Eq. (2).

The mean and median bulk speed shear above and

below the LLJ are strongest in spring (median values

are 20.022ms21m21 above and 0.057ms21m21 below)

andweakest inwinter (medianvalues are20.013ms21m21

above and 0.028ms21m21 below). Above the jet, the

distribution of speed shear values is similar for all

seasons, peaking between 20.01 and 20.02ms21m21.

In contrast, below the jet, in winter and autumn the distri-

butions are more positively skewed than in spring and

summer, denoting larger shear values during spring and

FIG. 7. Histograms that show (a) monthly variation of LLJ frequency of occurrence and (b) hourly variation

of LLJ frequency of occurrence, separated by season. Each bar is normalized by the number of wind profiles of

the corresponding month or hour.
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summer below the jet. Eight percent of bulk speed shear

values are larger than 0.1ms21m21, and 1% are smaller

than 20.1ms21m21.

Figures 9a–d show how the LLJ height varies with

speed and direction during each season. The highest

and strongest LLJs typically arrive from southwesterly

directions, which is also the prevailing wind direction

at this site. These LLJs occur in all seasons. Other

strong and high LLJs arrive from the east and from

the north-northwest; these are present in spring and

summer, with the easterly LLJs being slightly stronger

and higher. LLJs at heights below 100m have low wind

speeds (typically ,15m s21) and appear to be evenly

distributed in all directions, except in winter.

c. Threshold sensitivity in the LLJ identification
algorithm

In comparison with previous automated LLJ identi-

fication algorithms that were predominantly applied to

observations with coarser temporal resolution by, for

example, Bonner (1968), Whiteman et al. (1997), and

Baas et al. (2009) and to gridded reanalysis data by, for

example, Rife et al. (2010), Ranjha et al. (2013), and

Tuononen et al. (2015), our newly developed algorithm

includes some extra subjectively chosen thresholds and

criteria. To ensure that the results presented here are

not strongly threshold dependent, in this section we

analyze the impact of all thresholds that were applied.

The sensitivity of the LLJ characteristics—that is, LLJ

frequency of occurrence (Fig. 10a), LLJ mean height

(Fig. 10b), LLJ mean speed (Fig. 10c), number of

LLJ cases (Fig. 10d), and LLJ duration (Fig. 10e)—to

the threshold values used in the LLJ identification

algorithm was analyzed by changing one threshold

value at a time while keeping the others constant (the

default values are those described in section 3).

Threshold values for the change in the height, speed,

and direction between two consecutive low-level wind

speed maxima (e.g., as described in Figs. 5a–c) were

varied by 610%, 630%, 650%, and 670% relative to

the default thresholds. Furthermore, the accepted time

difference between two consecutive low-level wind

speed maxima (as described in Fig. 5d) was also varied

by 610%, 630%, 650%, and 670% relative to the

default threshold. Last, the sensitivity to the duration

criterion—that is, how long an LLJ case needs to be—was

investigated by varying the default value by 610%,

630%, 650%, and 670%. Note that, except in the case

of the duration threshold, when the threshold values

are decreased the algorithm becomes stricter and when

they are increased the algorithm becomes less stringent.

The LLJ frequency of occurrence is the most sensitive

to the time-difference threshold between two consecu-

tive low-level wind speed maxima (Fig. 10a). When

the time-difference threshold is changed by 270%

(equivalent to setting it to be less than 18min), the LLJ

frequency of occurrence decreases to 7%. Changes in

the other thresholds do not affect the LLJ frequency of

occurrence as much, especially when the algorithm is

relaxed. By changing any threshold by 630%, the LLJ

TABLE 1. LLJ statistics showing mean, 25th, 50th (median), and 75th percentiles of LLJ height, LLJ wind speed, and bulk speed shears

above and below the LLJ on each season.

Season Mean 25th percentile Median 75th percentile

LLJ height (m) All 161 81 121 158

Winter 254 130 243 327

Spring 141 75 113 158

Summer 140 73 104 130

Autumn 206 109 130 271

LLJ wind speed (m s21) All 11.6 8.7 10.8 13.7

Winter 12.5 9.3 11.8 15.6

Spring 12.2 8.9 11.4 14.8

Summer 10.9 8.7 10.6 12.7

Autumn 11.5 8.0 10.0 13.0

Speed shear above the LLJ (s21 m21) All 20.024 20.030 20.019 20.011

Winter 20.016 20.019 20.013 20.009

Spring 20.028 20.034 20.022 20.013

Summer 20.024 20.030 20.020 20.012

Autumn 20.020 20.024 20.015 20.008

Speed shear below the LLJ (s21 m21) All 0.054 0.031 0.048 0.071

Winter 0.030 0.017 0.028 0.040

Spring 0.063 0.040 0.057 0.082

Summer 0.058 0.036 0.052 0.077

Autumn 0.035 0.022 0.031 0.046

SEPTEMBER 2017 TUONONEN ET AL . 2587



frequency of occurrence changes by less than 61%

relative to the LLJ frequency of occurrence as calculated

with the default thresholds.

The LLJ mean height is affected most when the

height-difference threshold or time-difference threshold

between two consecutive low-level wind speed maxima

is changed (Fig. 10b). The duration threshold also affects

the mean LLJ height but in the opposite direction. This

result is consistent with expectations, because the longer

cases usually occur at lower heights. For any threshold

change of 630% or less, however, the LLJ mean height

varies by less than 20m, which is smaller than the ver-

tical resolution of the data obtained from theDBS scans.

The impact on LLJ mean speed is marginal for any

threshold variation up to 670% (Fig. 10c), especially

for any increase in threshold value. Even when the

thresholds are decreased by 70%, the resulting LLJ

mean speed varies by less than 0.6m s21, and the

extreme values are within61% relative to the reference

mean LLJ speed.

The number of LLJ cases is mostly affected by

changing the time threshold and the duration threshold

(Fig. 10d), as expected. If the time gap between two

low-level wind speed maxima is less than 18min (70%

decrease relative to the reference time-difference

threshold), the number of LLJ cases clearly decreases.

In contrast, by requiring the LLJ duration to be only

18min, the number of LLJ cases clearly increases.

Because the percentage change in the number of cases

is much larger than for any other LLJ statistic, we

conclude that, of all of the LLJ statistics that we con-

sider, the number of LLJ cases is most susceptible to

the subjective threshold choice and is the least reliable.

The LLJ duration is affected mostly when the dura-

tion threshold or the time threshold is changed. If the

time threshold is reduced (allowing a shorter time gap

between two consecutive low-level wind speed max-

ima), the algorithm splits LLJ cases more often into

shorter cases. In contrast, allowing a longer time gap

allows LLJ cases to continue across missing data.

FIG. 8. Histograms that show (a) LLJ height (note the unequal bin edges on the x axis, corresponding to 4–5 gates

in theVAD range and 3–4 gates in theDBS range, except the last bin), (b) LLJ speed, (c) LLJ direction, and (d) LLJ

bulk speed shear (by definition: ,0 above the LLJ and .0 below the LLJ). Each bar represents the number of

profiles between the tick values. Results are separated by different seasons.
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However, increasing the allowed time gap also permits

the algorithm to combine cases that do not have the

same characteristics and therefore should not be iden-

tified as the same case (not shown). Other thresholds

have a minimal effect on the mean LLJ duration.

Overall, changing the duration threshold has the

largest effect on the results, especially in the mean

height, number of cases, and LLJ duration itself. If the

LLJ duration threshold is increased, the mean LLJ

height is lower, the number of LLJs is decreased, and the

duration is longer relative to the reference. On the

contrary, if shorter LLJs are allowed, the mean height is

higher, the number of LLJs is larger, and the duration is

shorter relative to the reference. The length of the

allowed time gap between two consecutive low-level

wind speedmaxima also affects the results. Both of these

thresholds are essential for the algorithm to operate

because of the characteristics of the Doppler lidar data

that are available at this location (described in section 3),

and the reference values for these thresholds were

selected on the basis of the time resolution and limita-

tions of the data. Otherwise, the observed LLJ charac-

teristics are not sensitive to the choice of threshold if it

is within630% of the reference thresholds employed in

this study.

5. Comparison with earlier studies in the Baltic Sea

We now compare the results presented here with

previous studies that were conducted close to Utö.
Quantitative comparison is often difficult because of the

differences in themeasurement period, LLJ identification

criteria, instrument capabilities, and data resolution.

Dörenkämper et al. (2015) investigated the seasonal

variation of LLJ occurrence and LLJ characteristics in

the western Baltic Sea (55.008N, 13.158E) on the basis

of 6 years of mast measurements up to 102m MSL.

They define an LLJ event such that the wind speed at

any altitude below 102m must exceed the wind speed

measured at 102m by a certain percentage value

FIG. 9. Scatterplots that show how LLJ height varies with LLJ speed and direction for each season: (a) DJF,

(b) MAM, (c) JJA, and (d) SON. LLJ speed and direction are presented in polar coordinates, and the color of the

circle shows the LLJ height. Values for each individual LLJ profile within all observed LLJ cases are plotted. Note

that each plot has a different scaling for the LLJwind speed. LLJ direction is defined as the direction fromwhich the

wind is coming.
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(10%, 20%, 30%, or 40%). Dörenkämper et al. (2015)

found the highest LLJ occurrence in spring (7% with

the least-strict criteria) and the lowest occurrence in

winter (,1%with the least-strict criteria). They found

no strong diurnal cycle for springtime LLJs but

slightly enhanced LLJ occurrence in summer eve-

nings. Our results show enhanced LLJ occurrence

throughout the night in summer, whereas in autumn

increased LLJ frequency of occurrence is found in

the evening. Our results show higher LLJ frequency

of occurrences, and, in contrast to the study by

Dörenkämper et al. (2015), the highest LLJ frequency

of occurrence is found in summer (21%) and the sec-

ond highest is found in spring (18%). Differences

between the results may be due to the different ver-

tical extent of the two different measurement systems

(meteorological mast vs Doppler lidar) and conse-

quently the different definitions of an LLJ. Although

both sites were located in the Baltic Sea, the different

site characteristics may also play a role.

To enable a fairer comparison with the results of

Dörenkämper et al. (2015), our statistics were recalcu-

lated by limiting the results to LLJ maxima identified

below 102m MSL. The observed diurnal cycle of LLJ

occurrence in these recalculated statistics is similar

to that found by Dörenkämper et al. (2015) both in

spring and summer (not shown). In addition, the

LLJ frequency of occurrence at Utö decreases to 10%

in summer and 7% in spring and similarly is low in

winter (0.2%) and autumn (1.2%). These recalculated

statistics compare better to the study by Dörenkämper

et al. (2015); note, however, that, although we consider

only LLJs below 102m, the minimum above the jet is

usually found above 102m.

Högström and Smedman-Högström (1984), and

Smedman et al. (1993, 1995) investigated LLJs in the

Baltic coast of Sweden and the Stockholm archipelago

on the basis of double-theodolite pilot-balloon mea-

surements, radiosoundings, aircraft measurements, and

modeling. They found spring- and summertime LLJs

FIG. 10. Sensitivity of (a) LLJ frequency of occurrence, (b) mean LLJ height, (c) mean LLJ speed, (d) number of

LLJ cases, and (e) mean LLJ duration to the different thresholds that are used in the LLJ identification algorithm

described in section 3 and shown in Fig. 5. The corresponding lines and thresholds are given by blue for the height

threshold, orange for the speed threshold, yellow for the direction threshold, purple for the time threshold, and

green for the duration threshold.
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that were forced by an inertial oscillation in space

in situations in which the flow is directed from a warmer

coast (Swedish or Latvian coast) over the colder Baltic

Sea. According to Smedman et al. (1995), summertime

LLJs—observed by the radiosonde observations and

modeled by the numerical simulations in the Stockholm

archipelago, and forced by an inertial oscillation in

space—occur at low altitudes (30–100m) and reach

speeds of 12ms21. In addition, on the basis of idealized

2D-modeling experiments, Savijärvi (2011) found sum-

mertime LLJs along the southern coast of Finland that

were due to inertial oscillations in space when the flow

was directed from the Estonian coast over the colder

sea. Furthermore, the model results by Savijärvi (2011)
revealed easterly LLJs with height and speed charac-

teristics that were similar to those reported here in

Doppler lidar data from Utö.
It is also interesting to compare our observations with

results that were obtained from a reanalysis dataset.

Wintertime (October–March) LLJs were diagnosed

from the ‘‘Arctic system reanalysis’’ (ASR) for the

period of 2000–10 by Tuononen et al. (2015). They found

that the wintertime LLJ frequency of occurrence at the

grid point nearest to Utö was 18%, with an LLJ mean

height of 340m and an LLJmeanwind speed of 11m s21.

These LLJs were higher and weaker than those ob-

served with the Doppler lidar, probably as a result of

both the coarser vertical resolution close to the ground

in ASR and the reduction in data availability at higher

altitudes in the observations. This would also explain

why there are more LLJs diagnosed in ASR than in

the observations. The predominant LLJ direction in

ASR was from the west, with the majority occurring

within the west-to-south sectors; our observations show

southwest as the predominant LLJ direction. Although

progress has been made in representing LLJs in high-

resolution numerical models (e.g., Hu et al. 2013;

Vanderwende et al. 2015), this comparison suggests

that deficiencies are still evident in coarser-vertical-

resolution reanalysis datasets, especially when attempting

to diagnose LLJs below 100m.

6. Optimizing scanning for LLJs

It is clear that the scanning scheme employed at this

location is not optimal for diagnosing LLJs, especially

because it necessitates combining two scan types with

very different data availabilities at the height at which

they are stacked (130m). Although LLJs are not ex-

pected in strong convectively driven turbulent condi-

tions, such conditions do affect the wind retrievals, with

DBS scans suffering strongly from violation of the

homogeneity assumption necessary for the retrieval.

VAD scans mitigate this impact, but VADs are also

susceptible to turbulence causing the homogeneity

assumption to be violated, especially at higher scan

elevations (Päschke et al. 2015). Therefore, an ideal scan
strategy would involve the use of one VAD scan at an

elevation that gives full coverage through the extent of

the boundary layer (i.e., up to at least 1.5 km in altitude)

while still providing sufficient vertical resolution near

the surface to enable the calculation of both the LLJ

maximum and the minimum below for LLJs below

100m. A suitable elevation angle for the scan will

depend on the range resolution of the instrument that is

performing the scans. An instrument with a radial range

resolution of 100m must scan lower than an instrument

with a radial range resolution of 30m to obtain the same

vertical resolution; an elevation angle of 98 for a range

resolution of 100m and 308 for a range resolution of 30m
will permit a vertical resolution of 15m.

Our results indicate that the temporal resolution of the

scans (10min forDBS; 30min forVAD)was sufficient for

capturing LLJs so that when selecting an integration time

the focus should be on obtaining high-quality data rather

than rapid scans (i.e., taking 4min to complete one high-

quality VAD scan may be preferable to a sequence of

10 scans taking 24 s each). The integration time will

depend on location since it depends on the amount of

aerosol that is present in the atmosphere.

7. Conclusions

An LLJ identification algorithm was developed

specifically for objective identification of LLJs in

Doppler lidar data with high temporal and vertical

resolution. The algorithm was applied to more than

2 years of Doppler lidar data from Utö, an island in the

Finnish outer archipelago, to determine the LLJ fre-

quency of occurrence, the statistics of LLJ character-

istics, and their seasonal and diurnal variability. In the

future, this algorithm can easily be applied to data from

different locations and even in an operational context.

In this study, the wind profiles, used as input to the LLJ

identification algorithm, are obtained by combining

observations from two different Doppler lidar scanning

patterns (DBS and VAD) with additional anemometer

wind data. In addition, a data-quality step was applied,

removing measurements for which the homogeneity

assumption was unlikely to be satisfied because of the

presence of convectively driven turbulence.

LLJs were identified in 12% of all observed wind

profiles atUtö. The vast majority of LLJs were identified

below 150m AGL, and the mean LLJ wind speed was

11.6m s21. The LLJ frequency of occurrence should be

considered as a lower limit because of data limitations.

SEPTEMBER 2017 TUONONEN ET AL . 2591



For example, some LLJs may be missed because of data

gaps that can occur during cloudy conditions or when the

air is very clean—a more common problem in Utö than

in most European locations—because the lidar signal

is too weak. Low data availability at higher altitudes

as a result of the lack of signal limits any detection of

potential LLJs at these altitudes, directly affecting our

results. The data availability below 400m AGL, how-

ever, was sufficient to capture LLJs that can have an

impact on wind energy, which was one motivation of

this study.

The LLJ frequency of occurrence was higher during

spring and summer (up to 30% during summer nights)

than in autumn and was lowest in winter (,5%

throughout the day). During summer, LLJs occur at

lower heights and are slightly weaker than they are in

other seasons. The highest and strongest LLJs come

from the southwest, which is also the predominant

LLJ direction in all seasons. Other common directions

in spring and summer are east and north-northwest,

which exhibit lower and slightly weaker LLJs.

LLJs below 100m are the weakest, show little direc-

tional dependence, and are most common in spring

and summer.

We have shown that LLJ is a common phenomenon

and occurs at relatively low altitudes at Utö, especially
during the spring and summer seasons. Since LLJs can

have a positive impact on the production of wind power

and a potential negative impact on the lifetime and

efficiency of wind turbines (Kelley et al. 2006), the

ability to provide long-term climatological descriptions

of LLJ characteristics is crucial when considering future

increases in offshore wind-turbine installations in the

Finnish archipelago. Numerical models are used to

provide wind-resource assessments for wind-energy

purposes, and these observations will be used to evalu-

ate whether such models are capable of producing LLJs

accurately in this region. In addition, the characteristics

of the shear-driven turbulence associated with LLJs,

which were not included in this study, should be exam-

ined in detail to understand their impact on wind-turbine

stress and wind-power production. The objective algo-

rithm created for this study can be used to identify LLJs

operationally, verify numerical model output, and guide

decision-making regarding wind-power installations in

the future.
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