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Abstract. The decay of turbulence kinetic energy (TKE) and be small, a strong correlation to mean buoyancy production
its budget in the afternoon period from mid-day until zero of —0.69 was found for the afternoon period. For compar-
buoyancy flux at the surface is studied in a two-part papelison with previous results, the TKE budget terms are nor-
by means of measurements from the Boundary Layer katenalized with friction velocity and measurement height and
Afternoon and Sunset Turbulence (BLLAST) field campaign discussed in the framework of Monin—Obukhov similarity
for 10 Intensive Observation Period days. Here, in Part 1theory. Empirically fitted expressions are presented.rAlte
near-surface measurements from a small tower are used taatively, we also suggest a non-local parametrization ®f di
estimate a TKE budget. The overall boundary layer characsipation using a TKE-length scale model which takes into
teristics and meso-scale situation at the site are alsoidedco account the boundary layer depth in addition to distance
based upon taller tower measurements, radiosoundings arebove the ground. The non-local formulation is shown to
remote sensing instrumentation. Analysis of the TKE bud-give a better description of dissipation compared to a local
get during the afternoon transition reveals a variety of dif parametrization.

ferent surface layer dynamics in terms of TKE and TKE de-
cay. This is largely attributed to variations in then8wind
speed, which is responsible for different amounts of near-

surface shear production on different afternoons and varial Introduction

tions within some of the afternoon periods. The partitignin

of near surface production into local dissipation and trans The atmospheric boundary layer (ABL) over land is inher-
port in neutral and unstably stratified conditions was inves ently marked by a diurnal cycle. The afternoon transition pe
tigated. Although variations exist both between and within riod can be defined as the period from mid-day maximum
afternoons, as a rule of thumb, our results suggest that abodpeat flux until zero buoyancy flux (Nadeau et al., 2011). In
50 % of the near surface production of TKE is compensatecthis paper we use this definition and focus our study on the af-
by local dissipation near the surface, leaving about 50 %¢t€rnoon transition period. It is well-known as a period of tu
available for transport. This result indicates that it is-im bulence decay in relationship to the diminishing nearasef
portant to also consider TKE transport as a factor influenc-€nergy input. This phase of the diurnal cycle is challenging
ing the near-surface TKE decay rate, which in many earlierfrom both an observational and modeling perspective due to
studies has mainly been linked with the production terms ofits transitory nature and that most of the forcing are snmall i
TKE by buoyancy and wind shear. We also conclude that thdts later part. The afternoon transition starting in a maj-d
TKE tendency is smaller than the other budget terms, indi-Well-mixed convective turbulence regime has an important
cating a quasi-stationary evolution of TKE in the afternoon influence for the onset conditions for the usually more pro-

transition. Even though the TKE tendency was observed tdyounced regime change to a heterogeneous and intermittent
e State with a residual layer overlying a stably stratifiedeste
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2 E. Nilsson et al.: TKE budget and bl description

layer when entering into the evening transition (Stull, 808
The differences between the very different convectivernegi
and stable regime have a great influence upon for instance B :
atmospheric dispersion as shown in e.g. Taylor et al. (2014) -
We focus here on the afternoon period before stable strati-
fication starts as we consider there has been a lack of focus
on this in previous studies and better understanding thetons B
conditions for the evening transition is of great imporenc :

Many studies have as discussed in Lothon et al. (2014)
provided insight into the late afternoon or evening traosg
without being specifically dedicated to this purpose. The re
cent study of Wingo and Knupp (2015) also points out that
observational study has become a priority. In the absence o
a specific field campaign with this focus the Boundary Layer
Late Afternoon and Sunset Turbulence (BLLAST) experi-
ment was carried out in June and July 2011 at the “Plateatil:

de Lannemezan" in southem France (Lothon et al., 2014)the Pyrenees mountain range in the background. The small Diver-

The site is located On, a plateau of about ROG abOUt_ gence Site tower is marked with A and talleria&ower is marked
600ma.s.1. and a few kilometer from the Pyrenean foothills ;i g.

and about 45m from the highest peaks of the Spanish bor-
der.

In general, it may be concluded from the extensive reviewon a formulation for heat flux and dissipation ignoring other
of existing literature provided in Lothon et al. (2014) that influences. Little attention has, however, been given tostra
the decay of turbulence depends on the formulation of theport of TKE in many of the earlier studies with reasonable ar-
decrease in the surface-atmosphere exchanges. For iastanguments that it will not affect the bulk TKE level when inte-
the prescribed surface sensible heat flux or surface temperarating over the entire turbulent boundary layer (Nieudsta
ture affects the decay, but no consensus on an exact relatiomnd Brost, 1986; Nadeau et al., 2011). Over a limited vdrtica
ship between forcings and TKE decay rate has been reachedxtent such argument needs, however, to be examined further
Several studies have described the governing TKE budget iThe study by Dupuis et al. (1997) for instance suggests that
sheared convective boundary layers and surface layerg usira significant near-surface transport of TKE can occur in ho-
measurements (Wyngaard and €dt971; Caughy and Wyrs mogeneous conditions over ocean and Puhales et al. (2013)
gaard, 1979; Hgstvm, 1990; Frentzen and Vogel, 1992) and focused on the height variation of transport terms from LES.
LES results for convective boundary layers (e.g. Moeng andShear production of TKE has also been discussed as a cause
Sullivan, 1994; Pino et al., 2003). See also discussiongin F that can maintain near-surface TKE even when the buoyancy
dorovich and Conzemius (2008). In addition Kumar et al. flux decays at the end of the afternoon, but no study has, to
(2006) and Rizza et al. (2013) conducted LES of the diur-our knowledge, specifically focused on the TKE budget dur-
nal cycle, whereas van Driel and Jonker (2011) carried ouing the afternoon transition from an observational perspec
an idealized study and analysis of periodically varying sur tive to assess the relative importance of these factors.
face heat flux and its impact on boundary layer height and In this study, we present a TKE budget from field obser-
TKE. vations and use it to discuss the governing terms that influ-

Recent simulations (Darbieu et al., 2015), have also heemnce TKE decay rate in the surface layer over a grass sur-
used to study TKE and other turbulence characteristics sucface during the afternoon transition. Our analysis is based
as anisotropy, evolution of spectra and integral lengtiesca on 10 Intensive Observation Period (IOP) days using mea-
during the afternoon transition. This was also studied bysurements from the small Divergence Site tower (see Fig. 1)
Pino et al. (2006) using large-eddy simulation by prescrib-located at the so-called Site 1 from the BLLAST field cam-
ing an instantaneous change to zero buoyancy flux, similapaign (Lothon et al., 2014). We then follow-up our results
to Nieuwstadt and Brost (1986) but with the additional gffec with simple modeling of TKE in our companion paper Nils-
of shear production. Grant (1997) also provided an obserson et al. (2015).
vational study for the evening transition and Goulart et al. The main datasets and methods used in this study are pre-
(2003, 2010) studied the afternoon decay period in still un-sented in Sect. 2. For further information on the BLLAST
stable stratification with a theoretical spectral modellaB8:..s dataset, see also the overview paper Lothon et al. (2014).
data. Turbulence kinetic energy and its decay during the afin Sect. 3, some overall boundary layer characteristics are
ternoon transition have also been specifically studied fromdescribed to guide the reader about the variation of surface
measurements by Nadeau et al. (2011) who also managddyer statistics in relationship to the larger-scale \taies in
to model the near surface TKE relatively successfully basedvind and mixed layer depth that occur between the 10 IOPs.

ig. 1. The figure is showing the two main measurement towers and
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In Sect. 4, an hourly near-surface turbulence kinetic gnerg will have little or no effect for the afternoon periods that i
budget is presented for each afternoon period and a classific our main focus.
tion based upon wind speed and the size and variation of the At times, the gap filled wind direction fields can be ar-
dominant TKE budget terms is presented. Furthermore, meagued to miss too much of the real variability that was indi-
TKE tendency or decay rate for the afternoons is presentedcated by the available non-gapfilled and un-smoothed data
Relationships between TKE tendency and observed dissipgand sometimes at the @®d-tower). This was more frequent
tion rate, shear and buoyancy effects are also presenteehs Tion days with low wind speed, but the smoothed and gap filled
TKE budget is normalized using a local friction velocity and fields were nevertheless used to describe the overall bound-
measurement height for comparison to previous studies. Obary layer behavior in wind in Sect. 3 (and Appendix A). The
served near-surface variation of dissipation rate withlhies ~ time-height smoothed fields were also needed for reasonable
also investigated further. Finally, a non-local paranzetion  tracking of persistent wind speed gradients near the inver-
of dissipation is proposed and evaluated. This is followedib sion, which was otherwise at times obscured by more random
summary and conclusions in Sect. 5. fluctuations in the wind field (less persistent in both timd an
vertical direction).

2 Data and methods

2.1 Data screening and treatment 2.1.2 Screening and treatment of turbulent time-series

from tower measurements
Here we describe the main datasets used in this study and

provide details about screening and treatment of the data.
Turbulence data (2Hz) of wind components, v and w)
and sonic temperatuf& measured with Campbell Scientific After manually checking time-series, of wind and tempera-
anemometer-thermometers (CSAT) at the Divergence Sitdure, the four upper measurement levels at the small Diver-
tower as well as Ultra High Frequency (UHF) wind profiler gence Site tower (2.23, 3.23, 5.27 and &22were chosen
data is downloadable from the website (BLLAST, 2015).  for the main analysis and TKE budget calculations. Out-of-
range values above 100 or belevl00 of any wind compo-
2.1.1 Smoothing and gapfilling of UHF wind fields 220 Nent or temperature were first removed from all time-series.
Outliers outside plus minus 4 standard deviations from the
The data set of UHF wind profiler data is available at an av-mean value for each hour were also removed before fur-
erage temporal resolution of 5min and vertical spatial +eso ther calculations. Each hourly time-series was also ménual
lution of 75m starting at a height of 175n. We use the UHF  checked and suspicious “noisy” periods were error-flagged.
profiler data and radiosoundings from Site 1 (closest ta.thdf any 10min period during an hour had less than 90 %
two towers). There was also a second UHF profiler operatingpf data coverage that hour was excluded from TKE budget
during the field campaign (5Kim away) which gave sim- calculations. Linear interpolation was applied when nédede
ilar results (Said et al., 2012). The data loss was less thaiMost of the time the data loss was small (less than 2 %). This
2% below 190Gn (on average about 0.7 %). An increas- procedure may seem restrictive, but most excluded data be-
ingly smaller data coverage is found for the layers abaveJonged to non- IOP days and/or stable conditions which is
at 2350m it was about 10 % missing values and at 3800 not in focus here.
around 33 %. There was also some more frequent data loss Fluxes were calculated in a rotated coordinate system
at the lowest level (2.4 %) compared to the second lowest{Kaimal and Finnigan, 1994, natural wind coordinates with
(0.74 %). double rotation). We will use an overbar to denote a 10 min
We used software from Garcia (2010) to do gapfilling and averaging operator. For TKE budget terms a subsequent av-
smoothing of the wind vector field. The data were first placederaging over 1 h is, however, used to reduce scatter and study
on a uniform time-height grid by observational minute and the more slow trends of the different terms. Our choice of
using the 75n vertical resolution. Then a smoothing param- a 10 min averaging period helps remove the sometimes ob-
eter S of 10~! was used with 5 repeated iterations and anserved large low-frequency variability, which we specailat
extra smoothing in time using arbin running mean valug. could be partly connected to the larger topographical diffe
was used for time series from each vertical level. The per-ences that exist outside of the ‘Plateu de Lannemezan’ area
formance was deemed as satisfactory for the most part, exnore than 2—&m from the site. Near the surface, fluctua-
cept for a period in the early morning and before sunrise ortions in TKE and variance values from one 10 min period to
26 June when the method caused the smoothed wind spedhe next was not as large as found on therbtbwer. At the
to be clearly underestimated. Also during some other peri-60m-tower also the quality of spectra in the high-frequency
ods in the morning or during stable nighttime conditions therange appeared more noisy and questionable and budget cal-
performance is not as good as in unstable conditions, kit thiculations were not performed.
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2.2 Determination of the terms in the turbulence kineticss served in TKE in relationship to persistent changes in the
energy budget other budget terms.

The governing equation for TKE in a sheared convective2.2.2 Shear production of TKE
boundary layer under the assumption of horizontally ho- ' '
mogeneous turbulence and no advection is given by StullThis term is evaluated from the shearing stress’ and the

(1988): mean wind gradient at each height (2.23, 3.23, 5.27,:8)2
a0  With turbulence measurements. Shearing stress was calcu-
0] N — [/ — lated from measured time-series of vertical and along wind
ot YWas + 7" 0, - velocity components. A polynomial expression was fit be-
~ — ~—— tween wind speed and logarithmic height to estimate the

TKE Tendency  Shear production Buoyancy production . . - .
yaneyp wind gradient at all four heights. The calculation procedur

_Ow'E" 0w’y /po e (™ Wwas compared to using a second-order finite difference ap-

0z 0z ~~ proximation to estimate the wind gradient for the 3.2 and
Turbulent transporPressure transport - P " 5.3m level. The results indicated only small differences.

Here TKE ( E) denotesl /2 (WJFWJFW)’ where 223 The buoyancy production term

u’,v"andw’ are instantaneous deviations of, respectively, theThs term requires only the measurement of the turbulent
along-wind, cross-wind and vertical wind components ftom fyx of virtual temperature, which is nearly equal to the cor-
their respective mean valuds.is the magnitude of the mean responding flux of the directly measured “sonic” tempera-
wind, which varies with height; g is acceleration of gravity;  tyre at each turbulence level, and measurements of the mean

0 is mean absolute temperatutt; is the instantaneous de- temperature. The 8:2 temperature was chosen as reference
viation of virtual temperature from its mean valyg;is air  temperaturd.

density;p’ is the instantaneous deviation of air pressure; and
e is the mean dissipation rate of TKE. as  2.2.4 Dissipation

We have given the buoyancy term the subscript buoyancy
production of TKE since we limit our study to the afternoon Dissipation (0 = —¢) or dissipation rate¢ was estimated
period before stable stratification starts. Hence, it isaglsv =~ from spectra. Power spectral densities for theomponent
a positive term in our case. The physical interpretatiomeft premultiplied by frequency.S,, (n) were plotted on a log-log
six terms in Eq. (1) from left to right is hence: local timegat scale against frequeney According to Kolmogoroff (1941),
of change of TKE; shear production of TKE; buoyancy pro- and further assuming Taylors hypothesis to be valid, the-spe
duction of TKE; vertical divergence of the turbulent traogp  tral curves in the inertial subrange are predicted to bégstra
of TKE; vertical divergence of the pressure transport of TKE lines with—2/3 slope in this representation,
and dissipation rate of TKE.

4 g3 (2mn —2/3
2.2.1 Tendency of turbulence kinetic energy nSu(n) = gone”” ( = :

Firstly, we determined TKE=£ £) values for every 10mip, sq that
sample followed by forming a 1 h running mean TKE time-
series. This was done to avoid studying very temporary fluc-  2xn {37151”(71) } 3/2

tuations in TKE which showed little correlation to, for in- €~ 77

stance, the generally decaying sensible heat flux during the
afternoon transition. A second-order finite differenceragp ~ Hereq; is the universal Kolmogorov constasst0.52 (Wyn-
imation was then applied to the running mean timeseries t@aard and C@&, 1971; Hhgstdm, 1996) andh must be in the
obtain estimates of TKE tendency at 12:30, 13:30, etc. &I Crange with—2/3 slope. In practice each hour of data anal-
for the afternoon. ysed was split into 8 periods of 7ugin and dissipation rate
The variations in TKE on shorter time-scales may poten-was estimated by fitting a line to a range of wave numbers
tially be related to advection of TKE, temporary shading above 0.1 and then using the obtained relationship to cal-
from clouds causing changes in the near surface energy batulate dissipation rate using the equation shown above. The
ance, fast variations in near-surface wind gradients amdg$its mean value and standard deviation of the 8 estimates was cal-
or other effects causing non-stationarity in TKE (and espe-culated and the mean value is used as an average dissipation
cially in horizontal wind variances). Statistical samplier- rate estimate for the hour. We chose to use the vertical wind
ror is also a large source of variability both for varianced a  spectra for our calculation of dissipation since it appéare
turbulent fluxes (Billesbach, 2011). Here we will, however, less influenced by non-stationarity than the horizontaldwin
focus on the more persistent slow trends and changes.olzomponents.

4&1
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Fig. 2. Boundary layer depthz() estimates from (black dots) UHF wind profiler (based on reflectivitygy crosses) aerosol lidar (based on
backscatter) and from (open circles) radiosoundings (based otrdhgesst potential temperature gradient). A vertical line has been irttlude
to mark the timing of zero buoyancy flux at surface.

2.2.5 Transport transport) is obtained from the residual of the TKE budget.
xs Hence, we determine the total hourly transport valuby

Transport is given by two parts, pressure transport anditurb the following calculation:

lent transport. Pressure transpdit, = —6“/6#;/‘)0, is well-

known to be very difficult to measure directly. We attempted 7' = T S—B-D,

to calculate the pressure velocity covariance from a micro-

barometer and vertically displaced sonic anemometer at th&here the other budget terms have been averaged for each
so-called “small-scale heterogeneity site” (which is tedao hour centered around 12:30, 13:30, etc. UTC for the after-
about 10Gn away from the 6@n tower and 406n away from  noon period. It should be noted tHAtthereby absorb errors

the Divergence Site tower). There was, however, no clear levin the terms on the right hand-side and possibly influence
eling off in Ogive curves and the results were very scatteredrom horizontal transport.

for this parameter. Hence, due to the uncertainty in this pa-

rameter, estimates of this term are not reported.

The turbulent transport,  T; = _Bung/ _ 3 Summgry of overgll boundary layer situation and its
s 375 use for interpretation of surface layer TKE budget
—55; (Wu?+wv?+ww?), was also calculated

directly for each turbulence level at the Divergence Site.Here, we summarize some of the atmospheric conditions
Although the sum of the third-order moments often showedfor 10 I0OP days. The description is based on boundary
a diurnal cycle, the uncertainty introduced by taking aivert layer depths from radiosoundings (using a maximum poten-
cal gradient, led to large scatter in estimates of the tergul tial temperature gradient criteria), UHF wind profiler (de-
transport term. In fact the profile of estimatedE’ wass termined from reflectivity based on the refractive index of
found to be mostly non-monotonic regardless of choice ofair, which is related to pressure, temperature and specific h
averaging time and pre-filtering procedure. midity, see Cohn and Angevine, 2000) and lidar (see Fig. 2).
Therefore, we believe that a better estimate of the totaWind speed and direction from tower measurements and the
transport (being equal to the sum of turbulent and pressuréowest UHF profiler level are presented in Figs. 3 and 4. In
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Appendix A, also a day-by-day description divided up iato Wind speed is (as seen from Figs. 4 and Al) variable in both
the four main observational periods 19-20, 24-27, 30 Junetime and space, but the lowest UHF level is quite representa-
2 July, and 5 July are provided based on temperature and huive of the boundary layer flow up to some height where the
midity (from the 60m-tower and radiosoundings) and a more wind turns, and mixing of easterly boundary layer flow and
detailed view of height time-variation of wind from UHF (see westerly synoptic or meso-scale flow occurs. Wind speed be-
Figs. Al and A2). The site longitude is around 0.} con-«s low 100m is less than ms~! most of the days except on 26,
sequently UTC, very similar to local solar time, is used & th 27 June and end of 5 July.
time reference hereatfter. Smaller differences in wind characteristics are generally
For even further information about the synoptic situation observed on the G@-tower and the small tower between
and standard radiosounding we also refer the reader to ththe days, than in the boundary layer in general. Wind direc-
Day-by-day description of IOPs in Blay-Carreras (2013) andtion is reasonably consistent on both towers and the lowest
the Day-by-day analysis of synoptic and meteorologicat con UHF level during daytime, but once the buoyancy flux be-
ditions (Nilsson, 2014) with more figures that were used tocomes negative (marked by a vertical black line in Fig. 3, th
characterize the situation for these 10 IOP days. These rewind direction on the small tower often shifts rapidly todar
ports are found on the BLLAST webpage (BLLAST, 2015), south (19, 20, 24, 25, 30 June and 1, 2 July). This turning is
which also has a collection of other BLLAST related studigs. related to a shallow drainage flow which was further studied
For these 10 IOPs many different conditions in terms of by Nauta (2013) for some days and for 2 July also by Rom
boundary layer depth, wind speed and moisture conditionsCas®n et al. (2015). This wind turning in the shallow layers
occurred. This was found even though, mainly being fair- near the surface related to very local terrain-inducecdctffe
weather days with generally no or small amount of cloud precedes the setup of a common larger-scale mountain breeze
cover, except on 24 and 30 June which did have some rmaoreirculation (Ronan-Casén et al., 2015) which is often rec-
clouds (Lothon et al., 2014). The boundary layer depth (hereognized in time series about 2—3 h later. The mountain breeze
shown in Fig. 2), estimated from lidar measurements, wasirculation for this site has been studied by meso-scale-mod
broadly categorized based on its evolution in Lothon et al.eling (Jinenez and Cuxart, 2014, 2015).
(2014) with 19 June and 1 July having a rapid growth and When the atmosphere is stably stratified, it is important
leveling inversion in the afternoon. For 20, 24, 25, 30 Jeneto remember that the surface TKE budget gives very limited
and 2 July instead a more typical growth and leveling inver-information about upper layers. For unstably stratified-con
sion was found (Lothon et al., 2014) and for 26, 27 June andlitions there is, however, no reason to believe that such de-
5 July the situations were categorized with slower growthcoupling issues exist, and as we shall see in Sect. 4.3, mixed
and rapidly decreasing inversion top in the late afternoonlayer dynamics (linked with boundary layer depth) has an
On 5 July for the late afternoon the top inversion was mereinfluence on dissipation rate even very near the surface. Sur
diffuse than on some of the other days. ldentifying the inver face layer wind is used in the TKE budget analysis in the
sion based on potential temperature gradient gave sormgetimdollowing sections. Many of the variations in observed sur-
a different result with higher boundary layer depth estegnat face layer wind on the small tower is, however, clearly lithke
From the UHF wind profiler data provided in Appendix and caused by variations in boundary layer wind observed on
A it is clear that the overall boundary layer flow situations#i the 60m-tower and by the UHF profiler. Therefore this in-
volves an upper wind speed gradient which is often presentstrumentation provides important additional informatfon
for at least 6 out of 10 days, possibly excluding 25—-30 Juneinterpretation of surface layer results.
when it was weaker and/or more diffuse. The height of the When comparing sensible heat fluxes shown in Lothon
strong wind speed gradient marks a dynamical separation oét al. (2014) to the overall boundary layer description pre-
the boundary layer flow with northerly or easterly wind 4in sented here it is also clear that warmer days (e.g. 26 and 27
daytime) from the dominant westerly flow above. The north- June) in general have lower fluxes and colder days higher
easterly boundary layer wind is most of the time linked with fluxes (e.g. 19, 24 June and 1 July). This is linked to the
a mountain-breeze circulation on the site. The mainly west-ground-air temperature difference on the different dayés T
erly or weak flow above the boundary is related to the synop-s an important factor in determining the size of the buoy-
tic weather situation on the different days. When the boufd-ancy production term in the turbulence kinetic energy btidge
ary layer flow, related to the complex meso-scale situation aduring the afternoon transition. The moisture contentss al
the site, encounters and mixes with the flow above, a layer ofmportant although this may become even more important
reduced wind speed in the upper parts of the boundary layein the evening and night (not studied in detail here) as indi-
also occurs, as can be observed for several days (see Fig. Adated by the higher observed specific humidity reported in
and for instance 20, 25, 26 June and 1, 2, and 5 July). .0 Table Al
On some of the warm days (25-27 June) the wind direc-
tion in the boundary layer is more easterly in daytime. This i
related to a low-pressure area in the lower troposphere over
the Gulf of Lion in the Mediterranean (Lothon et al., 2014).
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Fig. 3. Time series of wind direction for each IOP day, color-coded on the mmeasent height such that the small-tower measurements (2—
8m) is shown in bluish colors, high tower (30—61) in greenish colors and the lowest UHF profiler level (176s shown in red. A vertical
line is inserted to show the timing of zero-buoyancy flux for each day.
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for the UHF profiler data at 175.
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4 TKE budget and near surface analysis B and some of the most important findings are discussed in
Appendix B and only briefly restated here.
. 545 Variations in shear production between afternoons in table
4.1 Overview of observed TKE budget for 10 IOP days B1 and B2 was found to be significantly larger than buoyancy
production. Variations in dissipation and transport betwe
In Fig. 5, we present the observed hourly TKE budget for different afternoons was thereby found to be mostly related
each afternoon transition period from 12:00 UTC (normal- to varying shear production this close to the surface. Lrarge
ized time 0) to zero buoyancy flux (normalized time 1)sfer variations in both transport and dissipation term compared
all 4 levels of the small Divergence Site tower. The mea-to the buoyancy term was observed, meaning that buoyancy
surement levels (2.23, 3.23, 5.27 and &2are shown as alone can not explain in between afternoon variability for
dashed, dash-dotted, full and dotted lines. these terms. The three lowest TKE mean values in table B3
For buoyancy production (in blue), only very small height occurring on 30 June, 2 and 5 July had the lowest wind speed
variations are observed near the surface and a general dend 25 June which had the highest wind speed also had the
crease with time during the afternoon is observed for alkday highest mean afternoon TKE value
On 30 June, this general picture is partly interrupted by the There are of course exceptions from the rule that a higher
presence of clouds changing the energy balance. wind speed lead to a higher TKE level that needs to be fur-
Also, the dissipation rate (in black) is observed to havether discussed. In Fig. 6, we show the mean wind profiles for
a general decrease during the afternoon transition for &outhe 10 afternoons and have placed the same color on the two
of 10 IOP days. Most significant deviations are found on most similar profiles to facilitate further discussions ¢one.
days with an increase in shear production during the afterdt is directly clear that 24 June and 5 July (in red) have es-
noon, leading to a clear increase of dissipation. Henc@rshe sentially equal mean wind for the afternoon as a whole, yet
production plays an important role near the surface in thefrom Table B3 we note that average TKE values are higher
TKE budget for most of these 10 IOP days. It has the mostfor 24 June. This is likely related to a higher mean buoy-
pronounced height dependence out of all budget terms wittancy production of about.4 x 10~2 m?s~3 (the highest in
higher values near the surface. The strongest dissipatten r the data set) in comparison to abdud x 10~2 m?s3 for 5
is also found closest to the surface, but the height variatio July, which is the lowest in the data set. Hence, severalderm
of dissipation is smaller. need to be considered to understand the observed variations
Given that the TKE tendency (in green) is much smallerin TKE.
(two order of magnitudes) than the other budget terms this Nevertheless, it is interesting to note that a relativethhi
implies that the sum of turbulent and pressure transport (imegative correlation{0.69) between the mean afternoon
magenta) compensate for remaining height variation in theTKE tendency and mean afternoon buoyancy production ex-
budget. Because the tendency term of TKE is much smalleist as shown in Fig. 7a. This is interpreted to imply that
than the other budget terms we will refer to the hourly THE in the case of a strong buoyancy production (both before
as evolving in a quasi-stationary way. Here, we use the termand during the afternoon) TKE levels in mid-day are higher
quasi-stationarity to mean that the tendency of TKE is smalland therefore TKE decay rate during the afternoon can be-
in comparison to the other budget terms. This result of guasicome higher. However, it is always small in comparison to
stationarity is consistent with the observed slowly evodvi  other budget terms. A weaker positive correlation (0.33) is
mean TKE levels in LES for a large part of the afterneen found between TKE tendency and shear production, imply-
of 20 June as described in Darbieu et al. (2015). Although,ing that turbulence will decay more slowly during a more
the TKE tendency then increased somewhat in the late afshear-driven afternoon as seen in Fig. 7b. This is in general
ternoon in the large-eddy simulation a threshold of aboutagreement with reduced TKE decay rates for the afternoon
—1.1 x 107° m?s~3 was used in Darbieu et al. (2015) to in- found in large-eddy simulation when including wind shear
dicate the faster decay, and this is still quite a small TE (Pino et al., 2006) and is also discussed using a theoretical
tendency. spectral model and LES data by Goulart et al. (2003, 2010).
The height variation of transport is found to mainly be Best linear fit expressions have been included in both (a) and
linked with local shear production. The transporttermis-co (b). Attempts were done to non-dimensionalize surfacerlaye
sistently a negative term in the TKE budget. This implies TKE tendency itself with measurement height and friction
a transport of near-surface produced turbulence to thessurivelocity and correlate it with various non-dimensional pa-
rounding environment and upper parts of the boundary layerrameters such as/L, z; /L but it gave decreased correlation
Only a few occasions with positive transport term was ob-in comparison to relating tendency directly to buoyancy pro
served in connection to changing cloud cover and more variduction as in Fig. 7a.
able dissipation estimates.
To investigate general differences between the different
days, we calculated statistics for each budget term duhiag t
afternoon period. These statistics are provided in Appendi
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Fig. 5. Turbulence kinetic energy budget terms is shown omtlais as a function of normalized time for the afternoon period between
12:00 UTC (denoted 0) and time of zero-buoyancy flux (denoted Ik Hashed lines show the 2 23results, dash-dotted 3.23, full lines
5.23m and dotted lines 8.23.. The colors denote the different budget terms: buoyancy produgtioe), shear production (red), dissipation
(black), TKE tendency (green) and transport (magenta).

Table 1. TKE budget classification of the 10 IOP afternoons. Here, winds spskeghr production, transport and dissipation have been
classified into 3 categories (“B2 higher, “m”=moderate, “w” = weaker) and the buoyancy production into two categdfie = higher

and “m”= moderate) based on the mean values for the afternoon (see texafadiexts). Furthermore in parentheses “p” denotes if only
part of the afternoon is considered to belong to the category. For theratecdcategory an extra letter “I” or “h” indicate if the variable is
mainly departing towards the lower or higher category. For dissipation &ye are denoted with (“inc”) to indicate that dissipation increased
during the afternoon. To interpret some of the main effects of higheeaker wind speed on the TKE budget, combinations of underlining,
italics and bold font have been added to the table (see text for furthizmetjon).

Wind Shear Buoyancy Transport Dissipation
speed production production

Category h m w h m w h m h m w h m w

19 June X X(pl) X X X

20 June  X(p) X(p) X(p) X(p) X

24 June X(pl) X(pl) X X(pl) X(pl)

25June X X X(p) X X

26 June  X(p) X X X(p) X(p)

27 June  X(p) X(p) X X ~ X(inc)

30 June X X X(p) X X

1 July X(pl) X(pl) X(p) X X(ph)

2 July X X X(p) X(p) X

5 July X(ph) X(ph) X X@Eh) X(inc)

for this classification. The days were placed into 3 categori
(higher, moderate and weaker) in terms of mean wind speed,

We do a broad summarizing classification of the 10 differentVith 20, 25, 26 and 27 June having the higher mean wind
afternoons in Table 1 based on the TKE budget mean valueSPeeds and 3? {une and 2 July the weakest winds of the data
of Tables B1 and B2. In Part 2, when attempting to mé&del Set: A marker “X” denotes placement in a category. When the

TKE and TKE decay, we discuss more details and variationsvariation within the afternoons justifies that only part loét

For this broad classification we take as starting point the2ftérnoon belongs to a given category we denote in parenthe-
terms of largest variation at thex2level as a reference level S€S “(p)". For the moderate category, we also indicate with

4.2 Classification
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9 pation (marked with underlining and italics). However,aals
o 19June s 5 July, which had variable wind during the afternoon, had

8 iiijﬂﬂi 1 weaker dissipation and 19 June had higher dissipation, de-
. :ijz:z | spite its moderate to partly lower shear production. For 19
27 June June, it is hence not possible to draw the conclusion that
2| o s0dune 1 higher dissipation rate is caused by high shear production
~ "";jﬂ:z | w0 but rather it may be the higher buoyancy production that is
-5 July the cause.
4 Finally, for buoyancy production, we have classified
higher buoyancy production to imply a mean value for the
8 ] afternoon of above.5 x 1073 m?s~2 and moderate to mean
; . . l ess  below this limit.
1.6 1.8 2 2 2.4 26 2

8

. 2
Wind speed [ms ™’ L
ind speed [ms ] 4.3 Normalization of the TKE budget terms

Fig. 6. Vertical profile of mean near-surface wind speed for all 10 TO compare these new measurements and estimated TKE

IOP afternoons with measurements at the small Divergence Sitdudget terms in the context of earlier studies, we first in-

tower. vestigate the behaviour of each term in the budget after nor-
e0 Malization by friction velocityu, and measurement height

z, as suggested in Monin-Obukhov similarity theory. Here

friction velocity was defined from longitudinal shear stes

2= v

After normalization of Eq. (1) with friction velocity and

“h” or “I" if the variable mainly departs toward the lower or
higher category. In a similar way shear production, transpo

and dissipation are classified into 3 categories (highed-mo heigh d includi K
erate and weaker). For buoyancy production, the variafiondnéasurement heignt and including a von Karman constant

were smaller and only two categories (higher and moderate(Z.aluek (set equal to .0.4_in the analysis), the governing equa-
are used. For dissipation, we also mark the special cases on for turbulence kinetic energy reads:

u

27 June and 5 July with increasing dissipation during the af- > 9 F k> OU kz g——-
ternoon with “inc” within parenthesis. _ _ wd at = w0z + qu@w 0,

If the mean value of shear production at tha 2evel is ~—_—— ~——
above3.5 x 10~3m?s~3, it is considered higher (marked Tendency Shearproduction Buoyancy production
with bold font) and, if it is lower thar2.0 x 103 m?s73, k2 OW'E k2 0w'p'/py k2 @
itis considered weaker (marked with underlining). The mod- w0z ud 0z w3
erate category is marked in italics. These arbitrary lirtits ~——

Turbulent transport Pressure transportDissipation
lustrate an expected correspondence between the mean after

noon wind speed and classification based on mean shear pro-
duction for these afternoons, but is clearly a relativesttas which can be rewritten in MO-similarity notation:
fication since mean afternoon wind speed was always below

3ms L. 675
For transport, a mean value below2.5 x 1073 m?s~3 IijaiE = ¢m + b +
at the 2m-level was considered stronger transport out of “* ot ~ ~~

~—~— Shear production Buoyancy production

the near-surface layers and a mean value abeVe x Tendency
10~®* m?s~* is marked as weaker. Bold font and italics are + oér + b @)
added on the days with higher shear production to illustrate ~~ ~~

i . Transport  Dissipati
that on these afternoons the transport is also higher or mod- port Dissipation

erate. Underlining is instead added for days with weakef or

moderate shear production with partly lower shear produc- Here, we have lumped together pressure and turbulent

tion during the afternoon, and it can be seen that these havgansport terms into one total transport tegm. In Fig. 8,

weaker or moderate transport values. we show the normalized TKE budget terms as a function of
For dissipation, a mean value equal or lower thal < the stability parametet/L. Included in the plot are fitted

107%m?s™% at the 2n-level is classified as having highgr expressions for the budget terms (neglecting the small TKE

dissipation and above3.5 x 10~*m?s~? is considered t0  tendency term).

have lower dissipation. Bold font and underlining are added  For pyoyancy production the expression by definition sim-

for days with higher shear production and these are found t)\y reads—2 /L.

have higher or moderate dissipation, whereas the two days

with weakest shear production did have the weakest dissi®» = —#/L 4)
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Fig. 7. Average TKE tendency for each afternoon is shown as a function of&cy production in pandh) and Shear production in
panel(b).

For shear production, we note that a commonly used forrnot be a general feature of the afternoon and evening transi-
of (1— Az/L)" (Stull, 1988) withA equal to 15 and equal tion as discussed by Jensen et al. (2014, 2015) who obtained
to 1/4, fits the data sufficiently well. However, in neutral con- different results with other data sets. It is interestingiote
ditions our data approaches a mean value of about 0.7 rathdrowever, that for this data set when tRenumber is close
than 1.0. Our fitted expression thus reads: to zero and the buoyancy flux is close to zero, such as for

_ B ~1/4 the data encircled with the smaller vertical ellipses in Big
Om =0.7(1=152/L) 7/ ©) a mean value of shear production of about 1.0 is observed.
Normalized shear production was thus found to be low inThese observations may be interpreted to imply that in more
the present data set in comparison to previously reporteg restationary neutral conditions (when both flux and gradieat a
sults. The scatter in our data was, however, found to be largemall) we observe the consensus value of 1.0, but in the case
enough that a von Karman constant value of 0.4 was found t@sf still transitional behavior from convective eddies i thf-
be within a 95% confidence interval for neutral stratificatio ternoon transition until and around the time of zero buoyanc
The reason for low normalized shear production is unclearflux we observe lower values of normalized shear production.
but could be a reflection of both measurement uncertainty, For dissipation, we note a variety of different results in
non-stationarity and heterogeneity. the literature (Wyngaard and @ot1971; Caughy and Wyn-

In Fig. 9, we have replotted the buoyancy production termgaard, 1979; Frentzen and Vogel, 1992; Albertson et al.,
(in blue circles) and shear production term (in red circles)1997; Pahlow et al., 2001). Here, we choose to fit a linear
as a function of gradient Richardson number. Here, also dataxpression ta/L. Our fitted expression becomes:
outside the afternoon transition period is included to show
the behavior also in slightly stable conditions. Two lareger @ = 0.45(1 —1.2z/L), (6)

horizontal ellipses encircle data for which the buoyanay: pr which suggests a weaker normalized dissipation rate in near

duction term is very small. An average shear production for o ;
this group is about 0.7 as observed for the near-neutral datgﬁgtgéjoﬂdlgggwaagg% (()iz)%%ﬂ%a::/iﬁ chixﬁ?which
during the afternoon transition just before stable steatifi ghy g o

tion has started. As discussed in Blay-Carreras et al. ()26i4 WOUId imply no total transport in neutral conditions (assum

. ) : ing the normalized shear production in neutral conditians i
at this site, there is a delay period between when the buoy1). Our value is closer to the value 0.61 suggested by Pahlow

ancy flux becomes Zero and when the vertical wrtual_poten-et al. (2001); Albertson et al. (1997) and considering our ob
tial temperature gradient becomes zero. Therefore, thiggr

. erved low shear production and measurement uncertainty
of data has a range of Richardson number of between aboﬁI :
0 these numbers may be considered comparable.

—0.4 and—0.2. Here, Richardson number is the gradient B . ) . T
_ _ o5 _ oth our shear production relationship and dissipation re-
Richardson numbeiRi; = %7. This result may, however, |ationship was determined by first producing least-squares
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focused on this imbalance term by Dupuis et al. (1997), who
found a best fit linear relationship 6f69z/L using an ex-
tensive oceanic data set. In the neutral limit, our fittedi@al

of —0.25 implies a larger transport than suggested by Caughy
and Wyngaard (1979) (0.0) and Dupuis et al. (1997).07)

but lower than the value suggested from Albertson et al.
(1997) of —0.39. In a near-neutral range our expression is
non-linear as a consequence of the non-linearity of thershea
production term. A similar non-linearity is also suggested
by the expression given by Caughy and Wyngaard (1979) to
come both from shear production and their expression of dis-
sipation rate. In their case, the transport term also besome
positive for a range of near neutral L values. Hhgstbm
(1990) also observed positive transport values in an exten-
sive data set of near-neutral conditions under steady con-
ditions (not transitions). This was found to be related to a
large pressure transport of turbulence into the surfacer lay
which also led to an unusually large normalized dissipation
of 1.24 (Hogstbm, 1990). As previously discussed, we only
observed a few occasions of positive transport valueseelat
to clouds and/or larger uncertainty in the dissipation-esti
mates, and this effect is not included in our mean expression

2 | | | | | %
o
-1. : : : : : i,
T 05 04 03 02 01 0 150 o Gradighte
z/L %) ° OOQ
Q 0|08
+— oo o 8 &0 o o o
Fig. 8. Normalized hourly TKE budget terms for the 10 afternoons § 05he f,: 0o °°_® ° ODJ:IUX % % o 3 ° ]
shown as a function of the stability parameter z/L in pafzgl § o: %Boo o ° e o.76r0 :
a range of—10 to 0 is used on the axis and in pane(b) the 38 % ° o ® 20" 00
near-surface data within range0.6 and 0 is shown. Data are & °° °© o ° o~_ o o
shown with colored dots and suggested fitted expressions is showr'g 0 ° o % ol
with colored lines, Buoyancy production (blue), TKE tendency % oo 0 ©0°
(green), Shear production (red), Dissipation (black) and Tramspor € _,| q
(magenta). There were two more outlier data value (not shown) 2
placed atz/L = —48.2 (—37.7) with normalized Shear production 156 ° 9
=0.24, (0.21), Transport —26.3 (—20.8), Dissipation= —22.1
(—17.0) and Tendency: 0.10 (0.05). ol
-1 0.8 Z06 -ofa} 0.2 0 0.2
ng

fitted expressions, but these were slightly adjusted torassu
that also the transport data in the TKE budget could still be

reasonably well fitted by a residual expression. For the sunFig. 9. Normalized production terms (Buoyancy productien
of turbulent and pressure transport term (to be consist#ntw —: /. in blue and Shear production in red) for near neutral is shown
observed small TKE tendency) our expressions in Eqgs. (4)-as function of Richardson number. Two larger horizontal ellipses

(6) then suggest:

¢ =0.46z/L —0.7(1 — 152/L) " Y/* +0.45

(7)

encircles some data for which the buoyancy flux is very small,
but Richardson number remains in the range between ab0L&
and—0.4, and normalized shear production averages to about 0.7.
Two smaller vertical ellipses encircles some data for which both the

Forz/L below—1, this is approximately a linear equation, buoyancy flux is small and Richardson number is small, and nor-
0.5z/L, and implies somewhat lower transport than a studymalized shear production averages to about 1.0.
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Fig. 10. Dissipation is shown as a function of TKE and height near the surfageanel(a) the 4 measurement heights 2.23, 3.23, 5.27
and 8.22n have been assigned different colors (black, blue, magenta, reganel(b) instead each afternoon have been assigned with
a different color. Two best fit linear expressions have also beendadluThe full line expression assumes that the line goes through origo
and the dashed line is without this assumption.

4.4 Alternative parametrization of dissipation includ-
ing effects of boundary layer height

dissipation dependence on the variabl&é?/z is weaker for
each afternoon than implied by the full line forced through
origin. It is in fact closer to the dependence implied by the
An alternative way to express dissipation in models is to re-dashed lings = —0.0060x —0.0019, which is a best fit on all
late it to the turbulence kinetic energf) or subgrid-scale =~ measurement points. The slope vak@ 0060 lies within the
energy ¢) and a dissipation length scale For instance, one standard deviation range of the meah0044 +0.0017
Nadeau et al. (2011) use a relationshipE?>/2/z; for dis-s» that was found when fitting each afternoon independently to
sipation corresponding to a length scalegf2, see also the the expressiony = kz + A and then taking an average of all
more generalized case in Moeng and Wyngaard (1989) anthe fitted slope valuek. For the intersect valued with the
their Eq. (2.3). Near the surface, the expectation is treatidi ¥ axis a mean value 0£0.0023 m?s~3 with standard devi-
pation becomes dependent on the distance above the grourgion9.3 x 10~* was found by this procedure. Thus, we can
z and we will explore these aspects based on our field meaconclude with some certainty that non-zero intersectidn va
surements. ues with they axis exist in this representation. We interpret
In Fig. 10, dissipation is shown as a function Bf/2/ this to imply that a variation in dissipation exist which sk
averaged for the afternoon. Here we first carry out an investi not be related to height above the surface.
gation of the dissipation dependence on measurement height In Fig. 11, we further explore this non-local variation of
and boundary layer depth using data averaged for full afterdissipation by plotting the intersection valuéss a function
noons. Then later we also test our findings using data witof —E*/2/z;. Here, mean afternoon TKE values and mean
a shorter averaging time of 1 hour to be consistent with ourboundary layer depth; determined from lidar and UHF pro-
hourly TKE budget analysis. The height dependence of thdiler were used. For 26 June no boundary layer height data
data is displayed in Fig. 10a by assigning different coloredwas available from the lidar. Larger symbols are used to de-
circles (black, blue, magenta and red) to the 4 measuremeritote when lidar data have been used and each afternoon is
heights 2.23, 3.23, 5.27 and 8.22 Higher dissipation rate ~ color-coded and use the same symbols as in previous fig-
is found closer to the ground and at any given measuremerires. It can be seen that a positive correlation between the
level there is a variation in dissipation related to the ahar ~parameters exist and two best fit lines are included. The full
teristics of each afternoon. Two best fit linear relatiopshi line based orn; determined from UHF profiler data suggest
are included. One of them (full line) is forced through anigi @ slope value of about.1 and the dashed line correspond-
because it may be natural to assume that dissipation is zer#d to lidar data suggests a slope valued. Both expres-
when TKE is zero. In Fig. 10b, however, a colored symbol sions have a small negative intersection value forjiais
is assigned to each afternoon and it becomes clear that thef —1.6 x 10~* and—1.1 x 10~* m?s~? respectively which
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cannot be concluded to differ much from a value of 0 givenin Fig. 12a as implied by the fitted linear relationship of-nor

the uncertainty in the variables. We note that the slopeevalu malized dissipation to the stability parametgd in Eq. (6).

of 2.2 corresponds to less deviation from zero of its interse  We have in this final evaluation used all 53 h of data during

tion value with they axis and therefore we use this as a slopethe afternoon transition period for which all required para

value representative for the data set. a5 eters for both models were available. Boundary layer depth
Our final alternative form for expressing dissipation as estimates from the UHF wind profiler were used to also be

a function of TKE and a dissipation length scale then be-able to include data from 26 June.

comes: Both models behave relatively similar for cases with low
observed dissipation>(—0.0025) whereas the/L model
B (22 0.006 s0 has atendency to overestimate dissipation for larger ubder
D=— =-F —+ (8) P ; —4.2 -3
le 2 z values of dissipation and a bias 6b.3 x 10~*m*s™° was

found. The bias for the TKE/lengthscale parametrizatioa wa

when combining the fitted slope values in Figs. 10 and 11.—4.9 x 10~* m?s~* also suggesting a slight overestimation
Here, the suggestion is that the distance from the graund of dissipation rate. The centered root mean square differ-
and boundary layer depth act in parallel to decide the goy: ence wasl.8 x 1073 m?s~3 for the z/L model and about
erning dissipation length scalg It is worth noting that our  half (0.93 x 103 m?s~?) for the TKE/lengthscale model.
coefficient value of 2.2 does not depart very much from theThe linear correlation coefficient between measurement and
proposed value of 2.0 by Nadeau et al. (2011) or 1.92 by vammodel was lower for the /L model (0.70) compared to the
Driel and Jonker (2011) based on other data sets, suggestinkE/lengthscale model which had 0.80. Finally, the stan-
it may have some general validity. Equation (8) also impliesdard deviation of the /I model was found to b2.5 x 103
that for heights higher than about 2.73% of the boundaryandi.4 x 10~% m?s~3 for the TKE/lengthscale model, which
layer depth the contribution from the dependent term is  should be compared to the observed standard deviation of
less than 10 % of the; dependent term. The expression then 1.5 x 10~2 m2s3. In 4 out of 4 skill scores the TKE length-
differs only about 10 % of what Nadeau et al. (2011) usedscale model, which takes into account of boundary layer
when modeling dissipation in very convective situations.:;s depth and height above the surface, was hence found to better

Figure 12 shows dissipation estimated from Eq. (8) (in b) represent the observed dissipation than the stability rdepe

and from (Eq. 9): dentz/L model. It should be noted that both models include
s 2 fitting parameters and no explicit stability dependeneeha
D— _% (0.45(1—1.22/L)) ©) been included for the TKE lengthscale model. However, it

0 May be argued to include an implicit stability dependence
since the magnitude of TKE depends on stability. It should
also be recognized that only afternoon data is considenmed he
and other parts of the diurnal cycle such as morning transi-
tions could be studied in future work.

x10°

__ A=2.09(-E%%z) - 1.6"107* (z: UHF)

372, 104 (- Ti
0.5 .. _A=220(-E /Z‘) -1.1*10 (zi. lidar)

© 19 June
-1 o 20June
© 24 June

x 25 June

© 26 June
ol % 27 June
30 June
x 1 July
2 July
x5 July

s 5 Summary and conclusions

/@ 1 Using radiosoundings, UHF wind profiler and tower mea-
surements, we summarized an overall description of the pre-
vailing boundary layer situation for 10 Intensive Obseiat
Period days. This characterization showed that many differ

o0 ent conditions in terms of boundary layer depth, wind speed
and moisture conditions occurred on these days, despite be-
ing mainly high-pressure fair weather situations. Some-com

-3.5

Dissipation coefficient A [m?s™]

35 = s o 05 0 mon features are recognized, such as:
-E¥2z [m%s7) x10°
I
— Mainly westerly flow above the boundary layer and
Fig. 11. Dissipation coefficient as a function of mean afterno# an easterly or northerly flow in the daytime boundary
TKE and mean afternoon boundary layer height determined from  layer (linked W|th_m0{mta|n'p|am. C|rCU|at|0_n for most
lidar and UHF profiler. Two best fit linear expressions (full and of the days), turning in the evening and nighttime. As

dashed line) have been included for using the UHF profiler and lidar the boundary layer flow encounters and mixes with the
zi estimates. Large and small symbols correspond to using lidarand  flow above, a layer of reduced wind speed is also ob-
UHF profiler data respectively. 920 served for several days.
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Fig. 12. Comparison between observed and predicted dissipation is shown fodel vased oz /L in panel(a) and based on TKE and
a dissipation lengthscale taking into account of measurement heightcamdidry layer depth in panéb). Data shown as black, blue,
magenta and red dots denote 2.23, 3.23, 5.27 and822asurement height respectively.

— Wind direction at a small tower (2+8), a taller tower mixed layer has an influence on surface layer dynam-
(30-60m) and the lowest UHF wind profiler level (at ics.
175m) was found to be relatively consistent in daytime
and afternoon, but with larger variability in the UHF es-
925 timates.

The afternoon transition was studied using TKE bud-
get analysis. Here, we focused on the slow and persistent
changes in TKE budget terms that are well described by an
— In the evening, after the buoyancy flux switched sign hourly TKE budget analysis, leaving shorter time scales and

and stable stratification has begun, the wind directidfi afore temporary fluctuations of TKE_ for future studies. Sev-
the small tower turned rapidly towards south for several €&l important results were reached:

of the days related to a shallow drainage-flow. At the  _ || terms of a turbulence kinetic energy budget except
ing was observed which is related to a mountain-plain  field measurements near the surface on an hourly basis
circulation. 960 for 10 fair-weather afternoons. This allowed calculation
. . . of the total transport as a residual from the other budget
These observations are important to emphasize for a cou- terms.

ple of reasons:
o — The TKE tendency term was found to be much smaller
935 — In stable stratification, near-surface TKE budget anal- than all the other budget terms suggesting that the
ysis was concluded to provide very little informa- surface-layer turbulence evolves in a quasi-stationary
tion about atmospheric conditions above the very near-  \yay during the afternoon transition. Even though TKE
surface layers. This is because of decoupling issues, tendency was small, we found a relatively high correla-

and effects of shallow drainage flow, as well as the tion coefficient (-0.69) between mean afternoon TKE

940 mountain-plane circulation related to larger-scale to- tendency and mean afternoon buoyancy production.
pography and some occasions of nocturnal low-level
jets. 970 — We found that several explanatory factors are needed
to be able to interpret the behavior of TKE and TKE
— During unstable stratification, in the afternoon transi- tendency during the afternoon transition. Both near-
tion our surface layer analysis can, however, also be in- surface wind speed (causing shear production) and
s formative of what is occurring above in the mixed-layer buoyancy production of TKE were found to be impor-
since the two layers are more closely coupled to each  tant production terms at 2+8, even though mean af-
other. The height variation of TKE budget terms could ternoon winds were less tham3s—! for all days. The

in these conditions be used to interpret also how the shear production term has stronger height dependence
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than does buoyancy production. Buoyancy therefore beAppendix A
comes more important for the TKE budget with increas-
ing height. Description of boundary layer conditions for 10 IOP days

Al 19-20 June 2011

Larger variations between afternoons were observed in N )
shear production, transport as well as dissipation €sm-The weather conditions were dominated by a cloud-free
pared to buoyancy production. This implies that all high-pressure situation with very few disturbances in neo

these terms are important to take into account of in mod-ing short-wave radiation (Nilsson, 2014). A general warm-

reaching about 19C in the afternoon (on the GO-tower
w0 level) was observed. 20 June was warmer arountdCh
the morning and reaching about 25 in the afternoon. Rel-
ative humidity remained relatively unchanged between the
fjwo days being about 60 % in the morning and decreasing
to about 45-50 % in the afternoon before increasing again in

A summarizing classification of the 10 IOP afternoons
showed that in general windier days of the field cam-
paign (20, 25, 26 and 27 June) had a higher transpor
of TKE out of the near-surface layers as well as often

a higher or moderate dissipation of TKE. Afternd6fis th?rﬁvek?ing.d | deoth f Fig. 2 sh imil
with weaker wind (30 June and 2 July) instead had less € boundary layer depth Irom Fig. 2 Shows similar max-

transport and weaker dissipation. But for a more com-mum depths of about 1168 for the two days, but 19 June

; : . has been classified as having a rapid growth and leveling in-
lete picture also buoyancy production, as a key forcing, o .
b P yancyp y g /ersion in late afternoon whereas 20 June had a more typical

gfigjntgfbfaﬁgngse \r/(\zghfﬁ'?h elgf{]eur:?oiz_we" as Clooﬂ,SIdg;rowth and leveling inversion (Lothon et al., 2014). _
Both days were characterized by moderate westerly winds
(higher than about B1s~') above the boundary layer most of
L . . the time (see Figs. A1 and A2). After the time of the evening
Normalization of TKE'budget tgrr_ns by frlctp_n velocity transition on 20 June at around 19:00 UTC the greatest upper
and measurement height and fitting of empirical expres-ing gradient marked in black was more diffuse and found
sions (Egs. 4__7) rev_ealed both S|m|I§\r|t|es and differ- to occur mainly around 20QQ. This height marks a dynami-
ences to earlier studies. Around the time of zero buoy-¢,| senaration of the boundary layer flow with more northerly
ancy flux the average of normalized shear production ;g jne) or easterly (20 June) wind from the dominant west-
values was about 0.7 (30 % lower than in most fmdmgs).e”y flow above. Wind speed is (as seen from Figs. AL and 4)
In slightly stable stratification with both small buoyalrgscoy variable in both time and space. At 1i5(the lowest UHF
flux and small virtual potential temperature gradient the rofiler level) it was around fis—! for a large part of the
mean value of normalized shear production showed th ay, afternoon and in the evening on 20 June. As can be seen
consensus result of 1.0. from Fig. A1, this level is quite representative of the bound
ary layer flow up to some height where the wind turns, and
wss  reduced wind speed is observed. On 19 June, winds were
As arule of thumb our data can be argued to suggest thagenerally lighter in the boundary layer, around 2:8! in
about 50 % of the near surface production of TKE is lo- mid-day and decreasing in the evening.
cally dissipated, leaving about 50 % available for trans-  \ind speed near the surface show less differences between
port. However, empirically fitted expressions (Egs. 4—the 60m-tower (shown in greenish colors) and the small
7) represent better some of the observed subtletiegangbwer (shown in bluish colors) comparing the two days than
non-linear effects of stratification. the 175m level, which is more representative of the bound-
ary layer flow. Wind direction is reasonably consistent on
both towers and the lowest UHF level during daytime on both
For dissipation we also alternatively proposed a non-days. But once the buoyancy flux becomes negative (marked
local parametrization using a TKE-lengthscale model by a vertical black line in Fig. 3) the wind direction on the
which takes into account of boundary layer depth andsmall tower shifts rapidly towards south due to a shallow
distance above ground. The non-local formulation wasdrainage flow. A later and less abrupt turning is observed on
found to give a better description of dissipation of turbu- the 60m tower and the lowest UHF profiler level.
lence kinetic energy and is hence suggested to provide
an important component for simple modeling of surface A2 24-27 June 2011
layer TKE, while still taking into account of non-local
influences. Such modeling is attempted in our compan-24 June may be considered as the start of a general warming
ion paper Part 2. period which lasted until the evening of 27 June. Tempera-
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Fig. A1. Wind speed from UHF profiler between 175 and 25005trong local maxima in wind gradient-(1 ms~' change in 106n) are
shown in black. Also shown in white is boundary layer depth estimates frenHF wind profiler. A vertical line has been included to
mark the timing of zero buoyancy flux at surface.
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Fig. A2. Wind direction from UHF profiler data between 175 and 25600he strongest wind speed gradient identification (black dots) most
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below. Also, shown in white is the boundary layer depth estimates from tHewdrd profiler. A vertical line has been included to mark the
timing of zero buoyancy flux at surface.
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tures increased from about 1€ in the morning of 24 June to in nighttime. An average wind speed at I#5f about 6—
about 18C in the afternoon and then only decreased about7 ms~! for 25 June and s ~! for 26 June makes these two
3°C until morning of 25 June. The next days had a simi- days the overall windiest IOP days studied. For 27 June the
lar behavior with maximum temperature of about°24forc  wind speed and direction was, as can be seen from Figs. 3
2 June decreasing°Z until morning of the next day (Nils- and 4, more variable. Increasing wind speed from very low
son, 2014). 26 June later reached a maximum temperature fon the morning to about 5-+6s~! as an average for the af-
the time period of about 3ZC. From the afternoon of 26 June ternoon and evening at 17bwas observed. The wind direc-
the temperature dropped € until morning of 27 June which tion at the same time turning clock-wise from north-westerl
temporarily also reached 3Z before mid-day, before stahis in the morning to southerly in the evening and westerly in
lizing at around 30C for a large part of the afternoon. nighttime at the 17m level.

These days can also be characterized as high pressure
fair-weather situation before the passage of an approachA3 30 June and 1-2 July 2011
ing frontal system reaching the site around 02:00 UTC on
28 June. The cloud cover varied among the days, 24 Jun80 June occurred in the aftermath of a cold frontal passage on
had some clouds (mostly cirrus) for most of the day, but de-the previous day and had some stratocumulus clouds in the
creasing amounts in the afternoon from 14:30 UTC. 25.ddnamorning followed by cumulus for most of the day and clear-
was completely cloud free, whereas clouds were observethg skies in the evening. Pressure started to rise signtfican
on 26 June starting around 14:00 UTC. 27 June was cloudmid-day and during 1 July and remained relatively high also
free until late afternoon around 16:30 UTC when some pre-on 2 July (Nilsson, 2014). Both 1 and 2 July were mainly
frontal clouds (mainly cirrus) occurred. Relative humyditr cloud-free except for a short period in the morning of 1 July,
the afternoon was about 50-60% on 24 June (hencemgomand some low stratocumulus started to appear at the end of
parable to 19 and 20 June) but less for the warmer days2 July. The three days make up another warming period with
30-40% on 25 June; 25-35% on 26 June and 30-50 % foa similar diurnal cycle with temperatures increasing al8out
27 June. As noted in Lothon et al. (2014) the less typical8 and 7C in the morning to maximum afternoon values of
windier and warmer conditions were related to the presencd9, 21 and 24C on 30 June, 1 and 2 July respectively. Rela-
of a low-pressure area in the lower troposphere over the:Gulfive humidity being 50-60 % on 30 June and about 30-40 %
of Lion in the Mediterranean Sea. for both 1 and 2 July.

The maximum boundary layer depth on 24 June was sim- On both 30 June and 1 July boundary layer depth was ob-
ilar to 19 and 20 June (11QRQ) with a more typical growth  served to be high reaching around 150@ccording to both
and leveling behavior. 25 June was also given this classifitJHF and radiosounding estimates. On 2 July it was reduced
cation in Lothon et al. (2014). As can be seen from Figss2,to about 100@n, comparable to some of the other more typi-
the boundary layer depths are, however, lower for the threeal days of the field campaign. 2 July as well as 30 June were
warmer days of the field campaign and 26 and 27 June weralso classified as having a more typical growth and inversion
also classified as having slower boundary layer growth andeveling (Lothon et al., 2014), whereas 1 July had a more
rapidly decreasing top inversion in late afternoon. Thispe rapid growth of the boundary layer during the morning ex-
in strong contrast to most of the other days. This has:keemplained by a merging of the boundary layer with the residual
partly explained as a consequence of less sensible heat fluayer from the previous night (Blay-Carreras et al., 2013).
during the warm period (Lothon et al., 2014) and possible 30 June had mainly weak winds in the boundary layer
effects of subsidence (Pietersen et al., 2014). (below 4ms~! at 175m most of the time). Above the high

24 June also experienced a strong westerly flow abovédoundary layer depth of 1500 there was an upper wind
the boundary layer, as 19 and 20 June, which howeveisgospeed gradient with more thamils—' change in 106h, but
weaker as time progressed and in the afternoon and eveninginds were mainly below #hs—! also above this layer of
mainly moderate upper wind gradients (between 0.5 andwvind speed increase (and below 250)) Wind direction in
1.0ms~! change in 10@h) was observed. The flow in the the upper region was mainly from west as for most days and
boundary layer was also weak for 24 June and wind di-quite variable in the boundary layer as can be expected in low
rections was variable among westerly, north-westerly.andwind conditions. The wind direction stabilized somewhat to
northerly in daytime turning towards easterly and southerl mainly north-westerly flow below 508 in the evening, af-
flow in the evening and nighttime. The weaker upper windster the buoyancy flux turned negative and the wind speed also
above the boundary layer persisted also for 25, 26 andad increased.

27 June. For 25 and 26 June there was, however, upper wind 1 July and especially 2 July had higher wind speed (and
speed gradients abovexls—' change in 106, but not alwss  still westerly flow) above the boundary layer and mainly east
ways as persistent in time as for 19, 20 June and a large pa#rly (2 July) and north-easterly (1 July) flow in the bound-
of 24 June. ary layer. On both days a turning towards south took place

For both 25 and 26 June the boundary layer flow wasin the evening after stable stratification started. Thift sifi

stronger with persistent easterly winds turning to solgher wind direction was slow and delayed and evolving to a full
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Table Al. Near-surface specific humidity from standardiwta- about 100Gn as maximum for the afternoon, but with a more

diosoundingsgkg™']. diffuse top inversion in late afternoon (and a slower growth
before mid-day).

Day 11:00UTC 17:00UTC 23:00UTC For 5 July the wind speed was again weak in the boundary
19 June 55 6.5 8 layer but increasing durin'g the late after.noon apd evenjng
20 June 8 8 12 220 and at the same time winds were turning anti-clockwise
24 June 6 6 Z from east or north-easterly flow towards mainly west-north-
25 June 6 6 9 westerly. At the same time, the flow just above the boundary
26 June 7 10 100 layer also turned anti-clockwise from west or north-wdgter
27 June 9 11 14 towards southerly flow. The upper winds were mainly weak
30 June 6 6 8 125 to moderate (5-1is—!) and quite variable in time and
1 July 5 6 8 height.
2 July 5.5 5.5 7
5 July 7 7 7

# denotes marked curvature in vertical profile of humidity.
P denotes that a sounding at 20:30 UTC was used when no standard Appendix B
radiosounding was available.

Afternoon statistics of mean wind speed and TKE budget

southerly flow at 17m later in comparison to the earlier and terms
more rapid wind direction shifts observed near the surface o
the two towers. The turning hence started first near thezeurln Tables B1 and B2, we report the mean value (and stan-

face and later at higher levels with the onset of a mountaindard deviation) for wind speed, shear production, buoyancy
plain circulation. production, transport and dissipation. Table B1 referdiéo t

2.23m level and Table B2 the 8.28 level. Note also that
A4 5 July 2011 a scale factor of0~3 has been used for the budget terms.
1235 It is important to note from Tables B1 and B2 that the
Finally the last IOP day studied was a completely cloud- variation between highest and lowest mean value for the dif-
free warm day reaching up to 26 around 15:00 UTC with  ferent afternoons for shear production is as large.as<
a typical diurnal cycle in temperature, but perhaps some-10=2 m?s~2 for the 2m level (and3.5 x 103 m?2s~3 for
what more variable relative humidity ranging from 65 to 8.22m level). This can be compared with the buoyancy pro-
70% in the morning down to 30 % in mid-day beforesis- duction variation thatis only.5(1.4) x 102 m? s~ between
ing again in late afternoon and evening. Relative humiditythe different afternoons. As we observed that these twogerm
is of course affected by the diurnal cycle of temperature andare the dominant production terms in the near-surface budge
in fact for 5 July the specific humidity near the surface ac-and transport acts as a sink term transporting TKE out of the
cording to the standard radiosoundings at 11:00, 17:00 andear-surface layers, we could expect variations in disisipa
23:00UTC (Blay-Carreras, 2013) remained relatively ean-and transport between different afternoons to be mostly re-
stant at &kg—'. Table A1l summarizes specific humidity lated to variations in shear production this close to the sur
from these radiosoundings showing a significant moisteningace. To some extent, the less dominant variations in buoy-
of the near-surface layer at 23:00 UTC compared to mid-dayancy production on different afternoons explain variagion
values for most of the IOPs. Such moistening of near-surfacaear-surface dissipation (and transport) as already seen f
layers have previously been reported by Busse and Kaupphe overall decreasing trend of dissipation rate and buxyyan
(2012), Bonin et al. (2013) and Mahrt (1999) discussed itflux in Fig. 5. This is a main basis for simple modeling at-
as a consequence of a slower decay of latent heat flux thatempts of turbulence decay (Nadeau et al., 2011) in convec-
the strength of turbulence and boundary layer depth duringively dominated conditions. However, our data reveals tha
evening events. The vertical profile of specific humidity in the role of shear and transport may be equally if not more im-
stable conditions was noted most of the time to have assigportant to take into account for modeling of sheared convec-
nificant curvature with decreasing moisture at higher vel tive surface layers. It is worth commenting on the wind. Al-
(Blay-Carreras, 2013). though weak (the afternoon mean values are always less than
Boundary layer depth on 5 July was somewhat lower com-3 ms~1) the relative importance of shear is stressed here. The
pared to 2 July following a general decreasing trend from thevariation between maximum and minimum afternoon mean
high values observed on 30 June. Potential temperaturegraralues for transport is as large ast(1.9) x 1073 m?s~3
dients were often weak especially in the afternoon makingand for dissipatiod.0(3.5) x 10~2 m?s~3 for 2.23 (8.22)n.
boundary layer depth determination based on strongest grd-arger variations in both the transport and dissipatiomter
dient below 250@n more difficult to use than for some of compared to the buoyancy term is observed for both mea-
the other days. UHF estimates nevertheless gave estinfates surement levels.
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In Table B3, we show TKE mean values for the afternoon, large-scale subsidence on the development and evolution of the
early afternoon (between 12:00 and 13:00 UTC) and latecaf- convective boundary layer, Atmospheric Chemistry and Physics
ternoon (last 30 min), as well as the average TKE tendency Discussions, 13, 31527-31562, 2013.
for the afternoon. Values are given both for 2.23 and &22 Blay-Carreras, E., Pardyjak, E. R., Pino, D., Alexander, D. 0, L
level. Comparing TKE mean values and mean wind speed hou. F., and Lothon, M.: Countergradient heat flux observations

during the evening transition period, Atmospheric Chemistry and
for the afternoon from Tables B1 or B2 does show tha{gzghe Physics Discussions, 14, 7711-7737, 2014.

three lowest TKE mea_n values occurring on 30 Ju_ne, 2 and %LLAST. . Boundary Layer Late Afternoon and Sunset Turbulence
July had the lowest wind speed and 25 June, which had the (BLLAST) website, http://bllast.sedoo.fr/documents/, 2015.

highest wind speed also had the highest mean afternoon TKléonin, T., Chilson, P., Zielke, B., and Fedorovitch, E.: Observa-

value. tions of the Early Evening Boundary-Layer Transition Using a
1330 Small Unmanned Aerial System, Bound.-Lay. Meteorol., 146,
119-132, 2013.
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Table B1. Afternoon statistics of wind speed, shear production, buoyancy ptiad transport and dissipation for a measurement height of
2.23m. Here, the mean value (and standard deviation) for each afterndod p&s calculated from the hourly TKE budget results presented
in Fig. 5. Note the scale facta0~* for the TKE budget terms.

Wind speed Shear Buoyancy Transport Dissipation
at 2.23m production production

Unit and scale factor ms™! 107%m%s™ 107 m?%s™® 1070 m?s™? 1073 m?s7?

19 June 1.73(0.48) 2.3(0.7) 32(15) -02(0.7) —54(17)
20 June 1.96 (0.35) 3.8(1.6) 29(1.6) —2.8(1.9) —-4.0(1.3)
24 June 1.60 (0.54) 2.1(11) 3.4(1.7) -21(11) —3.5(0.8)
25 June 2.31(0.24) 7.8(1.2) 2.4(15) -4.3(1.7) —6.1(0.9)
26 June 2.12 (0.26) 6.9 (2.4) 21(01) —-46(16) —45(0.9)
27 June 2.00 (0.50) 4.3(3.2) 19(1.1) -25(1.3) —3.7(0.9)
30 June 1.39(0.42) 15(1.1) 22(1.2) —-0.4(0.7) -3.3(0.3)
1 July 1.75(0.57) 2.6 (1.5) 2.8(1.6) —1.1(0.8) -4.3(2.4)
2 July 1.47 (0.53) 1.1(0.6) 23(14) -12(09) -21(0.7)
5 July 1.60 (0.69) 3.0(4.0) 19(1.2) -15(1.8) -3.4(1.3)

Table B2. Afternoon statistics of wind speed, shear production, buoyancy ptiay transport and dissipation for a measurement height of
8.22m. Here, the mean value (and standard deviation) for each afternood p&s calculated from the hourly TKE budget results presented
in Fig. 5. Note the scale factdd 2 for the TKE budget terms.

Wind speed Shear Buoyancy Transport Dissipation
at 8.22m production production
Unit and scale factor ms™ ! 107%m?%s™®  107%m?s™®  10%m?s™? 107 %m?s7?
19 June 1.97 (0.55) 0.5 (0.6) 3.2(1.4) —0.5(0.9) -3.3(1.2)
20 June 2.24(0.38) 2.5(1.1) 3.1(1.8) —2.3(20) —3.4(11)
24 June 1.84 (0.64) 0.5 (0.6) 3.4(1.6) —1.6(0.9) —2.3(0.6)
25 June 2.75 (0.28) 3.7 (0.6) 25(15) -13(1.4) -4.9(0.7)
26 June 2.52(0.30) 3.4 (1.4) 2.3(0.4) -25(1.2) -3.3(0.7)
27 June 2.29 (0.65) 2.2(1.9) 21(1.1) -1.4(0.6) —29(1.0)
30 June 1.61 (0.50) 0.5 (0.4) 2.2(1.2) -0.6(0.9) -2.0(0.2)
1 July 2.00 (0.68) 0.8 (0.5) 29(1.3) -1.1(0.4) -25(1.4)
2 July 1.65 (0.61) 0.2 (0.6) 24(1.2) -1.2(0.9) —1.5(0.6)
5 July 1.83(0.92) 0.9 (1.1) 2.0(1.0) -0.7(0.3) —2.1(0.7)

Table B3. Afternoon TKE statistics for the 10 IOPs for measurement heights 8féh@ 8.22n. TKE mean value: for the afternoon, for early
afternoon (between 12:00 and 13:00 UTC) and last 30 min of the aftetnaasition is shown. Also shown is the average TKE tendency for
each afternoon (note the scale factor > for the column on the right).

TKE mean TKE mean value TKE last Average time
value for for the early 3hin of rate of
the afternoon afternoon the afternoon change
12:00-13:00UTC transition of TKE
Unit and scale factor m?s~? m?s~?2 m?s~? 107 m?s73
Height 2.23n  8.22m 2.23m  8.22m 2.23m 8.22m 2.23m 8.22m
19 June 0.94 1.01 1.19 1.30 0.37 039 —-41 —4.6
20 June 1.00 1.11 1.10 1.19 0.57 0.70 -26 —-2.5
24 June 0.94 1.01 1.14 1.24 0.50 057 3.2 —-34
25 June 1.08 1.20 1.15 1.26 0.97 1.09 -11 —-1.1
26 June 0.96 1.05 1.02 1.12 0.89 096 -25 -3.0
27 June 0.94 1.05 0.99 1.09 0.96 112 -0.2 +0.2
30 June 0.78 0.84 0.81 0.89 0.60 064 -11 -1.2
1 July 0.99 1.10 1.24 1.35 0.69 0.74 -3.4 -3.7
2 July 0.83 0.90 0.92 0.96 0.53 0.59 -24 -2.3

5 July 0.83 0.90 1.01 1.08 0.62 0.66 —-2.4 —2.6
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