Response to reviewer 1
Dear Anonymous Reviewer 1,
we highly appreciate your feedback. It helped us to improve the manuscript. Below we comment on your
suggestions in detail.
This paper reports measurements over a double ridge from a range of instruments (sonic anemometers on
100 m wind masts, Doppler lidars, etc.) made during the Perdigao field campaign in Portugal. The study
focuses mostly on the occurrence of flow separation in the lee of the upwind hill, because of the
importance for wind-power applications of the decrease of mean wind speed and increase of turbulence
intensity that accompanies flow separation (and its effect on the downwind hill). The manuscript
represents a substantial contribution to scientific progress, within the scope of ACP, being especially
relevant due to the novel and comprehensive data gathered using state-of-the-art equipment. These data
are processed and interpreted appropriately, although a number of improvements are possible (see
below). The scientific approach, methodology and assumptions seem overall sound, and are described
and discussed in an adequate, clear and balanced way, including allusions to previous work and use of
references. Relevant results and conclusions supported by them are presented. The paper is concise,
well-structured, clear, and well written. The title reflects the contents of the paper, and the abstract
provides a good summary. The quality and number of figures and tables seems appropriate (for the
content as it currently stands). The equations, symbols and units are properly defined and used. Although
I will suggest some additions that require new calculations and possibly new figures, these should be
straightforward to obtain from the existing data, so the paper is likely to require only minor revisions
prior to publication.
General comment
Analysis of the collected data could be a bit more comprehensive, specifically regarding conditions under
which flow separation is expected. These conditions may be estimated from simple, mostly linear, theories
of flow over orography. Even ignoring boundary layer effects (which would complicate the picture
considerably), flow separation can be viewed as an outcome of flow deceleration by the orography. Two
paradigms may be considered in this problem. For neutral flow, nonlinearity may be quantified by (h/a)
(the orography steepness), where h and a are typical height and width for the orography, and the flow
perturbation scales as U(h/a), where U is the incoming wind speed. For substantially stratified flow, on
the other hand, nonlinearity is quantified by (Nh/U), where N is the Brunt-Vaisala frequency of the
incoming wind, and the horizontal flow perturbation scales as (Nh). The authors consider Ri as a relevant
parameter, but overlook the sensitivity of the flow to (Nh/U), which would be equally easy to test and is
even more basic (since it does not involve vertical derivatives of U). From the results presented in the
paper, one gets the impression that neutral flow always causes flow separation (theoretically, this is
predicted by (h/a), which is fixed by the orography), but in statically stable conditions the important
nonlinearity parameter becomes instead (Nh/U), which might explain the absence of wave breaking
detected when Ri>0, i.e. Nˆ2>0. With this conceptual framework, the fact that flow separation occurs for
high wind speeds may be explained by the consequent smallness of (Nh/U). The role currently played by
Ri, in my view, is primarily distinguishing between unstable or neutral flows, on the one hand, and stable

flows, on the other, but it is not obvious that the wind shear effect contained in Ri has much relevance.
This is one of the reasons why I suggest that the scaling with (Nh/U) be tested.
Thank you for outlining this theoretical background. We agree that we did not cover it well in the
manuscript and included a new subsection (4.1.4) discussing our measurements in contrast to the results
and findings of past experiments. More precisely, we present our result in the same non-dimensional
framework as used in Baines (1995) Fig. 5.8 of h/A over Nh/U.

Specific comments
Page 1, lines 21-22: "flow acceleration and channeling effects, the formation of lee waves, and flow
recirculation (Stull, 2012) which are not captured well by a linearized flow model". The word "well" is
essential for this passage not to be grossly inaccurate. Linear models, with a structured atmosphere, are
capable of predicting lee waves (Teixeira and Miranda, 2017), and can even give qualitative indications
about flow channelling and recirculation (Teixeira, 2017). Linear models are almost the only way to
obtain systematic scalings for the flow variables, and that should be recognized more in this passage.
Thanks for this comment. We meant to refer with the expression “linearized flow model” to software that
is used in the wind farm planning process. We updated the manuscript, it reads now as follows: “A vast
number of flow phenomena occur at sites with complex geometry (Rotach and Zardi, 2007), such as flow
acceleration and channeling effects, the formation of lee waves, and flow recirculation (Stull, 2012) which
are not captured well by frequently applied computer models (e.g. the Wind Atlas Analysis and
Application Program, WAsP) in the wind farm planning process.”
Page 4, line 5: "Range gates". It is not obvious to the reader what these mean exactly. Please add a brief
description.
A description of the term has been added to the manuscript. The manuscript reads now as follows: “Range
gates (time intervals used for determining the wind speed from the backscattered light. These time
intervals corresponds to spatial intervals along the line-of-sight (LOS) for which the LOS wind speed is
evaluated. They translate into a weighting function along the LOS which in this case has a full-width
half-maximum of approximately 30 m.) were placed every 15 m, starting at a range of 100 m extending to
3000 m.”
Page 6, lines 4-5: "[in order to calculate the Richardson number] we calculate the difference between the
wind speed measured by the 100 m sonic and at the ground level, 0 m, where the wind speed is assumed
to be zero". I assume that in this calculation and that of the vertical potential temperature gradient used
to evaluate Ri the authors adopt linear interpolation in Eq. (1) (these details are not specified). The range
of heights over which this calculation is performed is most likely in the surface layer. Since the profiles of
both wind speed and potential temperature in that layer are logarithmic to a first approximation, it might
be more accurate to determine Ri based on the logarithmic finite-difference approximation described by
Arya (2001), Eq. (11.22). If this is not appropriate, please justify why.

In general, the estimation of the atmospheric stability is associated with high uncertainties, especially in
complex terrain that we are investigating in a separate study in more detail. While a logarithmic
approximation of the potential temperature profiles may be applicable under special conditions, our
investigation of these profiles from the 100-m towers at Perdigao suggests that assumption is not reliable
at this site (compare Stull (2003) Fig. 5.17) and we found a linear interpolation as used here may be more
accurate. In our initial investigation, which included a comparison of several approaches for calculating
the Richardson number, the Brunt-Vaisala frequency and Obukhov length, we found the Richardson
number as a most reliable parameter to estimate the stability. (By “reliable”, we mean provided stability
assessments consistent with time-of-day and did not lead to abrupt unreasonable transitions) Further, for
the wind speed, a logarithmic approximation of the profile cannot be used since we decided to assume 0
m/s at 0 m height to minimize the effect of terrain-induced flow. An similar approach like ours has been
used by Burns et al. (2011) and the reference has been added to the manuscript.
Figures 5 and 6: following my suggestions in the General Comment above, it would be probably useful to
produce figures similar to these, but where Ri on the horizontal axis is replaced by (Nh/U), or U/(Nh).
This should give some additional physical insight into the flow behaviour.
Thank you for the helpful suggestion. We have now included in the new section 4.1.4 a figure in which
we present our observation under stratified conditions in the non-dimensional framework of h/A over
Nh/U (see Figure 1 below).

Figure 1: Observational periods with recirculation (colored markers) and without recirculation (gray cross
marks) under stratified conditions as a function of mean lee-side slope (h/A) and Nh/u. The round markers
refer to recirculation at the southwest ridge and the square markers to northeast ridge. The colored
diamond markers show the mean value of Nh/u per transect during periods with recirculation and the gray
markers the mean for periods without recirculation. The solid black line shows where NA/u = π .

Page 9, lines 2-3: "Recirculation is more likely to occur during unstable or neutral atmospheric
conditions (Ri<0) than for stable conditions (Ri>0) for both SW and NE winds". The interpretation
presented in my General Comment, along with plotting the data as a function of (Nh/U), might be able to

shed some light as to why this happens. In terms of the behaviour with Ri, what appears to matter (see
below) is the sign of Nˆ2, more than the detailed value of Ri. Perhaps this could be recognized and
discussed.
Thanks for this comment. As mentioned above, we included section 4.1.4 which included a discussion of
the mechanisms that are present under stratified conditions including a discussion of Nh/U..
Page 9, lines 13-18: Flow separation is discussed with relation to the height and steepness of the ridges.
It is also noted that the southwest slope of the southwest ridge is steeper than the northeast slope of the
northeast ridge. However, for flow separation in southwest flow what should be most important is the
steepness of the northeast slope of the southwest ridge (because separation occurs downwind of
obstacles) and for northeast flow the steepness of the southwest slope of the northeast ridge. The authors
should check whether the steepnesses of these slopes are consistent with this physical interpretation of the
results.
We appreciate this comment and updated the manuscript accordingly. The passage reads now as follows:
“A possible explanation for this difference could be that the northeast face of the southwest ridge (the
downwind face in southwesterly flow) has steep escarpments close to the ridge top and the average slope
is slightly steeper compared to the southwest face of the northeast ridge (the downwind face in
northeasterly flow). Both the higher steepness and the escarpments make flow separation more likely.”
Figure 8: the reverse flow speed is presented as a function of the upstream flow speed. As is consistent
with my General Comment above, this tests a scaling for neutral flow, where the velocity perturbation
scales as u ∼ U(h/a). This scaling is likely to be applicable, in Fig. 8, to the points that have Ri<0 (i.e.
Nˆ2<0), because they will generate no orographic gravity waves. For points that have Ri>0 (i.e. Nˆ2>0),
orographic gravity waves will occur, and the corresponding stratified scaling may apply, namely u ∼ (N
h). So, it would be interesting to produce a figure similar to Fig. 8, but with (Nh) in the horizontal axis.
Perhaps a better collapse will be obtained for points with Nˆ2 (although there are definitely many other
processes going on, most prominently boundary layer effects). Even if this scaling with (Nh) does not
work very well (for example, due to an insufficiently strong stratification), it is interesting to compare the
two scalings.
Thanks for this comment. We tested the scaling with N^2 and it is definitely also interesting but doesn’t
give necessarily better insights than the use of the Richardson number. However, we decided to change
Figure 8 to a dimensionless representation of reverse wind speed divided by the inflow wind speed over
the Richardson number (Figure 2). Additionally, we generated Figure 3 that shows a comparison of the
two scalings. This comparison of N^2 and Richardson number shows that both metrics agree well in the
general classification of the different stability regimes.

Figure 2: Maximum reverse flow speed divided by the inflow wind speed over the Richardson number.
The color scaling shows the wind speed at the mast upstream.

Figure 3: Comparison of N^2 and the Richardson number for wind speeds over 3 m/s. The color scaling
shows the wind speed at the mast upstream.
Burns, S.P., Sun, J., Lenschow, D.H., Oncley, S.P., Stephens, B.B., Yi, C., Anderson, D.E., Hu, J. and
Monson, R.K., 2011. Atmospheric stability effects on wind fields and scalar mixing within and just above a
subalpine forest in sloping terrain. Boundary-layer meteorology, 138(2), pp.231-262.

Response to reviewer 2
Dear Anonymous Reviewer 2,
thank you for your critical feedback which helped us to improve this manuscript. Below we answer the
specific comments in detail.
This manuscript uses Doppler lidar observations collected over the complex terrain of Perdigao to
provide a qualitative description of recirculation on the lee side of the ridges. Recirculation was mostly
observed under periods of neutral and unstable stratification during measurement campaign.
Recirculation was also observed during stable conditions, albeit less frequently. Authors has made an
effort to analyze the occurrence of recirculation along three transects and during southwesterly and
northwesterly winds. The results of this paper could be useful for wind turbine siting in complex terrain,
as well as to assess the performance of wind solvers qualitatively. Therefore, I support the publication of
this manuscript after a revision that addresses the following issues.
1) Based on the content of the manuscript and the extent of the analysis, “Qualitative characterization of
flow recirculation zones in complex terrain using multi-lidar measurements” would be a more adequate
title for the investigation presented.
We appreciate this suggestion.
The request for the modification of the title was also raised by another anonymous reviewer. Accordingly,
we changed the title of our manuscript to :
“Characterization of flow recirculation zones at the Perdigão site using multi-lidar measurements”
in order to reflect that this study was focused on the findings at the Perdigão site.
2) Vertical profiles of wind speed and direction during certain periods are needed to enable
computational researchers to simulate the problem. These profiles should be extracted from multiple
locations such from ridgetops and inside the recirculation zone and provided as new figures along with
corresponding Richardson number.
The objective of this manuscript is not to provide model initiation data. All data sets measured during the
Perdigão 2017 campaign are publicly available through dedicated Web portals of the University of Porto
(https://windsp.fe.up.pt/) and NCAR/EOL (http://data.eol.ucar.edu/master_list/?project =PERDIGAO).
Additionally, the DTU lidar measurement data is available under the following DOI:
https://doi.org/10.11583/DTU.7228544.v1. We included the information on the data availability in the
manuscript. This gives the opportunity to modelers to select initiation data to their needs, which is best
suited for their specific application. We and other participants of the campaign are also very open to react
on individual request to help with the selection of appropriate measurements.
3) Page 1 Line 15. The introduction to wind turbine siting is out of date (e.g. the cited reference is from
1989) and does not reflect the latest best practices. The discussion needs to be updated to reflect the
current state of the art in this area.

The cited reference Troen and Petersen (1989) points to the European Wind Atlas that presents a
methodology for wind turbine siting which is today except for small modification still widely used for site
assessments. We decided to keep the reference to this work but updated the introduction with information
on recent field campaigns (Lange et al., 2016) and modelling approaches (Silva Lopes et al., 2007, Chow
and Street, 2009) with the aim to improve site assessments for the wind energy deployments.
4) Page 2 Line 5: Change “characterized” to “identified”. (i.e. flow recirculation can be identified . . .)
Thanks for this correction.
We assume that this comment refers page 2 line 3 and replaced “characterized” with “identified” in the
manuscript.
5) Page 2 Line 5: Regarding authors’ discussion of the Kutter et al (2017). There is nothing unexpected
about recirculation being “prevalent” during neutral or unstable conditions. If the hill or any obstruction
is steep enough, the flow is expected to recirculate in the wake under those conditions. Therefore, instead
of saying “Kutter et al. “find” recirculation prevalent during . . .” authors could say: “for instance,
recirculation was prevalent during neutral and unstable atmospheric conditions during the observational
study of Kutter et al.
We agree with the reviewer and changed the passage on page 2 line 8-9 as suggested.

6) Page 2 Line 10: Recirculation was intermittent in the Askervein experiment and the focus of Askervein
was not to study recirculating flows. It would be better to refer to those studies as complex terrain studies
as opposed to recirculation studies.
We agree that the main aspect of the Askervein was not to only measure recirculation. The passage has
been updated.
7) There is no mention of the Bolund Hill experiment and related studies. Introduction section need to
review those recent efforts since the Askervein case for completeness.
The introduction has been updated and includes now the Bolund hill experiment.
8) Figure 1: Please provide the dominant wind direction observed during the measurements and consider
using a different marker for the wind turbine and refer to the Met Tower as Mast in the legend to be
consistent with the text.
A wind rose showing the wind distribution measured at the northeast ridge has been added to figure 1.
Moreover, the label and marker for the met mast have been changed.
9) Page 4, the paragraph section 3: Figure 1 should be redrawn to convey the information given in this
paragraph about wind directions (i.e. the dominant wind directions should be overlayed on the figure.
A wind rose showing the wind distribution measured at the northeast ridge has been added to figure 1.
10) Page 5: Include a subscript G to emphasize gradient Richardson number in Equation 1
The subscript has been added.

11) Figure 2: Make it larger for researchers who may need to digitize it. Create labels for SW Ridge and
NE Ridge on the graph for sake of convenience for the readers.
Thanks for recommending the use of labels for the two ridges, we included them in the figure 2. The
figure is provided in a reasonable resolution, it can be easily scaled up on any computer for the purpose of
digitization. Additionally, we included the coordinates of each transect as CSV files in the supplementary
material. The terrain data is also part of the openly available datasets shared by the above mentioned
institutions.
12) Figure 4: Mark SW and NE ridges with labels on the terrain. Provide the gradient Richardson
number for this 10 min period.
Labels for the ridges also have been added for this figure and information about the gradient Richardson
number is now provided in the caption.
13) Figure 5: Increase the intervals in the x-axis so that the reader can approximately extract the Ri
values without needing to digitize the graph. The bin width information in the caption is not helpful.
We believe that the current number of bins presents the distribution well. We increased the size of the
figure for better readability.
14) Figure 5: It would be more useful to present Figure 5 per transect as done in Figure 6, but for the Ri
number.
We tested to present figure 5 also per wind direction and transect. The separation of the distributions into
different transect did not add any additional insights. Accordingly, we decided to retain the current
approach in presenting the results.
15) Page 8 line 5: The features that are mentioned might play a role in the non- existence of
recirculation, but the word “infer” is too strong in my opinion. Without a more detailed analysis, these
features are suspects at best and insufficient to infer any flow behavior.
We agree that the word “infer” might be too strong in this context, it has been replaced with “assume”.
16) Page 9 line 5: Similar concern as in 5). The manuscript conveys the occurrence of recirculation in
neutral and unstable conditions as if it is an unexpected feature. Re- circulation under those conditions
for steep geometry or terrain are expected without any surprise. The more interesting finding would be
recirculation under stable conditions, which is much more interesting. The discussion can be revised to
describe observations and results that are expected and do not qualify as “findings”
As suggested we made clear that flow recirculation can be expected for neutral and unstable conditions.
The passage reads now as follows: “Recirculation is more likely to occur during unstable or neutral atmospheric
conditions (Ri ≤ 0) than for stable conditions (Ri > 0) for both SW and NE winds (Figure 5), as expect for flow over
steep geometries such as the Perdigão ridges.”

17) Authors can be more precise in their use of the term “stable conditions. Stable conditions need to be
categorized as weakly, moderately and strongly stable based on the Ri number at hand, and authors can
then compare against other studies that has similar conditions under that categorization.

We are not aware of any other studies that present a categorization of stable conditions based the
Richardson number in complex terrain. In general, a description of how the atmospheric stability can be
described in complex terrain is missing. Existing methods to describe the atmospheric stability based on
the Richardson number are validated for flat terrain and it is not straightforward to adopt a fine
categorization for measurements in complex terrain. However, we included subsection 4.1.4 analysing our
findings under stably stratified conditions in an non-dimensional framework which gives additional
insights.
18) Authors are only relying on a generic categorization of stable conditions to explain the existence or
non-existance of recirculation. Flow separation is highly dependent on the geometry. The current
discussion fails to explain why recirculation exist or does not exist under stable conditions.
Subsection 4.1.4 which has been added to the reviewed version of the manuscript gives additional insights
into the recirculation occurrences under stable conditions.
19) Conclusions: Provide the height for the 8 m/s wind speed.
We included the measurement height in the manuscript.
20) Conclusions: Typo in the last sentence. “Should be made”.
Corrected.

Response to reviewer 3
Dear Anonymous Reviewer 3,
thank you for your extensive and constructive comments. Your feedback is highly appreciated. We
comment on the suggestions in detail below.
General considerations
In this paper, the authors use a wonderful data set (from the Perdigão-2017 field campaign) to describe
the ‘characteristics of flow recirculation zones in complex terrain’. Overall, the paper is quite well
written and the provided material is useful to serve the purpose of the paper. However, some of the
‘ingredients’ of what is called an ‘algorithm’ to detect recirculation zones and some of the analysis tools
need some clarification and reasoning (see the ‘minor comments’).
My major concern with this paper lies in the embedding of the obtained results in previous knowledge.
The authors have decided to ‘wipe this away’ with a single comment (‘. . . which are not well captured by
a linear flow model’, p1, l. 22) and therefore analyze the data with respect to each variable separately.
First of all, linear theory is not all we know about flow behavior over topography, but more importantly,
this decision leads to a ‘characterization’ that is entirely specific to the Perdigao site: all the given
‘numbers’ (e.g., in the conclusions: ‘recirculation is more likely for wind speed above 8 ms-1’, p13, l.9)
are not suitable to be transferred to any other site. In the end, the authors then (have to) conclude
‘Because assessment with multiple scanning lidars, as presented in this study, is yet not feasible for
commercial projects, efforts should be [made] to account for recirculation in the flow models used for
wind resource assessment’. While this is certainly a valid conclusion, in my view, additional generality
could (easily) be obtained when at least discussing (using) some of the principles arising from previous
knowledge. In this sense, the present ‘descriptive’ approach appears to be a missed opportunity. Clearly,
a review cannot require from the authors to change their strategy of analysis – but I think the least that
should be done is to comprehensively summarize the previous knowledge and discuss the ‘departures’ of
the present site from the conditions, for which we have some theoretical understanding (major comment
below). If the authors decide to keep their approach of analysis with respect to dimensional variables, the
title should be changed (into something like ‘Characterization of flow recirculation zones at the Perdigao
site using multi-lidar measurements’)
Major comment
Occurrence of recirculation behind a two-dimensional or three-dimensional obstacle has been widely
investigated for stratified flow. Baines (1995) provides an excellent overview – see especially his Chapter
5. The characteristics of the mean flow behavior (over topography) are largely determined by the relative
importance of stratification and advection in combination with the ‘obstacles’ dimensions (half-width,
height) leading to an assessment of the flow characteristics in terms of non-dimensional parameters,
Froude number (using the half-width of the ridge) or non-dimensional hill height (using the height).
At least for the stable cases (which are not abundant at the present location), therefore, the authors’
findings could be compared to previous knowledge with theoretical foundation. For example, Fig. 5.8 in
Baines (1995) summarizes the occurrence of flow separation in a non-dimensional framework – and it
would be extremely interesting to learn to what degree the re-circulation occurrence of the different

cross-sections at the present site correspond to those (mostly ideal) results. Certainly, on the basis of this
previous knowledge, it would be much more conclusive to analyze the present data in a non-dimensional
framework, rather than producing ‘thresholds’ for the mean wind and stability separately – and finding of
course results that are surely consistent with this (larger mean wind speed favors separation, stronger
stability hinders it) and then speculating that ‘These variations of recirculation occurrence may be
related to the transects’ elevation profiles within the valley’, [p8, l.1]).
One of the relevant (and quite new) findings of the present study is certainly that re-circulation preferably
occurs under unstable conditions (at the present site). This of course makes it more difficult to compare to
previous knowledge for stratified flows. Even if the authors ‘rule out’ the value of linear theory (p1, l. 22),
the Perdigao site is sufficiently ideal (and slopes may be steeper than desired for linear theory, but
certainly not overly steep) that at least the consistency (in the trends) of the present results with the
expectations from linear theory could be discussed. In fact, should be. The textbook of Kaimal and
Finnigan (1994, their chapter 5) is an excellent source to start with – and Belcher and Hunt (1998) give a
comprehensive overview of all the relevant resources. Again, stability is characterized in a
non-dimensional framework using the terrain geometry (in this case the ‘inner-layer depth’, which could
be determined from the present data) thus making the results more generally applicable.
The strongest ‘departure’ from applicability of previous knowledge is the ‘double ridge’ problem, i.e. the
fact that at the Perdigao site not only one ridge is present but two – and those in a short enough distance
so that they potentially influence the flow at each others’ location. There is less systematic knowledge
available for this flow type with respect to recirculation zones – except for the quite specific case of rotor
formation (which, of course, is also some sort of ‘recirculation zone’, but not immediately downstream of
the ridge. See Grubisic et al. (2008) for some detail). Again, for the stable case, some information can be
found in Baines’ book (but clearly less, and less theoretically founded). I think, this aspect may indeed be
used in the discussion of the present results in view of potential departures from expectations for a single
ridge.
Thank you for outlining this theoretical background! We agree that we did not cover it well in the
manuscript and included a new subsection (4.1.4) discussing our measurements in contrast to the results
and findings of past experiments. More precisely, we present our result in the same non-dimensional
framework as used in Baines (1995) Fig. 5.8. Moreover, we changed the title of the manuscript to reflect
that we concentrate our analysis on the observations at the Perdigão site, the title reads now as follows:
“Characterization of flow recirculation zones at the Perdigão site using multi-lidar measurements”
Minor comments
P2/l. 28 Section 4 (not section)
Corrected.
Fig 1 caption: ‘Table 1’ (when using in conjunction with a number, please capitalize: Tab. 1,
Thanks for this remark. We corrected it throughout the manuscript.
Fig. 2 etc.). Throughout - many occurrences.
Corrected.

P2/l.10 many studies. . .: there are quite some others, e.g. discussed in Kaimal and Finnigan (1994).
The passage has been changed it reads now as follows:
“Many studies that are describing recirculation or in general flow over complex terrain rely on
experimental data measured in the field. Probably the best known field experiment took place at the
Askervein hill (Taylor and Teunissen, 1983). The measured data is heavily used to validate flow
simulations such as linear models but also more sophisticated code using Reynolds averaged
Navier-Stokes (RANS) methods (Silva Lopes et al., 2007) and large-eddy simulations (LES) as presented
in Chow and Street (2009).”

P2/l.18 . . .the orography of the Perdigao site is more complex. . .: likely, the Perdigao site is as close to
an ideal ‘two-dimensional ridge’ [more precisely, a valley between two two-dimensional ridges] as
Askervein is to an ideal 3d hill. What is different is the dimensionality of the obstacle(s) and the slopes.
Thanks for this remark. We changed the manuscript according to the suggestion.

P3/l.7 SW and NE ridge, respectively.
“Respectively” has been added to the sentence.
P4, l.1 . . ..for the exact directions: directions are not really provided in this table (of
course, one could determine them by additionally using Fig. 1. . .).
The reference was supposed to point at Table 2 in which the exact orientation of the transects is stated.
P4/l.18 . . .due TO missing. . .. However, until now we have only learned that two 100 m masts were used
with sonics (p.3, l. 1) – now, all of a sudden, we have temperature measurements (which failed). Given the
well-known problems with (absolute) accuracy of sonic temperature measurements, I do not hope that the
authors have used the sonic temperatures to calculate Ri (also, it is hard to imagine that the sonic
produces wind but no temperature. . .). It seems that the list of instruments (on p. 3) should be completed.
Thanks for this remark. The masts were also equipped with temperature sensors and we used this sensor
data for the calculation of the Richardson number. We added the information to the manuscript it reads
now as follows: “Starting in January 2017, a network of 50 measurement masts was deployed at the site,
and over the next few months, 19 scanning Doppler lidars were added. For this study, we use the data
from two 100-meter masts equipped with 3D ultrasonic anemometers (Gill WindMaster Pro) and
temperature sensors (NCAR SHT75) located on the tops of the ridges as well as six scanning lidars
(Figure 1 and, for exact positions, Table 1).”

Eq (1) In the equation, the authors write ‘T’, and after the equation they explain ’T overbar’ (i.e., mean
temperature). This must be consistent. However, the buoyancy term in the definition of the gradient
Richardson number, in fact, should be defined with the potential temperature (not T), see, e.g., Stull
(2012). While usually in Surface Layer micrometeorology, this is not really relevant, over the height of
100 m, this makes a difference.

Thanks for this remark we are using now consistently the potential temperature for our calculations.
P7/ l. 8 ‘In overlap regions only measurements of the lidar further downwind are used’. I am not sure
whether I understand this. What I understand then looking at Fig. 4a, the ‘lidar further downwind’ for the
entire overlap region (which is the purple part) is the blue one, right? So, the second lidar is almost
obsolete (only the really small part of the ‘rim’ is from this instrument. . .). This needs some reasoning.
Also, looking at Fig. 4 suggests that the two lidars did not scan the same range (opening angle of the
RHI). This should i) be mentioned where the scan strategy is introduced and ii) be motivated.
It is correct that the blue area corresponds to the scanning plane of the lidar further downstream. The
“opening angles” or the range of elevations angles that is covered during one scan is for both lidars the
same, namely 25°. The scans might appear different because the start angles, the lowest elevation angles,
are different. The lidar on the SW ridge could start measuring under a lower angle since the position was
more open and less restricted by obstacles.
It is not right to say the “second lidar is almost obsolete”, it may appear so, but when we focus our view
only at the area in between the two ridges, where we analyze the recirculation, it becomes obvious that the
second lidar covers a substantial portion of this area which is not covered by the other lidar. The Figure 1
might help to illustrate the area proportions in between the ridges.

Figure 1: Schematic of the two RHI scans along a transects with magnification of the area in between the
ridges.
P7/l.11 ‘. . .we do not attempt. . .’: this seems to be at odds with l.7 (Cartesian coordinate system ....with
the abscissa ). The authors certainly need some rotation to do this, right? Does it mean that only one
elevation angle for each RHI is used? I cannot see why this should be any easier to handle (and I cannot
see what ‘complex terrain’ has to do with this). Can the authors please explain this procedure in some
more consistency?
The two passages refer to independ steps. Line 7 refers to the procedure how measurements of the lidars
are transferred to a common grid. L11 refers to the treatment of the LOS velocities. In flat terrain LOS
velocities are often divided by the cosine of the elevation angle to get the horizontal wind component. We

cannot assume this for the Perdigão site. The second option would be to combine the measurements of the
lidars to derive the vertical component which is not feasible since the elevation angles are too small to get
correct results. The line has been rephrased and sounds now as follows:
“We do not attempt to combine LOS velocities measured by the lidars to get the true horizontal wind
along the measurement transect, since the elevations angles are too small to measure the vertical
component precisely. Moreover, the assumption of zero vertical wind speed, as often applied in flat
terrain, is not valid in complex terrain.”

P9/l.15 ... is in general more …
Corrected.
Fig 7 Unfortunately, the color coding in this figure is the opposite to that of Fig. 4.
The color coding has been changed, it is now identical to Figure 4.
Fig. 8 ‘reverse flow speed’: this should be specified (median, average over the recirculation zone, etc.).
We are using the maximum reverse flow speed, this has been added to the manuscript.
P11, l.11 ‘also influences [the] flow ...’: given the purely descriptive approach taken in this paper, in a
case study one cannot conclude from one case that ‘the leeward recirculation zone and wake . . ...
decrease the mean wind speed. . .’. The wording has to be much more cautious (something like ‘for this
case with a strong recirculation zone we observe a reduction in mean wind speed. . .’). Clearly, other
cases with similar conditions but no recirculation zone would be needed to allow for a conclusion like
‘due to the recirculation zone wind speed is smaller and turbulence intensity larger’.
We chose a more careful wording for this passage and it reads now as follows: ”For this case with a
strong recirculation zone we observe a reduction in mean wind speed and increase the turbulence
intensity at the northeast ridge.“
P12/eq (2) I am not convinced that the ratio of the median values is an extremely useful measure to
demonstrate the slow-down (increase in turbulence intensity). This would be a (statistically) appropriate
measure, if wind speed were normally distributed (but often it is not). Is there any reason not to use a
proper ‘delta’ (U_ds - U_us)/U_us (‘ds’=downstream, ‘us’=upstream), and average over all cases? If the
sign of this measure were significantly different from zero (and significance can be tested. . .) – and even
‘more negative’ for recirculation occurrence than for no occurrence, this would be a strong indication
that there is a reduction in mean speed (increase in intensity) due to the recirculation zone.
We agree that it is more clear and intuitive to use a delta as suggested. Table 4 has been completely
updated to make the comparison of mean turbulence intensity and mean wind speed between up- and
downwind ridges during periods with and without recirculation more clear.
Tab. 4 If the ‘delta’s are defined as in eq (2), the given information is not in % (if the median ratio for
‘recirc’ is 0.42, say, and that for ‘no recirc’ is 0.50, the indicated difference amounts to -0.08 – and not
even multiplying with 100 makes this to be an 8.2% reduction. . ..). Definition of those ‘delta’s and their
use should be made clear and the wording adjusted.

See comment above.
P13/l.4 ‘Algorithms are developed...’: In fact, it is only one – and it is not really an algorithm, but rather
a straight forward ad hoc procedure.
We corrected this line and referring no to the procedure of detection recirculation zones as method instead
of algorithm. Additionally, we added a flow diagram of the detection process (Figure 2) to make the
process more clear to the reader.

Figure 2: Flow diagram of the recirculation zone detection process.
P13/l.21 should be made
Corrected.
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Abstract. Because flow recirculation can generate significant amounts of turbulence, it can impact the success of wind energy
projects. This study uses unique Doppler lidar observations to quantify occurrences of flow recirculation on lee sides of ridges.
An extensive dataset of observations of flow over complex terrain is available from the Perdigão-2017 field campaign over a
period of three months. The campaign site was selected because of the unique terrain feature of two nearly parallel ridges with
5

a valley-to-ridge-top height difference of about 200 m and a ridge-to-ridge distance of 1.4 km.
Six scanning Doppler lidars probed the flow field in several vertical planes orthogonal to the ridges using range-heightindicator scans. With this lidar setup, we achieved vertical scans of the recirculation zone at three positions along two parallel
ridges. We construct a method to identify flow recirculation zones in the scans, as well as define characteristics of these zones.
According to our data analysis, flow recirculation, with reverse flow wind speeds greater than 0.5 m s

10

1

, occurs over 50% of

the time when the wind direction is perpendicular to the direction of the ridges. Atmospheric conditions, such as atmospheric
stability and wind speed, affect the occurrence of flow recirculation. Flow recirculation occurs more frequently during periods
with wind speeds above 8 m s

1

. Recirculation within the valley affects the mean wind and turbulence fields at turbine heights

on the downwind ridge in magnitudes significant for wind resource assessment.
1
15

Introduction

Traditional wind turbine siting relies on wind measurements from a single mast or a small number of masts deployed at the site
of interest. These measurements are extrapolated over the entire site using a linearized flow model to provide a general assessment of wind resources (Troen and Petersen, 1989). This method proved suitable for flat terrain sites, gently sloping terrains and
offshore where the flow is close to being homogeneous. In complex terrain, however, where wind fields are strongly affected by
the topography and roughness changes, the uncertainties of wind resource estimations are increased because models struggle

20

to predict flow under these conditions,::::::
despite:::
of ::::::::
continues :::::::::::
advancement ::
of::::
flow:::::::
models. A vast number of flow phenomena
occur at sites with complex geometry (Rotach and Zardi, 2007), such as flow acceleration and channeling effects, the formation
of lee waves, and flow recirculation (Stull, 2012) which are not captured well by a linearized flow model.frequently
applied
:::::::::::::::
computer
models (e.g. the Wind Atlas Analysis and Application Program, WASP) in the wind farm planning process. These
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
effects have high spatial and temporal variability and are thus difficult to investigate with sparse measurements. However, these
1

phenomena can induce high loads on wind turbines which will decrease turbine lifetime (Sathe et al., 2013), and therefore such
effects must be characterized and understood in order to be able to predict them.
In this study, we investigate flow recirculation occurring in the lee of a hill or a ridgeridges.
Flow recirculation can be
::::
characterized ::::::::
identified :by flow moving reversely to the prevailing flow direction. In this region both turbulence and wind
5

shear are increased (Stull, 2012). Recirculation occurs behind abrupt drops in terrain elevation such as cliffs, but also in the
lee of gentle slopes of a certain steepness (Wood, 1995; Xu and Yi, 2013; Kutter et al., 2017). In addition, small terrain
features (Lange et al., 2017) and the presence of forest canopy (Sogachev et al., 2004; Finnigan and Belcher, 2004) can
modify the occurrence of recirculation drastically. Furthermore, the stratification of the atmosphere influences the occurrence
of recirculation; Kutter et al. (2017) find recirculation for
instance, recirculation was prevalent during neutral or and
unstable
:::::::::::::::::::::::::
:::

10

atmospheric conditions in their observational study . ::::::
during :::
the :::::::::::
observational::::::
study ::
of:::::::::::::::::
Kutter et al. (2017). :::
The::::::
length:::
of
flow
separation zones is mainly dependent on the hill shape and the surface roughness. Increasing downwind slopes and
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
larger
roughness is causing longer separation zones. In Kaimal and Finnigan (1994) a usual extend of the separation zones for
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
naturally
shaped hills of two to three times the hill height is stated.
::::::::::::::::::::::::::::::::::::::::::::::::::::::

Many studies of recirculation rely on data collected during the Askervein experiment (Taylor and Teunissen, 1983; Silva Lopes et al., 2007;
15

The Askervein data set provides measurements in heights from 10 to 50 m along a transect crossing an isolated, gently sloping
hill with average slope angles of 11 in Scotland. Consequently, the spatial resolution and the ability to observe flow above
50 m was absent:::
that:::
are:::::::::
describing:::::::::::
recirculation ::
or::
in:::::::
general ::::
flow ::::
over:::::::
complex::::::
terrain::::
rely:::
on :::::::::::
experimental :::
data:::::::::
measured
in
the field. Probably the best known field experiment took place at the Askervein hill (Taylor and Teunissen, 1983). The
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
measured data is heavily used to validate flow simulations such as linear models but also more sophisticated code using

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

20

Reynolds
averaged Navier-Stokes (RANS) methods (Silva Lopes et al., 2007) and large-eddy simulations (LES) as presented
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
in
Chow and Street (2009). Another, more recent field experiment is the Bolund hill campaign which took place in 2007-2008.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
A
blind test of different microscale flow models for the Bolund case revealed major uncertainties in predicting the influence of
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
the
Bolund escarpment on the flow field. The experiment also demonstrated the strength of lidars, in their case continuous-wave
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Doppler
lidars, to measure the influence of the Bolund escarpment on the flow field (Lange et al., 2016). Here, we investi::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

25

gate measurements from the Perdigão 2017 campaign where, in addition to sonic anemometers on 100-m high masts, pulsed
Doppler lidars observed the flow over the two parallel ridges. To surpass the capabilities of point measurements from networks
of towersmasts,
Doppler lidars have:, :::
not::::
only:::
in :::
the ::::::
Bolund:::::::::
campaign,:proved capable of measuring flow phenomena such
::::
as wind turbine and wind farm wakes (Käsler et al., 2010; Iungo et al., 2013; Aitken et al., 2014; Menke et al., 2018) and
the effect of roughness changes on wind fields in different heights and nearshore flows (Mann et al., 2017). In addition to the

30

advancements in the measurement technology, the orography of the Perdigão site is more complex than at Askervein. Slope
angles at the:::
can:::
be :::::::::::
approximated:::
by :::
two::::::::::::::
two-dimensional:::::
ridges:::
as ::
the::::::::::
Askervein’s:::::::::
orography::::
with:::
an :::::::::::::::
three-dimensional :::
hill
of
about half the height of the Perdigão site are higher with average slope angles of more than 23 , and the double ridge adds
:::::::::::::::::::::::::
additional complexity:::::
ridges.
The present work uses multi-lidar measurements to observe and classify recirculation that occurs in the lee of ridges at

35

Perdigão. The flow field is measured by six scanning lidars at three different transects across the ridges. The scans cover
2

the entire recirculation zone, enabling us to characterize the dimensions of recirculation zones and to investigate their spatial
variability along the ridges. Moreover, we relate these recirculation zones to resulting changes in turbulence and wind shear
measured by sonic anemometers on measurement masts at potential wind turbine sites downwind of recirculation zones. The
measurement campaign, Perdigão 2017 (Mann et al., 2017; Fernando et al., 2018) is presented in Section 2 of this manuscript.
5

In section Section
3, we describe how the lidar measurements are used to detect recirculation zones. The occurrences of
:::::::
recirculation at the Perdigão site are analyzed with respect to mean wind speed and atmospheric stability in section Section
::::::
4. In addition, we assess the impact of recirculation at potential turbine sites in this section. Conclusions are given in the last
section.
2

10

Field campaign overview and measurement data

The experiment is part of a series of measurement campaigns within the New European Wind Atlas with the objective to provide
an extensive dataset of high-quality measurements of flow over complex terrain (Mann et al., 2017). Starting in January 2017,
a network of 50 measurement masts was deployed at the site, and over the next few months, 19 scanning Doppler lidars were
added. For this study, we use the data from two 100-meter masts equipped with 3D ultrasonic anemometers (Gill WindMaster
Pro) :::
and::::::::::
temperature:::::::
sensors ::::::
(NCAR:::::::
SHT75): located on the tops of the ridges as well as six scanning lidars (Figure 1 and,
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for exact positions, Table 1). Here, we focus on the period of 68 days from April 8 to June 14 during which long-range
WindScanners and masts operated in parallel.
2.1

Measurement site

The measurement site, located in central Portugal near the Spanish border, was selected because of the unique terrain feature of
two nearly parallel ridges with a valley-to-ridge-top elevation difference of about 200 m and a ridge-to-ridge distance of 1.4 km
20

(Figure 1). The ridges run from the northwest to the southeast and are hereafter referred to as SW and NE ridge,::::::::::
respectively.
The terrain roughness is characterized by a patchy vegetation of pine and eucalyptus trees with heights of up to 15 m. A detailed
site description can be found in Vasiljević et al. (2017).
2.2

WindScanner measurements

We deployed six long-range WindScanners, scanning-Doppler lidars (Vasiljevic et al., 2016), on top of the ridges at the
25

Perdigão site. All scanners performed range-height-indicator (RHI) scans along three transects which are almost perpendicular
to the ridges. The transects are orientated along the SW-NE direction (Figure 1, see Table 1 :2: for the exact directions). The
scans with a maximal range of 3 km covered the area within the valley. Outside the valley, the scans covered areas to a maximum range of 3 km and up to 1600 m above ground level. Elevation profiles along the transects are shown in Figure 2. We
measured continuously during the upwards movement of the scanners with an averaging elevation angle of 0.75 over a range

30

of 25 . Range gates (time
intervals used for determining the wind speed from the back-scattered light. These time intervals
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
corresponds
to spatial intervals along the line-of-sight (LOS) for which the LOS wind speed is evaluated. They translate into
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
3

Figure 1. ::
a) Elevation map of the Perdigão site. Measurement transects are indicated by the solid blue (Transect 1), dashed red (Transect 2)
and dotted black (Transect 3) lines. Black disks: WindScanner positions; Numbers: WindScanner station number as in table ::::
Table:1; Black
X::
+: wind turbine position; White X’s: position of measurement masts used in this investigation. PT-TM06/ETRS89 coordinate system,
height above sea level. ::
b) :::::::::
Distribution ::
of ::::::::
30-minute :::::::
averaged ::::
wind :::::::::::
measurements ::::
taken::
by:::
the:::::
100 m::::::::::
anemometer ::
on:::
the ::::
mast :::::
located:::
on
the
northeast ridge over the period from April 1 to June 15, 2017. Measurements in m s 1 .
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Table 1. Positions of instruments used in this study. Easting and northing in PT-TM06 / ETRS89 coordinate system and elevation above sea
level. Elevation of the towers ::::
masts:(first two rows) refers to the tower mast
base and elevation of the WindScanners (remaining rows) refers
::::
to the scanner head position.
Station Number

Station Acronym

Easting [m]

Northing [m]

Elevation [m]

20

20/tse04

33392.7

4259.6

473.0

29

29/tse13

34533.6

5112.0

452.9

105

LRWS #5(DTU)

32926.5

4874.3

485.9

107

LRWS #7(DTU)

33990.6

5695.3

437.1

102

LRWS #2(DTU)

33426.2

4324.1

480.3

103

LRWS #3(DTU)

34526.3

5103.5

452.3

106

LRWS #6(DTU)

33888.7

3798.0

486.3

108

LRWS #8(DTU)

34804.6

4807.9

452.8

a weighting function along the LOS which in this case has a full-width half-maximum of approximately 30 m.) were placed
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

every 15 m, starting at a range of 100 m extending to 3000 m. The effective probe length of the scans was 35 m along the laser

4

Figure 2. Elevation profiles of measurement transects. The transect colors correspond to figure Figure
1. The vertical scale is exaggerated
:::::
by a factor of two. The origin (range = 0) refers to the position of WindScanner 105, 102 and 106 for transect 1, 2 and 3, respectively. The
:::
coordinates
of the transects are available as CSV files in the supplementary material.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

Figure 3. Distribution of the 1613 available 10-minute periods with wind directions perpendicular to the ridges (214° – 254° and 34° –
74°). The observational period lasted for 68 days starting on 2017/04/08 and ending on 2017/06/14. The intensive observation period of the
campaign started on day 24 (2017/05/01). The
availability data can be found the in the supplementary material.
:::::::::::::::::::::::::::::::::::::::::::::::::

light propagation path. The RHI scans were carried out twice per hour for 10 minutes by all lidars. During one 10-minute
period, 23 scans were performed; a single scan took about 26 seconds to complete. We averaged the data over each 10-minute
period, after filtering the data by the carrier-to-noise-ratio (CNR <

24 dB) and removing hard target influences. To ensure that

the pointing accuracy of minimum 0.05 is maintained during the entire measurement period, the WindScanner’s leveling was
5

checked and the known hard targets were mapped consistently through the measurement campaign (Vasiljević et al., 2017).
For the analysis, we selected periods within two 40° wind direction sectors centered at a line perpendicular to the ridge (214°
– 254° and 34° – 74°). The direction is measured by the 100-m sonic anemometer on the mast located on the southwest ridge.
In total, 1619 10-minute periods of measurements are available for the analysis in these sectors (Figure 3).

5

Table 2. Parameters describing the measurement transects. Peak height gives the highest points at the southwest (SW) and northeast (NE)
ridge, respectively. The average terrain elevation is measured along the transects in between the peaks. :::
The::::::::
maximum:::::
height::
of:::
the :::::
ridges
relative
to the terrain height at the transect before and after the ridges is given by hSW and
hNE .::::
ASW :::
and :::
ANE::
is:::
the ::::::::
half-width :
at:::::::::
half-height
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::
of
the faces inside the valley.
:::::::::::::::::::::
TranTransect::::
sect
:::

Orientation:::::::
Orienta-

Peak height

Peak height

Average

Lowest point

Peak-to-peak

h
SW
:::

A
SW:
:::

h
NE
:::

tion
[deg]
:::

SW ridge [m]

NE ridge [m]

height [m]

in valley [m]

distance [m]

[m]
:

[::
m]

[m]
:

1 1:

52.3

487.1

439.3

369.7

283.5

1388.0

:::::

278.6

:::::

601.6

:::::

2 2:

54.7

481.6

453.8

369.2

300.3

1425.6

:::::

268.4

:::::

488.6

:::::

3 3:

42.2

487.0

450.7

384.2

317.2

1435.8

:::::

237.3

:::::

383.3

:::::
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Methods

3.1

Atmospheric stability

To define atmospheric stability, we calculated the gradient Richardson number at the mast located on the Northeast ridge (figure
Figure
1). The SW ridge mast could not be used due missing temperature measurements for a major part of the observational
::::::
5

periods. The gradient Richardson number is defined as : ::
in :::::::::::
Stull (2012) :
RiG
= ⇣
:

@U
@z

g @⇥
T @z
⌘2 ⇣

+

@V
@z

⌘2

h

g @⇥
⇥ @z
i
2
@u 2
+ @v
@z
@z

(1)

::::::::::::::

where T ::
⇥ is the mean temperature measured at 100 m, @⇥ the potential temperature difference between 10 m and 100 m, g =
9.81 m s
10

2

is the gravitational acceleration, and U and V :u::::
and :v:are the two horizontal components of the mean wind vector.

The potential temperature is approximated by ⇥ ⇡ T +(g/Cp )·z where g/Cp = 0.0098 Km

1

(Stull, 2012). In order to reduce

the effect of terrain-induced flow on the stability estimates, we calculate the difference between the wind speed measured by
the 100 m sonic and at ground level, 0 m, where the wind speed is assumed to be zero. A
similar approach has been used by
::::::::::::::::::::::::::::::
Burns
et al. (2011). All calculations are based on 30-minute averages. In total we could assess the atmospheric stability for
::::::::::::::::
82% of the 10-minute periods due to missing temperature data from the meteorological towermast.
::::
Moreover,
the Brunt–Väisälä frequency which is defined as:
:::::::::::::::::::::::::::::::::::::::::::::::::
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N=

s

g @⇥
⇥ @z

(2)

:::::::::::

is
estimated from the mast measurements for stably stratified conditions. We use again the potential temperature difference
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
between
the 10 m and 100 m levels at the mast on the northeast ridge.
::::::::::::::::::::::::::::::::::::::::::::::::::::::::

6

230.8
240.5
201.1

Figure 4. Detection of recirculation zones at the second transect (lateral distance = 0 is the position of WindScanner 102), view from the
southeast. a) Schematic of the overlay of the two RHI scans at the transect. Blue and red areas are corresponding to the RHI scans and the
grey area shows the terrain. b) Lidar measurements along the transect and detected recirculation zone for one 10-min period :::
with::::::
RiG =
0.016.
Positive LOS velocities indicate flow towards the northeast (from left to right in the plot). The terrain is plotted in grey and the contour
::::
line defining the recirculation zone is plotted in black inside the velocity field. Time in UTC.

3.2

Detection of recirculation zones

We develop an algorithm :a:::::::
method :to identify recirculation zones in measurements taken by lidars along the measurement
transects (Figure
5). This method is based on measurements by two lidars located on the same transect. By using two lidars,
::::::::
the area covered by the scans within the valley can be maximized. The RHI scans provide line-of-sight (LOS ) ::::
LOS:wind
5

speed measurements in a polar coordinate system with the lidar at the origin. Consequently, two lidars which are measuring in
the same vertical plane will provide data in polar coordinate systems with different origins. Therefore, the LOS wind speeds
measured by the lidars are interpolated to a Cartesian coordinate system with the abscissa orientated along the :::::::::::
measurement
transect and a grid size of 10 m in both the vertical and horizontal directions. In overlap regions, only measurements of the lidar

7

Figure 5. ::::
Flow ::::::
diagram::
of :::::::::
recirculation::::
zone:::::::
detection::::::
process.::::::::::
Recirculation::
is ::::::
detected:::
for periods
that are flagged with "1", no recirculation
:::::::::::::::::::::::::::::::::::
is
detected for periods flagged with "0".
:::::::::::::::::::::::::::::

further downwind are used. Additional regions that are sampled by the second lidar upwind are filled in a second step. This
procedure prevents discontinuities between the two scans from interfering with estimates of the recirculation (figure within
the
::::::::
recirculation
zone (Figure 4a). Since the elevation angles are small and the procedure in complex terrain is ambiguous, we :::
We
:::::::::::::::::::::
do not attempt to divide the LOS speeds with the cosine of the beam elevation angle combine
LOS velocities measured by the
:::::::::::::::::::::::::::::::::
5

lidars
to get the true horizontal wind .:::::
along :::
the :::::::::::
measurement:::::::
transect,:::::
since :::
the ::::::::
elevations::::::
angles :::
are :::
too :::::
small ::
to :::::::
measure :::
the
:::::
vertical
component precisely. Moreover, the assumption of zero vertical wind speed, as often applied in flat terrain.
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Having the measurements combined, the zero contour line of the velocity field behind the upwind ridge is determined using
linear interpolation. The area bounded by this contour and the terrain beneath describes the dimensions of the recirculation
zone (figure ::::::
Figure 4). Recirculation is defined to be presented for reverse flow speeds greater than 0.5 m s

10

1

, which is the

measurement accuracy of the lidars (Leosphere, 2016). Also, the length of these zones is required to exceed five grid cells or
50 m in the horizontal dimension. To increase the robustness of this method we require that at least one valid measurement is
available below the contour line. A potential disadvantage is that recirculation appearing close to the ground cannot be captured
since measurement range gates of the lidars that reach into the ground or vegetation must be discarded :::
due::
to::::
the ::::
hard :::::
target
returns.
::::::

15

4

Results and Discussion

The algorithm method
to detect the recirculation zones is applied to all available periods so that we can analyze the occurrences
::::::
of recirculation under different atmospheric conditions in combination with the mast measurements. Specifically, we assess the
impact of flow direction, mean flow speed and atmospheric stability. The measurement period from April to mid of June was
generally very hot with maximum temperatures above 40°C. Days were normally cloud-free while on some mornings fog
20

formed inside the valley. Therefore, stably stratified atmospheric conditions at night and unstable conditions during the day are
prevailing.

8

Figure 6. Recirculation occurrence as a function of the Richardson number. The results are presented in bins with a width of 0.2. Data from
all three transects are presented together, segregated by the wind direction.

4.1

Occurrence of recirculation

On average, recirculation occurs frequently, in 52% of all 10-min time periods examined. This ratio changes for the individual
transects. Along transect 1 (the furthest northwest, with the lowest point in the valley and the shortest distance between ridges),
recirculation occurs most frequently at 69% of the time, while transect 2 observes recirculation 51% of the time. Transect 3 (the
5

furthest southeast, with the highest low point in the valley and the longest peak-to-peak distance) only observes recirculation
in 32% of the available periods. These variations of recirculation occurrence may be related to the transects’ elevation profiles
within the valley. The average elevation along transect 1 and 2 is the same, whereas the average elevation along transect 3 is 15
m higher (table Table
2). Additionally, the elevation profile of transect 3 shows a hill at the center of the valley (figure 2Figure
:::::
:::::
2).
We infer ::::::
assume:that these features suppress the formation of recirculation along transect 3. Other terrain parameters and
:

10

land use/land cover characteristics only vary insignificantly among the transects.
4.1.1

Dependence on atmospheric stability

Recirculation is more likely to occur during unstable or neutral atmospheric conditions (Ri  0) than for stable conditions
(Ri > 0) for both SW and NE winds (Figure 6):,::
as::::::
expect:::
for ::::
flow::::
over:::::
steep :::::::::
geometries::::
such:::
as :::
the :::::::
Perdigão::::::
ridges. These

results resonate with the findings of Kutter et al. (2017), who found, in a study of recirculation at a single forested hill, that
15

recirculation is less likely to occur under stable conditions. In fact, they found only one period with recirculation during stable
conditions, whereas we have several such cases of recirculation under stable conditions.
Only the bin centered at Ri =

0.2 shows an opposite dominance of recirculation versus no recirculation for the two flow

directions. Recirculation occurs in this bin mainly for northeasterly flow (figure ::::::
Figure 6b), whereas the opposite is true for
southwesterly flow (figure Figure
6a). For stability calculations, only measurements from the mast on the northeast ridge are
:::::

9

Figure 7. Occurrence of recirculation depending on the mean wind speed measured by the 100 m sonic on the upstream mast. The histograms
are separated by transect and wind direction.

used since the availability of temperature measurements at the other mast is very low. Thus, turbulent mixing is increased at
the mast location for southwesterly flow which could affect the Richardson number and thereby these results.
4.1.2

Dependence on mean wind direction

Recirculation occurs more often for southwesterly wind directions (figure 7and 8Figure
7). A possible explanation for this dif::::::
5

ference could be the larger height of the southwest ridge, which makes it more likely for recirculation to form. Flow separation
and thus flow recirculation is general more likely for increasing heights of obstacles. Moreover, the southwest :::
that:::
the::::::::
northeast
face of the southwest ridge (the upwind downwind
face in southwesterly flow) is steeper in comparison to the northeast :::
has
:::::::::
steep
escarpments close to the ridge top and the average slope is slightly steeper compared to the southwest face of the north:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
east ridge (the upwind :::::::::
downwind face in northeasterly flow). The average slope at the three transects over 500 m from the peak

10

are 23° at the southwest ridge and 17.6° at the northeast ridge. Strong differences again emerge among the transects (figure 8).
Both,
the higher steepness and the escarpments, make flow separation more likely. At transect 1 recirculation occurs predom:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
inantly, especially for southwesterly flow. The ratio of periods with recirculation occurrence to no occurrence is balanced at
transect 2, and at transect 3 recirculation can only be observed 32% of the time. For all transects the chance of recirculation is
higher for southwesterly wind directions.

10

Figure 8. Zero contour line (black line) defining the upper border of recirculation zones of the mean velocity field of all recirculation periods
per transect and flow direction. The flow speed is positive in the direction of the mean flow field and the transect origins (lateral distance =
0) refers to the position of the WindScanner 105, 102 and 106 for transect 1, 2, and 3, respectively.

4.1.3

Dependence on mean wind speed

More differences between the transects emerge when we group the data by wind speed. Transects 1 and 2 show a very high
chance of recirculation to occur for wind speeds above 8 m s

1

(figure Figure
7). For wind speeds above 8 m s
::::::

1

, fewer cases

of recirculation occur for northeasterly wind directions, whereas recirculation is present in almost all cases for southwesterly
5

wind directions. Moreover, the wind speed bin of 6 m s

1

shows interesting results in the inter-transect comparisons: at transect

1, recirculation dominates this bin, whereas a contrary trend can be observed at the other transects.
4.1.4

Characteristics under stratified conditions
::::::::::::::::::::::::::::::::::::

The
findings above show that recirculation occurs as expected prevailingly under unstable atmospheric conditions but occurrences
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
under
stably stratified conditions are not absent. In general, three types of behaviours can be expected when flow encounters an
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
10

obstacle (e.g. a hill or a ridge), (i) complete attachment of the flow, separation downstream is suppressed by strong stratification;

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

(ii)
downstream separation of flow direction directly behind the obstacle; and (iii) post-wave separation (Baines, 1998). The
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
11

Figure 9. ::::::::::
Observational::::::
periods::::
with :::::::::
recirculation:::::::
(colored markers)
and without recirculation (gray cross marks) under stratified conditions
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
as a function of mean lee-side slope (h/A) and N h/u. The round markers refer to recirculation at the southwest ridge and the square markers

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

to
northeast ridge. The colored diamond markers show the mean value of N h/u per transect during periods with recirculation and the gray
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
markers
the mean for periods without recirculation. The solid black line shows where N A/u = ⇡.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

occurrence of these behaviours is sensitive to the downstream slope h/A of the obstacle and N h/u. Steeper downstream

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

slopes
support the formation of flow separation behind an obstacle and stronger stratification and higher values (separation
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
occurs
when N A/u < ⇡) of N h/u suppress separation respectively. The relation of these mechanisms is well summarized in
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Figure
5.8 in Baines (1998) and we present our findings in the same non-dimensional framework in Figure 9. The observations
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
5

made
in Perdigão, recirculation and non recirculation periods, are falling almost entirely in an area where N A/u < ⇡ in
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
which
separation is expected. However, looking at the mean value for recirculation and non recirculation periods it becomes
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
noticeable
that the mean of non recirculation periods of N h/u is higher consistently at all transects. The higher mean value of
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
non
recirculation periods aligns with the expectations described above to find attached flow or post-wave separation (which is
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
not
necessarily detected by our dectection method) for higher values of N h/u.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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4.2

Recirculation zone characteristics

The observed recirculation zones can be described by their shape in terms of extent and height and the magnitude of reverse
flow speed. On average, the observed recirculation areas extend to 697 m in the horizontal for both wind directions, which
is almost exactly half the average ridge-to-ridge distance at the transects. At the southeastern transect (transect 3, the longest
transect with the least frequent recirculation), the average extent is 22% smaller than the mean of all transects (figure 7Figure
:::::
15

4).
The average extent at the northwestern transect (transect 1, the shortest transect), is 9% higher than the average extent.
:
The average depth of observed recirculation zones is 157 m above the valley bottom height and changes insignificantly among
the transects, whereas the maximum depth shows larger variation among the transects. We found that recirculation zones at
transect 1 reach up to 300 m above the valley bottom and 215 m and 189 m at transect 2 and 3, respectively. Maximum reverse
12

Figure 10. Reverse::::::::
Maximum::::::
reverse flow speed as a function of divided
by the inflow wind speed::::
over ::
the:::::::::
Richardson ::::::
number.::::
The ::::
color
::::::::::::::::
scaling
shows the wind speed measured at the upstream mast 100 m above ground.Data points are colored according to the Richardson
:::::::::::::::::::::::
number.

flow speeds of above 4 m s

1

are observed. The median reverse flow speeds at the transects are 2.0, 1.5 and 1.4 m s

1

for

transect 1, 2 and 3, respectively. For all transects and both flow directions combined, a trend for higher reverse flow speeds for
Richardson numbers close to zero is found (figure ::::::
Figure 10). For Richardson numbers greater than 0.5 and smaller than
all
transects and both flow directions combined the relation of the reverse flow speeds are in most cases below 2 m s
:::::::::::::::::::::::::::::::::::::::::::::::::::::
5

1

0.5

. The ::
to

the
Richardson number is presented in Figure 10. The reverse flow speed measurements are divided by the inflow wind speed
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
limits the maximum reverse flow speed for wind speeds below 6 m s

1

, and from the measured
at the meteorological masts.
:::::::::::::::::::::::::::::::

For
unstable atmospheric conditions (Ri < 0) no clear trend for the relation of reverse wind speed and inflow wind speed can be
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
observed.
Ratios from less than 0.1 to more than 0.5 can be observed. During conditions with Ri > 0 rations are generally lower
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
and
appear to decrease with increasing Ri. For high wind speeds (greater than 12 m s
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
10

1

the average observed reverse speed

increases:):::::
ratios ::
of::::
less ::::
than :::
0.3 ::
are::::::::
observed::::
and :::
they::::::
occur, ::
as::::::::
expected,:::
for :::::
small ::
or ::::::
slightly:::::::
positive::::::::::
Richardson :::::::
numbers.
4.3

Impact on potential turbine sites

Ridges and hills are advantageous sites for wind turbines, due to the terrain-induced speed-up (Hunt and Snyder, 1980).
However, these stronger winds can come at a cost, due to higher turbulence levels and gustiness which increases loads and
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Table 3. Comparison of wind characteristics during the period 2017/05/05 16:30 - 16:40 UTC measured by the sonic anemometers at 100-m height on the upwind southwest (SW) and downwind northeast (NE) ridges. Turbulence intensity is defined as
I=
e=

1
2

h

1

where U is the mean wind speed and U the standard deviation of U . Turbulent kinetic energy is calculated as
i
h
i
u02 + u02 + u02 ::::::::::::::::::
e = 12 u02 + v 02 + w02 , where u0 , v 0 and w0 are the fluctuating parts of the wind vector components over a 10-

UU

min average as measured by the sonic anemometers.

Wind speed, U [m s

1

SW ridge (100m)

NE ridge (100m)

10.4

5.2

254.1

239.7

11.8

30.7

2.26

4.32

]

Wind direction [°]
Turbulence intensity, I [%]
Turbulent kinetic energy, e [m2 s

2

]

Wind veer (60-100 m) [°]

2.1

13.7

decreases the lifetime of turbines. In this section, we assess differences in wind characteristics at the downwind ridge for both
the entire dataset as well as a specific case study of the period shown in figure Figure
4.
:::::
4.3.1

Case study of recirculation under neutral stratification

On May 5 from 16:30 to 16:40 UTC, winds were 10.4 m s
5

1

from the southwesterly direction (254°). A strong and distinct

recirculation zone occurred behind the southwest ridge within the valley at the second transect (figure Figure
4). The zone has
:::::
a total length of 807 m, spreading out beyond the valley center. It reaches over the ridge-peak height to 192 m above the valley
bottom. Reverse flows inside the recirculation zone have a magnitude of up to 1.8 m s

1

, or 17% of the inflow.

The recirculation zone also influences flow at the northeast ridge. The leeward recirculation zone and terrain wake of the
southwest ridge decrease the For
this case with a strong recirculation zone we observe a reduction in mean wind speed and
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
10

increase the turbulence intensity further downwindat
the northeast ridge. Measurements at the meteorological masts show the
:::::::::::::::::
impact at the downwind ridge (table Table
3). At the 100-m level, the wind speed is reduced 50% as compared to the upwind
:::::
100-m mast. Similarly, the turbulence intensity increases from 12% at the upwind ridge to 31% at the downwind ridge. The
wind veer observed from 60 to 100 m equals 14° at the downwind ridge versus 2° at the upwind. Moreover, the lidar scan
shows that the wake of the upwind ridge reaches to approximately 250 m above the northeast peak height (figure ::::::
Figure 4).

15

4.3.2

General impact of recirculation at downwind locations

The detailed analysis of the period in the previous section shows significant changes of the wind characteristics at the downwind
ridge. To generalize this observation, we analyze all periods available from transect 2 (on which the measurement masts are
located), or 455 (260) periods to consider for northeasterly (southwesterly) flow. The measurements of ::::::::
10-minute:mean wind
speed U (we drop the bar for simplicity) and turbulence intensity I at the downwind ridge are normalized for each period by
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Table 4. Changes in the wind characteristics at the downwind ridge.
SW wind direction

NE wind direction

recirculation

no recirculation

recirculation

no recirculation

Iupwind [%]

13.0

13.5

11.2

8.4

Idownwind [%]

20.8

16.6

13.1

9.2

-7.1

2.5

15.5

19.3

142

118

225

230

U [%]
N [-]

dividing with the measurements taken at the upstream ridge:
(U ) =

median(Udownwind ) (Udownwind Uupwind )
· 100;
median(Uupwind )
Uupwind

(I) =

:::::::::::::::::::::

median(Idownwind )
median(Iupwind )

(3)

At both ridges, data from the 100-m sonic anemometers are used. For both wind directions, a decrease in mean wind speed
and an increase in turbulence intensity when recirculation is present is found at the downwind ridge (table Table
4). For
:::::
5

southwesterly wind directions which tended to have larger and more vigorous recirculation zones, these changes are more
pronounced. Notice, the median mean
of I for recirculation periods , normalized with the median of non-recirculation periods,
:::::
shows a proportional :::::
shows::a increase of I at the downwind ridge of 34.5% (13.9::::::::
compared::
to:::::::
upwind:::::
ridge ::
of :::::
7.8% :::
(1.9%)
for southwesterly (northeasterly) wind directions. During
periods without recirculation I only increases by 3.1% (0.8%) for
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
southwesterly (northeasterly) wind directions.

:::::::::::::::::::::::::::::::::::::

10

5

Conclusions

Recirculation zones at two parallel ridges have been analyzed using line-of-sight measurements from six long-range WindScanners and two 100-m measurement masts equipped with sonic anemometers. The data were collected during the Perdigão 2017
measurement campaign in spring and summer 2017 in central Portugal. Algorithms are An
method is developed to detect recir:::::::::::
culation zones from RHI scans performed at three transects perpendicular to the ridges. Atmospheric stability is characterized
15

using measurements of sonic anemometers and temperature sensors on a 100-m mast on the ridges.
For flow perpendicular to the ridges, recirculation occurs frequently, in 52% of the scans, 55% for southwesterly wind and
49% for northeasterly. The occurrence of recirculation depends on mean wind speed and atmospheric stability. Recirculation
is more likely for wind speeds above 8 m s

1

(measured
100 m above the ridges) and is less likely during stable atmospheric
:::::::::::::::::::::::::::::

conditions.
20

An inter-comparison of the recirculation occurrence per transect revealed significant differences. The northwestern transect
shows a 69% probability of recirculation to occur, compared to a 32% probability at the southeastern-most transect, perhaps
due to the topographic variations between the transects.

15

Finally, recirculation affects the wind characteristics which are of importance for wind energy generation at the downwind
ridge. During recirculation periods, the mean wind speed is lower at the downwind ridge than when recirculation is not present.
Further, turbulence intensity is increased at the downwind ridge. These increases in turbulence intensity were not symmetric:
a proportional increase of the median mean
turbulence intensity of 34.5% (13.9:::::
7.8% :::
(3.1%) is found at the downwind ridge
:::::
5

for southwesterly (northeasterly) flow compared
to the upwind ridge. These differences can result from differences in the
:::::::::::::::::::::::::
orography: slopes at the southwest ridge are steeper compared to the northeast ridge and the southwest ridge is higher than the
northeast ridge. These findings are of importance for wind energy projects in complex terrain. Developers may reduce loads
on turbines, and thereby increase turbine lifetimes, by considering the spatial extent of recirculation zones and positioning
the turbines accordingly. Because assessment with multiple scanning lidars, as presented in this study, is yet not feasible for

10

commercial projects, efforts should be make :::::
made to account for recirculation in the flow models used for wind resource
assessment.
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