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The British Isles bene�ts from dense meteorological
observation networks, enabling insights into the still-
unresolved effects of solar eclipse events on the
near-surface wind �eld. The near-surface effects of
the solar eclipse of 20 March 2015 are derived
through comparison of output from the Met Of�ce's
operational weather forecast model (which is ignorant
of the eclipse) with data from two meteorological
networks: the Met Of�ce's land surface station
(MIDAS) network and a roadside measurement
network operated by Vaisala. Synoptic-evolution
relative calculations reveal the cooling and increase
in relative humidity almost universally attributed
to eclipse events. In addition, a slackening of
wind speeds by up to about 2 knots in already
weak winds and backing in wind direction of
about 20� under clear skies across middle England
are attributed to the eclipse event. The slackening
of wind speed is consistent with the previously
reported boundary layer stabilisation during eclipse
events. Wind direction changes have previously been
attributed to a large-scale `eclipse-induced cold-
cored cyclone', mountain slope �ows, and changes
in the strength of sea breezes. A new explanation
is proposed here by analogy with nocturnal wind
changes at sunset and shown to predict direction
changes consistent with those observed.

c The Authors. Published by the Royal Society under the terms of the
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1. Introduction
Solar eclipse events cause a unique natural perturbation to the Earth's atmospheric system. After
the effects on solar radiation, humankind perceives solar eclip ses most obviously through their
effects on the near-surface atmospheric conditions: namely temperature, relative humidity (RH),
and wind speed and direction. Beyond their importance as a scien ti�c curiosity of nature, these
changes can give rise to socio-economic impacts. For example, an eclipse in Svalbard led to the
formation of fog that grounded air traf�c [1] and the reduction of sola r radiation and commonly
observed reduction in near-surface wind speeds can both negatively impact the generation of
renewable energy. The cooling and increases in RH attributabl e to eclipses are well documented.
In contrast, there is less consensus on induced changes in circulation. The purpose of this study is
to investigate the meteorological responses to the solar eclipseof 20 March 2015 over the British
Isles with a particular emphasis on wind speed and direction. T he band of totality for this eclipse
was to the north of the British Isles with obscuration over the Brit ish Isles ranging from 83% (at
Dover on the southeast English coast) to 98% (at Stornoway in the Scottish Outer Hebrides). Times
of First contact, maximum eclipse and Fourth contact were 0825, 0932, and 1042 UTC respectively
at Dover and 0832, 0936, 1043 UTC respectively at Stornoway.

A review of atmospheric changes from solar eclipses which includ es effects on the surface
temperature and circulation is presented in ref. [2]. Cooling of several � C typically occurs with
the magnitude dependent on the time of day, season, extent of the eclipse (if partial) and cloud
conditions. The peak cooling lags the time of maximum eclipse (if a partial eclipse) or totality
(if a total eclipse) by 15–30 minutes. Relative humidity chan ges are typically anti-correlated with
air temperature changes and increase directly as a consequence of the cooling during eclipses.
For example, a 20% increase over a plant canopy in Thiruvananthapuram, India was observed
during the 2010 annular eclipse (92% obscuration) associated with a 4� C drop in air temperature
[3]. A reduction of speci�c humidity has also been reported and a ttributed to eclipse-induced
subsidence of drier air [4].

A reduction in surface wind speed during eclipse events has com monly been reported and
related to the characteristic stabilisation of the near-surf ace boundary layer that occurs after
sunset, e.g. [2,5–7]. In contrast, ref. [8] did not observe changes in wind components that exceeded
natural variability, although a reduction in the variance of th e wind speed was observed. Some
studies have also reported sudden increases in wind speeds or gusts at the times of First and
Fourth contact of the eclipse [2,9]. These may be due to downwards turbulent mixing from a
jet forming above the eclipse-induced inversion (following the m echanism responsible for the
formation of the nocturnal jet) [7] or atmospheric pressure change s associated with the eclipse
[10]. Changes in wind direction at have also been attributed t o eclipse events although there is
little consistency in type of change or attributed cause. H. H. C layton was the �rst to propose
(in 1901) that total eclipses modi�ed the atmospheric circulat ion [11]. He observed a cold-cored
anticyclonic circulation developed around the centre of the ecli pse, extending outwards to about
1500 miles from the umbra. Beyond this, he observed a cyclonic circulation extending a further
1000 miles to the edge of the penumbra. Clayton attributed this cyclone to the relatively small
cooling in the `body of the atmosphere' [10]. The existence or otherwi se of Clayton's `eclipse
cyclone' was the subject of debate both at the time of the eclipse (see comment [12] and Clayton's
response [13]) and more recently. As described by ref. [2], some evidence consistent with the
existence of of `eclipse cyclone' has been described by several observational and modelling studies
[14–16]. Other studies have also reported wind direction chan ges during eclipse events [5,6,17]
but attributed them to synoptic evolution and/or local changes in mesoscale circulations such as
sea breezes or mountain slope �ows.

Determination of eclipse-induced meteorology changes requires a best estimate of how
conditions would have evolved in the absence of the eclipse event. Estimating this evolution is
a challenge; weather conditions change daily and evolve during the period of the eclipse event
due to diurnal variations and synoptic-scale changes (e.g. the passage of fronts). In a previous
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paper, [14], we diagnosed wind changes induced by the eclipse on 11 August 1999 through
comparing measurements from a network of surface stations operate d by the Met Of�ce across the
UK with the output of a high spatial resolution operational forecast model ignorant of the eclipse.
Focusing on an inland cloud-free region (containing many measuri ng sites), a mean regional wind
speed decrease of 0.7 m s� 1 (1.9 knots � 1 m s� 1) and backing in wind direction (anticlockwise
turning in the direction the air is going towards) of 17 � during the maximum eclipse hour were
diagnosed. We take the same approach here to diagnose synoptic-evolution and diurnal evolution
relative eclipse changes for the 20 March 2015 eclipse. Compared to the previous study of the
1999 eclipse, vastly more data are now available; we aim here to exploit this as fully as possible.
Hourly measurements from two independent surface station netw orks (Met Of�ce land surface
stations and a network of roadside stations used for monitoring road con ditions) are compared
to operational output from the Met Of�ce weather forecast model (wh ich did not include code
to represent the eclipse). Motivated by signals in the synopti c-evolution relative changes, high
temporal resolution (1-minute and 20-minute data) observationa l timeseries from selected regions
are then presented to focus on the variability in these regions.

The remainder of this paper is structured as followed. An overvie w of the synoptic situation is
given in Section 2. The datasets used are described in section3 beginning with observational
datasets (the Met Of�ce Integrated Data Archive System (MIDA S) land and marine surface
stations dataset and Vaisala roadside dataset) and followed by the operational forecast model
output. The results (Section 4) are presented in three subsections: Section4 (a) and Section 4 (b)
present the synoptic-evolution relative eclipse-induced eff ects on near-surface atmospheric �elds
deduced from the MIDAS and roadside stations respectively; Sect ion 4 (c) presents 1-minute and
20-minute temporal resolution timeseries of the observational da ta. Throughout Section 4 there is
a focus on the wind �elds, with temperature and RH shown primaril y to demonstrate consistency
between the different datasets and with previous studies on ec lipse effects. Section5 summarises
the �ndings and considers a new explanation for the observed wind direction changes and
Section6 presents some conclusions.

2. Synoptic overview
The weather situation on 20 March 2015 over the British Isles was generally cloudy with weak
near-surface winds (typically less than 10 knots over England and Wales). The centre of a weak
low pressure system tracked southeastwards during the morning from east of Iceland to the
Scandinavian coast (Fig. 1(a) and (c)). The trailing cold front from this system cut across t he
British Isles and moved southwards during the morning. An upper -level cold front is marked
in Fig. 1(a) and (c) to the south and east of the surface cold front at both 06 and 12 UTC on the
surface analyses and a broad high pressure region existed to the south and west of the British
Isles. The associated geostrophic surface winds can be inferred from the isobars marked on the
surface analyses and were northwesterly over Scotland, Wales, Ireland and northern England
and northeasterly over southern England and the Republic of Irel and at 06 UTC but had turned
more northerly by 12 UTC. The winds were weak (inferred from the s lack pressure gradients),
especially to the south of the British Isles. This synoptic situ ation led to low-level cloud over most
of the British Isles, with the exception of a clear sky band well t o the south of the surface cold
front (Fig. 1(b)); this zone provided good eclipse viewing conditions. At the ti me of the eclipse this
band stretched across the Midlands from the county of Lincolnshir e on the east coast and covered
Wales and the county of Cornwall in southwest England. The calm me teorological conditions in
the majority of the British Isles provided an opportunity to inves tigate possible eclipse-induced
changes in surface weather data.
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(a) (b) (c)

Figure 1. (a) Met Of�ce surface analysis at 06 UTC, (b) Infra-red satel lite image at 0922 UTC, and (c) Met Of�ce surface

analysis at 12 UTC. All for 20 March 2015. Surface analyses are c Crown copyright. Satellite image is courtesy of

Dundee Satellite Receiving Station.

3. Datasets

(a) Observations

Two observational datasets are used in this study: (i) the MIDA S surface stations dataset and
(ii) measurements from a network of roadside stations operated by V aisala for monitoring
road conditions. The locations of stations from each dataset (speci� cally those stations with
temperature observations available at 12 UTC on 20 March 2015) are shown in Fig. 2. The MIDAS
dataset contains land and marine surface observations from the M et Of�ce station network across
the British Isles and from other Met Of�ce stations worldwide [18 ]. Hourly weather observation
MIDAS data were extracted across the British Isles from the Bri tish Atmospheric Data Centre
(BADC). The weather station types and message reports extracted were the same as in [14] and the
same checking of quality �ags was performed. Quality �ags indi cate the automated processing
that has been performed on each measurement and whether the measurement has failed any
checks. Data from 331 stations distributed across the British Isles were extracted and data were
typically available (i.e. present in the station records) from about 280 stations for temperature and
220 stations for cloud and wind at the times analysed. Wind speed and direction (at 10 m height)
and air temperature (at 1.25 m height) were analysed with dat a reported to 1 knot, 10 degrees,
and 0.1� C resolution, respectively. Wind speeds and directions are 10-minute averages obtained
during the 20 to 10 min prior to the reported observation hour. Wind direction observations are
unde�ned when the wind speed is zero. It is UK practice to regar d the actual observation time
as 10 minutes prior to the observation hour; however, observations a re assumed to apply to the
observation hour in the analysis that follows. In addition to the hou rly MIDAS data downloaded
from BADC, one-minute temporal resolution data for wind speed and d irection from the MIDAS
stations were obtained directly from the Met Of�ce. This data di d not include quality �ags.

The roadside observations were obtained courtesy of Vaisala, a company that develops,
manufactures and markets products and services for environmen tal and industrial measurement.
Vaisala operates on behalf of national agencies and local authorities a dense network of stations
situated along the major UK highways. The stations vary in the ty pes of measurements made
and the frequency and timing of measurements (speci�cations f or the Vaisala Road Weather
Station RWS200 can be found in the product catalogue [19]) but hourly data for air temperature
were provided from 868 stations across the UK. Data values were ty pically available from about
740, 610 and 590 stations for air temperature, wind speed and wind direction, respectively, for
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Figure 2. Locations of observational stations where temperature data are available at 12 UTC on 20 March 2015 from (a)

the MIDAS dataset and (b) the Vaisala roadside dataset. Magenta, black, green and red boxes in both panels mark the

'Central southern England', 'Wales', 'Midlands1' and 'Mid lands2' regions respectively, as speci�ed in Table 1.

each time analysed. The data values do not include quality �ag s but come from standardised
commercial products which are subject to regular calibration a nd maintenance to ensure validity.

Although the siting of the roadside stations is constrained by the UK road network, the
majority of stations lie in relatively exposed locations away from v egetation, buildings and
cuttings in order to maximise sky view factor (sky view factor is one of the main parameters
affecting the behaviour of road surface temperature), reduce adverse effects on wind speed and
direction, air temperature and humidity readings, and to red uce shading on the road temperature
sensors particularly in low sun conditions. The aim is that the st ations are sited in locations that
are representative of the climatic region they represent, aft er allowing for power supplies and
the ability to operate safely. The potential lack of representi vity (for this study) arising from
stations being sited according to the road network is balanced ag ainst the bene�ts of the very
large number of stations. Almost all of the air temperature sensor s are located at around 3.5 m
above the ground with some of the wind instruments also located at t his level. However, a large
proportion of the wind instruments are located at the top of the roadsi de mast at about 4 m.
No height corrections to the measured wind speeds are made in th e data that was available. Air
temperature and wind speed and direction were extracted at bot h hourly (whole UK) and 20-
minute (selected regions) intervals for this study; although g reater temporal resolution data was
available for some stations, the use of 20-minute data provided th e greatest number of stations
operating at consistent temporal resolution. Temperature was re ported to 0.1� C, wind speed to
0.1 m s� 1 and direction to 1 � .

(b) Numerical model forecast

The evolution of the meteorological variables expected in the absence of the eclipse was
determined using numerical model output from an operational weat her forecast produced by
the Met Of�ce following the methodology of [14]. The Met Of�ce routin ely performs weather
forecasts over both the whole globe and limited-area domains initi alised several times each
day. Different con�gurations of the same Met Of�ce model, the Uni �ed Model, are used for
both weather forecasting and climate prediction. The Uni�ed Mod el is an operational �nite-
difference model that solves the non-hydrostatic deep-atmosphe re dynamical equations with a
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semi-implicit, semi-Lagrangian integration scheme [20]. T he model includes full representation
of physical processes through parametrization schemes. In the limited area con�guration the
horizontal grid is rotated in latitude/longitude to yield an app roximately isotropic grid measured
by Euclidean distance.

The forecast used was produced by the UK variable resolution (UKV ) con�guration of the
model [21] with an initialisation time of 03 UTC on 20 March 2015; t his forecast was chosen as
the latest forecast initialised before the onset of the eclipse. The UKV model con�guration has
a domain that extends over the British Isles and part of Northern F rance. The grid spacing is
1.5 km in the inner domain, reducing to 4 km in a rim extending ar ound the outer edges. There
are 70 vertical levels on a staggered stretched grid extending up to about 70 km altitude; the
lowest model levels on which temperature and horizontal wind compon ents are held are at 5 and
2.5 m height (above the terrain) respectively. This model con�g uration is run operationally four
times each day (initialised at 03, 09, 15 and 21 UTC using an incremental 3D-Var data assimilation
scheme) out to 36 hours [21]. Most model �elds are output at hourly in tervals including the 2-m
temperature, 2-m RH and 10-m wind components used in this study . The boundary conditions
for the model come from the global model forecast which runs with coars er resolution (17-km
grid spacing). The operational version of the model does not include representation of eclipses
in the model code and hence the forecast produced reveals how the atmospheric state would
have evolved in the absence of the eclipse. The effects of model, initial condition and boundary
condition errors are assumed to be small (relative to eclipse-i nduced effects) given the short lead
time of the forecast used.

4. Results

(a) Synoptic-evolution relative eclipse-induced anomalies deduced using

MIDAS network observations

The cloud, 10-m wind and 2-m temperature conditions before (08 UT C), during (10 UTC) and
after (12 UTC) the eclipse are plotted at the locations of the MIDA S stations in Fig. 3 and the
left panels in Fig. 4. The eclipse maximum response in atmospheric near-surface �e lds generally
lags the maximum eclipse time (e.g. the maximum eclipse-ind uced temperature anomaly lags the
maximum eclipse by about 15 minutes [15]). Hence, 10 UTC is chosen to illustrate the eclipse-
induced changes as this is the �rst available hourly data afte r the maximum eclipse. Data are
plotted at all station points where it is available at the given t imes. The cloud and wind conditions
(Fig. 3) can be compared to those inferred from the satellite imagery an d surface analyses,
respectively, shown in Fig. 1. The clear sky band across the Midlands, Wales and Cornwall at
10 UTC is evident, with stations in this zone reporting cloud cover in the range 0-2 oktas. By
12 UTC this band has moved slightly south and is now located in cent ral southern England.
The direction and relative strength of the 10-m wind vectors are generally consistent with the
geostrophic winds inferred from the isobars in the surface analy ses and are very weak in inland
southern England (typical speed is less than 5 knots). At 08 UTC temperatures to the north of
the British Isles are warmer than those to the south (typically 6-8� C in the north and 4-6 � C in
the south, Fig. 4(a), likely a result of less cloudy skies overnight to the south re sulting in lower
temperature minima there). The diurnal cycle is the dominant cause of the change in temperature
during the morning (Fig. 4(a-c)) and by 12 UTC temperatures reach up to 12-14� C in central and
northeast England.

Although a comparison between Figs. 4(a) and (c) indicates a lack of the expected diurnal
warming between 08 and 10 UTC, the effect of the eclipse on temperature is illustrated more
directly by comparison between the observed and modelled temper atures at 10 UTC. This
is because comparison of the observed and forecast temperatures enables the changes in the
observations resulting from the diurnal and synoptic-scale atm ospheric evolution to be taken
into account. The right panels in Fig. 4 show the model forecast output interpolated from
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Figure 3. (left column) Total cloud cover amount at MIDAS stations (oktas) and (right column) 10-m wind vectors at

MIDAS stations (with scale indicated by representative length in the upper-left of each plot) at (top row) 08, (middle row)

10 and (bottom row) 12 UTC. Note that an okta is a unit of measurement indicating the proportion of sky covered by cloud

ranging from 0 (completely clear sky) to 8 (completely overcast), with a station value of 9 indicating that the sky is totally

obscured.
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Figure 4. 2-m temperature (� C) from (left column) MIDAS stations and (right column) model temperatures interpolated to

MIDAS station locations at (top row) 08, (middle row) 10, and (bottom row) 12 UTC.

the 1.5 km model grid to the locations of the MIDAS stations. At 08 UT C, prior to eclipse
onset, there is a generally good agreement between the observed and forecast temperatures. At
10 UTC temperatures across the entire British Isles are cooler than forecast and this difference
is particularly apparent in the clear sky band across the midl ands, Wales and Cornwall
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where differences reach up to approximately 4� C. By 12 UTC observed temperatures have
largely recovered to match those forecast. The exception to this is in southeast England where
temperatures remain lower than forecast by approximately 2� C.

Comparison of the 10 UTC observed and forecast temperatures at station points (Figs. 4(c) and
(d)) provides clear evidence of eclipse-induced cooling, great est under clear skies. However, the
observed and forecast temperatures do not exactly agree even before the onset of the eclipse, and
station-to-station variability in the magnitude of the observed and forecast temperature difference
exists even for neighbouring stations; these differences are expected and likely result from a
combination of forecast error (even at this short forecast lead time ), measurement error, and the
interpolation of the model data to the station points (which does not t ake altitude changes into
account). Figure 5(a) illustrates this difference (observed minus forecast tem perature) at 09 UTC.
To allow for these differences existing before eclipse onset, Figs. 5(c) and (e) show the change
in the temperature difference (observed minus forecast temperature) from 09–10 UTC and 10–
11 UTC respectively. These changes are termed 'synoptic-evolution relative' changes hereafter
and the magnitude of these changes should be considered relative to the difference in temperature
between observed and modelled temperature prior to eclipse onse t. To smooth the station to
station variability, the panels of Fig. 5 show difference �elds at station points averaged over boxes
of 1� longitude and 0:5� latitude (roughly square in Euclidean distance at this latit ude). The time
from when the synoptic-evolution relative temperature changes are determined (09 UTC) is after
the onset time of the eclipse over the British Isles. This time wa s chosen to enable the changes to be
determined over a 1-hour period focused on the time period of the like ly greatest eclipse-induced
changes. Considering this 1-hour period will reduce uncertain ty associated with the differences
between the observations and forecast by providing an estimate of these differences at a time as
close as possible to the time when the maximum eclipse-induced changes are expected (within
the constraint of the hourly-forecast data availability). For ex ample, the maximum temperature
anomalies are expected to have occurred at about 0945 (about 15 minutes after the maximum
eclipse at about 0930).

At 09 UTC observation minus forecast differences in temperatur e are typically within � 1� C,
with generally negative values to the south and positive value s to the north of the British
Isles (Fig. 5(a)). The north-south difference could suggest that the eclipse may have already
induced a weak cooling in the clearer skies to the south (e.g. the obscuration was already about
45% at Reading in Berkshire at 09 UTC), but a similar differen ce already exists at 08 UTC
(compare Figs.4(a) and (b)). The synoptic-evolution relative temperature cha nge from 09–10 UTC
is negative across the entire UK (isolated positive changes exist in the Republic of Ireland)
implying eclipse-induced cooling occurred; typical magnitud es are 1-3� C (Fig. 5(b)). Many of
the averaging boxes with the larger temperature changes occur in the clear sky band. Comparing
the temperature change from 10–11 UTC with that from 09–10 UTC t he sign is generally reversed,
implying a warming in the observations relative to the forecast over this period and so a recovery
from the eclipse-induced cooling. This is consistent with the im proved agreement between
observed and forecast temperatures an hour later at 12 UTC (compare Fig. 4(e) and (f)). The
exception to this recovery is in southeast England which is associated with further (though weak)
cooling from 10–11 UTC.

Changes in RH have previously been attributed to eclipse even ts (see Section1) and the right
hand panels of Fig. 5 illustrate the synoptic-evolution relative RH changes in the s ame format
as the temperature changes shown in the left hand panels. At 09 UTC the observations and
forecast RH values generally agree within � 10% with some larger differences found over Wales,
southwest England and Scotland (where local high and variable orog raphy and coastal effects
might be expected to lead to larger differences as the interpolation of the forecast data to the
station points will be less representative). The synoptic-evol ution relative RH changes from 09–
10 UTC are generally positive, implying an eclipse-induced R H increase of the air relative to
the synoptic evolution, and reach 5–20% in the clear sky band. Changes from 10–11 UTC are
generally negative across England and Wales (with the exception of southeast England) implying
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Figure 5. (top row) MIDAS observations minus model difference for (a) 2-m temperature (� C) and (b) 2-m RH (%) at

0900 UTC. (middle row) Change in (observation - model) difference between 0900 and 1000 UTC for (c) temperature and

(d) RH. (bottom row) As for middle row but for change in difference between 1000 and 1100 UTC. A positive value for

temperature difference or change in difference indicates either warmer observed relative to modelled temperature (top

row) or a warming with time of the observed relative to the modelled temperature (middle and bottom rows). A positive

value for RH difference or change in difference indicates either increased observed relative to modelled RH (top row) or

an increase with time of the observed relative to the modelled RH (middle and bottom row). Station values are averaged

over 1� longitude by 0:5� latitude regions. Small magnitude values are shaded light grey (-0.2 to 0.2� C; -1 to 1%).
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a recovery (RH decrease) of the air towards the values that would h ave occurred in the absence
of the eclipse. The RH changes are anticorrelated with the temperature changes implying that
cooling associated with the eclipse leads to the RH increase and that this effect dominates over
that due to any decrease in speci�c humidity. The typical mag nitudes of the RH increase are also
consistent with those expected from cooling at constant speci�c hu midity: for example, a cooling
of 4� C at 10� C for constant speci�c humidity should lead to an RH increase of ab out 20%.

Eclipse-induced effects on temperature and RH are well under stood and documented. In
contrast, the effects on wind speed and direction are more controve rsial (see Section1). Figure 6
shows the synoptic-evolution relative changes in wind speed and direction in the same format
as in Fig. 5. At 09 UTC observed wind speeds and directions are generally wi thin � 2 knots
and � 40� of the forecast values over southern England, but larger differe nces exist elsewhere,
especially over Scotland for wind speed and Wales for wind directi on. As with the RH �eld, larger
differences over high and variable orography are not surprising ; note also that the stations are
less densely located over Scotland and Wales than in England (seeFig. 3(b), (d), and (f)) reducing
the smoothing effect of the box averaging. Focusing on England, a generally negative synoptic-
evolution relative change in wind speed occurs from 09–10 UTC of up to 4 knots followed by
further changes of typically � 2 knots from 10–11 UTC with increases slightly dominating over
decreases. These changes imply a reasonably consistent eclipse-induced weakening of the winds
followed by some signs of a recovery. The changes are less consistent across the British Isles than
the equivalent changes in temperature and RH. This can partl y be attributed to the very weak
winds over England at this time (see Fig. 3(b), (d), and (f) and note that cup anemometers also
have a starting wind speed, i.e. a minimum wind speed that can be recorded, which is typically
� 1 � 4 knots [22]). Synoptic-evolution relative changes in direction ar e also not very consistent
across the British Isles (Fig. 6(d), (f)). However there is a generally positive synoptic-evolu tion
relative wind direction change across England from 09–10 UTC fol lowed by a generally negative
change from 10–11 UTC. In the calculation, a positive change means that the angle anticlockwise
relative to East that the wind vector points towards in the observ ations has increased relative to
that angle in the forecast and so a backing of the wind direction; a negative change implies the
observed wind direction has veered relative to the forecast. He nce, we conclude that the synoptic-
evolution relative wind evolution reveals a reasonably coherent w eakening in the (already weak)
wind speeds and the suggestion of a backing of wind direction over E ngland during the eclipse.

The lack of strongly robust eclipse-induced wind response motiva tes a further analysis using
the independent roadside station network, which has an enhance d density of measurement sites.

(b) Synoptic-evolution relative eclipse-induced anomalies deduced using

Vaisala roadside network observations

The greater density of the roadside network stations compared to t he MIDAS stations used and
general consistency of the temperature and winds measured there with those from the MIDAS
station network (and model forecast prior to eclipse onset) can be seen by comparison of Fig. 7
with Fig. 3 (right panels) and Fig. 4. (Note that roadside observations were not available for
the Republic of Ireland.) The roadside station temperatures ar e very consistent with the MIDAS
station observations and forecast generally the same temperatures (in the same regions) within the
2� C discretisation used for plotting. The warmest roadside station temperatures slightly exceed
those from the MIDAS stations which accounts for the warmest colour b and covering 4� C in Fig. 7
(left column) instead of 2� C as in Fig. 4. The wind speeds measured by the roadside stations are
generally weaker than those measured by the MIDAS stations. Th is is likely to be attributable
to the lack of numerical adjustment of the height of wind measure ments from the measurement
height to 10 m (as is performed where required for the MIDAS obser vations). The wind directions
across the UK from the roadside and MIDAS observations are regional ly consistent.

Figure 8 shows the synoptic-evolution relative changes in wind speed and direction for the
roadside observations; this is derived in the same way as for the M IDAS observations shown in



12

rsta.royalsocietypublishing.org
P

hil.
Trans.

R
.S

oc.
A

0000000
...................................................

...............

50
52

54
56

58
60

la
tit

ud
e 

N

-10 -5 0

-10

-4
-3
-2
-1

1
2
3
4

10
(a) Speed difference at 0900 UTC

50
52

54
56

58
60

-10 -5 0

-180

-60
-40
-20

20
40
60

180
(b) Direction difference at 0900 UTC
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(d) Dirn. diff. change 0900->1000 UTC
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(e) Speed diff. change 1000->1100 UTC
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Figure 6. (top row) MIDAS observations minus model (interpolated to station locations) difference for (a) 10-m speed

(knots) and (b) 10-m direction (� ) at 0900 UTC. (middle row) Change in (observation - model) difference between 0900

and 1000 UTC for (c) speed and (d) direction. (bottom row) As for middle row but for change in difference between 1000

and 1100 UTC. A positive value for speed difference or change in difference indicates either stronger observed relative

to modelled wind (top row) or a strengthening with time of the observed relative to the modelled wind (middle and bottom

rows). A positive value for direction difference or change in difference indicates either a backed observed relative to

modelled wind (top row) or a backing with time of the observed relative to the modelled wind (middle and bottom rows).

Station values are averaged over 1� longitude by 0:5� latitude regions. Small magnitude values are shaded light grey

(-0.2 to 0.2 knots; -4 to 4� ). Note that in panel (a) there is one data value of -14 knots; this is shaded in the colour indicted

as the -10 to -4 knot range.
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Figure 7. (left column) temperature at roadside stations and (right column) wind vectors at roadside stations at (top row)

8, (middle row) 10 and (bottom row) 12 UTC.

Fig. 6. Overall the �elds plotted appear more spatially coherent for th e roadside observations than
for MIDAS observations, especially over England and Wales; this is likely a consequence of the
greater density of stations for the roadside observations. At 09 UT C the observed wind speeds
can be seen to be generally weaker than the forecast winds by 1–2 knots over Wales and inland
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England areas though by more over Scotland and along the southern UK c oast where winds were
stronger (Fig. 8(a)). This may partly be attributable to the eclipse since 09 UTC is after eclipse
onset (although the observed MIDAS wind speeds were generally s tronger than the forecast ones
at 09 UTC (Fig. 6(a)); other likely reasons for this are discussed above based on comparison of the
roadside and MIDAS wind vectors. Observed roadside wind direct ions are generally within � 20�

of those forecast (Fig.8(b)) with a slight preference for the observed winds to be backe d relative
to those forecast, as also found with the MIDAS observations (Fig. 6(b)). The synoptic-evolution
relative changes in roadside wind speed and direction from 09–1 0 UTC and from 10–11 UTC are
consistent in sign with those found for the MIDAS observations, esp ecially over England, and the
greater spatial coherence of the patterns lends con�dence that they are robust.

These robust synoptic-evolution relative changes now motivate th e closer examination of high
temporal resolution (1-minute and 20-minute data) observations from selected stations.

(c) Regional eclipse-induced surface meteorological change deduced

from high temporal resolution observations

The advantage of analysing 1-minute and 20-minute temporal re solution station data is that
eclipse-induced changes occurring on timescales of less than an hour can be resolved. The
disadvantages are that synoptic-evolution relative changes cannot be easily determined for
comparison (the operational model output is only available on the hour for �elds analysed here)
and the one-minute MIDAS wind data are very noisy compared to the hourly MIDAS wind data
(which is provided as an average over a 10-minute period). Figur es 9 to 12 show wind speed
and direction data at one-minute (MIDAS observations) and 20-mi nute (roadside observations)
intervals for four selected regions; these regions are marked on Fig. 2 and the speci�cations are
given in Table 1. The selection of these regions was motivated by the robust eclipse-induced
changes in wind speed and direction (relative to the synoptic e volution) found over England
in Sections 4.(a) and (b) and the preferential occurrence of large eclipse-induced changes in
temperature and RH in the clear sky band across the midlands, W ales and Cornwall. The Wales
and Midlands1 regions were selected as covering the cloud free regions over central England at
10 UTC. Midlands2 is a subregion of Midlands1, chosen to focus on th e clearest region and such
that there is consistency in the wind speed station data for the s tations chosen (i.e. the evolutions
of wind speed and direction follow tight plumes). The central sout hern England region was
selected as a cloudy inland region just south of the cloud-free ban d with lots of stations. Figures 9
to 13 show the data from individual stations (thin grey lines) and mea n values (bold red lines)
with error bars. UKV model forecast output interpolated to the sta tion locations is also shown
in the panels showing the one-minute MIDAS data (Figs. 9 and 10) and the temperature and
RH values for the 20-minute roadside data (Fig. 13). In Figs. 9 and 13 the model output data are
shown in box and whisker format; in Fig. 10 the orange diamonds mark the model values at the
stations and black diamonds mark the mean of the station values. Stations within the regions that
recorded zero wind speed at any time within the limits plotted w ere excluded from the analysis
so as not to bias the mean values of wind speed and wind direction ( direction is unde�ned when
speed is zero). This constraint removed several stations from analysis, particularly in the Wales
region where the winds were weakest.

Table 1. Speci�cation of regions. The location of the regions is show n in Fig. 2.

Region Latitude Longitude Comment
limits ( � N) limits ( � E)

Central southern England 51, 52 -2, 0 Cloudy, inland
Wales 51.5, 53 -5, -2.5 Clear band
Midlands1 52.25, 53.5 -2, 0.5 Clear band
Midlands2 52.75, 53.5 -1, 0.4 Clear band; subset of Midlands1
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Figure 8. As for Fig. 6 but for comparison of the roadside observations with the model. All data values are within ranges

indicated on the colour bars.

Beginning with the one-minute MIDAS observations, Fig. 9 shows that wind speeds evolved
due to synoptic evolution and the diurnal cycle during the time p eriod shown (gradually
decreasing on average over the central southern England region for example). However, within
this evolution, over a several hour timescale, a more rapid evoluti on can be discerned around the



16

rsta.royalsocietypublishing.org
P

hil.
Trans.

R
.S

oc.
A

0000000
...................................................

...............

Figure 9. One-minute temporal resolution MIDAS 10-m wind speed data (knots) as a function of time for sets of stations

in four regions: (a) central southern England; (b) Wales, (c) Midlands1, and (d) Midlands2. Stations are selected within

the latitude and longitude limits at which one-minute wind speed data are available at all times and the speed is non-zero

at all times. Vertical dashed line marks the approximate time of the maximum partial eclipse (0930 UTC). Thick red line

shows the mean value with error bars given by � 1:96� standard deviation (yielding the 95% con�dence interval). Model

forecast values interpolated to station locations are overplotted in blue in box and whiskers format. The box encloses

the interquartile range with the horizontal line marking the median value. The whiskers extend out to the maximum or

minimum value of the data, or to 1.5 times either the 1st or 3rd quartile if there is data beyond this range. Outliers are

identi�ed with circles. Number of stations plotted is (a) 17 , (b) 7, (c) 16 and (d) 8. The upper bound of speeds plotted is

limited for clarity so data from individual stations occasionally exceeds this.

time of the eclipse (the approximate time of the maximum partial eclipse, 0930 UTC, is marked
by the bold dashed line). A reduction in wind speed from about 09–1 0 UTC is clearly evident in
the central southern England and Midlands regions (in the cent ral southern England region this
the post-eclipse increase is somewhat obscured by the general reduction in wind speed during
the period shown). Over Wales, a reduction in the range of wind spe ed during the eclipse is more
apparent than a reduction in the mean wind speed. The reduction in wind speed of about 2 knots
is followed by a rapid recovery in the Midlands1 and Midlands2 re gions over about 15 minutes.
In contrast, the wind speeds forecast by the UKV model do not under go a rapid reduction around
the time of the eclipse. The wind speeds are under-predicted b y the forecast in the central southern
England, Midlands1 and Midlands2 regions prior to the eclipse and so are a better match to those
observed after the eclipse. In the Wales region, the mean forecast wind speed is a good match to
that observed throughout the period plotted; however, a reduction i n the spread across stations
is not observed in the forecast wind speeds, unlike in the observa tions. While the effect of other
forcings on the wind speed cannot be ruled out, the change observed around the time of the
eclipse is attributed here to the eclipse due to its rapidity , the lack of similar wind speed changes
in the model forecast winds, and the consistency of the wind speed changes with those observed
in other eclipse events.
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Figure 10. As Fig. 9 but for wind direction. Wind directions are described conventionally, as the angle clockwise from

North that the wind is coming from (e.g. an angle on 90� is an easterly wind). Stations are selected within the latitude

and longitude limits at which one-minute wind speed data and direction data are available at all times and the speed is

non-zero at all times. Model forecast values interpolated to station locations are overplotted in orange diamonds (rather

than as box and whiskers as in Fig. 9); black diamond denotes mean values. Number of stations plotted is the same as in

Fig. 9. Note y-axis varies between panels.

In Fig. 10 a backing from about 0900–0930 UTC by about20� , followed by a slow veering, in
the wind direction during the eclipse is clearly evident in th e Midlands1 and Midlands2 regions.
There is no obvious wind direction change associated with the ecl ipse over the cloudy central
southern England region. Over Wales the wind directions are ver y variable, as expected given
the hills and mountains in this region which can dominate local wi nd �ows; it is not possible to
discern an eclipse-induced wind direction change in this reg ion. The forecast wind directions are
a good match to those observed over the central southern England and Wales regions (although
the observed range of directions is enhanced after the eclipse relative to the model forecast). In the
Midlands1 and Midlands2 regions the forecast and observed wind directions are a good match
until 09 UTC after when the forecast winds continue to veer wher eas the observed winds back
leading to a difference of about 30� at 10 UTC. The timescale of the wind speed and direction
changes attributable to the eclipse is about 1 hour which provid es rationale for the calculations of
synoptic-evolution relative changes over one-hour periods presen ted in Figs. 5, 6 and 8.

The 20-minute roadside observations have similar temporal evolu tions to the one-minute
MIDAS observations. The wind speeds are generally weaker in th e roadside observations (e.g.
compare Fig. 11(a) with 9(a)) which is consistent with the systematic bias seen across the entire
UK and discussed in section 4. (b). A reduction in mean wind speed of about 2 knots from about
09–10 UTC is evident in the Wales, Midlands 1 and Midlands2 re gions but not discernable in the
central southern England region (Fig. 11(a)). The roadside observation wind direction timeseries
for the Midlands1 and Midlands2 regions show the same pattern of b acking followed by veering
during the eclipse period as the equivalent MIDAS observation p lots (compare Figs. 12(c,d) and
10(c,d)) although the wind directions are more widely spread with in the each region. In the central
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