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ABSTRACT: A combination of radiosonde, wind-profiler and aircraft observations, together with large-eddy modelling,
show that shading from orphaned cirrus anvils had significant effects on the boundary layer during CSIP IOP 5. The control
of boundary-layer development by the cirrus shading, and the subsidence induced by the cirrus cover, led to a boundary
layer that, at an aircraft altitude of around 500 m, was less turbulent, 0.8 g kg−1 drier and 0.3 K warmer under thick cirrus
than in clear skies. In addition, at the top of the boundary layer, turbulence persisted for some time after the onset of cirrus
shading, allowing continued entrainment and so stabilization of the previously well-mixed boundary layer. These effects,
which would have inhibited convective initiation under the cirrus, are consistent with the results of the first part of this
study (Marsham et al., 2007).

Power spectra show that, while vertical velocities were dominated by variations on the scale of the boundary-layer
depth, for water-vapour mixing ratios and potential temperatures, mesoscale variations were comparable or dominant. In
some cases a spectral gap is observed between these two scales of contributions. Radiosonde data and modelling show
that, in addition to the variations in the boundary layer caused by the variable cirrus cover, pre-existing variations in lid
strength and boundary-layer moisture were also significant on this day. These water-vapour variations are also detectable
in retrievals of total-column water vapour from Global-Positioning-System data. Copyright  2007 Royal Meteorological
Society
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1. Introduction

The Convective Storm Initiation Project (CSIP) aims to
improve our understanding of the processes responsible
for initiating convective storms in the maritime mid-
latitude climate of the UK. A total of 18 Intensive
Observation Periods (IOPs) took place during a three-
month period in the summer of 2005 (Browning et al.,
2006a). In all but one of these, the storms originated in the
boundary layer (Browning et al., 2006b). This contrasts
with IHOP-2002, which took place in the Southern
Great Plains of the USA, where approximately 50%
of the storms originated from mid-levels (Wilson and
Roberts, 2006). For forecasts of convective precipitation
in the UK, this highlights the importance of representing
the boundary layer accurately in numerical weather-
prediction (NWP) models.

In the first part of this study (Marsham et al., 2007),
we showed that shading from orphaned cirrus anvils sig-
nificantly affected convective initiation on 29 June 2005
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during CSIP IOP 5. This paper discusses the observed
effects of this cirrus shading on the boundary layer, from
where the observed deep convection originated.

NWP models are now being used with grid spacings
of approximately 1 km, which coarsely resolve convec-
tive storms but do not resolve boundary-layer convection.
Sub-grid variations in thermodynamic variables are, how-
ever, assumed to lead to sub-grid variations in cloud
fraction in such NWP models, unlike in most large-eddy
models and many cloud-resolving models. To improve
NWP models, it is essential to understand what controls
boundary-layer development and variability, since even
small changes in quantities such as water-vapour mixing
ratio (WVMR) can control whether storms occur (Crook,
1991), and in some situations boundary-layer circulations
can by themselves lead to convective initiation (Weckw-
erth, 1999).

The synoptic situation and convective initiation
observed during CSIP on 29 June 2005 (IOP 5)
were described in (Marsham et al., 2007). This paper
examines the effects of cirrus shading on the boundary
layer. Section 2.1 discusses profile observations from
radiosondes and a wind profiler, while Section 2.2
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describes in situ observations from aircraft. Simulations,
using version 2.3 of the Met Office large-eddy model
(LEM) (Gray et al., 2001), were used to interpret these
observations. Section 3 uses these LEM simulations and
the observations to infer the mechanisms responsible for
the drier and warmer boundary layer observed at mid-
levels (about 500 m) under the cirrus cover, and also
discusses the role of pre-existing variations in boundary-
layer moisture.

2. Observations of the boundary layer

2.1. Observed profiles

Radiosondes remain an essential tool for measuring
boundary-layer thermodynamic quantities, despite the
fact that they do not give sufficient spatial sampling
to observe potentially-significant variability induced by
boundary-layer convection (e.g. Weckwerth et al., 1996).
Radiosondes were launched every one or two hours
from four sites (Bath, Larkhill, Chilbolton and Read-
ing) within the area of observed convective initiation
during CSIP IOP 5, each separated from its nearest neigh-
bour by 25–50 km (Figure 1). A 1290 MHz wind pro-
filer was also deployed at Linkenholt (20 km north of
Chilbolton, Figure 1). Figure 1 shows that at 09:00 UTC
Reading was covered by low stratiform cloud, while the
other radiosonde sites experienced much clearer skies.
By 12:00 UTC, precipitating convection had developed,
while the CSIP area was under the influence of shad-
ing from orphaned cirrus anvils (Figure 1, and (Marsham
et al., 2007, Figure 3)).

At 08:00 UTC, all radiosondes showed a strong lid
at about 500 m, capping a stably-stratified residual layer
(the previous day’s boundary layer), with a shallow
well-mixed boundary layer close to the surface. By
10:00 UTC, surface heating had led to the well-mixed

boundary layer growing to reach this capping inversion at
all radiosonde sites (Figure 2). There were already signif-
icant variations in the boundary layer at this time, before
the cirrus anvils had reached any of the radiosonde sites.
In particular, the lid was more pronounced at Chilbolton
than at Reading, and WVMRs in the boundary layer
were approximately 9.5 g kg−1 at Reading, 9.0 g kg−1

at Larkhill, 8.5 g kg−1 at Chilbolton and 7.5 g kg−1 at
Bath (Figure 2). The wetter boundary layer at Reading
may have been related to the dissipating low stratiform
cloud observed there (Figure 1).

From 10:00 UTC onwards, the radiosonde sites were
affected by cirrus shading to varying extents (Figure 2).
Meteosat data show lower minimum 11 µm BTs at
Chilbolton, Larkhill and Bath (around 240 K) than at
Reading (around 250 K). These lowered 11 µm BTs
correspond to lowered surface fluxes (Marsham et al.,
2007, Section 3), and both sensible and surface fluxes
were linearly related to the downwelling solar irradiance
(Marsham et al., 2007, Figure 5). Effects of the cirrus
shading on the boundary layer are clear at sites with
the lower minimum 11 µm BTs (Chilbolton, Larkhill and
Bath). At 12:00 UTC at Chilbolton, a stable internal layer
was present (at approximately 300 m in Figure 2(a)), and
this can also be seen to a lesser extent at Larkhill (at
100 m in Figure 2(c)). At these two sites at 12:00 UTC,
the potential temperatures increased with height over the
depths of the previously well-mixed boundary layers.
In addition, at Bath the depth of the boundary layer
decreased from 10:00 to 13:00 UTC, while the site was
affected by cirrus cover (Figure 2(d)). None of these
effects is apparent at Reading, which was less affected by
cirrus cover and where the boundary layer is observed to
warm more rapidly than at the other sites (Figure 2(b)).

Between 11:00 and 12:00 UTC at Reading (the
radiosonde site that experienced the weakest cirrus shad-
ing), a moistening was observed between 700 m and

Figure 1. False-colour Meteosat images at 09:00 and 12:00 UTC. Visible top-of-atmosphere reflectance is shown in red and green, and 11 µm
brightness temperature is shown in blue; hence cirrus appears blue and cumulus and stratus appear yellow and green (similar to (Marsham et al.,
2007, Figure 3)). Range rings are centred on the Chilbolton radar and shown at 25 km intervals. Positions of the radiosonde sites are indicated by
white crosses (from west to east, these are Bath, Larkhill, Chilbolton and Reading). The position of the wind profiler at Linkenholt is indicated

by the white asterisk.
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Figure 2. Time–height distributions of WVMR (g kg−1, grey scale and dotted lines) and potential temperature (K, solid lines), derived from
serial radiosonde ascents at (a) Chilbolton and (b) Reading. Meteosat 11 µm BTs are shown by the white lines. Radiosonde site positions are
shown in Figure 1, and dotted vertical lines show radiosonde times. (c) Larkhill and (d) Bath. In (d), interpolation of data that are irregularly

spaced in height has probably led to an overestimation of the depth of the super-adiabatic surface layer.

1800 m. In Figure 1, convective clouds can be seen near
Reading at this time, and this moistening is presumably
from convection transporting moisture out of the bound-
ary layer and into the free troposphere. At this time
Reading was at the edge of a gap in the cirrus cover,
near the leading edge of the cirrus (Figure 1). A similar
effect was observed at 10:00 UTC at Bath (Figure 2(d)),
and again convective clouds are visible in the Meteosat
data, before this site was affected by the cirrus cover.
These observations of convection in gaps and in clear
skies ahead of the cirrus are consistent with the conclu-
sions of (Marsham et al., 2007).

The boundary-layer profiles show continued drying
after 10:00 UTC at the sites most affected by the cir-
rus (Bath, Larkhill and Chilbolton); this did not occur at
Reading. The effects of cirrus shading on the boundary-
layer moisture, and the role of the cirrus shading in
this drying, are discussed in more detail in Sections 2.2
and 3.1. The variations in the boundary-layer moisture
observed at the different radiosonde sites have signif-
icant effects on convective available potential energy
(CAPE) and convective inhibition (CIN), and are signif-
icant for convective initiation. At 12:00 UTC, there was
640 J kg−1 of CAPE and 1.3 J kg−1 of CIN at Read-
ing, and 150 J kg−1 of CAPE and 15 J kg−1 of CIN at
Chilbolton. These values were calculated using the mean
of the lowest 50 hPa, giving a mean mixing ratio of
10.0 g kg−1 at Reading and 8.1 g kg−1 at Chilbolton.
If the mixing ratio from Reading were used in the

Chilbolton calculation, while keeping all other variables
the same, the CAPE would increase to 840 J kg−1 and
the CIN would decrease to 0.1 J kg−1. Figure 3 shows
time series of cloud-top height from two-dimensional
simulations with moving positive flux anomalies (which
increase surface fluxes by a factor of four and have diam-
eters of 30 km and speeds of 10–15 ms−1 – similar to
the POS2D LEM simulations described in (Marsham et al.,
2007)). Clouds in the simulations using the 11:15 UTC
Reading radiosonde reach their level of free convec-
tion (around 1600 m) approximately 2.5 h earlier than
those in the simulations using the Chilbolton 12:00 UTC
WVMR profile with the same temperature and wind pro-
files. This shows that the fact that the boundary layer at
Reading was initially wetter and did not dry out as much
as at other locations may have led to stronger storms
there, rather than at Chilbolton (and the radar rain rates
shown in (Marsham et al., 2007, Figure 3) do perhaps
suggest that the observed storms intensified near Read-
ing).

Figure 4(a) shows data from the 1290 MHz wind pro-
filer at Linkenholt (about 20 km north of Chilbolton,
Figure 1), with the corresponding Meteosat 11 µm BTs,
which show the extent of the cirrus shading (Marsham
et al., 2007, Section 3), superimposed. The wind-pro-
filer signal-to-noise ratio (SNR) depends on the inten-
sity of the radar back-scatter from refractive-index
inhomogeneities on a scale of approximately half the
radar wavelength (the wavelength is about 23 cm). These
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Figure 3. Time series of cloud-top heights from LEM simulations
initialized using 11:15 UTC Reading radiosonde temperature and wind
profiles, with different WVMR profiles. Both runs use moving positive
surface-flux anomalies that increase surface fluxes by a factor of four,
have diameters of 30 km, and move at 10 ms−1 (Marsham et al., 2007,

Section 4).

refractive-index inhomogeneities are therefore related not
only to the mean vertical gradient in refractive index,
but also to turbulent intensity. Figure 5 shows turbulent
kinetic energy (TKE) from a three-dimensional LEM sim-
ulation of the boundary layer at Linkenholt. The model
domain was 5 km by 5 km in the horizontal, and hor-
izontal grid spacings of 50 m were used. Vertical grid
spacings were 50 m at heights less than about 4 km.
Periodic lateral boundary conditions were applied, and
damping from 5500 m to the top of the model (13000 m)
was used to remove gravity waves. The model was
initialized with the 08:00 UTC radiosonde profile from

Chilbolton (the nearest radiosonde site to Linkenholt),
and forced with surface fluxes estimated from 11 µm
infrared Meteosat data from Linkenholt (Marsham et al.,
2007, Section 3). We expect some significant inaccura-
cies in such estimated fluxes (Marsham et al., 2007), and
the simulation neglects any change in air mass over the
simulation period, but the results enable better interpre-
tation of Figure 4, since we know that effects observed
in the model are driven by the imposed surface-flux vari-
ations.

Figure 4 shows high SNRs from turbulence in the
boundary layer at around 10:00 UTC, when there was
little cloud cover at Linkenholt ahead of the approaching
cirrus cover. The intensity of this turbulence decreased
from around 11:00 UTC, and from 11:00 to 13:00 UTC
the depth of the layer with SNRs above 15 dB decreased
from 1400 m to 1000 m. Similar effects are seen in
Figure 5; these are due to the reduction in surface fluxes
at this time. The minimum in turbulent intensity, and
also the depth of the turbulent boundary layer (both at
around 12:45 UTC), lag the minimum surface flux by
30 min in the model (Figure 5(b)), and lag the minimum
11 µm BT by 45 min in the observations (Figure 4(b)).
It can be inferred that the observed turbulence minimum
at about 13:00 UTC is almost certainly due largely to the
reduction in surface fluxes from the cirrus shading. The
decrease in the depth of the boundary layer is smaller in
the model (Figure 5) than in the observations (Figure 4).
This discrepancy may be due to incorrect surface fluxes,
or may be because there is no subsidence at the rear
edge of the anvil in this model set-up, since the model
is forced with time-varying rather than spatially-varying
surface fluxes.

Figure 4. (a) Signal-to-noise ratio (SNR) from the 1290 MHz wind profiler at Linkenholt (about 20 km from Chilbolton) at 15 min time resolution
(colour). SNR values below 300 m should be ignored. Lines show Meteosat infrared BTs for Linkenholt (thick solid line) and Chilbolton (dashed
line). Contours show potential temperatures from radiosondes launched from Chilbolton. Dotted vertical lines show the radiosonde times. (b) Mean
SNR from 500 m to 1000 m (dashed line, showing the turbulent intensity within the boundary layer) and from 500 m to 1500 m (dash-dotted

line, more affected by the boundary-layer depth), and Meteosat infrared BTs for Linkenholt lagged by 45 min (solid line).
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Figure 5. (a) Modelled horizontally-averaged turbulent kinetic energy (TKE) from an LEM simulation of boundary-layer development at
Linkenholt (coloured), with potential temperature superimposed (contoured, solid lines). The thick black line shows the surface fluxes used,
which were estimated from Meteosat 11 µm BTs. The maximum modelled cloud top is shown by the white line. (b) Mean TKE from 500 m to

1000 m (dashed line) and from 500 m to 1500 m (dash-dotted line), and the surface fluxes lagged by 30 min (solid line).

Figures 4 and 5 show that between about 12:00 and
13:00 UTC, the ‘depth of the boundary layer’ depends
very much on how it is defined. Figure 5 shows that
the modelled decrease in boundary-layer turbulence
from 12:00 to 12:45 UTC would lead to a decrease in
boundary-layer depth retrieved from the turbulence pro-
files, but not from potential-temperature profiles. Over
this time interval, retrievals of boundary-layer depth from
the SNR data, shown in Figure 4, would also show
a decreasing boundary-layer depth. The boundary-layer
depth defined by the potential-temperature profile from
the 12:00 UTC radiosonde from Chilbolton (20 km from
Linkenholt, with more cirrus shading, Figure 4) is unclear
at this time, since a weak internal layer is seen below
300 m, but above this level the residual mixed layer con-
tinues to approximately 900 m.

Figure 4 shows that the observed turbulence increased
again from 13:15 UTC, as cirrus cover decreased, and
from 14:30 UTC significant turbulence was observed
above 1500 m. The LEM results also show increased
TKE above 1500 m after 15:00 UTC, although the mod-
elled cloud top is still below 1500 m (Figure 5). Finally,
higher TKEs are observed at 2300 m in LEM results
(Figure 5), at the level of a thin stable layer, although
the modelled cloud top had not reached these levels. This
is consistent with the increased SNRs observed around
2300 m in the wind-profiler data (Figure 4). This layer is
associated with sharp gradients of temperature, moisture,
and hence refractive index, and these, together with the
turbulence there, increase the SNR ratio. This modelled
turbulence is not from modelled convection, since it is
approximately 1 km above the maximum modelled cloud
top (Figure 5). It is therefore inferred to be from gravity
waves.

2.2. Aircraft observations of the boundary layer

Two flights took place during CSIP IOP 5: the first, by
an instrumented Dornier 128, from 09:00 to 12:38 UTC
towards the west of Chilbolton, and the second, by an
instrumented Cessna, from 10:29 to 11:48 UTC towards
the northeast of Chilbolton. Temperature, water vapour
(observed using a Lyman-alpha system and a HUMI-
CAP system), pressure, radar height above ground and
radiative fluxes were measured at 1 Hz by instruments
on the Dornier 128. Wind velocities were measured at
100 Hz, but values averaged to 1 Hz are used in this
paper. Temperature, water vapour, pressure, radar height
above ground and upwelling long-wave irradiance were
measured at 1 Hz by instruments on the Cessna. The
Cessna flight was at an altitude of approximately 700 m,
and almost all of it was under moderate cirrus cover.
When the Dornier 128 was at 420 m (before 10:41 UTC),
it flew under moderate cirrus and in clear-sky regions.
After 10:46 UTC, it flew at 510 m, under thick and mod-
erate cirrus and clear skies.

A bias of 1.93 ± 0.36 g kg−1 was found between the
Dornier 128 WVMR data and the radiosonde data. This
was determined from seven comparisons between flight
tracks over the Chilbolton and Bath radiosonde sites and
the nearest radiosonde in time (i.e. within 33 min) over
the corresponding height interval. This bias was removed
for all the Dornier data presented in this paper, and the
data are only used to analyse horizontal variations in
moisture, rather than absolute values. The Cessna data
agreed well with the radiosonde data on this day.

Figure 6 shows mean power spectra of data from all
straight and level flight legs, on log-linear plots. The
linear time variations of the boundary-layer variables
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were removed for each leg, and the mean spectra
of the level legs are plotted. Figure 6 shows kE(k)

plotted against k, so that the area under the curve is
proportional to the variance. As a result, a peak in the
curve corresponds to a significant contribution to the
variance at the corresponding wave number (Jonker et al.,
1999). A total of 21 flight legs from the Dornier were
used, with lengths between 6.9 km and 63 km. From
the Cessna, 7 legs were used, with lengths between
3.3 km and 56 km. The limited number of long flight
legs introduces noise to the longer-wavelength ends of
the spectra.

As expected, Figure 6(a) shows that the vertical-
velocity spectrum is dominated by scales of approx-
imately 2 km, i.e. of the order of the boundary-layer

depth (Jonker et al., 1999) (it is not clear whether
the smaller peak at around 8 km is significant). The
contributions from larger scales (greater than about
8 km) are much more significant for the WVMR and
potential-temperature spectra (Figure 6(b) to (e)). This
contrasts with (Mahrt, 1991), which shows more sig-
nificant mesoscale variations for water vapour than for
temperature. The mesoscale contributions are most pro-
nounced for the Dornier data, where more long flight legs
were available, and for these variables there is a ‘spectral
gap’ (van der Hoven, 1957) at around 6 km separating
the mesoscale contributions from a peak at a scale of
approximately 2 km: the same scale as observed in the
vertical-velocity spectrum (Figure 6b) and (c)). No such
‘spectral gap’ is observed in the power spectra from the

Figure 6. Power spectra of vertical wind, potential temperature and WVMR from the Dornier 128 (a, b, c); and potential temperature and WVMR
from the Cessna (d, e). Log-linear plots mean that the area under a curve is proportional to the variance of the variable. (Linear time variations

in the variables have been removed.)
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Cessna data (Figure 6(d) and (e)). Most of the Cessna
flight was under cirrus cover, and it is possible that this
spectral gap is not observed for the Cessna data because
the cirrus cover inhibited the boundary-layer convection,
which is responsible for the peak at 2 km, and the lack of
cirrus variability led to limited mesoscale boundary-layer
variability.

Figure 7 shows WVMRs from the aircraft (coloured)
on the corresponding 11 µm BT Meteosat images (grey
scale, with darker areas showing lower BTs from cir-
rus cover). Figure 7 suggests that after 10:45 UTC the
WVMRs observed by the aircraft in the boundary layer
were related to the cirrus cover, with lower infrared BTs
correlated with a drier boundary layer. This is shown
more quantitatively in Figure 8. Figure 7 shows that
some areas were visited twice, and the changes observed
in time were related to the cirrus cover (for example,
50 km west of Chilbolton at 11:15 and 12:15 UTC). This
shows that the drier boundary layer under the cirrus is not
a coincidence, with the aircraft happening to have mea-
sured an already-dry region while it was under the cirrus.
No relationships were found between orography and these
observations of moisture in the boundary layer.

The relationships between the Dornier 128 aircraft
observations and the cirrus cover are shown in Figures 8

and 9. All the correlations between boundary-layer prop-
erties observed from the Cessna aircraft and the cirrus
cover were less clear, since almost the whole of the
Cessna flight was affected by moderate cirrus cover;
therefore the Cessna data are not shown. All the data
from level Dornier flight tracks are shown, and data from
before 10:41 UTC and after 10:46 UTC are shown sep-
arately to avoid changes in aircraft altitude affecting the
correlations. The Meteosat data used are the closest data
in space and time to each aircraft observation, with a
parallax correction applied (Marsham et al., 2007).

Figure 8(b) shows that the boundary layer at 510 m
was drier under the cirrus cloud; this is clearest for
Meteosat 11 µm BTs less than 250 K, and so is not
evident when the aircraft was flying at 420 m and
was under more moderate cirrus cover (Figure 8(a)).
Figure 9(b) shows that at 510 m there was a correlation
between Meteosat 11 µm BT and the standard deviation
in the vertical wind (calculated over 50 s), which shows
decreased turbulence in the boundary layer under the
cirrus cover. This is consistent with the suppression
of boundary-layer turbulence by cirrus shading inferred
from wind-profiler data and LEM simulations (Figures 4
and 5). In addition, the data show that the standard
deviations in WVMR (calculated over 50 s, or about

Figure 7. Meteosat 11 µm infrared BT (grey scale) and WVMR from level Dornier tracks (coloured) at 420 ± 25 m. Cirrus is shown by cold
(dark) 11 µm BTs. The flight track west of Chilbolton (centre of range rings) is from the Dornier 128. Cessna data are shown north of Chilbolton.

Dornier data are from 510 ± 30 m (except those from before 10:41 UTC, which are from 420 ± 25 m). Cessna data are from 700 ± 20 m.

Copyright  2007 Royal Meteorological Society Q. J. R. Meteorol. Soc. 133: 1661–1675 (2007)
DOI: 10.1002/qj



1668 J. H. MARSHAM ET AL.

Figure 7. (Continued).

Figure 8. Bivariate probability density functions of the WVMR from the Dornier aircraft data and the corresponding Meteosat 11 µm BTs. Data
are from (a) before 10:41 UTC at 420 m, and (b) after 10:46 UTC at 510 m.
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Figure 9. As Figure 8, but for the standard deviations in vertical winds (σ(w)).

3.5 km) were also larger under clearer skies, and clear
skies gave lower potential temperatures in the boundary
layer (not shown). There is some evidence of increased
standard deviations in potential temperature in clear skies.

Figure 10 shows the correlation coefficients between
aircraft observations of boundary-layer variables and
Meteosat 11 µm BTs. Correlations are shown for the
Meteosat data closest in time and space to the air-
craft observations, and also for Meteosat data from the
same locations at times before and after the aircraft
observations (the Meteosat sampling time is 15 min).
This shows that although the standard deviation in the
vertical winds and the coincident 11 µm BTs are cor-
related, the correlation coefficient is higher with the
Meteosat BTs from approximately 30 min earlier: i.e. the
minimum in turbulence at this height lags the mini-
mum in flux, since it takes time for the thermals to
rise from the surface to the aircraft altitude of 510 m
and time for the turbulence to decay (as also seen in
Figures 4 and 5). Standard deviations in WVMRs cor-
relate weakly with Meteosat data from 15 min before
to 15 min after the aircraft observation time. Absolute
values in WVMRs correlate best with Meteosat data
15 min after the aircraft observation time, although the
correlation of Meteosat 11 µm BTs with themselves is
essentially symmetric. Potential temperature has a nega-
tive correlation with the Meteosat data, and this correla-
tion is also observed for Meteosat after the observation
time.

Figure 11(a) shows that for the highest BTs (i.e. clear
skies) the WVMR is correlated with the vertical wind,
with moist updraughts (thermals) and dry downdraughts
(due to air entrained from drier regions above the bound-
ary layer). For the lowest BTs (thick cirrus cover)
these are less correlated, and the magnitudes of the
vertical winds and WVMRs are lower, as already dis-
cussed. In particular, the updraughts are weaker, and
the mean WVMR is 0.82 ± 0.01 g kg−1 lower, for
the cirrus-shaded data, not just because the updraughts
here are drier, but because the downdraughts are as
well.

There is no clear trend in potential temperature with
vertical wind for regions with thick cirrus shading
(Figure 11(b)), whereas in clear skies strong updraughts

Figure 10. Lagged correlations between Meteosat 11 µm BTs and
Dornier data after 10:46 UTC, as well as between Meteosat data from
different times. Correlations between the Meteosat data closest to the
aircraft locations from before (negative) and after (positive) the Dornier

aircraft observation times are shown.

(thermals) and downdraughts (entrained air) have higher
potential temperatures than regions with lower vertical
winds. On average, the regions with thick cirrus shading
were 0.34 ± 0.01 K warmer than the regions with clear
skies. In clear skies, the variations in WVMR and
potential temperature induced by the updraughts are
about 0.5 g kg−1 and 0.2 K respectively. These variations
are smaller than the mean perturbations associated with
the cirrus cover (0.8 g kg−1 and 0.3 K), and smaller
then the variability in WVMRs observed within the
boundary layer before the arrival of the cirrus anvils
(about 2 g kg−1). This is consistent with Figure 6(b) and
(c), showing that mesoscale variability dominates the
variance of these variables.

The probability density functions of WVMR
(Figure 12(a)) show longer tails in the distribution for the
clear skies, due to active moist thermals and dry entrained
air. The probability density function of potential temper-
ature is also broader for clear skies (Figure 12(b)), and
there are more strong updraughts in clear-sky regions
(Figure 12(c)). Figure 12(c) also shows that there are
few strong updraughts, with more numerous but weaker
downdraughts. This is consistent with (Couvreux et al.,
2005).
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Figure 11. Boundary-layer values from level Dornier tracks at 510 m (after 10:46 UTC). Black lines show data for the coldest 25% of the
corresponding Meteosat 11 µm BTs (thick cirrus); grey lines are for the warmest 25% of the Meteosat 11 µm BTs (clear skies). (a) Bivariate
probability density function of vertical wind and WVMR. Straight lines show the least-squares fits. (b) Mean potential temperature as a function

of vertical wind (standard errors on the means are less than 0.04 K).

Figure 12. Univariate probability density functions of (a) WVMR, (b) potential temperature, and (c) vertical velocity, from the level Dornier
tracks at 510 m (from 10:46 to 12:38 UTC). Solid lines show the densities for the warmest 25% of the Meteosat 11 µm BTs (clear skies); dashed

lines show the densities for the coldest 25% of the Meteosat 11 µm BTs (cirrus).

3. Mechanisms controlling boundary-layer
variables

3.1. Control of variables at mid-levels in the boundary
layer by cirrus shading

The observations show correlations between boundary-
layer properties and cirrus cover (Section 2.2). In par-
ticular, the boundary layer is warmer and drier under the
cirrus cloud than under clear skies. The wind speeds at the
cirrus altitude were much larger than within the bound-
ary layer (15 ms−1 compared with 5 ms−1) (Marsham
et al., 2007, Figure 8), so advection of any pre-existing
features with the cirrus would not be expected to lead
to such correlations. Instead, three effects of the cirrus

shading will be investigated. The effects on the boundary-
layer heat and moisture budgets are discussed first; then
the effects of the circulations induced by the cirrus; and
finally the effects of shading on entrainment at the top of
the boundary layer and the creation of an internal layer
are examined.

Cirrus shading had a significant effect on surface
fluxes, and so on boundary-layer development. Figure 13
shows results from an LEM simulation using a moving
cold surface-flux anomaly (as described for NEG2D runs
in (Marsham et al., 2007, Table 1)). The boundary layer
ahead of the cold anomaly has not yet been affected
by the anomaly, so at the aircraft altitude of 500 m
it is warmer and drier. The boundary layer behind the
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Figure 13. Results from a two-dimensional LEM simulation with a moving cold surface anomaly (reducing surface fluxes by a factor of four,
with dotted and dashed vertical lines showing its initial and final positions). (a) Potential temperature (contoured) and WVMR (grey-scaled).
(b) Potential temperature (dash-dotted line) and WVMR (solid line) at 500 m (approximately the altitude of aircraft flights during IOP 5). Both

plots have been box-car-smoothed using a 3 km window.

anomaly has had less heat added to it, and the balance
of surface fluxes and entrainment has led to a cooler,
moister boundary layer here. Directly under the cirrus,
the boundary layer is between these two extremes. This
warmer, drier boundary layer under and ahead of the
cirrus is consistent with the lagged correlations shown
in Figure 10.

(Marsham et al., 2007, Figure 16) shows a subsi-
dence rate of approximately 0.01 ms−1, occurring over
an area approximately 50 km wide at the rear edge of
the cirrus. This corresponds to a subsidence of 36 m
in one hour (the anvils were moving at approximately
50 km/h). Where the aircraft flight level was near the top
of the boundary layer, this could have led to a warm-
ing and drying. Radiosondes showed potential tempera-
ture increasing by approximately 0.003 Km−1 above the
boundary layer. Therefore, 36 m corresponds to approx-
imately 0.1 K, comparable with the observed differ-
ence of 0.3 K between the mean potential temperature
observed in the boundary layer under thick cirrus and
under clear skies. Furthermore, radiosonde observations
from Bath (Figure 2(d)) are consistent with this process.
At Bath – the radiosonde site with the thickest cirrus
cover – the boundary-layer depth decreased from 11:00
to 13:00 UTC. This resulted in higher potential temper-
atures and lower WVMRs at 500 m at the rear edge of
the cirrus (where subsidence is expected to be at its max-
imum, (Marsham et al., 2007, Figure 16)). Wind-profiler
data (Figure 4) are also consistent with a minimum in
boundary-layer depth at the rear edge of the cirrus anvil.

Observations (Figures 4 and 10) show that the mini-
mum in turbulence at 500 m lagged the maximum cir-
rus shading by approximately 30 min. This gives a time
delay in the response of the entrainment flux to the
surface fluxes. LEM simulations were used to investigate

this effect (Figure 14). The same high-resolution (50 m
grid spacing) three-dimensional model set-up was used
as described in Section 2, except that in this case the
model was initialized with the 10:00 UTC Chilbolton
radiosonde profile, and different surface fluxes were used
(the relationship between surface sensible and latent heat
fluxes is shown in (Marsham et al., 2007, Figure 5)).
High-resolution three-dimensional runs were used to
ensure that entrainment processes were well resolved.
The first 30 min of these simulations, which show
rapidly-increasing TKE (Figure 14(b)), correspond to the
model spin-up period. After 1 h of high surface fluxes, the
potential temperature increases with height above approx-
imately 600 m (Figure 14(a)), although the TKE and the
time-development of the mean potential-temperature pro-
file show that buoyant thermals (originating from the
super-adiabatic surface layer) are causing mixing up to at
least 800 m (Figure 14(b)). When, after 1 h, the surface
fluxes have decreased to a small but positive value, a sta-
ble internal layer forms. Entrainment continues at the top
of the boundary layer (at about 600 m), increasing the
potential temperatures there (Figure 14(c)). This results
in the potential temperature increasing with height within
the boundary layer (seen at 1.25 h in Figure 14(a), (b) and
(c)). Such stable internal layers are also seen within the
boundary layer at Larkhill and Chilbolton at 12:00 UTC,
when cirrus cover was maximum (Figure 2(a) and (c)).
When surface heat fluxes are increased after 1.5 h, the
warm moist thermals take some time to break through
the stratification (Figure 14(c)). However, Figure 14(d)
shows that if the surface fluxes are not reduced after
1 h (corresponding to no cirrus shading), one obtains
a warmer, drier boundary layer under clear skies than
under the cirrus cover. Therefore, the LEM simulations
show that this trapping of moist thermals and entrainment
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Figure 14. (a, b, c) Time series of potential-temperature profiles (solid lines), and grey-scaled (a) mean profiles of WVMR, (b) TKE profiles,
and (c) heating rate (dotted line shows zero contour), for LEM simulations initialized with the 10:00 UTC Chilbolton radiosonde profile.
Surface-sensible-heat fluxes (white lines) are decreased for 30 min after 1 h of simulation. The latent-heat flux increases linearly with the
sensible-heat flux, but is positive for a zero sensible flux (Marsham et al., 2007). (d) Potential temperature (contoured) and WVMR (grey-scaled,
dotted line shows zero contour) differences between a run where the heat fluxes were not decreased after 1 h (dashed white line) and the standard

run (with heat fluxes decreased after 1 h, solid white line).

drying of the boundary layer is not expected to have led to
the warmer, drier boundary layer under the cirrus cloud.

In summary, two mechanisms led to the observed dry-
ing under the cirrus. Firstly, cirrus shading led to a bound-
ary layer that was cooler and moister behind the cirrus
than ahead of and under the cirrus cover (Figures 10
and 13). Secondly, circulations induced by the moving
cloud cover gave subsidence at the rear edge of the
anvil, leading to warmer, drier air at the aircraft altitude
(Figure 2(d), and (Marsham et al., 2007, Figure 16)). In
addition, observations and LEM simulations show that
the time lag in entrainment compared with surface fluxes
stratified the boundary layer under the cirrus, and this
stratification may have trapped warm, moist thermals in
an internal layer, but this process did not contribute to the
warmer, drier boundary layer observed under the cirrus
cloud.

3.2. Pre-existing variations in boundary-layer moisture

The effects of cirrus shading on the boundary layer raise
the question of whether the variations in cirrus shading
could have led to the lack of drying in the boundary layer
observed at Reading from 10:00 UTC, compared with the
other radiosonde sites (Figure 2). Figure 15 shows results
from LEM simulations initialized with the 9:00 UTC
Chilbolton or Reading radiosonde profiles and forced

with surface fluxes calculated from Meteosat 11 µm BTs
from Chilbolton or Reading (Marsham et al., 2007). The
clearest effect seen in Figure 15 is from the differences
between the initially-weaker lid at Reading and the
initially-stronger lid at Chilbolton. The thinner cirrus
cover at Reading gives larger surface fluxes, which allow
a deeper boundary layer to develop, but the boundary
layer is drier than if the fluxes from Chilbolton are used.
This suggests that the lack of drying observed at Reading
was not related to the differences in cirrus cover.

Retrievals of column-integrated WVMR from Global-
Positioning-System (GPS) data (Bevis et al., 1992) show
that at 9:00 UTC the atmosphere northeast of Chilbolton
held more water vapour than that to the west of
Chilbolton (Figure 16). At 9:00 UTC, 14% of the vari-
ance in the column-integrated WVMRs from radioson-
des was due to differences above 800 m (approximately
the top of the boundary layer). So although the GPS
retrievals are of total-column water vapour, we expect
the variability to be dominated by boundary-layer varia-
tions. The southwest-to-northeast gradient shown by the
GPS retrievals is consistent with the radiosonde obser-
vations of a wetter boundary layer at Reading compared
with the other radiosonde sites (Figure 2), the differences
of around 1.5 kg m−2 between Reading and Bath corre-
sponding to a difference of 1.9 g kg−1 over the boundary
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Figure 15. As Figure 14(a), but for simulations initialized with the 9:00 UTC Chilbolton profile (left) or the Reading 9:00 UTC profile (right),
and forced with surface fluxes estimated from 11 µm Meteosat BTs from Chilbolton (top) or Reading (bottom).

layer compared with the 1.7 g kg−1 shown by radioson-
des. This gradient in column-integrated WVMRs was
present from 08:30 UTC (before the arrival of the cir-
rus anvils) until at least 14:00 UTC, and so was clearly
not a result of the cirrus cover (we do not expect the
variations induced by the cirrus shading to be detectable
in the GPS retrievals, because of the limited data reso-
lution and the vertical integration of the WVMRs). This
spatial variation in boundary-layer moisture was perhaps
due instead to a different Bowen ratio at Reading, or to
the dissipating low-level stratiform cloud observed there
(Figure 1).

4. Conclusions

Aircraft observations of the boundary layer from CSIP
IOP 5 show that cirrus shading led to reduced WVMRs
and increased potential temperatures at around 500 m in
the boundary layer: at 500 m the boundary layer was
0.8 g kg−1 drier and 0.3 K warmer than under clear skies.
In addition, there were fewer strong moist updraughts
observed under the cirrus cover. These effects would have
inhibited the development of convective clouds under
the cirrus, and so are consistent with the conclusions of
(Marsham et al., 2007).

The occurrence of warmer, drier air under the cirrus
is understood to have been caused by a combination
of two mechanisms. First, the shading led to a less-
developed boundary layer in shaded areas. Secondly,
circulations induced by the moving cloud cover gave

Figure 16. Column-integrated WVMRs retrieved from GPS data
(kg m−2) at 09:00 UTC. The locations of individual retrievals are
shown by crosses, and these have been interpolated to give the
grey-shaded field. This interpolation should be used as a guideline only,
especially in data-sparse areas, and is not valid near the southern edge
of the domain, because of the absence of observations over the sea. The
locations of the Bath, Larkhill, Chilbolton and Reading radiosonde sites

are shown by the letters ‘B’, ‘L’, ‘C’ and ‘R’, respectively.

subsidence at the rear edge of the anvil. LEM simula-
tions show that the first effect is expected to lead to a
warmer, drier boundary layer ahead of the cirrus and a
colder, drier boundary layer behind (Figure 13). This is
consistent with correlations between boundary-layer vari-
ables observed from aircraft and time-lagged Meteosat
observations (Figure 10). We showed in the first part of
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this study (Marsham et al., 2007, Figure 16) that sub-
sidence at the top of the boundary layer is expected
to have been maximum at the rear edge of the cirrus
anvils. This is consistent with radiosonde observations
from Bath (Figure 2(d)), which had the lowest 11 µm
BTs of all the radiosonde sites, and also with wind-
profiler observations of boundary-layer depth (Figure 4).
The subsidence is expected to have led to a warming of a
magnitude consistent with the differences observed. This
paper therefore provides (as far as the authors are aware)
the first published observational evidence of mesoscale
circulations induced by rapidly-moving (approximately
15 ms−1) areas of cloud cover of limited spatial extent
(approximately 50 km diameter), although this evidence
is rather indirect. Marsham et al. (2007) suggested that
these circulations were significant for convective initia-
tion.

Cirrus shading reduced surface fluxes (Marsham et al.,
2007, Section 3), and effects on boundary-layer turbu-
lence were observed using aircraft data and a 1290 MHz
wind profiler. Both show that the turbulence minimum in
the boundary layer lagged the surface flux minimum by
30–45 min. This is supported by high-resolution (50 m
horizontal grid spacing) three-dimensional LEM simu-
lations. This led to the persistence of entrainment at
the top of the boundary layer after the onset of cirrus
cover, which stabilized the previously well-mixed bound-
ary layer (Figure 2(a) and (c) and Figure 14).

Aircraft observations of vertical velocities are dom-
inated by variability on scales comparable to the
boundary-layer depth, as expected. These scales can
be seen in power spectra of potential temperature and
WVMR, although for these variables mesoscale varia-
tions are comparable or dominant. Interestingly, a spectral
gap is observed at around 6 km between the mesoscale
and the boundary-layer-scale contributions to these power
spectra in data from the aircraft that flew under both
thick cirrus and clear skies, but not from the other air-
craft, which flew only under moderate cirrus cover. It is
possible that this moderate cirrus cover suppressed the
boundary-layer convection, and the lack of cirrus vari-
ability reduced mesoscale variability, making this spectral
gap less clear.

Variations in boundary-layer moisture that pre-dated
the effects of the cirrus have been shown to be significant
for convection in LEM simulations, as well as in terms
of CAPE and CIN. These variations had a maximum
magnitude similar to the variations induced by the cirrus
cover (about 2 g kg−1). The boundary layer at Reading
was initially moister than at the other radiosonde sites,
and this moist boundary layer was maintained, unlike at
the other sites. This moister boundary layer at Reading
is detectable in retrievals of column-integrated WVMR
from GPS data. LEM simulations show that the lack of
drying at Reading was not due to variations in cirrus
shading, but perhaps due to spatial variations in the
Bowen ratio, or the dissipating low stratiform cloud
observed at Reading. In addition, the initially-weaker
lid at Reading allowed much more rapid boundary-layer

growth at this site, showing the importance for NWP of
capturing the initial spatial variability of this lid.

The fact that temperature and moisture variations were
dominated by the mesoscale is perhaps encouraging for
NWP, since these larger-scale variations can be resolved
well by NWP models, unlike the variations on the
scale of the boundary layer. The variations in boundary-
layer WVMRs that pre-dated the arrival of the cirrus
are detectable in retrievals of column-integrated WVMR
from GPS data, highlighting the potential for assimilation
of these data. However, this paper shows that much of
this mesoscale variability was caused by shading from
cirrus anvils. Representing these cirrus-shading effects is
a challenge for forecasting and data assimilation, since
NWP models do not resolve shallow internal layers well
and it difficult to predict the details of the cirrus anvils
produced by convective storms.
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