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Fog creeps into the Clun valley at Duffryn.
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In the low (up to 10 0 m) hills and narrow
(1–3 km wide) valleys of Shropshire, atmospheric
conditions—including cold-air pooling and fog—can
range widely over such short distances that they
escape the attention of numerical forecast models.

L

arge variations in near-surface temperature associated with stable
nighttime conditions are known to occur over complex terrain.
These variations are often associated with adverse economic and
safety impacts. For example, pooling of cold air in a valley may lead to
localized ice on roads, even when most roads in the region are above
freezing, which is hazardous if not treated. Localized frosts can also
have a significant impact on agriculture through damage to crops.
Furthermore, lower temperatures will increase relative humidity and
enhance fog formation in many valley locations, with impacts on road
safety and aviation. Cold pooling may also lead to trapping of pollutants, with resulting health implications. In addition to these local
effects on temperature and fog formation, the mixing and transport
processes occurring in complex terrain can impact the larger-scale
flow and so there is a need to correctly parameterize these processes in
coarse-resolution weather forecasting and climate models. Such errors
may be responsible for observed cold biases over complex terrain in
some models (Sheridan et al. 2010). The large observed temperature
variations in cold pools mean that 
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changes in the frequency and magnitude of cold-air
pooling during a period of changing climate could
potentially alter climate statistics for that region
(Daly et al. 2010).
In spite of the strong motivation to be able to provide accurate predictions of local conditions in such
regions, the problem remains hugely challenging.
In part, this is because current numerical weather
prediction (NWP) models, which form the cornerstone of most modern forecasting systems, usually
do not have sufficiently fine grid spacing to be able
to represent the crucial local topographic variations.
In moderate-scale valleys, these variations may be on
horizontal scales of hundreds of meters, whereas even
the most advanced operational NWP models may
have resolutions of 1–2 km at best. In addition, there
also remain significant uncertainties surrounding
the key processes involved. Even in the absence of
significant surface heterogeneity, surface and nearsurface temperatures in light-wind stable conditions
are strongly sensitive to the details of the surface
energy balance and in particular to the strength of
turbulent mixing. In a region of hills, the situation is
further complicated by topography where we often see
cold-air pools in valleys and warmer air over the hilltops. In mountainous regions, the presence of cold-air
pools in valleys has often been attributed to the nocturnal drainage of cold-air down valley sides (“drainage currents”; e.g., Rotach et al. 2008). However, a
further mechanism that is thought to be important
for smaller-scale valleys such as the ones studied
during COLPEX involves sheltering of the valleys
by the surrounding hills. This produces low levels of
turbulence in the valleys allowing radiative cooling to
create a local pool of cold air there. In regions that are
not sheltered (e.g., the hilltops), turbulence continues
for longer into the night, offsetting and reducing the
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Fig . 1. Map of the United Kingdom showing the experimental region on the border between Wales and
England and the nesting of the Met Office 1.5-kmresolution model. Inset is the orography in the model
domain; the innermost square has horizontal resolution of 100 m; in the next square, resolution varies continuously up to 1.5 km at the next square boundary.

effect of radiative cooling and keeping temperatures
there warmer. There is some evidence from observations (Gustavsson and Bogren 1995) and idealized
modeling (Vosper and Brown 2008) to support this
mechanism. Quantifying the relative importance of
these different sources of cold air in regions of small
hills remains a significant challenge for numerical
modeling (e.g., Vosper and Brown 2008).
Previous observational and modeling studies of
the stable boundary layer over complex terrain have
usually focused on regions with large-scale orography: for example, the Mesoscale Alpine Programme
(MAP) Riviera project (Rotach et al. 2004, 2008)
and the Vertical Transport and Mixing (VTMX)
experiment (Doran et al. 2002). Smith et al. (2010)
compared model results against observations on
scales of approximately 50 km. The recent Meteor
Crater Experiment (METCRAX; Whiteman et al.
2008) studied pooling in a meteor crater that is more
comparable in scale to the valleys we are interested
in, but the confined bowl geometry (and very dry
climate) makes it quite different to many typical midlatitude valleys. Therefore, to gain more information
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coarser-resolution operational models and refine
downscaling techniques to forecast small-scale
variability in near-surface temperatures.
• Study the formation of fog in cold pools.
• Examine and improve the performance of highresolution models simulating fog.
In this study, a distinction is made between
local and nonlocal processes, with the intention to
primarily study the former. The term “drainage flow”
is used to describe local winds forming within a valley
system, whereas nonlocal drainage winds entering the
valley will be referred to as gravity currents.

Fig. 2. Map of the experimental area showing locations
of weather stations. The area depicted is 18 km (west to
east) by 13 km (north to south) and oriented north upward along the y axis. Main sites are marked by letter: D
for Duffryn, S for Springhill, and B for Burfield. Circles
denote approximate locations of HOBO weather stations and diamonds denote approximate locations of
University of Leeds automatic weather stations. Sv
marks the Springhill valley site and W marks the Weals
House. Contours and colors are altitude above mean
sea level (meters).

about such regions we have designed and carried out
the Cold-Air Pooling Experiment (COLPEX). The
campaign has both a field experiment and a modeling
component, with the former providing a framework
and dataset for the latter. The experimental phase ran
between January 2009 and April 2010. The main aims
of COLPEX can be summarized as follows:
• Collect a large dataset with good
spatial coverage representative
of conditions in a region of small
hills, over a seasonal time scale
(15 months).
• Analyze data on both seasonal
and case-study time scales.
• Elucidate the main mechanisms
responsible for formation of
cold-air pools in this type of
orography.
• Examine and improve the performance of high-resolution numerical model simulation of cold
pools.
• Improve the representation of
small-scale cold-pool processes in
AMERICAN METEOROLOGICAL SOCIETY

LOCATION, INSTRUMENTATION, AND
SETUP. COLPEX was located in a region of small
hills on the border between England and Wales in
the central United Kingdom, centered on 52°25΄56˝N,
3°08΄42˝W (see Fig. 1). Typical valley widths (peak to
peak) are on the order of 1–3 km, and ridge to floor
heights are 75–150 m. The instrumentation deployed
during COLPEX falls into two categories: that deployed at three main sites and other equipment in a
series of small satellite stations surrounding the main
sites. The aim of this configuration was to obtain
detailed information at three important locations in
the region, with the surrounding stations providing
less detailed observations, which could place those
made at the main sites into a wider context. Figure 2
shows a map of the region with the locations of the
weather stations. Figure 3 displays a photograph of the
main Clun Valley (containing Duffryn). It can be seen
that land coverage is mostly pasture and hedgerows,
with some woodland (<10%). The Burfield valley to
the south is more open, with fewer hedges and trees.

Fig . 3. View of the Clun valley taken from the ridge to its south
approximately 1.5 km west of Springhill, looking northeastward. The
Springhill cross section is in the middle ground (see text).
DECember 2011
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The three main sites were chosen to examine conditions in the larger, relatively deep and narrow valley
(Duffryn); the second shallower, bowl-shaped valley
(Burfield); and a ridge top (Springhill). The valleys
were located next to each other separated by the
ridge-top site at Springhill. This allowed a detailed
comparison of cold pooling and fog formation in the
two different topologies of valley and the ridge-top
conditions for each. A characteristic of the two valleys is that neither has a large upstream catchment;
for Duffryn, it is approximately 5.5 km to the valley
head, and the bowl at Burfield is effectively the valley
head. The surrounding land rises to narrow ridges so
that there are no large upland areas that can drain
into these valleys. This means that (in the absence
of synoptic-scale influences) conditions measured
in them will be of local origin, which will better allow us to understand the role of local processes in
cold-air pooling. The instrumentation deployed at
the three main sites is detailed in Table 1. Much of
this was based around a main tower deployed at each
site (50 m high at Duffryn and 30 m at Springhill and
Burfield). Duffryn and Springhill were powered from
mains electricity supply (grid power), and the site at

Burfield was powered via an autonomous (off grid)
supply developed by the Met Office. This consisted of
a bank of 12-volt lead acid batteries (600 amp hours)
charged by a combination of solar panels and a wind
generator to supply a continuous 3.5–4.0 amps at
12 volts. When the power from these is insufficient, a
propane generator automatically cuts in to charge the
batteries (taking approximately 6 h). A photograph of
the main site at Duffryn is shown in Fig. 4.
Data at the three main sites were collected either
on a DataTaker datalogger for screen level (1.2 m) and
radiation measurements or a Moxa minicomputer for
mast mounted instruments. The latter were logged
at 10-Hz frequency, allowing turbulent fluxes to be
calculated. Internet and mobile phone links were
used to monitor these sites remotely for quality control checks, though retrieval of the full datasets was
performed by hand because of bandwidth and other
limitations with the connections. The measurements
collected at these sites in principle allow the energy
balance to be calculated. The main site at Duffryn
benefited from a Halo Photonics Doppler lidar and
Hatpro microwave radiometer, funded by the Facility
for Ground-based Atmospheric Measurements

Table 1. Summary of equipment deployed at the three main sites during COLPEX, with height or depth
marked.
Duffryn

Springhill

Burfield

50, 25, 10, and 2 m

30 and 10 m

30 and 10 m

50, 25, 10, and 1.2 m

30, 10, and 1.2 m

30, 10, and 1.2 m

Yes

Yes

Yes

50, 25, 10,* and 1.2 m

30, 10, and 1.2 m

30, 10, and 1.2 m

Soil temperature and heat flux plate
(Hukseflux HFP01-sc)

3-cm depth

3-cm depth

3-cm depth

Visibility (Biral HSSVPF-730 present
weather sensor)

2m

2m

—

Radiation Kipp & Zonenen CG4,
CM21, and CNR2 net

2 m: longwave up (LWUP),
longwave down (LWDN),
shortwave up (SWUP), and
shortwave down (SWDN) 50 m: net
longwave (LW) and
net shortwave (SW)

2 m: LWUP, LWDN,
SWUP, and SWDN

2 m: LWUP, LWDN,
SWUP, and SWDN

Other instrumentation

Pressure, soil moisture,
Halo Photonics Doppler lidar, and
Hatpro RPG microwave radiometer

Deployed during IOP

Radiosondes,
TSI AM510 aerosol monitor (3 m),
TSI CPC3007 particle counter (3 m),
DMT cloud droplet probe (2 m)

Radiosondes**

Radiosondes**

Wind (Gill HS50 sonic anemometers)
Temperature (platinum resistance)
Infrared canopy temperature
(Heitronics KT15–2)
Humidity (Humicap)

* Also includes a Licor Li7500 at 10 m.
** At one site or the other only.
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(FGAM) within the National Centre for Atmospheric
Science (NCAS).
The surrounding station instrumentation was of
two types: 10 stations were designed and built by the
University of Leeds, which included sensors for wind
(at 2 m), pressure, temperature, relative humidity
(1.5 m), and soil temperature (3-cm depth). Power was
supplied from solar panels. The wind measurement is
made with a Gill Instruments 2D sonic anemometer,
which gives good performance in low wind speeds. A
further 21 stations were HOBO dataloggers (Onsett
Computing, Inc.) with temperature and humidity
measurements made at between 1.2 and 2.5 m (some
sensors had to be placed out of reach of livestock).
One station also included wind and pressure measurement. A number of HOBO stations were set
out in lines aimed at giving a crude cross section
of data through three sections of the main valley.
These were the Weals House (between Duffryn and
Anchor), Duffryn, and Springhill cross sections (see
Fig. 2). The rest of the stations were spread around
to give a representative sample of conditions in the
locality. Data from these devices were stored locally

Fig . 4. The 10-m and 50-m masts at Upper Duffryn
main site.
AMERICAN METEOROLOGICAL SOCIETY

on their dataloggers and collected by hand approximately every 6 weeks. Figure 5 shows a typical HOBO
installation.
Additional instrumentation was deployed for intensive observation periods (IOPs), as listed in Table 1.
This included two radiosonde stations: one of which
operated from Duffryn and the other operated from
either Springhill or Burfield. Typically 8–10 radiosondes were launched from each site during a night to
morning period at intervals between 1 and 1½ h.
INITIAL RESULTS. Climatology for the period.
The climatological conditions experienced during
the COLPEX campaign consisted of a warmer but
wetter than average summer and a colder than average winter. Summer conditions resulted in fewer clear
radiation nights than usual, which are the periods of
most interest for cold-pool formation. Despite this, 10
IOPs were conducted by autumn. The winter period
started cold and wet and continued cold with snow.
The amounts of snowfall were much larger than usual
for the area (indeed, this was the case over much of

Fig. 5. Putting the final touches to a HOBO installation
before getting a soaking!
DECember 2011
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Fig. 6. Potential temperature profiles from radiosonde
data at Duffryn (solid lines) and Springhill (dashed
lines) for 9 Sep 2009. Heights are above ground level
at Duffryn. The level of the Springhill site is marked
by the horizontal line at 160 m.

the country) and caused significant logistical problems maintaining equipment, as well as reducing the
number of IOPs conducted over the winter months.
In particular, the Burfield site
was effectively cut off for several
weeks over the Christmas and
New Year period, which unfortunately resulted in episodic loss of
data. A further seven IOPs were
conducted over the winter and
spring period.
Intensive observation periods.
Two IOPs are presented here as
examples of the data collected
during COLPEX. Some data from
the weather station network for
January 2010 are also presented.
The first case study occurred on
9–10 September 2009 and was
characterized by a late-summer
high pressure system with light
winds and some cumulus cloud
during the daytime. This was followed by a clear night, allowing
radiative cooling to dominate
the boundary layer evolution.
The second case study occurred
on 16–17 September, which was
also characterized by high pressure and light winds but with
significant amounts of stratocumulus cloud, which prevented a
significant stable boundary layer
1642 |

forming. The second case is presented as a contrast
to the first.
Figure 6 shows potential temperature profiles for
9 September 2009 measured by radiosondes released
at the Duffryn valley and Springhill ridge-top sites.
The cooling rates and vertical stability structure are
evident in this plot. Note the early cooling while the
atmosphere was still adiabatic (profiles to 1810 UTC)
appears to be caused by a larger-scale advection. Later
profiles show the characteristic structure of stable
boundary layer development. However, note that
the inversion at Springhill is significantly weaker
and shallower than that at Duffryn and that profiles
from the two sites are very similar from about 40 m
above the Springhill site. Also notable, particularly at
Duffryn, is the very linear profile next to the ground
and sharp discontinuity in stability at its top (marked
with a small arrow for the 2303 UTC ascent). It is
possible that this feature may be connected with
the cold-pooling process, although it is noted that
similar profiles are sometimes seen at sites with much
flatter orography where limited cold pooling might be

Fig. 7. Temperature evolution at the three main sites for 9–10 Sep 2009.
Lines are at the following levels: black is 1.2 m, red is 10 m, green is
25 m (Duffryn) and 30 m (Burfield and Springhill), dark blue is 50 m,
and light blue is infrared surface measurement.
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expected (see, e.g., Edwards et al.
2006), and therefore their origin
is presently uncertain.
Fig u re 7 shows temperature evolution from the mast
mounted sensors at the three
main sites for 9–10 September
2009. Figure 8 shows the same
plot but for 16–17 September. In
these plots, a judgment of stability
can be made by considering the
distance between the individual
temperature traces. Comparing
the two diagrams illustrates the
very different structure seen on
radiation nights, compared to
cloudy ones. For 9 September,
there is a marked transition
during early evening (around
1600–1700 UTC) from unstable
or neutral conditions to stable,
because the temperatures cool
relatively quickly and diverge at
the different levels. The effect is
greatest at the main site in the
Duffryn valley and least on the
ridge top at Springhill. At the
Fig. 8. As in Fig. 5, but for 16–17 Sep 2009.
former, the temperature inversion is strong and deep, extending
above 50 m (see Fig. 6). At Springhill, the inversion whereas on 16 September it was only 1.9°C h–1. Note
is shallow and weak, not extending significantly that the variation in surface temperature during the
above 10 m. Note that, after the initial rapid cooling, day on these days is caused by the partially cloudy
temperatures remained relatively stable with only a skies present then.
little further cooling. The minimal stable boundary
Figure 9 shows the sensible heat fluxes measured
layer seen on the hilltop is interesting and may be due with mast mounted sonic anemometers. These show
to the higher levels of turbulence maintained there. the normal evolution of positive fluxes during the day,
However, another mechanism that would act to limit which reverse at the transition and reach a negative
the stable conditions on the hilltops is if air there maximum some 2–4 h later and then tend toward zero
drains slowly away into the valleys, preventing the as levels of turbulence decreased in the increasingly
buildup of a deep inversion. The different stabilities in stable surface layer. This happens first at Duffryn,
the two valleys are also interesting: Despite its valley where stability increases quickest and becomes
location, the Burfield site temperature structure ap- greatest. The higher fluxes seen at Burfield may be
pears more similar to the hilltop conditions for this the reason why the cold pool there remained warmer
night, and the inversion there appears weak. This may and less stable than at Duffryn (Fig. 7). Note that, on
indicate that the Burfield site was less sheltered than the ridge top at Springhill, fluxes remain negative
the Duffryn site.
until the morning transition (0700 UTC 9 SeptemIn contrast, Fig. 8 shows a much less marked tran- ber). Also note there that, at 30 m, where conditions
sition during the evening. In fact only the surface to are near neutral (see Fig. 6), there was no significant
screen level shows a significant inversion. The other negative peak after the evening transition. Values of
levels show a lapse rate close to adiabatic. Cooling vertical velocity variance (not shown) showed that
rates during the early period are also reduced. For turbulence levels at 10 and 30 m remained signifiexample, the maximum cooling rate at screen level cantly higher at Springhill throughout the night than
(1.2 m) for Duffryn on 9 September was 4.2°C h–1, at the other two sites. Figure 10 is similar to Fig. 9, but
AMERICAN METEOROLOGICAL SOCIETY
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For both valleys, there is a clear
peak near the adiabatic lapse rate
(small negative values), indicating
nights dominated by well-mixed
conditions. However, temperature inversions occur on most
nights, with strong inversions
≥ 4°C between the hilltop and
valley recorded on 25% of nights
for Duffryn and 15% for Burfield
and very strong inversions ≥ 6°C
on 6% of nights for Duffryn and
3% of nights for Burfield. The
smaller numbers for Burfield may
reflect the smaller height difference with respect to Springhill
but also that the site is less sheltered than Duffryn and thus experiences more turbulent heating
as discussed above. Figure 11 is
indicative of the degree of subgrid-scale variability that is likely
to go unrepresented in a forecast
over terrain of this kind. Previous
work by Sheridan et al. (2010)
showed that a simple extrapolation technique based on altitude
Fig. 9. Sensible heat fluxes for 9–10 Sep 2009. Lines are at the followtogether with an estimate of lapse
ing levels: black is 2 m, red is 10 m, green is 25 m (Duffryn) and 30 m
(Burfield and Springhill), and dark blue is 50 m.
rate could be used to predict
subgrid variations. Their scheme,
for 16–17 September. Heat fluxes still go negative at however, does not account for valley flow processes
the transition and show a negative peak shortly after such as sheltering by surrounding terrain, which are
(though rather indistinct), but values are approxi- expected to be active in generating the cold extremes
mately half of those seen on 9–10 September. Note seen in these small valleys. As a consequence, many
also that fluxes at all sites remain significantly below of the lapse rates indicated by Fig. 11 are considerably
zero until the morning transition. Analysis of verti- more stable than those typically used in the extrapocal velocity variance (not shown) was consistent with lation technique described above. The valley flow
this result, indicating that turbulence levels remained dynamics revealed by COLPEX will form the basis
higher throughout the night on 16–17 September.
for development of more advanced techniques.
To demonstrate the magnitude and frequency
of small-scale variations in near-surface tempera- Weather station network. Next, a sample of results from
ture experienced in the COLPEX region during the the network of small weather stations deployed in
experiment, a bar chart depicting the frequency of the COLEPX region is presented. This dataset allows
different sized deviations of screen temperatures at the spatial distribution of cold pools to be examined.
the valley mast sites (Duffryn and Burfield) from a Figure 12 shows time series of stations from the main
reference given by the 30-m temperature at Springhill valley floor at various positions along its length, for
is shown in Fig. 11. The coldest (relative to Springhill) a few days during January 2010. This month was
overnight valley temperature was used in order to cloudier than the seasonal average for this time of
emphasize the peak intensity of any cold pool. Here, year, and stable boundary layers formed on less than
“overnight” indicates 24 h centered on 0000 UTC; half the nights, but it was also colder so that when
only periods where more than 50% of data were stable boundary layers formed they were often very
flagged with suitable data quality were used, totaling cold. Figure 12 shows a period when the coldest tem274 nights for Burfield and 263 nights for Duffryn. peratures were recorded during COLPEX, on 7 and
1644 |
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Fig. 10. As in Fig. 7, but for 16–17 Sep 2009.

8 September, when temperatures reached −18.4°C. The
colder negative spikes illustrate the formation of the
stable boundary layers and cold pools. Note that the
trace for Clun Castle (red) is consistently the coldest
on these nights and that the trace for Anchor (black) is
the warmest on stable nights. The site near Clun Castle
is the lowest elevation and farthest down the valley,
whereas Anchor is at the highest elevation at the top of
the valley (almost level with the surrounding hilltops).
The two other sites are between these, with the green
trace being the farthest down the valley and generally
showing colder temperatures on stable nights than the
blue trace farther up the valley (see Fig. 2 for locations).
Thus, the results for stable nights consistently show
increasingly colder temperatures as one travels down

the valley. This is consistent with
cold pooling via a slow drainage flow, which remains in near
equilibrium with the radiative
cooling, but not necessarily with
a cold gravity current, which one
might expect to warm adiabatically as it moved down the valley
(see later discussion in the summary). Also interesting in this
plot is the night of 8–9 January
2010. Here, we see that a cold pool
started forming early on 8 January
but rapidly disappeared around
midnight and then reappeared
in the early hours of 9 January.
The interlude of near-neutral
conditions between approximately 2000 UTC 8 January and
0500 UTC 9 January was caused
by the appearance of a layer of
stratus. The rapid change in conditions seen at the surface is quite
striking, and the rapid return to
stable conditions when the cloud
partially cleared after 0500 UTC
is also surprising. It can also be
noted from Fig. 12 that, for generally cloudy conditions, including
the period from 10 January onward, no cold pool
forms, and we see the opposite temperature structure,
with colder temperatures higher up the valley, which
is in accordance with the general adiabatic lapse rate
in these conditions. The presence of low cloud during

Fig. 11. Bar chart showing the number of nights in different 1°C ranges of ΔTmax, the maximum overnight
value of [T_Springhill(30 m) – T_valley(1.2 m)], where
T_valley(1.2 m) corresponds to the Burfield mast
(black) or the Duffryn mast (grey). Here, 10-minaverage temperature data have been used. Bars are
labeled on the x axis showing the minimum of the range
corresponding to the bar.
AMERICAN METEOROLOGICAL SOCIETY
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Fig. 12. Time series of temperature in the main Clun
valley at four locations for January 2010. Lines represent the following locations: black is Anchor, blue is
Weals House, green is Springhill valley, and red is Clun
Castle. See Fig. 2 for locations.

the early night, there were low levels of turbulence associated with clear skies and a stable boundary layer
with a cold pool, but after 26 h we see an increase in
turbulence that is associated with the appearance of
a layer of low cloud. At the same time, the cold pool
rapidly eroded (within 1 h), and a near-adiabatic temperature lapse rate became established (not shown) in
a similar manner to the data presented in Fig. 12. The
increased levels of turbulence under nocturnal stratocumulus cloud layers compared to nocturnal clear-air
conditions appears to be a regular feature in the data.
Various processes are likely to be responsible for the
erosion of the cold pools under cloud, including advection, radiative heating from the cloud coupled with a
ground heat flux, and increased levels of turbulence
associated with the cloud. The relative importance of
these processes remains to be established.

cold-pool evolution can be confirmed with lidar data.
A Halo Photonics streamline Doppler lidar was located
at the Duffryn site. This device detects
aerosol, cloud droplets, and precipitation in the boundary layer and calculates
radial velocity via the Doppler principle.
The system is a 1.5-micron pulsed lidar
with a range resolution of 30 m and has
a full hemispheric scanning capability. A
full description of the instrument and its
characteristics can be found in Pearson
et al. (2009). Most data were taken with
a vertical beam, which allows cloud-base
detection and vertical velocity measurement. Data confirm the presence of cloud
for the cold-pool erosion seen in Fig. 12.
However, for that case, precipitation
below cloud contaminated the vertical
velocity measurement. A similar case
is presented in Fig. 13, which shows the
interruption of a clear-sky cold-pool episode by a layer of stratocumulus and the
change in the velocity field at its arrival.
The top panel shows vertical velocity,
which indicates convective activity up
to about 1900 UTC. After this, activity
decreases for several hours up until about
26 h (0300 UTC 11 February). During
this nighttime period, a stable boundary
layer formed. However, at 26 h, convective
activity increases again, more so in the
upper part of the boundary layer. The bottom panel shows lidar backscatter, where
red, orange, and yellow colors indicate
cloud and green and blue indicate aerosol
particles or precipitation. Therefore, before 1900 UTC, we see small clouds were
Fig. 13. Data from the Doppler lidar deployed at the Duffryn valley
present, which were precipitating. During
site. Times are hours after 0000 UTC 10 Feb.
1646 |
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Part of the weather station network included 10
automatic weather stations
built and deployed by the
University of Leeds (United
Kingdom) (see Fig. 2 for
locations). Figure 14 shows
examples of measured wind
speed and direction at Clun
Cast le for 6 –8 Januar y
2010. The temperature inversions and cold pools occurring during the nights
for this period are evident
in Fig. 12. For the daytime
period on 6 January, the
mean wind speed and direction were 2.4 m s−1 and
32° (northeasterly), respectively, with the latter being
similar to the synoptic wind
direction at the time and
indicating that the valley
was coupled to the boundary layer above. During
the night of 6–7 January,
winds became light (mean
wind speed < 0.5 m s −1)
Fig . 14. Rose plots of wind speed and direction at Clun Castle from 6 to
8 Jan 2010 for the time periods (a) 1000–1400 UTC, (b) 2000–0800 UTC, (c)
and the direction switched
1000–1400 UTC, and (d) 1800–0600 UTC.
to a roughly down-valley
gradient (297°), consistent
with the development of a drainage flow (the synop- may be due to the significant snow cover during the
tic wind direction measured at Springhill remained period, which (due to its albedo) would have reduced
northeasterly). However, note the large variation in heat and momentum fluxes. The persistence of the
wind direction and that, at times, the wind flows up westerly wind component at Clun Castle during the
the valley. This result has been seen at several of the daytime period on 7 January may have been caused
other valley sites and seems to be typical for measure- by channeling of flow along the valley axis by the
ments on stable nights, indicating that drainage flows synoptic winds above, as outlined by Whiteman and
are generally light and superposed on a wind field Doran (1993). Such effects complicate the analysis, so
with significant fluctuations.
that at present it is uncertain whether the down-valley
Another interesting feature from these results is winds seen on the night of 7–8 January resulted from
the contrast between characteristics of wind speed drainage flow or wind channeling. Further investigaand direction for the two daytime periods. During tion is needed to clarify this.
the daytime period on 7 January, winds remain light
(less than 0.5 m s−1) and significantly backed (about COLPEX MODELING. COLPEX plans include a
259°) compared to the synoptic wind direction (325°; hierarchy of modeling activities aimed at improving
deduced approximately from the 30-m measure- understanding and enabling prediction of the local
ments at Springhill), which is similar to the previous flow given accurate knowledge of the larger-scale
nighttime period. Figure 12 shows that the cold pool flow. Scientific analysis will be based on best estidid erode for this period, but it seems likely that the mates of the larger scale.
momentum fluxes (unfortunately not measured in
Much of the modeling will use the Met Office
the valley on this day) were insufficient to establish a Unified Model (MetUM). This model solves nonsynoptic wind direction within the valley. This in part hydrostatic, deep-atmosphere dynamics using a
AMERICAN METEOROLOGICAL SOCIETY
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semi-implicit, semi-Lagrangian numerical scheme
(Cullen et al. 1997; Davies et al. 2005). The model
runs on a rotated latitude–longitude horizontal grid
with Arakawa C staggering and a terrain-following
hybrid-height vertical coordinate with Charney–
Phillips staggering (Davies et al. 2005). It includes a
comprehensive set of parameterizations, including
surface (Essery et al. 2001); boundary layer (Lock
et al. 2000); mixed phase cloud microphysics (Wilson
and Ballard 1999; enhanced to optionally include
up to five condensed phase classes); and convection
(Gregory and Rowntree 1990; with additional downdraft and momentum transport parameterizations),
though the convection scheme is not used in models
with horizontal resolutions of 1.5 km and higher.
The initial focus of the modeling will be on the
IOPs. These will be used to develop and validate the
model configuration. An initial configuration has
been set up and tested using a nested suite of model
domains: the innermost of which has a horizontal
resolution of 100 m, with a size of 30 km × 30 km
centered on the COLPEX sites (see Fig. 1; therefore
larger than the area displayed in Fig. 2). In order
to minimize lateral boundary effects, the variable
horizontal resolution capability of the MetUM has
been used to enlarge this domain to approximately
80 km × 80 km, by smoothly decreasing the resolution
outside the regularly spaced central region toward
1.5 km at the boundaries. The grid spacing increases
at a rate of approximately 5.5% per grid box within
this stretching zone. The model uses source orography data with 100-m-resolution and 25-m-resolution
land-use data (Fuller et al. 1994).
Lateral boundary data for the innermost grid are
taken from a 1.5-km-resolution domain, using data
that are updated every 10 min. The boundary conditions are applied using “Davies relaxation” (Davies
1976). The 1.5-km-resolution grid covers the southern
half of the United Kingdom and is itself located
within the Met Office operational 4-km-resolution
mesoscale domain, which contains the whole of the
United Kingdom. For the validation runs, the objective is to drive the larger scales in the model with
data as close to reality as possible. Therefore, the
1.5-km model uses lateral boundary and initial conditions from each 3-h cycle of the operational 4-kmresolution 3D variational data assimilation (3DVAR)
analysis system, whereas the inner 100-m-resolution
model runs freely (i.e., it is not reinitialized every 3 h)
and is driven only by the lateral boundary conditions.
The intention is that the analysis tightly constrains
the innermost domain but that this domain can freely
evolve at the finest scales. The additional COLPEX
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data have not been used in the operational analysis
or data assimilation so as to provide an independent
test of the model.
In the innermost (100-m resolution) domain, the
standard 1D boundary layer scheme is replaced with
a 3D stability-dependent Smagorinsky–Lilly scheme.
The same vertical grid is used in all three domains.
The model upper boundary is placed at 40-km altitude, and the grid consists of 70 levels. The vertical
grid spacing increases quadratically with height, with
10 levels below 500 m. The lowest two model levels
(on which potential temperature is stored) are 5 and
21.7 m above the ground. Higher vertical resolution
will be investigated in the near future, along with
the dependence of results on the subgrid turbulence
closure. It is well known that model predictions can
be sensitive to such details even at the very fine resolutions of a few meters typically used in large-eddy
simulations (e.g., Beare et al. 2006; Burkholder et al.
2010).
The horizontal resolution of the Met Office’s
highest-resolution operational forecast model is now
1.5 km and is likely to remain around 1–1.5 km for a
number of years. The impact of small-scale orography
still needs both parameterizing within the model and
adjusting for in forecast products using postprocessing techniques. The intention is to run a validated
version of the high-resolution (100 m) model for long
time periods (e.g., several months of the experimental
period) to provide a reference dataset to compare with
data from the 1.5-km-resolution model together with
evaluation of various postprocessing techniques. It
will also be used to develop consistent fields of slowly
varying prognostics (soil moisture and soil temperature) both for comparison with observations and to
facilitate case studies aimed at studying sensitivity to
model physics and resolution.
Initial model results. An example of a preliminary run
of the MetUM for the 9–10 September case study can
be seen in Fig. 15 (showing screen temperature). Data
from the three main sites and the HOBO stations
are overplotted for comparison. The plot shows the
model has simulated cold pools of air in the valleys
as expected (green and blue colors), with warmer
air (yellows and oranges) on the higher ground.
Comparison shows the simulated temperatures are
generally within about 2°C of the observed temperatures, although there are some locations showing
greater deviation. In both the Duffryn and Burfield
valleys, the model cold pool appears generally a little
cooler and more widespread than the observations
indicate. Further comparisons may reveal systematic
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differences. Unfortunately, the HOBO measurement
at Clun Castle was not available for this day. Close
examination of the device revealed a chewed cable.
Despite a protective fence around the device, footprints revealed that the likely culprit was a small calf
that had managed to squeeze through!
SUMMARY AND DISCUSSION. The COLPEX
field study was conducted in a region of small hills
typical for the United Kingdom, over a period of
15 months. Three main stations and 30 smaller ones
were deployed in a network approximately 15 km ×
10 km in size. The principal aim was to study cold
pooling of air in the valleys on stable nights. A total
of 17 intensive observation periods were conducted
to study some of the cold pools in detail. Initial results indicate that cold pooling of air in the valleys is
relatively common and that the lowest temperatures
in these conditions are found at the lowest valley
elevations. It is notable that these cold pools remain
strongly statically stable at all times. This stability
will act to resist any drainage flow into and down the
valley. Also, because turbulence will act to erode this
stability, it is clear that radiative processes dominated
in these boundary layers. Data from the analysis so
far indicate a situation where any slow local drainage
flows must have been forced and modulated tightly
by the radiative heat balance and were in close equilibrium with it and the strong static stability. The
light winds observed showed significant variation
in direction and at times were seen to flow up the
valley. There is no evidence to support the notion of
negatively buoyant gravity currents “pouring” down
the valleys, which would act to establish an adiabatic
temperature profile. The observations indicate that
any flow into and down the valley must have been
slow enough such that its diabatic cooling rate and
buoyancy was consistent with the evolution of static
stability within the valley.
Results have shown that on a particular night the
minimum temperatures in cold pools can be different
in different valleys and that some valleys are systematically colder than others are during these periods.
Furthermore, observations on the ridge-top site indicated that only weak and shallow stable boundary
layers are present there. The results have indicated
greater turbulence here than in the valley, and this is
likely responsible for some of the observed structure.
In addition, it is also possible that the shallow nature
of the boundary layer there is partly caused by the
slow drainage flow from the hilltop into the valley
described above, preventing deep stable boundary
layer formation on the high ground. However, further
AMERICAN METEOROLOGICAL SOCIETY

Fig . 15. MetUM screen level temperature from the
100-m-resolution run (initialized at 1600 UTC 9 Sep)
at 0400 UTC 10 Sep 2009. Presented data are a 10-min
average. Overplotted squares are screen temperatures
from the three main sites, and circles are temperatures from the HOBO stations. Black lines are topographic contours. The area and orientation depicted
are identical to Fig. 2.

investigation is required to confirm this. Because the
Burfield valley is more open and appears less sheltered
than the Duffryn valley, the generally warmer temperatures and greater turbulence seen there during
cold-pool episodes is evidence to support the notion
that sheltering of valleys by hills is a significant effect in determining cold-pool formation and evolution. Initial results have also indicated some of the
complexity of cold-pool evolution, such as the rapid
erosion of stability observed when cloud advects over
an area and the subsequent reformation of a cold pool
when skies become clear again.
The observations made during COLPEX form an
important dataset for numerical models to simulate.
Initial high-resolution (100 m) modeling studies have
successfully simulated cold-pool structure within the
valley system. The distribution of temperature within
the different valleys appears plausible, though, for the
run presented, some of the cold pools appear slightly
too cold. It is expected that the COLPEX dataset will
move us a long way toward our goals to better understand the formation of cold pools and the distribution
of nighttime temperatures in regions of small hills.
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