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Abstract
Cities are a source of complex land–atmosphere interactions. Spatial differ-
ences in the energy balance and enhanced surface roughness interact with the
atmosphere to alter clouds and precipitation. Here, we explore how London
(UK) alters cloud formation during the spring and summer. The Met Office’s
high-resolution operational forecasts predict enhanced cloud cover over the
city, as found in observations, but underpredicts the intensity. During low
wind speeds, cloud enhancement over the city is strongest and linked to an
urban-induced thermal circulation. These circulations advect moist air from the
city edge inwards, transporting it upwards with a large moisture convergence
over the urban area. At around 1,000 m above the surface, the turbulent mois-
ture flux takes over the moisture transport to the cloud layer. A relative humidity
budget shows the moisture flux in the upper boundary layer to be the largest
contribution to the urban–rural differences in relative humidity.
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1 INTRODUCTION

Urban areas are known to impact local weather and
climate, including temperature and precipitation. This
is a result of the distinctly different surface properties
of cities compared to their rural surroundings. Urban
areas generally have a different energy-balance partition-
ing compared to rural areas (e.g., Grimmond and Oke,
1995; Christen and Vogt, 2004), which leads to the spatial
temperature difference, known as the urban heat island
(UHI). Stored heat released from building fabric, plus
anthropogenic sources of heat, slow the cooling of the sur-
face in the evening transition and temperatures in cities
remain higher than their rural surroundings. In addition,
the complex urban surface (e.g., buildings) changes the

overall roughness of the surface, leading to changes in tur-
bulence and city-scale wind speed patterns (e.g., Bornstein
and Johnson, 1977; Roth, 2000; Drew et al., 2013).

Several studies have found cities to impact precip-
itation, generally increasing rainfall amounts over and
downwind of urban areas (Changnon et al., 1971; Liu
and Niyogi, 2019; Li et al., 2020). A long-term observa-
tional study in the United States showed the amount of
precipitation enhancement is dependent on the size of
the urban area (Kingfield et al., 2018). Dou et al. (2015)
found rainfall patterns in the Beijing area varied based
on the strength of the urban heat island, with precipita-
tion enhancement over and downwind of the city during
strong UHI, and storm bifurcation during weak UHI
events.
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Three processes are hypothesised to impact
urban-influenced convection. First, differences in the
energy-balance partitioning. In temperate climates, with
generally less vegetation in cities, less energy is partitioned
into latent heat flux, but more into both the storage and
sensible heat fluxes. This leads to higher boundary-layer
heights over the urban area (e.g., Barlow et al., 2015) and
a higher lifting condensation level (e.g., Theeuwes et al.,
2019). Whether the combined effect leads to an increase
in cloud formation depends on stability of the atmosphere
above the boundary layer, the convective triggering poten-
tial (Findell and Eltahir, 2003a). In addition, the spatial
variability in the energy-balance partitioning could lead
to thermally driven circulations during low wind speed
conditions (e.g., Lemonsu and Masson, 2002; Han and
Baik, 2008; Wang, 2009; Varentsov et al., 2018). This circu-
lation can cause large updraughts over the city triggering
convection, and can add to the transport of moisture from
outside the city (e.g., Han and Baik, 2008; Zhu et al., 2017).
Second, the enhanced surface roughness could cause fric-
tional convergence over the city (e.g., Thielen et al., 2000;
Rozoff et al., 2003). Third, urban areas are sources of air
pollution, with some of the released aerosols acting as
cloud condensation nuclei, which could alter precipitation
in the vicinity of cities (Schmid and Niyogi, 2017).

It is important to forecast large convective systems
near urban areas accurately as they have diverse con-
sequences for the large population living within them.
However, the Liu and Niyogi (2019) literature review finds
that modelling studies underestimate the impact of the
urban surface on precipitation enhancement compared
to observational studies. It is unclear if this is caused by
model resolution or missing processes. To understand how
urban areas influence land–atmosphere interactions lead-
ing to convection, this study steps back and analyses the
influence of cities on low or boundary-layer clouds.

The very few studies that have analysed the influence
of urban areas on cloud formation mostly use observations
(e.g., Angevine et al., 2003; Theeuwes et al., 2019). Both
these studies find an increase in the cloud-base height
over the urban area, related to the drier subcloud layer.
Theeuwes et al. (2019) found an increase in cloud cover
during the afternoon and evening transition over Lon-
don, UK and Paris, France, coinciding with longer-lasting
buoyancy-driven turbulence. The aim of this study is
to investigate whether a state-of-the-art high-resolution
numerical weather prediction model is able to reproduce
the enhancement of cloud cover over the mega city, Lon-
don. Forecasts from the UK Met Office’s limited-area
operational model (UKV) are analysed and evaluated for
spring and summer months of one year, where sufficient
observations for evaluation are available and urban–cloud
interactions are shown to be strong (Theeuwes et al., 2019).
Analysing an entire season allows us to move beyond
case-studies and study the driving mechanisms respon-
sible for the summertime cloud cover enhancement over
the city.

2 UKV FORECASTS

Met Office UKV operational forecasts have a limited-area
configuration with 70 quadratically spaced vertical levels
below 40 km and a horizontal grid spacing of 1.5 km over
the UK, increasing to 4 km at the boundaries (Figure 1).
They are one-way nested inside the Met Office operational
global model (Walters et al., 2017), and both are configu-
rations of the Unified Model. Although the forecast runs
every 3 hr using a 3D-Var data assimilation system, we
analyse the 2100 UTC forecasts. The science configuration
of the UKV is the same as that detailed in Boutle et al.
(2016).

F I G U R E 1 Spatial extent of
the domain of the UKV forecasts
(solid lines) and the impervious
(‘urban’) fraction used in the model
domain (colour shading). The black
dashed box is the study area [Colour
figure can be viewed at
wileyonlinelibrary.com]
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The land–surface exchanges are parametrized using
JULES (Joint UK Land Environment Simulator; Best
et al., 2011), with nine tiles to represent five vegetated
and four non-vegetated surfaces. The single-tile urban
scheme of Best (2005) represents both the enhanced sur-
face roughness and reduced latent heat flux expected in
an urban area. Atmospheric turbulence is parametrized
following Lock et al. (2000) and Brown et al. (2008) for
vertical mixing, including non-local fluxes of heat and
momentum. Horizontal mixing is parametrized with a
2D Smagorinsky scheme. The diagnostic cloud scheme
follows Smith (1990), with a height-varying profile of crit-
ical relative humidity. The conversion of cloud water into
rain is dependent on the cloud droplet number concentra-
tion (Wilkinson et al., 2013), which in turn is calculated
from a single-species prognostic aerosol (Clark et al.,
2008). Therefore the model also represents enhanced pol-
lution over urban areas and the effect this may have on
precipitation.

The study period 1 May to 31 August 2014 was selected
due to the simultaneous observations available at both
rural and urban sites (Section 3.1). Additionally, in later
analysis the focus is on understanding the processed lead-
ing to cloud enhancement over London during low wind
speed conditions (Sections 5–7). The spring and summer
season of 2014 had a relatively large amount of cases with
these low wind speed conditions (31.6% compared to an
average ∼23% between 2013 and 2016), and thus provided
a large number of cases for analysis of the processes.

3 OBSERVATIONS

3.1 Surface-based observations

The model forecasts are evaluated using several datasets,
at urban and rural locations. The rural location, Chilbolton
(51◦09′N, 01◦26′W), used in previous model evaluation
studies (e.g., Illingworth et al., 2007; Hogan et al., 2009)
has 30 min sensible and latent heat fluxes derived from
a Metek USA-1 sonic anemometer with a LiCOR Li-7500
open-path gas analyser measuring at 20 Hz, at 5.3 m above
ground level (agl). Fluxes at the closest grid points in
model output are used in the evaluation from 25 July 2014
onward. Temperature and relative humidity measured at
1.5 m using a Vaisala HMP155A. Cloud base and occur-
rence are determined from a Vaisala CT75K ceilometer
which measures at 30 s temporal and 30 m vertical resolu-
tion.

In London, measurements are at two locations. An
eddy covariance system mounted on a triangular tower
on the roof at King’s College London (KCL, 51◦30′43.3′′N,
0◦06′58.6′′W), 50.3 m agl, making it ∼2.2 times the mean

building height (Kotthaus and Grimmond, 2014). A Camp-
bell Scientific CSAT3 sonic anemometer combined with
a LiCOR Li-7500A open-path gas analyser measuring at
10 Hz to give 30-min fluxes (Kotthaus and Grimmond,
2014). Latent heat fluxes are available until 28 June 2014.
London’s cloud base and occurrence are measured with
a Vaisala CL 31 ceilometer located at Marylebone Road
(51◦31′21.1′′N, 0◦09′16.5′′W) with a vertical resolution of
10 m and temporal resolution of 15 s.

Ceilometer cloud-base heights are resampled to
15 min, allowing a larger proportion of the sky to be
studied. The fifth percentile of cloud-base height for
each 15-min interval (Kotthaus and Grimmond, 2018) is
analysed indicating the cloud-base height over a few kilo-
metres, depending on wind speed. The fifth percentile is
used as a minimum cloud-base height, excluding occa-
sional outliers. Both ceilometers operate at the 905𝜇m
wavelength.

3.2 Satellite data

Cloud cover is calculated from MSG-SEVIRI High Res-
olution Visible (HRV) broadband channel (0.4–1.1𝜇m)
images following the methodology of previous studies
(Teuling et al., 2017; Theeuwes et al., 2019). A cloud mask
for May, June, July, and August is created per pixel for
hourly intervals each 10-day period to reduce seasonal
and diurnal variability in surface albedo and solar zenith
angle. Ten years of data (2010–2019) are used to derive the
cloud thresholds. The 400 HRV radiation values per pixel
(10 years × 10 days × 4 per hour) are sorted and the cumu-
lative frequency distribution (CFD) determined. Spikes are
removed using a triangular moving-average smoothing.
The maximum gradient in the CFD is defined to be the
cloud threshold for this pixel. The cloud mask is created
by assuming every HRV radiation value above this cloud
threshold to be cloudy and anything below the threshold
is defined to be clear. The cloud masks are used to calcu-
late temporally averaged cloud cover. Short periods (1 hr,
10 days) when cloud thresholds are calculated will limit
the effect that occasionally mis-classified pixels have on
the overall temporally averaged cloud cover.

4 MODEL EVALUATION

4.1 Surface variables

Before assessing the ability of the forecast to predict cloud
cover, (near-)surface variables important for cloud forma-
tion are assessed. Figure 2a, b show the turbulent sur-
face fluxes for the urban and rural site. At Chilbolton
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(a) (b)

(c) (d)

F I G U R E 2 Modelled and observed median diurnal cycle (lines, points) with interquartile ranges (shading, vertical lines) for London
and Chilbolton of: turbulent (a) sensible heat flux (with nLondon = 102 and nChilbolton = 39) and (b) latent heat flux (with nLondon = 55 and
nChilbolton = 39), and near-surface (c) absolute temperature (n = 106) and (d) relative humidity (n = 106), where n indicates the number of
days available for analysis. Observations from the London KCL site (dots) and Chilbolton (triangles) are plotted with the corresponding UKV
forecasts for 3 × 3 grid cells (lines). The study period runs from 1 May 2014 to 31 August [Colour figure can be viewed at
wileyonlinelibrary.com]

the forecasts generally underestimate the Bowen ratio,
as the latent heat flux is overpredicted (mean abso-
lute error (MAE) 53.6 W⋅m−2 and median bias (MB)
18.0 W⋅m−2) and the sensible heat flux is underpredicted
(MAE 33.7 W⋅m−2, MB –10.5 W⋅m−2) . In the 3× 3 grid area
analysed, the surface is classified as C3 grass (0.74), bare
soil (0.18), and trees (0.08).

Compared to the turbulent surface fluxes at Chilbolton,
the sensible and latent heat fluxes in central London are
well-predicted. The latent heat flux is small, which is the
result of minimal vegetation (C3 grass 0.11) but extensive
impervious (0.78 buildings and paved) area, and there-
fore reduced evaporation. Also in the 3×3 model grid cells
around the measurement site is water (0.07) and bare soil
(0.04). The model predicts the magnitude of the sensible
heat flux well, however the increase in the morning flux is
delayed, consistent with the results of Warren et al. (2018).
This phase lag is a result of the urban scheme used. During

the 2014 forecasts, JULES used the Best one-tile scheme
(Best, 2005) which added an urban canopy tile which
was radiatively coupled to the soil and used a high areal
heat capacity (0.28 J⋅K−1 ⋅m−2). This approach results in a
shift of the sensible heat flux towards the evening transi-
tion (Hertwig et al., 2020), enabling the night-time urban
temperatures to be reproduced well (Figure 2c).

The near-surface temperature and relative humidity
are modelled accurately during the daytime, especially
over the rural site (Figure 2c, d). Although the latent heat
flux over Chilbolton is overestimated, the relative humid-
ity is modelled well with a slight underestimation during
the night (root mean squared error (RMSE) 7.43%, MAE
5.26%, MB −1.28%). However, the RMSE, MAE, and MB
for air temperature at Chilbolton are 1.58, 1.25, and 0.57 K,
respectively. Especially during the night, the Chilbolton air
temperature is high. Combined with the underestimation
of the Bowen ratio, this could point to an overestimation

http://wileyonlinelibrary.com


THEEUWES et al. 5

(a) (b)

F I G U R E 3 As Figure 2, but for (a) cloud-base height below 3 km above the surface (nLondon = 69 to 116 and nChilbolton = 67 to 114)
and (b) dew point depression (T − Td) (n = 106) for all data from May to August 2014 [Colour figure can be viewed at wileyonlinelibrary.com]

of the soil moisture in the UKV forecasts for this period.
At the London site the near-surface temperature is pre-
dicted very well (RMSE 1.01 K, MAE 0.73 K, MB −0.19 K).
There is a slight underestimation in the morning transi-
tion, related to the delayed increase of the morning sensi-
ble heat flux (Figure 2a). However, at the London site the
modelled air is not dry enough; the relative humidity is
overpredicted (RMSE 8.60%, MAE 6.76%, and MB 4.59%).

4.2 Clouds

Overestimation of the relative humidity in central Lon-
don is consistent with cloud-base height forecast skill
(Figure 3a). Day-time dew point depression, an indica-
tor for the daytime lifting condensation level (Lawrence,
2005), is forecast to be smaller than observed, with a
daytime MB −0.98 K (i.e., the dew-point is closer to the
air temperature in the forecast) (Figure 3b). We con-
sider this underestimation to be predominantly caused
by the overestimation of the dew-point temperature
(since the temperature is well-predicted, Figure 2c). The
moister sub-cloud layer leads to an underestimation of
the cloud-base height, with a daytime MB −161.9 m
(Figure 3b). As a result, the large difference in cloud-base
heights found in observational studies (e.g., Angevine
et al., 2003; Theeuwes et al., 2019) is underestimated in the
UKV forecasts.

Generally, the UKV forecasts underestimate the
spatial variability in cloud cover compared to the obser-
vations (Figure 4), although it correctly predicts an
enhancement of cloud cover over the urban area. The
ceilometer-observed difference in cloud occurrence
between the two sites (London and Chilbolton) varies

from 9% at 1200 UTC to a maximum of 16% at 2100 UTC
(Figure 4a), while the UKV forecast difference between
these two sites varies between 1% at 1200 UTC and 11% at
2200 UTC.

Satellite images permit a spatial comparison. As the
MSG-HRV channel is in the visible spectrum, only day-
time model evaluation is possible. Henceforth, we focus on
the afternoon when the model performs best (cf. observa-
tions) for the (near-)surface variables. The afternoon is also
when the strongest cloud enhancement is present during
the daylight hours.

Seasonally averaged, the model predicts both the
spatial patterns of cloud cover and the higher cloud
occurrence over urban London. Between the coast
and northwest of London, the modelled gradient in
cloud cover is smaller than the satellite data indicate
(Figure 4b, d). The satellite data show the area east of
the urban measurement site (Figure 4 grey triangle)
has 15% higher cloud cover than the domain-averaged
cloud cover. The UKV forecasts rightly predict the city’s
cloud-cover maximum to occur to the east of this site,
but with an 8% higher cloud cover than the domain
average.

The enhanced cloud cover over London in the model
can be related to several mechanisms. The higher sensi-
ble heat flux (cf. rural surroundings) can lead to a higher
boundary-layer height, with a lifted parcel having longer to
condense, consistent with what is seen over dry soils (Find-
ell and Eltahir, 2003b; Westra et al., 2012). Larger sensible
heat fluxes can also cause the thermally driven circulation
known as the urban breeze (Lemonsu and Masson, 2002;
Hidalgo et al., 2008). This circulation causes convergence
over the city, leading to horizontal transport of moisture
and convection. In addition, the higher roughness length

http://wileyonlinelibrary.com
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(a) (b)

(c) (d)

F I G U R E 4 Observed and modelled cloud cover. (a, c) Probability of simultaneously observed clouds or clear sky over London
Marylebone Road and Chilbolton and cloud observed only over London or Chilbolton determined from (a) ceilometers and (c) UKV
forecasts. (b, d) Spatial extend of the afternoon averaged cloud cover deviation (cloud cover at each grid cell (cc) minus domain-averaged
cloud cover (cc)) determined from (b) satellite data and (d) forecast cloud cover. Urban areas (impervious fraction > 0.2) are indicated by grey
lines. Data are from May to August 2014 (n = 123) [Colour figure can be viewed at wileyonlinelibrary.com]

over the urban area could cause frictional convergence
over the city. Thermally driven circulations are often found
when background wind speeds are below 3–4 m⋅s−1 (e.g.,
Varentsov et al., 2018), whereas frictional convergence
only starts to dominate under strong wind speeds. Between
these, both processes may play a role (Omidvar et al., 2020).
Therefore, we stratify the forecasts into three categories
based on the wind speed above the roughness sublayer at
70 m: low (U < 4 m⋅s−1), medium (4 < U < 8 m⋅s−1), and
high (U > 8 m⋅s−1) wind speeds which occurred 31.6%,
47.2%, and 21.1% of the time, respectively, in the May to
August 2014 period.

In all three wind regimes, the satellite data have higher
cloud cover over London (cf. domain average, Figure 5).
This difference is largest for low wind speeds, with cc − cc
up to 20% over the centre of London. Satellite observations
during low wind speed conditions also show enhanced
cloud cover over the forested area southwest of London,
consistent with forested areas in France (Teuling et al.,
2017; Bosman et al., 2019). However, the UKV forecasts do
not reproduce this enhancement.

Under the low and medium wind speed conditions,
enhanced cloud cover over London is forecast by the
UKV, but the absolute cloud cover differences (urban
area cf. domain average) are approximately 6–8% lower
than observed. These cases forecast a similar cloud

cover magnitude associated with orography north and
northwest of the city. Despite this overprediction of
orography-associated convection, henceforth we focus on
low wind speed conditions where the cloud enhancement
over the urban area is strongest and closely represents the
observations – 39 days in total.

5 MOISTURE TRANSPORT

The west–east cross-section for low wind speed cases
in 2014 shows an enhancement of the liquid water
mixing ratio over London, with an average up to
0.07 g⋅kg−1 (Figure 6a). The maximum coincides with
large updraughts over the region with the highest urban
fraction, w > 0.060 m⋅s−1. East of the urban area there
are descending motions with an average vertical veloc-
ity of < −0.030 m⋅s−1. Therefore, during the afternoon,
the higher buoyancy flux combined with the sea-breeze
to the east of the city creates a thermal circulation. The
frequency of the sea-breeze is sufficient to be present in
the average. This circulation causes convergence over
the city (Figure 6c). Previous research found the interac-
tion between an urban-induced thermal circulation and
sea-breeze circulation could enhance updraughts over the
city (e.g., Ado, 1992).

http://wileyonlinelibrary.com
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F I G U R E 5 Spatial extent of the afternoon averaged cloud cover deviation (cloud cover at each grid cell (cc) minus domain-averaged
cloud cover (cc), determined from (a, c, e) satellite and (b, d, f) forecast cloud cover. Data are stratified by domain-averaged 70 m wind speeds:
(a,b) < 4 m⋅s−1 (n = 39), (c, d) between 4 and 8 m⋅s−1 (n = 58), and (e, f) > 8 m⋅s−1 (n = 26). [Colour figure can be viewed at
wileyonlinelibrary.com]

In the lowest 300 m of the atmosphere, the thermal
circulation causes moist air from the edges of the city to
be advected into the city (Figure 6b). Consequently, there
is a high moisture convergence over the eastern half of
London, transporting the moisture upward (Figure 6c),
with divergence starting around 1,500 m. Moisture is also
advected from the sea westwards very close to the surface,
but is not advected into the urban area. The horizontal
advection upwind of London is also small. Therefore we
assume most of the moisture originates near the edges
of the city, where the latent heat flux is still large given
the higher vegetation fractions. Using idealised large-eddy
simulation of convection over heterogeneous surfaces, sev-
eral studies have shown a similar transport of moisture
from surfaces of lower to higher Bowen ratio (van Heer-
waarden et al., 2008; Zhu et al., 2017).

The near-surface vertical moisture flux is large
(averages ∼0.055 g⋅kg−1m⋅s−1) above the rural surface

(Figure 6d), but much lower over more impervious
areas, where the mean for the centre of London is
0.014 g⋅kg−1⋅m⋅s−1. However, in the upper part of the
boundary layer, the vertical moisture flux is higher over
the urban area than over the surrounding rural areas. At
around 1,000 m agl, the moisture transported upwards
by convergence is transported to the cloud layer with
the vertical turbulent moisture flux. At the edge of the
city (x ≈ 110 km, Figure 6), the moisture flux is about
0.008 g⋅kg−1⋅m⋅s−1 higher than the rural area west of Lon-
don. This could indicate that part of the advected moisture
is transported upwards at the edge of the urban area.

6 RELATIVE HUMIDITY BUDGET

Whether an air parcel condenses to form a cloud depends
on the relative humidity (RH). The relative humidity is

http://wileyonlinelibrary.com
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F I G U R E 6 West–east
cross-section of the average (a)
liquid water mixing ratio, (b) sum of
all horizontal moisture advection
terms, (c) moisture convergence
(positive) and divergence (negative),
(d) vertical moisture flux, and (e)
urban surface fraction (black) and
surface sensible heat flux (red) for
low (<4 m⋅s−1) wind speeds between
1400 and 1800 UTC, from 2100 UTC
forecasts in May to August 2014)
(n = 39). Cross-sections are
averaged over a 30 km north–south
band. Extents of London (red line)
and sea (blue line) are shown on the
lower axis [Colour figure can be
viewed at wileyonlinelibrary.com]

impacted by both the amount of moisture in the atmo-
sphere and the temperature. To assess if the enhanced
liquid water for the low wind speed cases is associated
with the moisture or temperature contribution, we sepa-
rate the moisture and temperature (T) terms in the relative
humidity budget (Ek and Mahrt, 1994):

𝜕RH
𝜕t

= 1
qs

𝜕q
𝜕t

⏟⏟⏟
q−term

− RH
qs

Dqs

DT
𝜕T
𝜕t

⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
T−term

, (1)

where qs is the saturation specific humidity and q spe-
cific humidity. Here, Dqs∕DT is the slope of the saturation
specific humidity versus temperature curve.

The change in specific humidity can be expressed as:

𝜕q
𝜕t

= −u
𝜕q
𝜕x

− v
𝜕q
𝜕y

− w
𝜕q
𝜕z

−
𝜕u′q′

𝜕x
−

𝜕v′q′

𝜕y
−

𝜕w′q′

𝜕z
, (2)

and absolute temperature:

𝜕T
𝜕t

= −u𝜕T
𝜕x

− v𝜕T
𝜕y

− w𝜕T
𝜕z

− 𝜕u′T′

𝜕x
− 𝜕v′T′

𝜕y
− 𝜕w′T′

𝜕z
.

(3)
Here, the first three terms on the right-hand side are

the horizontal and vertical advection terms, and the last
three are the turbulent transport terms. In these forecasts
the vertical turbulent transport is parametrized using the

http://wileyonlinelibrary.com
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F I G U R E 7 May to August 2014 domain-averaged vertical profiles during low (<4 m⋅s−1) wind speeds of (a) specific humidity (b)
absolute temperature, both split into flux components, advection components, and (c) relative humidity budgets, split into contributions
from temperature and moisture and the total. Averages are for two 30 km areas: rural (dashed lines, 40 km west of London), and urban (solid
lines, in London) (n = 39) [Colour figure can be viewed at wileyonlinelibrary.com]

1D Lock et al. (2000) scheme and the horizontal turbulent
transport is small.

In Figure 7 the vertical profile of each term is plotted
for two 900 km2 areas, one inside London and the other
west (upwind) of London, for all the low wind speed cases.
The total moisture transport is lower in the sub-cloud layer
over London, caused by the difference in the flux compo-
nent being larger than the advection term. However, above
1,500 m there is a larger moisture term in the urban col-
umn. The majority of this additional moisture aloft comes
from the turbulent flux (Figure 6d). Close to the surface
the urban and rural columns have a large difference in
the moisture advection term. The horizontal gradient of
moisture (i.e., drier urban surface layer) results in mois-
ture being advected within the urban area itself, from the
edge of the city in the lowest 300 m (as noted in Section 5,
Figure 6b).

The mean changes in temperature are small around the
cloud layer, but larger in the sub-cloud layer (Figure 7b).
The lower part of the urban boundary layer is heated more
than the slightly cooled rural column. This urban heating
is from the additional surface sensible heat flux (cf. rural)
at the surface (urban = 124 versus rural = 74 W⋅m−2).
In both the urban and rural columns there is negative
temperature advection of similar magnitude.

For the relative humidity budget, in the urban
sub-cloud layer there is a net decrease in relative humid-
ity from the heating and drying in the lower bound-
ary layer (Figure 7c). The rural sub-cloud layer relative

humidity increases with the cooling and moistening of this
layer. However, above 1,000 m the net relative humidity
increases. Above 1,500 m in the cloud layer the increase in
relative humidity in the urban column is greater than in
the rural column. This increased relative humidity in the
cloud layer is directly related to the increase in moisture
from the higher turbulent moisture transport.

7 DISCUSSION

The model simulations consider aerosol–cloud interac-
tions, but only the second indirect effect. The Tripoli and
Cotton (1980) auto-conversion scheme is activated by a
threshold value of cloud liquid water and used to convert
cloud water into rain. Both the threshold value and con-
version rate are dependent on the cloud droplet number
concentration (Wilkinson et al., 2013), which is calculated
from a single-species prognostic aerosol within the model
(Clark et al., 2008).

Small aerosol concentrations outside the city may pos-
sibly cause clouds to rain out, whereas above the city
enhanced aerosols may suppress precipitation, increas-
ing cloud lifetime. To exclude this effect, the analysis is
repeated excluding all cases with rain within 45 km around
London. This decreases the number of cases from 39
(Figure 6) to 27 (Figure 8). The mechanisms (discussed in
Sections 5 and 6) do not change markedly when stratiform
rain cases are excluded. There is still an enhancement of

http://wileyonlinelibrary.com
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F I G U R E 8 As Figure 6a, c, e,
but for low (<4 m⋅s−1) wind speeds
where stratiform rain = 0 kg⋅m−2⋅s−1

from 45 km west of the edge of
London to the coast east of London
(n = 27) [Colour figure can be
viewed at wileyonlinelibrary.com]

liquid water over the urban surface (Figure 8a), caused by
a thermal circulation, resulting in moisture convergence
over London and divergence aloft (Figure 8b). There-
fore, in these low wind speed conditions, aerosol–cloud
interactions play a small role in creating the modelled
urban-enhanced cloud cover in the UKV forecasts. While
some studies have found some suppression of precipita-
tion (e.g., Rosenfeld, 2000; Zhong et al., 2015; Schmid and
Niyogi, 2017), more research is needed on the direct and
indirect effects aerosols have on cloud cover over cities.

8 CONCLUSIONS

Previous research has shown an enhancement of cloud
cover over urban areas. This study aimed to understand
this cloud enhancement, specifically over London, UK
using a mesoscale model. UK Met Office high-resolution
regional forecasts are compared to observations, for the
spring and summer period in 2014. First, the model sim-
ulations are analysed to establish if this cloud enhance-
ment can be reproduced. The forecasts have systematic
biases, with the modelled atmosphere not dry enough over
the city, resulting in underestimated cloud-base heights.
Despite this, the modelled cloud cover shows enhance-
ment over the city compared to the rural surroundings,

but the magnitude is underestimated. The largest mod-
elled cloud cover enhancement over the city occurs during
low wind speed conditions. A thermal circulation is found
to be generated by the higher buoyancy flux over the city
which can interact with a sea breeze. The circulation leads
to horizontal moisture advection in the lowest 300 m of
the atmosphere. The moisture convergence over the city
transports the moisture upwards. In the upper part of the
boundary layer, the turbulent moisture flux transports the
moisture to the cloud layer.

The results are derived from analysis of 39 days,
which provides confidence that processes will be
similar in other cases. In the case of London, other
mesoscale processes interact with city-scale processes,
for example, the sea-breeze circulation. Therefore, stud-
ies in different geographical settings and climates are
needed.
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