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ABSTRACT
The structure of the precipitable water (PW) field over mountains is difficult to observe and can have a complex form.
We demonstrate a method to analyse this structure with a case study at the Etna volcano in Sicily. The method involves
decomposition of the PW field, power spectral analysis and high-resolution numerical modelling including an experiment
to show the sensitivity to solar radiative forcing which can drive the mesoscale circulations and consequently the complex
patterns of water vapour advection in complex terrain near a coastline. The PW decomposition and power spectral analysis
were applied to both the model data and remotely sensed MODIS data. The PW field has two structural components:
a horizontal mean component and a horizontal perturbation component that possesses a wave number kdependence of
k− 5

3 in the mesoscale range. For our case example (summer, mid-morning) we show that the horizontally perturbed
component is largely driven by the combined land-sea and upslope breeze effects.

1. Introduction

The spatial structure of precipitable water (PW) in the atmo-
sphere is a key component of forecasting weather and climate
change (Trenberth et al., 2005; Kuo et al., 1996). Over the past
decade significant progress has been made in PW observation
and modelling through the use of remote sensing instruments,
space-borne radiometers and global positioning system (GPS),
as well as high-resolution numerical models. Nevertheless, such
structure can be particularly difficult to interpret in mountains
because of the complex nature of the PW field, as a result of
the interactions between the orography, vegetation and the mul-
tiscale atmospheric system. For example, Wadge et al. (2002)
showed that for a high Froude number case, the moist air is ad-
vected up the upwind slope and an intrusion of dry air descended
the lee side of the mountain. The lee side of mountains generally
show a more complex flow pattern and variable water vapour
field. Numerical experiments by Rotunno and Ferretti (2001)
showed that orographically modified flow was a critical element
for the production of extraordinary rainfall. In order to improve
our understandings of observed and modelled PW structure gen-
esis and evolution over mountains, we need an effective way to
help analyse the multiscale PW field.
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Knowledge of the atmospheric PW field is also needed to
mitigate the radio wave propagation delay caused by tropo-
spheric water vapour in the Differential Interferometric Synthetic
Aperture Radar (DInSAR) technique. The water vapour effect
is the largest single source of error for the DInSAR technique
(Massonnet and Feigl, 1998). Therefore accuracy of measure-
ments of surface deformation by this technique over areas such
as volcanoes and earthquake ruptures can be greatly improved
by such knowledge. For example, Remy et al. (2003) showed
that the interferometric phase differences due to the variable
PW field over the Sakurajima volcano (Japan) could be mod-
elled by a calibrated, non-linear variation with altitude. However,
the structure of the PW field can contain not just a component
due to the exponential distribution of PW with altitude (Foster
and Bevis, 2003), but also one due to the lateral dynamic be-
haviour of the atmosphere as it moves around and over moun-
tains. In particular, the effect that the land-sea breeze effect has
on advecting water vapour and producing a distinct radio wave
propagation effect measured by DInSAR. In this paper, we pro-
pose a method utilizing satellite remote sensing data (Moder-
ate Resolution Imaging Spectroradiometer [MODIS]-retrieved
PW) and a high-resolution forward atmospheric model (the
U. K. Meteorological Office Unified Model [UM]) to analyse
these two components of the atmospheric PW structure over
mountains. We decompose the PW field into a horizontal mean
PW field evaluated at the surface pressure and a horizontal pertur-
bation component. The numerical model helps us to interpret the
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formation of the perturbed water vapour over mountains. We
chose the 3300 m-high Mount Etna volcano in Sicily to test the
method. Although the volcano is not strictly axisymmetric, its
quasi-conical shape is similar to the bell-shaped circular moun-
tains with large-amplitude used in most theoretical studies (Mi-
randa and James, 1992; Baines, 1995). Section 2 describes the
method in detail, section 3 analyses the results and section 4
discusses the findings.

2. Method

We have chosen a cloud-free day, 27 July 2005, as a case study.
Our model data are sampled at 1030 coordinated universal time
(UTC), the time of acquisition of MODIS data, and close to the
time at which satellite radars often acquire their data for InSAR
studies.

2.1. MODIS data processing

MODIS is an imaging radiometer on NASA’s Terra and Aqua
satellites, that can acquire data with global coverage every
3 d. Five near-IR channels in the 0.8–1.3 μm range (three water
vapour absorption and two non-absorption channels) are used
by MODIS to retrieve the vertically integrated PW field. The
theoretical accuracy of the MODIS PW product is claimed to
be 5–10% over land, much less over water, and hence we only
use on-land MODIS values for analysis. Li et al. (2005) found a
satisfactory correlation among MODIS-, radiosonde- and GPS-
derived PW fields. We processed MODIS data in the follow-
ing steps: (1) geolocate the data; (2) mask areas contaminated
by cloud at the 95% confidence level; (3) mask the areas near
coasts. The processed MODIS data that we used have a sample
spacing of approximately 2.5 km × 2.5 km over the Etna area.
Figure 1 shows the MODIS sampling points over Etna mountain

Fig. 1. Map of the orography of Etna
(contour interval 250 m) showing the
moderate resolution imaging
spectroradiometer (MODIS) precipitable
water (PW) sampling points (black dots) at
1020 UTC 27 July 2005.

at 1020 UTC 27 July 2005. For the purpose of performing the
PW decomposition for MODIS data, a digital elevation model
with 1 arc second resolution (∼30 m) was used to estimate the
surface elevation at the MODIS sampling locations. The dataset
is a combination of Shuttle Radar Topography Mission (SRTM)
data with 3 arc second resolution (∼90 m) and topographic infor-
mation derived from 1 arc second resolution European Remote
Sensing satellite (ERS) tandem mission InSAR data (Fig. 1).

2.2. Atmospheric modelling

The model used is the atmospheric module of the UM, version
5.5 (Met Office, 2004). The UM is a non-hydrostatic, deep
atmospheric, grid point model with an Arakawa-C grid in
the horizontal plane and a terrain-following Charney–Philips
grid in the vertical plane. The main variables are the three
components of wind, potential temperature, Exner pressure,
density and components of moisture (vapour, cloud water and
cloud ice). Model physics includes land surface (vegetation
cover type, soil temperature and moisture) and planetary
boundary layer (PBL) processes, radiation, cloud microphysics
and convection. For our particular purpose, the model is run in
a nested mode with cell sizes of 60 km, 12 km, 4 km and 1 km
respectively and with 38 vertical layers (13 layers within the
PBL). The outermost domain (60 km) is global. The innermost
domain (1 km) covers the whole of Sicily. The orography at the
1 km scale uses the Global One-km Base Elevation (GLOBE)
model, http://www.ngdc.noaa.gov/seg/topo/globe.shtml). A
semi-implicit, semi-Lagrangian and predictor-corrector algo-
rithm is used for model integration. The time step for the 1 km
domain is 30 seconds and the lateral boundary conditions for
the 1 km domain are interpolated from the 4 km domain every
15 minutes. The model was initialized at 0600 UTC 27 July
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2005 with the European Centre for Medium-Range Weather
Forecasts (ECMWF) global atmospheric analysis (0.5 ◦ latitude
× 0.5◦ longitude) and run for a 6-hour period, with output at a
15-minute frequency. MODIS data were acquired at 1020 UTC.
We also performed a sensitivity experiment by running the
UM model without the solar radiation scheme (hereafter NSR),
comparing the results to those obtained from the forecast with
the scheme running (hereafter CTL). The modelled PW fields
are interpolated and registered onto MODIS data locations for
comparison. Validation of the use of the UM in modelling water
vapour over Mount Etna was presented by Zhu et al. (2007).

2.3. PW field decomposition

There are two components to the water vapour spatial variability,
q(x, y, p), where q is the specific humidity and x, y, p are the
three-dimensional co-ordinates. The first is vertical variability,
assuming no horizontal heterogeneities (q̄ xy(p),−xy denotes area
average). The second is horizontal variability, resulting partly
from turbulent processes in the atmosphere (q′(x, y, p)). We
illustrate how the above two components of humidity lead to
decomposition of the PW field through the following symbolic
derivations:

q(x, y, p) = q̄ xy(p) + q ′(x, y, p) (1)

PW (x, y) = 1

g

∫ pt

ps (x,y)
q(x, y, p)dp (2)

P̄W̄ (x, y) = 1

g

∫ pt

ps (x,y)
q̄ xy(p)dp (3)

PW ′(x, y) = 1

g

∫ pt

ps (x,y)
q ′(x, y, p)dp (4)

Fig. 2. Scatterplot of observed (closed
circle) and modelled (CTL: open circle,
NSR: cross) PW versus surface elevation
over Etna mountain at 1020 UTC 27 July
2005. Best fitting curves have the form of
PW = a + b · z + c · z2, where z is surface
elevation. For MODIS (solid curve): a =
23.05 mm, b = −5.69 × 10−3 mm/m, c =
5.67 × 10−7 mm/m2; CTL (short dashed
curve): a = 22.53 mm, b = −4.49 × 10−3

mm/m, c = −3.02 × 10−7 mm/m2; NSR
(long dashed curve): a = 21.49mm, b =
−5.39 × 10−3 mm/m, c = 1.93 × 10−7

mm/m2.

PW (x, y) = P̄W̄ (x, y) + PW ′(x, y) (5)

in which PW , P̄W̄ , PW ′ are the full PW, horizontal mean PW
field evaluated at the surface pressure (hereafter the horizontal
mean component) and the PW horizontal perturbation compo-
nent respectively, ps and pt are the pressure at the Earth’s surface
and the top of the atmosphere respectively and g is gravitational
acceleration.

Practically, we separate these two components using knowl-
edge of the orography. We plot the observed and modelled PW
values for 27 July 2005 against their corresponding surface eleva-
tions in Fig. 2. Foster and Bevis (2003) analysed the distribution
of PW from several GPS sites over Hawaii and found an expo-
nential relationship between the PW and the surface elevation.
Here, we use a quadratic function to fit the data. Fitting such
a function is a good approximation to the operation in eq. (3),
and the curves in Fig. 2 represent the relationship between the
horizontal mean component of observed/modelled PW and the
surface elevation. Given both the air density and specific humid-
ity decreasing exponentially with increasing surface elevation
in eq. (3), it is not difficult to explain the exponential decrease
behaviour of horizontal mean component of PW with surface
elevation in Fig. 2. We define the observed/modelled horizontal
perturbation PW field to comprise the departure of the full field
from the corresponding quadratic regression curve in Fig. 2 (see
eq. (5)).

2.4. Power spectral analysis

The behaviour of the horizontal perturbation component of the
PW field can be described mathematically using several inter-
related measures, such as the power spectrum, the covariance
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function, the structure function and the fractal dimension. We
choose the power spectrum for analysis, which has the advan-
tage of demonstrating the observed/modelled spatial structure of
moisture at different scales (Hanssen, 2001). In order to avoid
the difficulty in computing spectra in 2D non-periodic domains,
we followed Skamarock’s 1D kinetic energy spectrum calcu-
lation method (Skamarock, 2004). In this, we compute a 1D
spectrum by averaging 1D spectral energy densities of the hor-
izontal perturbation component PW field computed along the
ranges perpendicular to the satellite track. Skamarock (2004)
showed that the spectra computed in this way are comparable
with those derived from the 1D observational data, and the 1D
non-periodic problem can be largely alleviated by using a de-
trending technique and increasing the sample of individual spec-
tra. We selected 24 rows each 27.5 km long and neglected other
data samples. This can largely avoid the noise problem induced
by the non-uniform length of the sample series. We note that
non-equally spaced rows of points can distort the spectrum, in
particular at short wavelengths (Avara and Kays 1971). We com-
pared the surface elevation spectrum from MODIS sample points
with that from the Unified Model 1 km grid and found that the
spectrum from the MODIS sample points is generally reasonable
at wavelengths greater than 10 km (see Fig. 5d).

Fig. 3. MODIS-observed full PW field (a), horizontal mean component (b), and horizontal perturbation component (c), over Etna at 1020 UTC 27
July 2005.

3. Results

We now present an analysis of the structures of the observed and
modelled PW fields over Etna on 27 July 2005 after applying the
PW and power spectra decompositions. We validate the model
using MODIS data and interpret the mechanism of formation of
PW field components using the sensitivity experiment results.

3.1. Observed and CTL-modelled PW fields

Figures 3 and 4 show the MODIS-observed and UM-CTL-
modelled PW fields and their components at 1020 UTC 27 July
2005 respectively. Comparison of the observed and modelled
pairs indicates that:

(1) There is a slight wet bias on the western edge of the vol-
cano and an obvious dry bias over the Etna summit in the mod-
elled full PW field relative to the observations (Figs. 3a and 4a).
Otherwise, the observed PW pattern, including the strong corre-
lation between the PW and the surface elevation and the asym-
metric gradients over the eastern and western slopes, which are
partly due to the different elevation gradients over these slopes,
are satisfactorily simulated. The MODIS values are, on aver-
age, only 0.3 mm wetter than those of the UM, the root mean
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Fig. 4. UM CTL-modelled full PW field (a), horizontal mean component (b), and horizontal perturbation component (c), over Etna at 1020 UTC
27 July 2005.

Fig. 5. Discrete power spectra of observed
(closed circle) and modelled (CTL: open
circle, NSR: cross) full PW field (a),
horizontal mean component (b), horizontal
perturbation component (c) and surface
elevation (d). The two sets of grey lines have
slopes of –3 and –5/3.
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Fig. 6. (a) NSR- and (b) CTL-simulated 10 m wind fields at 1020 UTC
27 July 2005. AB is the W–E cross-section through the summit used in
Fig. 7.

square difference between the two is 1.3 mm, and the correlation
coefficient is 0.93.

(2) The contours of the horizontal mean components of the
PW fields, as expected, follow the orographic contours (Fig. 3b
and 4b). The model error is shown more clearly in Fig. 2. Below
1500 m a.s.l. (above sea level), the modelled curve follows the
observations quite well. Over 2000 m a.s.l., the model becomes
drier, which is consistent with the dry bias seen in the modelled
full PW fields. This model weakness may reflect the errors in the
initial humidity fields upstream of the Etna mountain.

Fig. 7. (a) Differences in the wind (streamline) and vertical velocity
(colour shaded, positive up, ms−1); (b) differences in specific humidity
(g kg−1), between the CTL and NSR simulations along the section AB.

(3) The observed horizontal perturbation component of the
PW field (Fig. 3c) shows a broad low on the western slopes of the
volcano trending North Northwest. The eastern and northeastern
slopes are positive with a distinct ridge of elevated values extend-
ing from the East Southeast on the north side of the Valle del
Bove (Fig. 1). There is no MODIS coverage of the lower eastern
slopes. Both these main observed features are also shown by the
model (Fig. 4c), though the ridge feature is less obvious.

3.2. Power spectra of the surface elevation and PW fields

The full (Fig. 5a) and horizontal mean component (Fig. 5b) PW
fields for both the observations and the model show a similar
spectral structure to that of the surface elevation (Fig. 5d) (the
slope is around −3 at wavelengths greater than 10 km). Because
Etna is an isolated mountain, its surface elevation power spec-
trum may not necessarily follow a k−2 behaviour, which is the
general case for the Earth’s topography (Balmino, 1993). The
observed and modelled horizontal perturbation component PW
field both show a spectral structure with a slope of − 5

3 , consis-
tent with that for wind, temperature and humidity at mesoscale
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Fig. 8. Horizontal perturbation component of the PW field over Etna at
1020 UTC 27 July 2005 simulated by the UM NSR (a), and UM CTL
(b).

(Nastrom and Gage, 1985; Cho et al., 1999; Koshyk et al.,
1999).

3.3. Sea breeze mechanism

The character of the horizontal perturbation component of the
PW field suggests that the long wavelength feature to the west
may be related to a synoptic scale system, while the higher am-
plitude feature to the east derives from a more local mechanism.
The timing (1020 UTC on a clear summer day) and location
(near the coast) of the eastern PW feature suggests a possible

Fig. 9. PW difference between CTL and NSR simulations at 1020
UTC 27 July 2005.

Fig. 10. NSR simulated wind at 2000 m a.s.l. at 1020 UTC 27 July
2005.

sea breeze effect. To test this idea we undertook an experi-
ment (NSR) in which the solar radiation scheme was removed,
while other physical processes were kept the same as in the CTL
forecast.

Figure 6 shows the CTL- and NSR-simulated wind at 10 m
altitude at 1030 UTC 27 July 2005. Without solar heating, the
NSR result shows weak downslope surface winds in the late
morning. In contrast, strong sea breezes from SE to NW and
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Fig. 11. Observed temporal variation of 2 m
altitude wind direction (a), and speed (b) at
Riposto (solid line) and Catania (dashed
line) on 27 July 2005.

anabatic winds are stimulated by solar heating in the CTL sim-
ulation. More specifically, after sunrise (0400 UTC), the CTL
results show that heating over the land surface begins to gener-
ate slope breezes on all sides of the volcano. Later on, at about
0800 UTC, the soil becomes warmer and a convective regime is
established replacing the nocturnal stable regime, which still per-
sists in the NSR result. On the volcano’s eastern lower slopes, the
sea breeze penetrates inland, where it is reinforced by the slope
flow directed towards the top of the volcano. A vertical veloc-
ity wind dipole forms near the summit of the volcano (Fig. 7a)
and returning currents occur in opposite directions, at 2–4 km
altitude. This sea breeze behaviour is consistent with Favalli
et al.’s results for another case study on Etna (Favalli et al.,
2004). Consequently, there is more marine moisture brought in
by the sea breeze in the CTL forecast than that in NSR ex-
periment over the mountain’s eastern slope (Fig. 7b). The hor-
izontal perturbation component PW field from the NSR ex-
periment shows no sign of the strong West Northwest–East
Southeast moisture gradient due to the lack of the sea breeze
intrusion (Fig. 8a), whereas the CTL forecast captured this
gradient successfully (Fig. 8b). The increase in PW due to
sea breeze intrusion can reach as high as 4–5 mm (Fig. 9),
which is consistent with Bastin et al.’s sea breeze case
study in southeastern France using GPS observations (Bastin
et al., 2005). Without sea breeze intrusion, the power spectral
energy of the horizontal perturbation component PW field for
the NSR experiment is much lower than that for the observa-
tions and CTL forecast (Fig. 5c). This is because solar heating
in the presence of orography and a land/sea contrast drives cir-
culations that advect water vapour into the domain in complex
ways that boost the PW power spectrum at the mesocale range of
the wavelengths shown. Even without a solar radiation scheme,
the low-amplitude western feature seen in the MODIS-observed
and UM CTL-modelled horizontal perturbation component PW
field maps is still present in the NSR map (Fig. 8a). This fea-
ture may be a synoptic feature due to the advection of dry and
warm air by low level southwest flow from Africa (ECMWF PW
analysis at 1200 UTC, not shown).

Figure 10 shows the lower tropospheric wind at 2000 m a.s.l.
from the NSR experiment. The flow is characterized by strong

streamline splitting around the mountain with the formation of a
well-defined asymmetric vortex pair in the wake of the mountain.
The flow is essentially restricted to horizontal planes, except in
two layers near the surface and the mountain peak. This gener-
ally agrees with the results from idealised experiments (Miranda
and James, 1992). Such low Froude number flow (∼0.2) is in
contrast to the much higher Froude number case example used
by Wadge et al. (2002) in which flow over the mountain’s summit
dominated behaviour.

Figure 9 shows a clear spatial inhomogeneity of the sea breeze
intrusion. To the south, over Catania, there was no sign of sea
breeze penetration while further north, near Riposto (Fig. 1), the
sea breeze can penetrate far inland. This is because differential
heating of land and water, differential heating between air next
to the slope and air at the same level farther from the slope and
the disturbance of stratified larger-scale flow over the mountain,
reinforce each other to lower the pressure on the eastern side
of the mountain, which drives air from over the ocean farther
inland in the lee of the mountain than the sea breeze would
normally penetrate by itself. On the south side of the mountain,
the relative lack of penetration of the sea breeze is due to the
interaction between the low level ambient wind (WSW flow)
and the sea breeze, and the weaker onshore pressure gradient
compared with that on the eastern (lee) side of the mountain.

This is confirmed by the observations. Figure 11 shows that
the observed sea breeze passed Riposto at about 0900 UTC,
3 hours earlier than it did near Catania.

4. Conclusions

Our method of decomposing the PW field over Etna for 27 July
2005 into horizontal mean and horizontal perturbation compo-
nents has been demonstrated for both remotely sensed (MODIS)
and forecast model (UM) data. Power spectral analysis shows
that the PW decomposition is reasonable and practical. The full
and horizontal mean component PW power spectra are similar
to that of the orography. The horizontal perturbation PW compo-
nent shows a wave number dependence of k− 5

3 in the mesoscale
range. The current state-of-the-art forecast model can reproduce
most of the observed PW structure. By switching off the solar
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radiative forcing in the forecast model we show that much of
the horizontal perturbation component of the PW field on the
seaward side of the volcano was probably produced by the com-
bined effect of land-sea and upslope breezes during the morning.
It has been observed that the ground motion signals detected by
DInSAR from mid-morning acquisitions tend to be noisier be-
cause they are more affected by greater path delays (more vari-
ability of water vapour content) than those acquired at night
(Massonnet and Feigl, 1998). Our work demonstrates one spe-
cific mechanism by which this can be explained. As a result extra
care is required with daytime DInSAR data over mountains next
to the sea.
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