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Abstract. The local distribution of water vapour in the ur-
ban arca of Rome has been studied using both a high reso-
lution mesoscale model (MMS) and LBarth Remote Sensing-1
(ERS-1) satellite radar data. Interferometric Synthetic Aper-
ture Radar (InSAR) techniques, after the removal of all other
geometric ctfcets, cstimate excess path length variation be-
tween two ditterent SAR acquisitions (Atmospheric Phase
Screen: APS). APS arc strictly related to the variations of the
water vapour content along the radar line of sight. To the aim
ot asscssing the MMS ability to repreduce the gross teatures
of the Integrated Water Vapour (IWWV) spatial distribution,
as a first step ECMWF TWV has been used as benchmark
agmainst which the high reselution MM3 model and InSAR
APS maps have been comparcd. As a following step, the high
resolution [WY MMS maps have been compared with both
INSAR and surtace meteorological data. The results show
that the high resolution [WY medcel maps compare well with
the InSAR ones. Support to this finding is obtained by semi-
variogram analysis that clearly shows good agreement beside
from & model bias.

1 [Introduction

Water vapour is onc of the moest impertant constituents of
the atmosphere because its phase changes are responsible tfor
cleuds and preeipitation, whosc interaction with clectromag-
netie radiation is a crucial factor in atmospheric system reg-
ulation. Despite of its impoertance within atmospheric pro-
cesses over g wide range of spatial and temporal scales, wa-
ter vapour is one of the least understeod and peorly deseribed
components of the atmosphere. It is very difficult to observe
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water vapour variations over its wide range of spatial and
temporal scales. The complex topography of the Mediter-
rancan arca causcs 8 large spatial variability ot the water
vapour, often tuming on severe weather (Roetunnoe and Lier-
retti, 2001, 2003). Morcover, at the local scale, water vapour
may alse vary because ot the local circulation (Ferretti et al.,
2003b) producing tast temporal variations. A review by Col-
licr (2006) about the impact of the urban arca on the weather
clearly shows the importance of obscrvations in understand-
ing these influences, but strongly highlights the deficiencies
of our knowlcedge of the physical and dynamical processes at
the local scale. The recent development of high resolution
weather forceast models helps in understanding the central
role of water vapour in correctly reproducing all scales flow.

Currently the high spatial resolution Numcrical Weather
Prediction (NWP) models are able to reproducce realistic wa-
ter vapour distribution fields, but their limiting factor is the
poor reselution of the initial conditions. The lack of beth
precise and continuous water vapour data is onc of the major
sources of error in short-term forccast of precipitation (Kuo
et al., 1993, 1994). An imprevement in moenitering the at-
mospheric water vapour and its assimilation in NWP modcels
would lcad to more accurate forceasts of precipitation and
severe weather. In this context, benefits from InSAR high
resolution phase delay can be tully employed it ground mo-
tion and topography cttcets are cficetively isolated tfrom wa-
ter vapour contribution to the signal delay.

(In the other hand, from the point of view of SAR interfer-
ometric applications (c.g. the analysis of progressive tectonic
motions, or to the improvement of a Digital Terrain Modcl),
unwanted contributions on the reccived signal induced by the
atmosphere are big sources of noise for InSAR techniques,
especially at C and X trequency bands. Among them, the
delay causcd by changes in the distribution of water vapour
in the atmosphere (Fester, 2006). By analyzing single inter-
terograms, the water vapour delay contribution is practically
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Fig. 1. PS distribution. The 100 100km? Blue area contains ap-
proximately 28063<103 PS.

indistinguishable trom ground motien signal: its amplitudes
can range from some millimetre up to several centimetres
or even greater. This leads to a real difficulty in detecting
ground deformation cvents. Large cttorts have been spent
to solve this problem (Webley et al., 2002), by developing
methods to mitigate water vapour error by recenstructing the
most likely atmospherie scenario. The most known tech-
niques use observations, such as soundings, Global Position-
ing System (GPS) receiver networks, ground or space bascd
radiometers: the last oncs gencrally exhibit poor temporal
or spatial reselution.  Satellite-based radiometers accuracy
may strongly depend on the surface (land™water) over which
the measurements are acquired (Webley et al., 2002). Water
vapour field produced by a high resolution NWP, can pro-
vide a good support to solve some of these problems. In-
deed, high resolution metcorological models can be used to
calculate atmospheric delay to be subtracted trom [nSAR in-
terferograms, to reduce neise on the geodetic signals.

In this study the InSAR data are used for the first time
over the urban arca of Rome combined with a high resolu-
tion numcrical forceast moedel, producing a completely new
approach for studyving/verifving circulation and thermocy-
namics of urban arcas; preliminary results of the investiga-
tion of the high resolution water vapour field are here pre-
sented. The version 3 of Mesoscale Model 5 (MM3) (Dud-
hia, 1993) is uscd to producce high resolution water vapour
fields to be compared with InSAR data, which have been pro-
cessed with the Permanent Scatterers (PS) technique (Ferretti
ct al., 2001).

2 InSAR data processing
The P8 technique cxpleits long serics of SAR data to cs-
timate ground metion and relative height of a sparsc sct

of points (P8%) that arc cohcrently imaged in the wholc
datasct, isolating in this way the tropespheric difterential de-
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lay, called Atmospheric Phase Screen (APS). This study has
been carried out using data acquired during the three-day rep-
ctition phase of LRST in 1994, when there was a satellite
overpass over the same area every three days (Lerretti et al.,
2003a). The density and quality of the deteeted PSs obtained
with so frequent satellite passages is impressive (lig. 1), re-
sulting in & very high spatial density of APS of about one
every 100m!. Thus, the APS can be converted into inte-
grated water vapour (IWV?) and compared with MMS3.

[n this analysis, the integrated water vapour provided by
MBS is compared with the APS once retricved with the PS
technique.  Information about the difference in WY be-
tween two acquisitions, called hereafter the differential [WV
(/TWV), can be retricved from SAR data as tollows.

The atmospheric retractivity introduces bending and slow-
ing along the propagation path of the SAR microwave sig-
nal (Davis ¢t al., 1983). The observed signal delay can be
interpreted as the result of various atmospheric delay con-
tributions (Hansscen et al., 1999), [n the clear atmosphere
the delay consists of the ionospherie, hydrostatic and wet
components; it acrosols and hydrometeors (such as dust,
clouds, and rain) arce present, an additional contribution has
to be considered. The ienospheric and hvdrostatic compo-
nents give large contribution but they are quite homogencous
within a typical 8AR frame, thus, they arce casily computed
and removed (Hanssen et al., 1999), Acrosoels and hydrom-
cteors, instead, have a smaller contribution (~0.1-1.0 mm)
unless heavy rain is deteeted (Solheim et al., 1999), There-
tore, the wet component, i.c. the contribution tfrom atmo-
spheric water vapour, is the most relevant for SAR applica-
tions, due also to its high spatial and temporal variability,

lollowing Onn and Zeblker (2006), the total phase shitt in
the radar interferogram, caused by propagation through the
ncutral atmosphere, is modelled as:

AD = AD{x,5,0) — AD(x, 3, )
_ 4
T Acos®

[A'{ (_1', ¥, f) —Ad (.1',_‘}-',!'[})] ’ (I)

where ¢ indicates time and & is the time of a reference ac-
quisition (master); r=|x, _}-',zl']Ir is the position veetor, with
z indicating the altitude with respeet to the Larth’s surface;
& is the local incident angle at the centre of the [nSAR 100-
km wide swath (nominally at 23° incidence angle); A is the
trec-space wavelength (5.67 e for ERS-1). [T & {r, #) is the

LAPS dataset was derived by re-sampling a dense PS set on a
1003 100 km? area; considering the PS distribution almost unitorm,
it results on average a density of more than 350 PS/&km?.

2The integrated water vapour is dcfined as the liquid-
equivalent columnar integrated vapour content calculated as fol-
lows: TWiy=_1 { pveth, where pp is the liquid water density, py

. AL - . . . S
is water vapour volumetric density and dh is the vertical increment.
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wet component of the 3-D time-varying neutral atmospheric
refractivity, then

[ Nir, Oz (2)
i

Altx, y,0y=107°

is the onc-way cxcess path length in the zenith dircetion at
the time ¢ duc to propagation through the atmosphere up to a
point (x, y, 0), somectimes called Zenith Wet Delay (ZWD).

Theretore, the excess path length ditference between ac-
quisition times in the zenith dircetion is related to the mea-
surcd total phasc shitt as:

Acost
Allx, )=

AD(x,v). (3
T

Note that the cosf tactor maps delays in the slant direction
to zenith; for incident angles tvpical of SAR obscrvations
(23°), this simple mapping function accurately projeets slant
delays to vertical and thus is commonly uscd (Hanssen et al,,
1999; Onn and Zebker, 2006; Loster et al., 2000). Linally,
assuming that the above cxcess path length is entirely due to
atmoespheric water vapour, the difterential [WY is obtained
introducing the conversion factor [T (Davis ct al., 1985):

Acost

AWV (x,y) =AHx,y)=11 AD(x,y). E))
The conversion tactor I, widely used in GPS metcorology,
is not & constant but rather a function of the weighted mean
temperature of the atmoesphere. However, the conversion fac-
tor can be cstimated accurately and it shows little variability
in a typical SAR frame. A typical valuc for I is six; there-
forc 6 mm of ZWD is cquivalent to approximatcly 1 mm of
Wy,

The fTWV retricved trom SAR arc caleulated with respeet
to 4 reterence radar overpass (master image): 5 March 1994,
Note that the positive sign of the delay indicates that the fea-
ture appears in the first of the two combined SAR images.

3 Weather model processing

The fifth generation NCAR (National Center for Atmo-
spheric Rescarch) and Pennsylvania State University (PSU)
mesoscale model MMS is used for this study; this is 4 nen
hyvdrostatic model at primitive cquations with a terrain fol-
lowing vertical coordinate and multiple nesting capabilitics
(Dudhia, 1993).

Four two-way nested domains are used (Fig. 2) to enhance
the resolution over the urban arca of Rome. The mother do-
main covers most of western Mediterrancan arcs; it is centred
at 41.53° N, 10.0° LI and it has a spatial resolution of 27 km.
The nested demains cover Central Italy from a spatial reso-
lution ot 9km, tor demain 2, te 1 km fer the inner onc; this
last cncompasscs the city arca and its surroundings (Lazio
region), greatly overlapping the ERS satellite swath.

www.nat-hazards-carth-syst-seincet/ 10712120104
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Fig. 2. MMS5 domains configuration. Domain D1 has resolution of
37km: D2 has resolution of 9km; D3 has resolution of 3km; D4
has resolution of' | km.

Scnsitivity  tests and previous studics (Lerretti et al.,
2003b; lierretti and Raftacle, 2009) allowed for tailoring the
optimal combination of physical parameterizations tor the
numerical experiments. Theretore, the following model con-
figuration has been used:

— 33 uncqually spaced vertical levels, from the surtace
up to 100 hPa, with a higher reselution in the planctary
boundary layer (PBL);

— the MRI scheme for the PBL. This scheme is based
on Trocn-Mahrt representation of counter-gradicnt term
and the eddy viscosity profile in the well mixed PBL
(Heng and Pan, 1996);

— the CLOUD radiation scheme tor radiative transter pro-
cesses. This scheme accounts for both shortwave and
lengwave interactions with explicit cloud and clear air
{Stephens, 1984);

— the Kain-lritsch 2 cumulus convection parameteriza-
tion is applicd to domains 1, 2 (Kain and lritsch, 1993;
Kain, 2004); whereas no cumulus scheme is used for
domains 3 and 4;

— the Reisner 2 scheme tor micrephysies; based on mixed-
phasc scheme, graupel and ice number concentration
prediction cquations (Reisner et al., 1998).

All the numerical cxperiments last 24 h, from 00:00UTC
to 24:00UTC for cach chosen event. The Purepean Centre
tor Medium-Range Weather Forceast (LCMWIY) analysis for
temperature, wind speed, relative humidity, and geopotential
height at 0.25° resolution arc interpolated to the MM3 hori-
zontal grid and te vertical levels to produce the model initial
and boundary conditions.
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Fig. 3. 5 March 1994 at 12:00UTC {master day): integrated water vapour by ECMWF {panel A and MMS5 on mother domain {panel B).
The red square on each panel represents the area of high resolution (domain 4).

During 1994, several satellite passages ina relatively short
peried (from January to April)y are available over the arca of
interest; among them a fow cases have been simulated by
MM S, [n the next paragraph four cases will be presented: 31
January, 3 and 12 licbruary, and 8 March.

3.1 Resulis

The MMS 2-way nesting capability allows for teeding back
high resolution fields on the overlapping coarser domains.
This elearly appears by the comparison between the MMS
mother domain simulation and ECMWI analvsis. This com-
parison is performed to the aim of asscssing MNS improve-
ments to the meteorological fields and eventually the accu-
racy of such corrcction. On the other hand, an cvaluation of
MM3 high resolution water vapour field will be performed
using [INSAR data of diftcrential integrated water vapour re-
speet to the master one (5 March 1994, g, 3), for cach day.
The results of this comparison will also evaluate the accuracy
of the correction on the low reselution domains.

3. 1.1 MMS versus ECMWF and InSAR

31 January 1994

The comparison between MMS5 and ECMWF TWV fields
shows that the former produces a more humid field than the
last one (lig. 4, pancls A and B) for 31 January. Both maps
are referred to 12:00 UTC, which means 12 h atter the MM3
start time. At coarsce resolution the [IWV clearly shows two
maxima tor ECMWIL (Fig. 4, pancl A): one over Central [taly
castern side, and the other onc over the Balkans arca. Sim-
ilarly, MM3 develops twoe maxima, but displaced westward
with respect to ECMWLE (Lig. 4, pancl A). This is proba-
bly causcd by a weak or absent castward wind component
turning in a delay in the castward migration of the two [WY
maximga, as the cvolution of the weather system in the fol-
lowing hours suggests (not shown). This hypothesis is sup-
ported by the north-westerly wind produced by MMS along
the westemn coast of [taly (Uig. 4, pancl B) at low levels, and
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the north-casterly wind at 850 hPa (not shown) on the north
cast side of [aly. The difterential [IWY shows lower valucs
tor M3 than ECMWIL, on domain 4 (lFig. 4, pancls C and D,
red square). Morcover, a reversed structure of” high-low val-
ues along the diagonal of the red square (“diagonal structure™
hereatter) is produced by MWMS with respect to ECMWIE
(lig. 4, pancls A and D). To further investigate the MMS
ability in producing high resolution water vapour, & compar-
ison with [nSAR data on the same arca (lig. 3) is carried out
at the same time of ERS overpass. [t has to be peinted out
that MM maximum reselution is lower (1km) than InSAR
APS map reselution (about 100m). Morcover, because of
the low reliability of [NSAR data over sea, they cannot be
uscd for the comparison in that arca. The main features of
the [nSAR APS map arc well reproduced by MM3 (Fig. 3),
as well as the values range measured by the radar en 31 Jan-
nary at 10:00 UTC? with respeet to the master image. lrom
these maps (Fig. 5), the influence of the topography on the
[WV wvariations clearly appears for both MM3 and the radar
data. [ndeced, the minimum values in both casces are located
over the hills nearby Rome and the western slope of Apen-
nines (Fig. 3, light green to vellow arcas). The [InSAR (ig. 3,
right pancl) shows the same diagonal structure aligned NW-
SL highlighted on low reselution maps, with high values in
the north-west arca and lew oncs in the south-cast. MMS
reproduces this structure even it IWV is overestimated in
the south-cast arca (Uig. 3, lett pancl). The analysis of [WV
fields, produced by MMS3 at the following time steps (not
shown), suggests a delay of about enc hour in reproducing
the observed structure.

The rele of high spatial resolution can alse be inferred by
the comparison of LCMWI 4ITWY with [nSAR data: the
low-high values structure along the diagonal arc reversed in

3The comparison between MMS and TnSAR data are performed
at LO:00 UTC, that is 2h betore the one presented at low resolution:
this time difference in the comparison 15 due to the availability of
ECMWF analysis only at 00:00, 06:00, 12:00 and 1&:00 UTC. ERS
averpass s at L0:00 UTC.
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Fig. 4. 31 January 1994 at [2:00 UTC: integrated water vapour by ECMWTF {(panel A) and MM3 on mother domain {panel B). difterential
TWV respect to the master day (5 March) by ECMWF (panel C) and MMS3 {panel D). The red square on each panel represents the area of

high resolution {domain 4.

MRS dIWV) for 37genid N10ute o4

Lan [deg}

EAR dWVV) for 10940121 095500 ERS1

B35 fem]

Lan [deg}

Fig. 5. [31 January—3 March] 1994 at 10:00 UTC: differential integrated water vapour {4TWV) produced by MMS on high resolution domain

{left panel} and measured by TnNSAR (right panel).

the ECMWI analysis (Fig. 4, pancl C) with respect to [nSAR
map (Fig. 3, right panch. Of course, the MM dIWYV is pro-
duced by both the day under exam (31 January) water vapour
field and the master day one; therefore, the exactness of the
final differential field depends on the accuracy of both simu-
lations. The [WV for the master day (5 March) produced
by MMS35 on domain 4 (red square i Fig. 3, pancl B) shows
a dipole structure (low-high) that can be related to the one
previously discussed, whereas a homogencous distribution of
WV is preduced by MMS3 for 31 January (lig. 4, pancl B).
This suggests that the master day field is driving the differen-

www.nat-hazards-carth-syst-seincet/ 10712120104

tial result in this casc. On the other hand, ECMWIE TWY docs
not show any dipole structure (low-high) nor for the master
day (Iig. 3, pancl A) or tor 31 January (lig. 4, pancl A).

3 February 1994

The metcorelogy of the sceond case (3 February) is driven by
a low pressure centred on west Lurope (Fig. 6) that causcs
a southern flow over Mediterranean basin advecting humid
air over [talyv. Both ECMWIE and MMS produce this mete-
orological structure (not shown). However, the IWV field is

Nat. Hazards Darth Syst. Sei., 10, 121-132, 2010
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Fig. 6. 3 February 1994 at [2:00 UTC: integrated water vapour by ECMWF (panel A) and MM3 on mother domain {panel B} ditterential
TWV respect to the master day (5 March) by ECMWF {panel C) and MM3 {panel D). The red square on each panel represents the area of

high resolution {domain 4).
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Fig. 7. [2 February—=5 March] 1994 at [0:00 UTC: differential integrated water vapour {dTWV) produced by MMS on high resolution domain

{left panel} and measured by TnSAR (right panel).

difterent fer the two models: the MMS IWV along the coast
of Lazio is higher than the ECMWI one, but a tongue of
lower WY (lig. 6, pancl B) is rapidly approaching this re-
gion. This is caused by the wind veering castward at upper
levels, which turns in dryer air adveetion. On the ether hand,
LCMWI analysis shows (Lig. 6, pancl A) a homogencous
field over the Tymrhenian Sea and the IWV minimum is lo-
cated south west. This produces a ditterence of [WY trom 2
to 4 mm between MMS and ECMWIY on demain 4 arca. The
comparison between MMS and [InSAR data (lig. 7) suggests
that the model well repreduces the gross teatures of dIWY,

Nat. Hazards Larth Syst. Sci., 10, 121-132, 2010

cven though it underestimates the maxima (approximately
1 mm) and overestimates the minima. As expected, the high
resolution features measured by the [InSAR data are missed
by MNM3. Morcover, [InSAR data clearly show a northwest-
southeast gradient of dIWY with higher values in the north-
west comer than in the south (Fig. 7, right pancl, respectively
red to black arca for the high values and orange to vellow for
the low values). This would infer a reduction of [IWV in the
south side, it we suppoese the master day having a homoge-
neous field. Unfortunately, we do not have any information
on the high reselution [WY unless we assume as “true™ the
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Fig. 8. |2 February 1994 at [2:00 UTC: integrated water vapour by ECMWF {panel A and MM3 on mother domain {panel B). difterential
WYV respect to the master day {5 March) by ECMWF {panel C) and MMS3 {panel D). The red square on each panel represents the area of

high resolution {domain 4).

onc preduced by MM3. Following this assumption, high val-
ues of [WV are produced by MM3 in the southeast side (not
shown) making the homogenous field hypothesis unrealistic,
whereas the hypothesis of the master day driving the north-
south gradient is more suitable. Theretore, the IWV gradient
is not correetly reproduced by MMS at the time of the [nSAR
overpass. The low values of MMS [WV at 12:00 UTC in the
southwest comer of the bex (not shown) would suggest a de-
lay in the onsct of the tongue of low [WV values, as alrcady
shown by the large scale structure (Fig. 6, pancl B). On the
other hand, ECMWI¥ correetly preduces a lower [WV in the
inner demain (Kig. 6, pancl A), but it completely misses the
north-cast gradient. The ECMWL IWV difterences between
3 liebruary and the master day are lower than M M3 onces; this
would suggest that the differences between ECMWIE and [n-
SAR would be higher tfor pesitive values than MM3 ones. On
the other hand, a better estimate of IWV minima would be
achicved by ECMWI in any cvent.

12 February 1994

The MMS low reselution IWY is gencrally mere humid than
LCMWI analysis (lig 8, pancls A and B) on 12 licbruary. A
strong north-casterly wind is produced by MM3 causing dry
air over most of central [taly, whercas ECMWI is character-
izcd by a north-westerly wind in the same arca. [n both cascs,
the arca enclosed by domain 4 is characterized by very low
valucs of integrated water vapour. The correspending dif-

www.nat-hazards-carth-syst-seincet/ 10712120104

ferential fields for ECMWF and MMS5 (Fig. 8, panels C and
D, respectively) show similar results: both preduce negative
[WV values, but MM3 restraing them on south-west angle of
the red square arca. The WV negative values imply that the
master day is more humid than 12 Lebruary; this suggests
that the master day drives the differential field, also in this
casc. Beside trom an underestimation of the positive values
and an overestimation of the negative ones, a good agree-
ment is found between the MMS high resolution o TWV and
the satellite (lig. Y). Morcover, the negative dIWV values
produced by MM35 are restrained in the south-cast comer of
the domain, covering a smaller arca than the one measured by
the INSAR (Fig. 9). Alse in this case a time delay of the low
JdIWV entering the arca can be hypothesized tfor MM3, but
a concurring tactor can obvicusly be introduced by the mas-
ter day field structure. Indeed, the IWV for 5 March (Fig. 3,
pancl BY would suggest that yet the master day is driving
the dIWV field for 12 February case, producing a tongue of
high [WV values in the south-west arca of the inner domain.
Morcover, it can be inferred that larger diserepancics on this
local structure would be produced by a low resolution field
like the ECMWL one (LFig. 3, panel A), that shows an almost
flat and low IWV field on the Lazio hinterland.

8 March 1994

Finally, a casc (8 March 1994) producing large discrepan-
cics between MMS and InS AR is presented. The MNM3 WY

Nat. Hazards Darth Syst. Sei., 10, 121-132, 2010
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Fig. 9. [12 February—=5 March] 1994 at [0:00UTC: ditferential integrated water vapour (dTWV) produced by MMS on high resolution

domain (left panely and measured by InSAR (right panel).
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Fig. 10. 8 March 1994 at [2:00 UTC: integrated water vapour by ECMWF {panel Ay and MMS on mother domain {panel B} ditterential
TWV respect to the master day (5 March) by ECMWF {panel C) and MM3 (panel D). The red square on each panel represents the area of

high resolution {domain 4}

is generally more humid than the ECMWLE one (lig. 10,
pancls A and B) over the whole domain and the horizon-
tal MMS5 wind field is weaker than the ECMWF one over
the [talian peninsula. Also in this case a time delay in the
large scale structure entering from north-west produced by
MMS (not shown) may causc these ditferences. The MW S
dTWYV field (Fig. 10, panels C and D) is always positive and
larger than CCMWIL, over domain 4. The comparison be-
tween MW high reselution and the radar data shows large
diftecrences (lig. 11): an almost completely homoegencous
and positive field is produced by MM3 (Fig. 11, left panel),
whereas g large nerthwest-southeast gradient is obscrved by
the satellite (LFig. 11, right pancl). MMS overestimates [n-
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SAR data of approximately 2 mm in the north-west side and
of more than 8mm in the south-cast side. The large scale
field can help understanding these discrepancies. As already
pointed out, the low resolution MMS3 field (Fig. 10, panel B),
clearly shows a gencrally overestimation of [WV over the
Mediterrancan basin, with a surplus of [WV over Central
[taly. This is probably causcd by a too weak castward ad-
veetion that inhibits the castward migration of the minimum
of WYV located over the Tvrrhenian Sca (g, 10, pancl D).
The entrance ot the low WV would have decreased water
vapour content and conscquently the difterences respect to
master day. The time delay causcd by the too weak castward
advection previously hypothesized is, actually, confirmed by

www.nat-hazards-carth-syst-sci.net/ T 212000/



L. Pichelli ct al.: Water vapour distribution at urban scale

MRS M) faar OBmarld briDuse o

Lon (dog)

Fig. 11. [8-5 March] 1994 at [0:00 UTC: ditterential integrated water

panel) and measured by InSAR {right panel}.

g good agreement between the dTWV by [nSAR and the onc
preduced by MM3 more than two heurs later (net shown).

This analysis clearly highlights ditterences between MM3
and ECMW I and a tendeney of MM3 te over prediet the wet
field on coarser domain. Actually, a high resolution NWP
is tailored for correctly reproducing the meteorological field
at the high resolution, therefore the previeus comparison be-
tween the MM low resolution and ECMWLE is obviously
highly penalising for MM3. The two models major discrep-
ancics can be related to ditferences in the dynamics causcd
by boeth the ditterent algorithms tor the dynamics and param-
cterizations tor the physics. Moercover, the feed back mech-
anism of the two-way nesting used by MMS3 is not imple-
mented in ECMWL the twe-way nesting capability allows
the medel to transter high resolved information te mother do-
mains and to capturc features that can be missed on ECMWI
low reselution. In the next paragraph, a comparison with up-
per air sounding will show that at lower levels MMS docs not
show a clear signal in over or under estimating water vapour
fields, but an overall good agreement with observations is
found.

3.1.2  MMS versus upper gir soundings

An additional comparison between MM S and both soundings
data and surface stations (not shown) has been pertermed,
to the aim of better evaluating the MM 5 water vapour field.
The scatter plots tor temperature (Fig. 12, pancl A), water
vapour mixing ratio (Uig. 12, pancl B), potential tempera-
ture (Fig. 12, pancl C) and cquivalent potential temperature
(g 12, pancl D) produced by MM35 versus the soundings
launched at Pratica di Mare (41.605° N, 12.63° L, a station
along the coast ncarby Reme) at 12:00UTC for all cascs
previoushy analvzed are shown. A gencral good agreement
between MM3 and the real atmospheric profiles is obtained,
beside of discrepancics in the PBL as the large spread at high
temperature and water vapour content would suggest. The
spread at the lower levels is expected because of the well
known difficulties in correctly reproducing the PBL structure
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vapour (ATWV) produced by MM3 on high resolution domain {left

tor MMS3 (Dandou ct al., 2005; Ferretti and Raftacle, 2009),
especially at high reselution. Generally, the four MM vari-
ables infer a weak tendency of MMS to underestimate the
thermodynamic conditions of the atmoesphere, except for the
water vapour mixing ratio that shows (LFig. 12, pancl B) a
large uncertainty and a tendeney to cither over or under cs-
timate the sounding values. Again, this is expected beeause
of the larger water vapour content in the lower laver of the
atmosphere.

3.1.3 Semivarisgrams analysis

In order to quantity the spatial characteristics of the [WV
fields, MMS5 simulations and InSAR observations have been
compared in term of semivariogram. This is defined as the
halt average of the square ditterences between couples of
values of integrated water vapour sampled at difterent lag
distances; it produccs a description of the spatial correla-
tion of the handled fields. In addition, semivariograms are
dircethy exploitable within kriging precedurces for data inte-
gration purposc (c.g. to blend MMS simulations, GPS and
radiometers observations of integrated water vapour) which
may be a valuable approach to mitigate water vapour cttcets
tor InSAR data exploeitation.

The comparison between the semivariograms by MMS
and [NSAR observations from URS-1 platform suggests that
MBS well repreduces the spatial structure of integrated wa-
ter vapour (Fig. 13, respectively grey and black lines). This
can be interred by the similarity in shape of the two semivar-
iograms (MM3 and ERS1). For 3 licbruary (Fig. 13), this is
especially true at all scales, whereas for the other cascs it is
true only at small scales (below 3km). On the other hand,
the comparison between the asymptetic behaviour at large
spatial scales of the MWMS semivariogram and those origi-
nating from SAR infers a weaker ability in describing the
variance of the integrated water vapour by MN3 (the grey
curves of Fig. 13, at high lag distances underestimates the
dark ones), cxcept for 3 lebruary being the ene with the best
varignee agreement. Another important information deriving
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1994 cases study
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Fig. 12. Scatter plots between radiosondes launched at Pratica di Mare (41.65° N, 12.63° E} site and MM3 at same coordinates. Ditterent
panels show: temperature (A), vapour mixing ratio (B), potential temperature (C), equivalent potential temperature (D). Data are referred to
the four 1994 cases presented on this paper. Points are referred to difterent heights.
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Fig. 13. Semivariograms of MMS simulations (grey lines) and ERS | observations (black lines).
from scmivariograms is the rate at which they reach the max- MB35 simulations increase at a smaller rate than those asso-
imum (LFig. 14): gently increasing curves support 4 more spa- ciated to InSAR measurcments, with the exception ot 3 and

tially correlated water vapour field, in spite of curves rapidly 12 licbruary 1994 (ligs. 13-14).
reaching their platean. The semivariograms produced by the
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Fig. 14. Semivariograms ot ERS | observations (left panel) and
MM3 simulations {right panel) for the four cases study during 1 994:
31 January, red line: 3 February, cyan line: 12 February, black line:
& Murch, green line.

Besides the bias tound for all cases, the rate at which
the semivariograms reach their maximum is clearly difterent
among the cases: both MMS and [nSAR show that 12 licbru-
ary Is the one having the smallest rate (Fig. 14, black lines),
whereas 3 lcbruary is the onc with the highest rate (Fig. 14,
cvan lines). Morcover a good agreement between MM and
[nSAR is tound: at small scale for 12 licbruary and at all
scales tor 3 Lcbruary (Fig. 13). This behaviour supports the
conclusion interred by comparing MMS and [InSAR maps
(Figs. 5, 7, 9, and 11}, which clearly shows that MM3 si-
mulations miss some teature at small spatial scales respect
to InSAR observations and confirms the good agreement be-
tween MM and SAR tor 3 and 12 Licbruary.

[n swnmary, theugh the high reselution (1 km) MMS3
simulations do not exactly reproduce the spatial structurc
of intcgrated water vapour measured by [nSAR at about
100m resolution, the semivariograms allow te assess the
MW ability to reproduce the signal structure of the [nSAR
obscrvations and to describe their spatial corrclation teatures
in semge of the cases studied (for instance 3 lcbruary 1994).

4  Conclusions

This study investigates the MM ability in reconstructing
high resolution water vapour field over the urban area of
Rome and its surreundings. Water vapour is onc of the most
important atmoespheric components but still one of the least
understood; trom the modelling peint of view, uncertaintics
on the initial conditions of this field represent a big source of
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crror even on the short term foreeast. At high resolution, the
crrors are even larger. The [nSAR integrated water vapour
data, inferred trom a long series of radar images processed
using the PS technique, would probably largely reduce this
crror becanse of the high spatial resolution.  lior this pur-
pose the water vapour mixing ratio should be retricved from
the [nSAR data. The retrieval process requires two prelimi-
nary steps: 1) to iselate the atmospheric contribution to the
interferograms trom the eventual ground motion signals; 2
to convert residual phase delay ditterence (APS) into water
vapour. On the other hand, the wet component of the sig-
nal delay must be evaluated to correct [INSA R interferograms
when the long scries on 4 stable terrain is not available. The
water vapour fields produced by a high resolution meteoro-
logical model can be used to this purposc, cven though its
ability to reproduce reliable atmospheric scenarios has to be
evaluated first.

Most of the cases analvzed in this study show a good
agreement between the MM integrated water vapour con-
tent and the INSAR one. The results suggest an improve-
ment in the [WV structure representation it a high resolu-
tion model is used, cven it a time delay or & misplacement
of the water vapour distribution is found for a fow casces. A
good agreement between MMS at low resolution and InSAR
data in term of ditterential interferograms was also found by
Foster et al. (2008), beside for an over‘underestimation and
displacement of the maximaminima values. The compari-
son between MMS and both soundings and surface stations
infers an overall good medel ability in reproducing scveral
meteorological parameters at the chosen model reselution.
Basced on the semivariograms results, we can state that the
model generally produces coherent water vapour field respect
to radar measurcments and it is able to capture its main spa-
tial features cspecially at low resolution. For two casces this
is truc at high resolution too. Morcover, the scmivariograms
analysis suggests the possibility to deduce from the model
usctul statistical constraints to be applicd to interferograms
process tor reconstructing wet delay component, cven when
the moedel decs not reduce the variance of satellite images
(i.c. where a bias cxists between model and InSAR vario-
FTAINS ).

[n conclusion, this study contributes te single out the valuc
of a high resolution model in reproducing the fine meteoro-
logical structurcs mosthy duc to the local dynamics, though
more cfforts must be devoted to correet time delay errors
possibly using data assimilation. Therefore, the work con-
tributcs to understand the potentiality of using the simu-
lated high resolution water vapour fields for removing the
atmospheric contribution in the [InSAR signal. Morcover, it
peints out the pessibility to cxploit long scries of interfer-
ometric data to provide the meteorelogical infermation on
water vapour usctul for data assimilation purposcs and thus
weather foreeast improvement.
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