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Abstract. The local distribution of water vapour in the ur- water vapour variations over its wide range of spatial and
ban area of Rome has been studied using both a high reseemporal scales. The complex topography of the Mediter-
lution mesoscale model (MM5) and Earth Remote Sensing-Tanean area causes a large spatial variability of the water
(ERS-1) satellite radar data. Interferometric Synthetic Aper-vapour, often turning on severe weather (Rotunno and Fer-
ture Radar (InSAR) techniques, after the removal of all otherretti, 2001, 2003). Moreover, at the local scale, water vapour
geometric effects, estimate excess path length variation bemay also vary because of the local circulation (Ferretti et al.,
tween two different SAR acquisitions (Atmospheric Phase2003b) producing fast temporal variations. A review by Col-
Screen: APS). APS are strictly related to the variations of thdier (2006) about the impact of the urban area on the weather
water vapour content along the radar line of sight. To the aimclearly shows the importance of observations in understand-
of assessing the MM5 ability to reproduce the gross featuresng these influences, but strongly highlights the deficiencies
of the Integrated Water Vapour (IWV) spatial distribution, of our knowledge of the physical and dynamical processes at
as a first step ECMWF IWV has been used as benchmarkhe local scale. The recent development of high resolution
against which the high resolution MM5 model and INSAR weather forecast models helps in understanding the central
APS maps have been compared. As a following step, the highole of water vapour in correctly reproducing all scales flow.
resolution IWV MM5 maps have been compared with both  Currently the high spatial resolution Numerical Weather
INSAR and surface meteorological data. The results showPrediction (NWP) models are able to reproduce realistic wa-
that the high resolution IWV model maps compare well with ter vapour distribution fields, but their limiting factor is the
the INSAR ones. Support to this finding is obtained by semi-poor resolution of the initial conditions. The lack of both
variogram analysis that clearly shows good agreement besidprecise and continuous water vapour data is one of the major
from a model bias. sources of error in short-term forecast of precipitation (Kuo
et al., 1993, 1996). An improvement in monitoring the at-
mospheric water vapour and its assimilation in NWP models
would lead to more accurate forecasts of precipitation and
severe weather. In this context, benefits from INSAR high
Water vapour is one of the most important constituents off€Solution phase delay can be fully employed if ground mo-
the atmosphere because its phase changes are responsible #9f1 and topography effects are effectively isolated from wa-
clouds and precipitation, whose interaction with electromag-ter vapour contribution to the signal delay. .

netic radiation is a crucial factor in atmospheric system reg- On the other hand, from the point of view of SAR interfer-
ulation. Despite of its importance within atmospheric pro- °Metric applications (e.g. the analysis of progressive tectonic
cesses over a wide range of spatial and temporal scales, w&0tions, or to the improvement of a Digital Terrain Model),
ter vapour is one of the least understood and poorly describetinWanted contributions on the received signal induced by the

components of the atmosphere. It is very difficult to observe@tmosphere are big sources of noise for INSAR techniques,
especially at C and X frequency bands. Among them, the

delay caused by changes in the distribution of water vapour

Correspondence tcE. Pichelli in the atmosphere (Foster, 2006). By analyzing single inter-
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(emanuela.pichelli@aquila.infn.it) ferograms, the water vapour delay contribution is practically
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lay, called Atmospheric Phase Screen (APS). This study has
been carried out using data acquired during the three-day rep-
etition phase of ERS1 in 1994, when there was a satellite
overpass over the same area every three days (Ferretti et al.,
2003a). The density and quality of the detected PSs obtained
with so frequent satellite passages is impressive (Fig. 1), re-
sulting in a very high spatial density of APS of about one
every 100m. Thus, the APS can be converted into inte-
grated water vapour (IW&) and compared with MM5.

In this analysis, the integrated water vapour provided by
MMS5 is compared with the APS one retrieved with the PS
; technique. Information about the difference in IWV be-
$ tween two acquisitions, called hereafter the differential IWV

| m———Km

Josio T (dIWV), can be retrieved from SAR data as follows.
. o _ The atmospheric refractivity introduces bending and slow-
Fig. 1. PS distribution. The 109100 kn? blue area contains ap- ing along the propagation path of the SAR microwave sig-

proximately 2806:103 PS. nal (Davis et al., 1985). The observed signal delay can be

interpreted as the result of various atmospheric delay con-
tributions (Hanssen et al., 1999). In the clear atmosphere
indistinguishable from ground motion signal: its amplitudes the delay consists of the ionospheric, hydrostatic and wet
can range from some millimetre up to several centimetrescomponents; if aerosols and hydrometeors (such as dust,
or even greater. This leads to a real difficulty in detectingclouds, and rain) are present, an additional contribution has
ground deformation events. Large efforts have been spenb be considered. The ionospheric and hydrostatic compo-
to solve this problem (Webley et al., 2002), by developing nents give large contribution but they are quite homogeneous
methods to mitigate water vapour error by reconstructing thewithin a typical SAR frame, thus, they are easily computed
most likely atmospheric scenario. The most known tech-and removed (Hanssen et al., 1999). Aerosols and hydrom-
nigues use observations, such as soundings, Global Positiorteors, instead, have a smaller contributier®(Ll—1.0 mm)
ing System (GPS) receiver networks, ground or space basednless heavy rain is detected (Solheim et al., 1999). There-
radiometers: the last ones generally exhibit poor temporafore, the wet component, i.e. the contribution from atmo-
or spatial resolution. Satellite-based radiometers accuracgpheric water vapour, is the most relevant for SAR applica-
may strongly depend on the surface (land/water) over whichtions, due also to its high spatial and temporal variability.
the measurements are acquired (Webley et al., 2002). Water Following Onn and Zebker (2006), the total phase shift in
vapour field produced by a high resolution NWP, can pro-the radar interferogram, caused by propagation through the
vide a good support to solve some of these problems. Inneutral atmosphere, is modelled as:
deed, high resolution meteorological models can be used to
calculate atmospheric delay to be subtracted from InSAR in-A® = AP (x,y,1) = AP (x,y, 1)
terferograms, to reduce noise on the geodetic signgls. . _ 4 [AL(x,y,1) — Al (x, y,10)], 1)
In this study the INSAR data are used for the first time ACO9

over the urban area of Rome combined with a high resoluyyheres indicates time and, is the time of a reference ac-
tion numerical forecast model, producing a completely newqyjisition (master)r =[x, y,z]” is the position vector, with
approach for studying/verifying circulation and thermody- . jngicating the altitude with respect to the Earth’s surface;
namics of urban areas; preliminary results of the investigay js the local incident angle at the centre of the INSAR 100-
tion of the high resolution water vapour field are here pre-ym wide swath (nominally at 23incidence angle) is the

sented. The version 3 of Mesoscale Model 5 (MM5) (Dud- free-space wavelength (5.67 cm for ERS-1)Vr, 7) is the
hia, 1993) is used to produce high resolution water vapour

fields to be compared with INSAR data, which have been pro-
cessed with the Permanent Scatterers (PS) technique (Ferretti
etal., 2001).

. 1APS dataset was derived by re-sampling a dense PS set on a
2 InSAR data processing 100x 100 kn? area; considering the PS distribution almost uniform,

) ) ) it results on average a density of more than 350 P$/km
The PS technique exploits long series of SAR data to es- 27he integrated water vapour is defined as the liquid-

timate ground motion and relative height of a sparse sekquivalent columnar integrated vapour content calculated as fol-
of points (PSs) that are coherently imaged in the wholelows: |szpiL [ pydh, wherep_ is the liquid water densitypy
dataset, isolating in this way the tropospheric differential de-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

Al(x,y,1) :10*6/N(r,t)dz 2)
0

is the one-way excess path length in the zenith direction at
the timer due to propagation through the atmosphere up to a
point (x, y, 0), sometimes called Zenith Wet Delay (ZWD).

Therefore, the excess path length difference between ac
quisition times in the zenith direction is related to the mea-
sured total phase shift as:

40N

ACOo9)
Al(x,y):%AdD(x,y). 3)

Note that the Cds factor maps del_ays in the slant d'reCF'O” Fig. 2. MM5 domains configuration. Domain D1 has resolution of
to zenith; for incident angles typical of SAR observations 27 km; D2 has resolution of 9km; D3 has resolution of 3km; D4
(23), this simple mapping function accurately projects slantpas resolution of 1 km.

delays to vertical and thus is commonly used (Hanssen et al.,

1999; Onn and Zebker, 2006; Foster et al., 2006). Finally,

assuming that the above excess path length is entirely due to Sensitivity tests and previous studies (Ferretti et al.,
atmospheric water vapour, the differential IWV is obtained 2003b; Ferretti and Raffaele, 2009) allowed for tailoring the
introducing the conversion fact®t (Davis et al., 1985): optimal combination of physical parameterizations for the
numerical experiments. Therefore, the following model con-
figuration has been used:

ArCOY)
dIWV(x,y):HAl(x,y)=H4—ACI>(x,y). (4)
T

— 33 unequally spaced vertical levels, from the surface

The conversion factorl, widely used in GPS meteorology,
is not a constant but rather a function of the weighted mean
temperature of the atmosphere. However, the conversion fac-
tor can be estimated accurately and it shows little variability
in a typical SAR frame. A typical value fd is six; there-
fore 6 mm of ZWD is equivalent to approximately 1 mm of
IWV.

ThedIWV retrieved from SAR are calculated with respect

to a reference 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 Research) and Pennsylvania State University (PSU)
mesoscale model MM5 is used for this study; this is a non
hydrostatic model at primitive equations with a terrain fol-
lowing vertical coordinate and multiple nesting capabilities
(Dudhia, 1993).

Four two-way nested domains are used (Fig. 2) to enhance

up to 100 hPa, with a higher resolution in the planetary
boundary layer (PBL);

— the MRF scheme for the PBL. This scheme is based
on Troen-Mabhrt representation of counter-gradient term
and the eddy viscosity profile in the well mixed PBL
(Hong and Pan, 1996);

— the CLOUD radiation scheme for radiative transfer pro-
cesses. This scheme accounts for both shortwave and
longwave interactions with explicit cloud and clear air
(Stephens, 1984);

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

— the Reisner 2 scheme for microphysics; based on mixed-
phase scheme, graupel and ice number concentration
prediction equations (Reisner et al., 1998).

the resolution over the urban area of Rome. The mother doAll the numerical experiments last 24 h, from 00:00 UTC
main covers most of western Mediterranean area; itis centretb 24:00 UTC for each chosen event. The European Centre
at 41.5 N, 10.0 E and it has a spatial resolution of 27 km. for Medium-Range Weather Forecast (ECMWF) analysis for
The nested domains cover Central Italy from a spatial resotemperature, wind speed, relative humidity, and geopotential
lution of 9 km, for domain 2, to 1 km for the inner one; this height at 0.25 resolution are interpolated to the MM5 hori-
last encompasses the city area and its surroundings (Lazipontal grid and to vertical levels to produce the model initial
region), greatly overlapping the ERS satellite swath. and boundary conditions.
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ECMWF IWV(mm),wind (1000mb) 5 MAR 12UTC MM5 IWV(mm),wind (1000mb) 5 MAR 12UTC
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Fig. 3. 5 March 1994 at 12:00 UTC (master day): integrated water vapour by ECMWF (pragld MM5 on mother domain (panBj.
The red square on each panel represents the area of high resolution (domain 4).

During 1994, several satellite passages in a relatively shorthe north-easterly wind at 850 hPa (not shown) on the north
period (from January to April) are available over the area ofeast side of Italy. The differential IWV shows lower values
interest; among them a few cases have been simulated bipgr MM5 than ECMWEF, on domain 4 (Fig. 4, panels C and D,
MMS5. In the next paragraph four cases will be presented: 31red square). Moreover, a reversed structure of high-low val-

January, 3 and 12 February, and 8 March. ues along the diagonal of the red square (“diagonal structure”
hereafter) is produced by MM5 with respect to ECMWF
3.1 Results (Fig. 4, panels A and D). To further investigate the MM5

) » i ability in producing high resolution water vapour, a compar-
The MMS 2-way nesting capability allows for feeding back ;o with InSAR data on the same area (Fig. 5) is carried out
high resolution fields on the overlapping coarser domains4; the same time of ERS overpass. It has to be pointed out

This clearly appears by the comparison between the MMt \MM5 maximum resolution is lower (1km) than InSAR
mother domain simulation and ECMWEF analysis. This com- ppg map resolution (about 100 m). Moreover, because of

parison is performed to the aim of assessing MMS improve-q |oy reliability of INSAR data over sea, they cannot be
ments to the meteorological fields and eventually the accuyseq for the comparison in that area. The main features of
racy of such correction. On the other hand, an evaluation of,,e |nSAR APS map are well reproduced by MMS5 (Fig. 5),
MMS high resolution water vapour field will be performed 55 \ye|| as the values range measured by the radar on 31 Jan-
using INSAR data of differential mtegrateq water vapour re- uary at 10:00 UT@ with respect to the master image. From
spect to the master one (S March 1994, Fig. 3), for each dayihese maps (Fig. 5), the influence of the topography on the
The results of this comparison will qlso evalugte the accuracyy variations clearly appears for both MMS5 and the radar
of the correction on the low resolution domains. data. Indeed, the minimum values in both cases are located
over the hills nearby Rome and the western slope of Apen-
nines (Fig. 5, light green to yellow areas). The INSAR (Fig. 5,
31 January 1994 right _pan'el) shows the same Qiagonal stru_cturg aligned NW—
SE highlighted on low resolution maps, with high values in
The Comparison between MM5S and ECMWF WV f|e|ds the nOI’th-West area and IOW ones in the SOUth-eaSt. MM5
shows that the former produces a more humid field than théeproduces this structure evendifWV is overestimated in
last one (Fig. 4, panels A and B) for 31 January. Both mapghe south-east area (Fig. 5, left panel). The analysis of IWV
are referred to 12:00 UTC, which means 12 h after the MM5fields, produced by MM5 at the following time steps (not
start time. At coarse resolution the IWV clearly shows two Shown), suggests a delay of about one hour in reproducing
maxima for ECMWF (Fig. 4, panel A): one over Central Italy the observed structure.
eastern side, and the other one over the Balkans area. Sim- The role of high spatial resolution can also be inferred by
ilarly, MM5 develops two maxima, but displaced westward the comparison of ECMWHRIWYV with INSAR data: the
with respect to ECMWF (Fig. 4, panel A). This is proba- low-high values structure along the diagonal are reversed in
bly caused by a weak or absent eastward wind component

turning in a delay in th? eastward migration of the _tWO IWV 3The comparison between MM5 and InSAR data are performed
maxima, as the evolution of the weather system in the fol-4 10:00 UTC, that is 2 h before the one presented at low resolution;
lowing hours suggests (not shown). This hypothesis is supthis time difference in the comparison is due to the availability of

ported by the north-westerly wind produced by MM5 along ECMWF analysis only at 00:00, 06:00, 12:00 and 18:00 UTC. ERS
the western coast of Italy (Fig. 4, panel B) at low levels, andoverpass is at 10:00 UTC.

3.1.1 MM5 versus ECMWF and InSAR
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ECMWF IWV(mm),wind (1000mb) 31 JAN 12UTC o MM5 IWV(mm),wind (1000mb) 31 JAN 12UTC
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Fig. 4. 31 January 1994 at 12:00 UTC: integrated water vapour by ECMWF (pgreehd MM5 on mother domain (panB)); differential
IWV respect to the master day (5 March) by ECMWF (pa@gkand MM5 (paneD). The red square on each panel represents the area of
high resolution (domain 4).
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Fig. 5. [31 January—5 March] 1994 at 10:00 UTC: differential integrated water vagt\() produced by MM5 on high resolution domain
(left panel) and measured by INSAR (right panel).

the ECMWEF analysis (Fig. 4, panel C) with respect to INSAR tial result in this case. On the other hand, ECMWF IWV does
map (Fig. 5, right panel). Of course, the MMBWYV is pro- not show any dipole structure (low-high) nor for the master
duced by both the day under exam (31 January) water vapoutay (Fig. 3, panel A) or for 31 January (Fig. 4, panel A).
field and the master day one; therefore, the exactness of the

final differential field depends on the accuracy of both simu-3 February 1994

lations. The IWV for the master day (5 March) produced

by MM5 on domain 4 (red square in Fig. 3, panel B) shows The meteorology of the second case (3 February) is driven by
a dipole structure (low-high) that can be related to the oney |ow pressure centred on west Europe (Fig. 6) that causes
previously discussed, whereas a homogeneous distribution ¢ southern flow over Mediterranean basin advecting humid
IWV is produced by MM5 for 31 January (Fig. 4, panel B). ajr over Italy. Both ECMWF and MM5 produce this mete-
This suggests that the master day field is driving the differenprological structure (not shown). However, the IWV field is
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ECMWF_IWV(mm),wind (1000mb) 3 FEB 12UTC
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Fig. 6. 3 February 1994 at 12:00 UTC: integrated water vapour by ECMWF (panhahd MM5 on mother domain (panB)); differential
IWV respect to the master day (5 March) by ECMWF (pa@gknd MM5 (paneD). The red square on each panel represents the area of
high resolution (domain 4).
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Fig. 7. [3 February-5 March] 1994 at 10:00 UTC: differential integrated water vapbW\) produced by MM5 on high resolution domain
(left panel) and measured by INSAR (right panel).

different for the two models: the MM5 IWV along the coast even though it underestimates the maxima (approximately
of Lazio is higher than the ECMWF one, but a tongue of 1 mm) and overestimates the minima. As expected, the high
lower IWV (Fig. 6, panel B) is rapidly approaching this re- resolution features measured by the INSAR data are missed
gion. This is caused by the wind veering eastward at uppeby MM5. Moreover, INSAR data clearly show a northwest-
levels, which turns in dryer air advection. On the other hand,southeast gradient aiWV with higher values in the north-
ECMWEF analysis shows (Fig. 6, panel A) a homogeneouswest corner than in the south (Fig. 7, right panel, respectively
field over the Tyrrhenian Sea and the IWV minimum is lo- red to black area for the high values and orange to yellow for
cated south west. This produces a difference of IWV from 2the low values). This would infer a reduction of IWV in the

to 4 mm between MM5 and ECMWF on domain 4 area. Thesouth side, if we suppose the master day having a homoge-
comparison between MM5 and InSAR data (Fig. 7) suggestsieous field. Unfortunately, we do not have any information
that the model well reproduces the gross features of dIWV,on the high resolution IWV unless we assume as “true” the
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ECMWF _IWV(mm),wind (1000mb) 12 FEB 12UTC o MM5 IWV(mm),wind (1000mb) 12 FEB 12UTC
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Fig. 8. 12 February 1994 at 12:00 UTC: integrated water vapour by ECMWF (ggnahd MM5 on mother domain (panB); differential
IWV respect to the master day (5 March) by ECMWF (pa@gknd MM5 (paneD). The red square on each panel represents the area of
high resolution (domain 4).

one produced by MM5. Following this assumption, high val- ferential fields for ECMWF and MM5 (Fig. 8, panels C and
ues of IWV are produced by MM5 in the southeast side (notD, respectively) show similar results: both produce negative
shown) making the homogenous field hypothesis unrealistic|WV values, but MM5 restrains them on south-west angle of
whereas the hypothesis of the master day driving the norththe red square area. The IWV negative values imply that the
south gradient is more suitable. Therefore, the IWV gradientmaster day is more humid than 12 February; this suggests
is not correctly reproduced by MM5 at the time of the INSAR that the master day drives the differential field, also in this
overpass. The low values of MM5 IWV at 12:00 UTC in the case. Beside from an underestimation of the positive values
southwest corner of the box (not shown) would suggest a deand an overestimation of the negative ones, a good agree-
lay in the onset of the tongue of low IWV values, as already ment is found between the MM5 high resoluti@fWwV and
shown by the large scale structure (Fig. 6, panel B). On thethe satellite (Fig. 9). Moreover, the negatwBVV values
other hand, ECMWF correctly produces a lower IWV in the produced by MM5 are restrained in the south-east corner of
inner domain (Fig. 6, panel A), but it completely misses the the domain, covering a smaller area than the one measured by
north-east gradient. The ECMWF IWYV differences betweenthe INSAR (Fig. 9). Also in this case a time delay of the low

3 February and the master day are lower than MM5 ones; thigIWV entering the area can be hypothesized for MM5, but
would suggest that the differences between ECMWF and Ina concurring factor can obviously be introduced by the mas-
SAR would be higher for positive values than MM5 ones. Onter day field structure. Indeed, the IWV for 5 March (Fig. 3,
the other hand, a better estimated®¥VV minima would be  panel B) would suggest that yet the master day is driving

achieved by ECMWEF in any event. thedIWV field for 12 February case, producing a tongue of
high IWV values in the south-west area of the inner domain.
12 February 1994 Moreover, it can be inferred that larger discrepancies on this

local structure would be produced by a low resolution field
The MM5 low resolution IWV is generally more humid than jike the ECMWF one (Fig. 3, panel A), that shows an almost
ECMWEF analysis (Fig. 8, panels A and B) on 12 February. Afjat and low IWV field on the Lazio hinterland.
strong north-easterly wind is produced by MM5 causing dry
air over most of central Italy, whereas ECMWF is character-8 March 1994
ized by a north-westerly wind in the same area. In both cases,
the area enclosed by domain 4 is characterized by very lowrinally, a case (8 March 1994) producing large discrepan-
values of integrated water vapour. The corresponding dif-cies between MM5 and InSAR is presented. The MM5 IWV

www.nat-hazards-earth-syst-sci.net/10/121/2010/ Nat. Hazards Earth Syst. Sci., 822010
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MMS d{WV) for 12feb84 hiOute dd4 ‘SAR d(IWV) for 19840212 085500 ERS1
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Fig. 9. [12 February—5 March] 1994 at 10:00 UTC: differential integrated water vaptiW\({) produced by MM5 on high resolution
domain (left panel) and measured by INSAR (right panel).

ECMWF_IWV(mm),wind (1000mb) 8 MAR_12UTC MMS5_IWV(mm),wind (1000mb) 8 MAR _12UTC
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Fig. 10. 8 March 1994 at 12:00 UTC: integrated water vapour by ECMWF (pAjeind MM5 on mother domain (panB); differential
IWV respect to the master day (5 March) by ECMWF (pa@gbnd MM5 (paneD). The red square on each panel represents the area of
high resolution (domain 4).

is generally more humid than the ECMWF one (Fig. 10, SAR data of approximately 2 mm in the north-west side and
panels A and B) over the whole domain and the horizon-of more than 8 mm in the south-east side. The large scale
tal MM5 wind field is weaker than the ECMWEF one over field can help understanding these discrepancies. As already
the Italian peninsula. Also in this case a time delay in thepointed out, the low resolution MM5 field (Fig. 10, panel B),
large scale structure entering from north-west produced byclearly shows a generally overestimation of IWV over the
MMS5 (not shown) may cause these differences. The MM5Mediterranean basin, with a surplus of IWV over Central
dIWV field (Fig. 10, panels C and D) is always positive and lItaly. This is probably caused by a too weak eastward ad-
larger than ECMWF, over domain 4. The comparison be-vection that inhibits the eastward migration of the minimum
tween MM5 high resolution and the radar data shows largeof IWV located over the Tyrrhenian Sea (Fig. 10, panel D).
differences (Fig. 11): an almost completely homogeneousThe entrance of the low IWV would have decreased water
and positive field is produced by MM5 (Fig. 11, left panel), vapour content and consequently the differences respect to
whereas a large northwest-southeast gradient is observed byaster day. The time delay caused by the too weak eastward
the satellite (Fig. 11, right panel). MM5 overestimates In- advection previously hypothesized is, actually, confirmed by
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MMS d{IWV) for 08mard4 hi0ute d4. SAR d{IWV) for 19940308 095501 ERS1
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Fig. 11. [8-5 March] 1994 at 10:00 UTC: differential integrated water vapadiW{V) produced by MM5 on high resolution domain (left
panel) and measured by INSAR (right panel).

a good agreement between tH&VV by INSAR and the one  for MM5 (Dandou et al., 2005; Ferretti and Raffaele, 2009),
produced by MM5 more than two hours later (not shown). especially at high resolution. Generally, the four MM5 vari-
This analysis clearly highlights differences between MM5 ables infer a weak tendency of MM5 to underestimate the
and ECMWEF and a tendency of MM5 to over predict the wet thermodynamic conditions of the atmosphere, except for the
field on coarser domain. Actually, a high resolution NWP water vapour mixing ratio that shows (Fig. 12, panel B) a
is tailored for correctly reproducing the meteorological field large uncertainty and a tendency to either over or under es-
at the high resolution, therefore the previous comparison betimate the sounding values. Again, this is expected because
tween the MM5 low resolution and ECMWEF is obviously of the larger water vapour content in the lower layer of the
highly penalising for MM5. The two models major discrep- atmosphere.
ancies can be related to differences in the dynamics caused
by both the different algorithms for the dynamics and param-3.1.3  Semivariograms analysis
eterizations for the physics. Moreover, the feed back mech- ) ) o
anism of the two-way nesting used by MM5 is not imple- I!’l order to ql_Jannfy the spatial characterlstlps of the IWV
mented in ECMWF: the two-way nesting capability allows fields, MM5 simulations apd [nSAR obse.rvqtlons.have been
the model to transfer high resolved information to mother do-cOmpared in term of semivariogram. This is defined as the
mains and to capture features that can be missed on ECMwRalf average of the square differences between couples of
low resolution. In the next paragraph, a comparison with up-values of integrated water vapour sampled at different lag
per air sounding will show that at lower levels MM5 does not distances; it produces a description of the spatial correla-
show a clear signal in over or under estimating water vapoufion of the handled fields. In addition, semivariograms are
fields, but an overall good agreement with observations idirectly exploitable within kriging procedures for data inte-

found. gration purpose (e.g. to blend MM5 simulations, GPS and
radiometers observations of integrated water vapour) which
3.1.2 MMS5 versus upper air soundings may be a valuable approach to mitigate water vapour effects

for INSAR data exploitation.

An additional comparison between MM5 and both soundings The comparison between the semivariograms by MM5
data and surface stations (not shown) has been performednd INSAR observations from ERS-1 platform suggests that
to the aim of better evaluating the MM5 water vapour field. MM5 well reproduces the spatial structure of integrated wa-
The scatter plots for temperature (Fig. 12, panel A), waterter vapour (Fig. 13, respectively grey and black lines). This
vapour mixing ratio (Fig. 12, panel B), potential tempera- can be inferred by the similarity in shape of the two semivar-
ture (Fig. 12, panel C) and equivalent potential temperaturéograms (MM5 and ERS1). For 3 February (Fig. 13), this is
(Fig. 12, panel D) produced by MM5 versus the soundingsespecially true at all scales, whereas for the other cases it is
launched at Pratica di Mare (41969, 12.63 E, a station  true only at small scales (below 5km). On the other hand,
along the coast nearby Rome) at 12:00 UTC for all casegshe comparison between the asymptotic behaviour at large
previously analyzed are shown. A general good agreemenspatial scales of the MM5 semivariogram and those origi-
between MM5 and the real atmospheric profiles is obtainednating from SAR infers a weaker ability in describing the
beside of discrepancies in the PBL as the large spread at higbariance of the integrated water vapour by MM5 (the grey
temperature and water vapour content would suggest. Theurves of Fig. 13, at high lag distances underestimates the
spread at the lower levels is expected because of the welllark ones), except for 3 February being the one with the best
known difficulties in correctly reproducing the PBL structure variance 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 {4,.82.63 E) site and MM5 at same coordinates. Different
panels show: temperatu¢d), vapour mixing ratigB), potential temperaturgC), equivalent potential temperatuii@). Data are referred to
the four 1994 cases presented on this paper. Points are referred to different heights.
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Fig. 13. Semivariograms of MM5 simulations (grey lines) and ERS 1 observations (black lines).

from semivariograms is the rate at which they reach the maxMM5 simulations increase at a smaller rate than those asso-
imum (Fig. 14): gently increasing curves support a more spa<ciated to INSAR measurements, with the exception of 3 and
tially correlated water vapour field, in spite of curves rapidly 12 February 1994 (Figs. 13-14).

reaching their plateau. The semivariograms produced by the
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ERS1 data MMS data error even on the short term forecast. At high resolution, the

errors are even larger. The InSAR integrated water vapour

, data, inferred from a long series of radar images processed

/ using the PS technique, would probably largely reduce this
’ error because of the high spatial resolution. For this pur-

€ pose the water vapour mixing ratio should be retrieved from
% the INSAR data. The retrieval process requires two prelimi-
§ nary steps: 1) to isolate the atmospheric contribution to the
§ interferograms from the eventual ground motion signals; 2)
€ to convert residual phase delay difference (APS) into water
o vapour. On the other hand, the wet component of the sig-
L —~—12Feb. 94 | i e nal delay must be evaluated to correct INSAR interferograms
-<--31 Gen. 94 when the long series on a stable terrain is not available. The
03 Feb. 94 water vapour fields produced by a high resolution meteoro-

08 Mar. 94 ; ; ;
L ‘ : L ‘ ‘ logical model can be used to this purpose, even though its
SIS T SR - ability to reproduce reliable atmospheric scenarios has to be

Lag distance (km) Lag distance (km)

evaluated first.
Fig. 14. Semivariograms of ERS 1 observations (left panel) and Most of the cases analyzed in this study show a good
MMS5 simulations (right panel) for the four cases study during 1994: agreement between the MM5 integrated water vapour con-
31 January, red line; 3 February, cyan line; 12 February, black linetent and the INSAR one. The results suggest an improve-
8 March, green line. ment in the IWV structure representation if a high resolu-
tion model is used, even if a time delay or a misplacement
of the water vapour distribution is found for a few cases. A
good agreement between MM5 at low resolution and INSAR
data in term of differential interferograms was also found by
Besides the bias found for all cases, the rate at whicH-oster et al. (2006), beside for an over/underestimation and
the semivariograms reach their maximum is clearly differentdiSplacement of the maxima/minima values. The compari-
among the cases: both MM5 and INSAR show that 12 FebruSOn between MMS and both soundings and surface stations
ary is the one having the smallest rate (Fig. 14, black lines)infers an overall good model ability in reproducing several
whereas 3 February is the one with the highest rate (Fig. 14meteorological parameters at the chosen model resolution.
cyan lines). Moreover a good agreement between MM5 and?@sed on the semivariograms results, we can state that the
INSAR is found: at small scale for 12 February and at all Model generally produces coherent water vapour field respect
scales for 3 February (Fig. 13). This behaviour supports thd® radar measurements and it is able to capture its main spa-
conclusion inferred by comparing MM5 and InNSAR maps _t|al features eSpeCIaII_y at low resolution. For two cases this
(Figs. 5, 7, 9, and 11), which clearly shows that MM5 si- iS true at high resolution too. Moreover, the semivariograms
mulations miss some feature at small spatial scales respe@nalysis suggests the possibility to deduce from the model
to INSAR observations and confirms the good agreement pedseful statistical constraints to be applied to interferograms
tween MM5 and SAR for 3 and 12 February. process for reconstructing wet delay component, even when
In summary, though the high resolution (1km) MM5 the model doe; not rgduce the variance of satellite images
simulations do not exactly reproduce the spatial structureli-6- Where a bias exists between model and InSAR vario-
of integrated water vapour measured by InSAR at abou@r@ms). _ . .
100 m resolution, the semivariograms allow to assess the In C_onclu5|on,_th|s study (_Zontrlbutes to smgle_out the value
MMS ability to reproduce the signal structure of the InSAR ©f @ high resolution model in reproducing the fine meteoro-
observations and to describe their spatial correlation feature!@gical structures mostly due to the local dynamics, though
in some of the cases studied (for instance 3 February 1994)More efforts must be devoted to correct time delay errors
possibly using data assimilation. Therefore, the work con-
tributes to understand the potentiality of using the simu-
4 Conclusions lated high resolution water vapour fields for removing the
atmospheric contribution in the INSAR signal. Moreover, it
This study investigates the MM5 ability in reconstructing points out the possibility to exploit long series of interfer-
high resolution water vapour field over the urban area ofometric data to provide the meteorological information on
Rome and its surroundings. Water vapour is one of the mostvater vapour useful for data assimilation purposes and thus
important atmospheric components but still one of the leastveather forecast improvement.
understood; from the modelling point of view, uncertainties
on the initial conditions of this field represent a big source of
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