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ABSTRACT

This exploratory research used three sets of single
polarized synthetic aperture radar (SAR) satellite data
and a multi-temporal radar interferometry (InSAR)
methodology to determine the spatial evolution and
ground displacement trends of several industrial parks
located in the metropolitan area of Bucharest, Romania.
From 70candidate areas, 20 large industrial parks were
selected for analysis and interpretation. INSAR analysis
used SAR data acquired between 1992 and 2014 by
ERS-1/-2, ENVISAT, and TerraSAR-X satellites.
Ground movement patterns identified before and after
2000 were linked to groundwater table investigations
based on 25 water wells, located on or in the proximity
of these areas. The analysis revealed an initial
subsidence or no change in uplift areas before 2000,
followed by a return to zonal movement. This trend may
also be related to the shutting down of industries that
consumed large amounts of water, which increased deep
groundwater pressure. Only one continuous subsidence
trend was identified for an industrial area located south
of the city, an area which continues to be active over
time. Ongoing researchis focused on using traditional
geological andgeomorphologic investigations, as well as
comparisons with fieldGlobal Navigation Satellite
System (GNSS) data.

1. INTRODUCTION

Several recent studies are assessing ground instabilities
in urban areas using conventional radar interferometry
(INSAR) [e.g., 1-3] and multitemporal InSAR [e.g., 4-
9]techniques. InSAR techniques have also been used to
study the Bucharestmetropolitan area specificallyto
detect and monitor ground displacement [e.g., 10-13]
and derive new digital elevation models (DEMs) [14-
15].In this study (Fig. 1), we used Persistent
Scatterersinterferometry (PS InSAR) to estimate the
displacement trends over industrial park areas before
and after 2000, when important water-consuming
industries were shut down. From 70initial candidate

areas,the largest 20 became the focus of this
research.The observed displacement patterns were also
analyzed in relation to the groundwater extraction
geological strata.

Unlike conventional INSAR, PS InSAR uses the phase
information of temporally coherent individual point
scatterers to determine the time dependent ground
displacements. The persistentscatterers (PS) are usually
represented by objects with a high reflectance that
remains constant in time, like buildings, dams, pipes,
highways or rocks that are oriented in the sensor’s line
of sight (LOS) direction. Because the PS InSAR
provides time series of displacement for individual
scatterers, the technique can be limiting in terms of PS
density. However, if enough point scatterers are
detected, the technique offers the advantage of
enhancing spatial resolution of deformation maps,
which can be helpful for observing displacement
patterns in detail.
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Figure 1. Outline of SAR data used in this study; magenta

represents the extent of TerraSAR-X and yellow represents

ERS-1/2 and ENVISAT data. (Background image: © 2014
Google)



2. DATA AND METHOD

PS InSAR analysis has been applied to76SARimages
acquired byEuropean Space Agency (ESA) ERS -1/-2
and ENVISAT satellites and by the German Aerospace
Centre (DLR) TerraSAR-X (TSX) satellite. The
historical satellite data consisted of 28 ERS-1/-2 images,
acquired between 1992 and 1999, and 24 ENVISAT
images, acquired between 2003 and 2010. Twenty-four
high resolution images were recently acquired by the
TSX satellite between 2011 and 2014.These images
were selected from a larger pool of SAR images,
eliminating those acquired under poor weather
conditions (i.e., snowfall, snow groundcover, rain,
thunderstorms, and overcast skies). Datasets with large
perpendicular baselines were also eliminated especially
when associated with atmospheric conditions as
previously described.Master files were defined for each
stack of SAR datasets (i.e., ERS, ENVISAT and
TSX)based on estimates of the expected measurement
precision. Six one-arc-second X-band DEM products
[16] covering Bucharest and the surrounding area were
downloaded via DLR’s EOWEB interface and
mosaicked into one DEM product. The following INSAR
products were generated:
e Mean displacement velocity
o Displacement history, which consists of the
displacement magnitude for each input file
with respect to the reference acquisition
e Measurement precision, for both mean
displacement velocity and height
e Coherence
e Height correction with respect to the input
DEM
e Total displacement

Finally,we calculated the mean deformation rates in
each time period for 20 important industrial parks. A
post-processing analysis of each time series was
performed  through  manual  recognition  and
classification of the behaviors of each industrial area.
The resultsanalysis considered the geomorphologic
aspects ofthe terrain, evolution of the groundwater
levels, water needsovertime, and the history of
industrial areas.

3. RESULTS AND DISCUSSION

ThePSInSAR techniqueapplied to each SAR dataset was
capable of measuring very small deformations (e.g., 1
mm/year) allowing a synoptic view of Bucharest land
deformations over 22 years. Over the urban and peri-
urban areas,PS InSARanalysis returned more than
30,000 PS in the time interval 1992-2000 (ERS data)
and more than 60,000 in 2003-2010 (ENVISAT data).
Processing of TSX data identified even a higher density
of PS (i.e., 600,000 points).The INSAR analysis reveals
(@ an estimated mean displacement rate
rangingbetween -8 up to 2 mm/yr (estimated PS velocity

precisions being ~0.3mm/yr for ERS and ENVISAT and
~0.2mm/yr for TSX InSAR products)and (b)that two
trends seem to characterize the dynamics of these
industrial parks. These trends can be described as(a) a
normal (i.e, no change or the expected
subsidencepattern between 1992 and 1999, and uplift
after 2003)and (b) a continuous uplifting pattern, with a
period of stability before 1999 and a more accelerated
rising trend after 2003 (Fig. 2).An exception to those
trends (i.e., continuous subsidence) was identified for an
industrial area, located in the south of the city.

3.1. Rising of the groundwater table

Geotechnical studies conducted in different areas of the
city revealed that the  hydrostatic level
underwentchanges during the last 80 years, rising
generally at least a few meters [17, 18], as a result of
obstruction of the groundwater’s drainage toward the
Colentina and Dambovita rivers.The obstruction seems
to have been almost inevitable in a city that has seen
continuous expansion in the last decades. For example,
the construction of the subway underground
galleries,which started in 1975, could represent the first
important obstacle towater drainage.In addition, after
the fall of communism in 1989, and especially after
2005, numerous buildings with 2 to 5 underground
stories were built, which could represent an additional
obstruction for natural water drainage.Meanwhile, the
water and sewer networks received almost no
improvements over time and served a growing number
of consumers.The leakage of water caused by poor
sewer networks represented yet another reason for
increases of the piezometric level.

In addition to the groundwater’s drainage obstruction,
which affects mainly the water table aquifers, recent
groundwater table investigations of 25 water wells
located on or near the areas of interest indicate an
increase in deep groundwater pressures mainly after
2000 [17]. Reference [19] confirmed that the annual
water needs of Romania decreased from 20.5 billion
cubic meters of water in 1990 to 8.45 cubic meters in
2010, having as distinct time intervals 1990-2000 and
2001-2010. The same trend is available for Bucharest,
where industry accounts for approximately 67% ofthe
total wateruse, derivedmainly fromextractions of
confined groundwater reserves from the Fratesti
geologic strata. Thesestrata represent an alternation of
alluvial gravel and sand layers of inferior Pleistocene age,
having a total thickness that varies from south tonorth
between 100 m and180 m. The aquifers of the Fratesti
geological strata have been divided into three geological
beds: A (the superior bed, the most exploited during the
communist regime), B (the medium bed), and C (the
inferior bed). Therefore, the closing of many factories in
the last two decades might have had an important
influence on the groundwater recharge.
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Figure 2. Location of industrial areas that display different displacement trends.a) normal or expected (e.g., Militari);
b) a continuous pattern of uplift (e.g.,Basarab); c) subsidence (e.g.,Berceni)
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Figure 3.a) Water wells used in analysis for groundwater table recharge identification and industrial areas in
Bucharest; b) Evolution of the groundwater level at the location of water wells (Source: [18])

In fact, in only 15 years (i.e., from1990
t02005),industrialwater needshave been reduced by
half[18].

Reference [18] compared results of 25 water wells
drilledto explore mainly the A level of the Fratesti
strata.Several water wells were located on industrial
areas or in their vicinity (Fig. 3a). Fig. 3b shows the
rising hydrostatic level of groundwater from the Fratesti
strata, bed A, between 1971 and 2011.

3.2. Trends of the industrial areas

Several studies [e.g., 5, 6, and 9] documenteda direct
relationship between groundwater extraction and
subsidence in urban areas.Industrial parks are generally
located toward the periphery of the city, and Bucharest
is no exception. In fact, by looking at the location of
these areas depicted on historical maps, we can identify
Bucharest’s development stages. During the communist
era, many of the studied industrial parks were
established outside the city limits. As the town
developed, some of these industrial zones were slowly

incorporated in the city limits, with many changing their
functionover time.The industrial parks belonged to
heavy industries (e.g., machinery, textile, chemical, and
construction material) and werelarge water consumers.
The necessary water was extracted from the deep
confined groundwater of the Fritesti strata [18,
20].After 2000, many of these parks were closed
andreplaced by new developments.

3.3. The “normal”trend

The first trend, called the “normal” or “expected”
pattern, shows subsidence in 1992-1999 and uplift after
2003. This pattern is represented by 8 industrial parks
(Fig. 3A). Some of them,such as Timisoara, luliu Maniu,
Militari, Progresului and Obor-Baicului, are found in
larger zones affected by subsidence, while Viilor and
Lizeanu are found in zones that display a slow upward
trend. Thesetwo industrial areas are characterized by mean
annual displacement rates different from
theirsurroundings. Specifically, before 1999, Viilor was
very slowlysubsiding, with a mean velocity value of -0.72
mm/yr, while its 300-meter surroundings werevery



slowly rising at a rate of 0.60 mm/yr.Thispositive trend
was maintained after 2003 at 0.77 mm/yr, while the
surrounding areawas ascending at a rate of 0.50 mm/yr.
It was also noted that the estimated annual mean
displacementof the surroundings is smaller than that of
the industrial areas.For example, the Obor-Baicului
industrial areahad an estimated displacement of -
1.46mm before 1999 and 3.15 mm after 2003, while the
surrounding area wasrelatively stable (i.e., -0.46 mm
until 1999 and 0.13 mm after 2003). Results also
revealed consistency in the trends detected by
ENVISAT and TSX after 2000, even if TSX-based
INSAR results were able to detect finer movements of
the areas.

3.4. The “uplifting”trend

The continuous uplifting pattern was noticed on
1lindustrial areas located between the Dambovita and
Colentina rivers, on the colluvio-proluvialglacis in the
Dambovita River’s floodplain, and on the left bank of
the Colentina River (Fig. 3). The uplifting tendency of
these areas isalso reflected by theQuaternary evolution
of Dambovita valley, which was constantly sliding
toward thesouthwest, formingterrace levels on its left
bank.The uplift trend might have a tectonic cause;this
aspect will be the subject of a follow-up
analysis.Although the industrial areas are found on
generallyuplifting surroundings and display a similar
displacement trend, their displacement variations are
comparable to the surroundings before 1999 and
significantly higher after 2000.Except
forLanarieiindustrial park, which shows an uplifting
trend of 1 mm/year before 1999, the other 10 industrial
areas displayed velocities between 0.2 mm/yrand0.4
mm/year on average, indicative ofa relatively stable
ground.

As was also noted in 3.3, TSX-based resultsfrom recent
years confirm the trendnoted in the ENVISAT-based
results for 8 out of 1lindustrial areas.However, the
2011-2014 rising trend detected by TSX data is more
accelerated than that before 2010, with a velocity of
1.02 mm/yr, in comparison to 0.6 mm/yr before 2010.
The magnitude of the displacements resulted from the
TSX data beingcomparable to the ENVISAT data (i.e.,
3.25-mm annual displacement versus 4.18 mm).

Two out of 1lindustrial areas that displayed a slow
rising trend in 1992-1999,witha slight subsidencepattern
toward 2010, continued a subsidencepattern as shown
inPS TSX-basedresults after 2011. These two industrial
areas are Bd. Energeticienilor and Pallady. We tried to
explain the trend anomalies of the two industrial areas
by looking into the history of the areas after 2000.

By consulting historic imagery from Google Earth™,
we could identify new features that were built in the

Energeticienilor industrial area in the last 12 years.
Changes observed using imagery have been also
confirmed by historic records regarding the
functionality of the industry in that area. For
example,CET SudBucuresti, a steam power plant
thatstarted operatingin 1965,had its operationspartially
halted in 1975. Its full activity resumed in 2000 after its
rehabilitation in 2000, which caused a possible increase
in local water extraction. In addition, the area adjacent
to the industrial park had a dramatic increase in the
number of residential buildings, which may have further
increasedthe water consumption in the areaand also
generateda soil compaction process.

After 2003, the ENVISAT data, and after 2011, the TSX
data, show a steep decrease in mean displacement
values of the Pallady industrial area. Neither the visual
assessment of the historic development of the buildings
of the industrial area nor the history of industrial
activity could explain the clear downward tendency of
the industrial area shown in ENVISAT and TSX-based
results. The only water-consuming industry that is still
active in the area is a paint factory, which has been
functioning for the last 50 years.

Becausethe surrounding area displays the same trend as
the industrial area, one possible reason for the noticed
pattern is the presence of a former water course, now
buried, that could present an underground active
drainage system toward Dambovita.

3.5. A trend exception

From the 20 analyzed industrial areas, only one located
in the southeast part of the city (i.e., Berceni industrial
area) displayed a continuous subsidence trend. Before
year 2000, INSAR results point to a relative stable area.
However, after 2000, negative velocity rates increased
to -2.08mm/yrbefore 2010 and slowly decreased, but
kept the trend to -0.35mm/yr after 2011 (Fig. 3C). Over
this period of time,factories in Berceni continued to
operate. At least one heavy machinery factory, IMGB,
has been active for over 50 years. In addition, starting
in 2007, at least 4 other heavy machinery corporations
began activitiesin this area. PS associated with the
location of these new businesses show higher negative
displacements(e.g., -15 mm in 2008) and large negative
mean annual velocities of -2.5 to -4 mm/yr. In addition
to these activities,the Berceni industrial area is
surrounded by residential areas, which sawa dramatic
expansion after 2000, therefore causinga drop in pore
pressure (Fig. 4a, 4b). Both of these factors could
contribute to increased water needs,as reflected in the
trends identified by this analysis.
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Figure 4. Evolution of the built-up area in Berceni in the last 14 years; a)Expansion of the residential area found
in the vicinity of the Berceni industrial area. Red line delimitates the built-up area in 2000, yellow line in 2008, and
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images: © 2014 Google)

4. CONCLUSION

Estimated displacement rates over the last 24 years
indicate that the surface of the Bucharest urban area is
relativelystable. Although the estimated mean velocities
are very small, the estimated patterns over the industrial
areas are slightly distinct from theirsurroundings.
Overall, the analysis shows that immediately following
the communist era, an eracharacterized by intense
exploitation of the
groundwater  resources, slow uplifting occurred
overthese areas. This may be the result of closing the
main industrial consumers, which decreased the water
needs, followed by a comeback to the zonal dynamic
pattern.An exception was the continuous subsidence
trend noted over the Berceni industrial area, one of the
few industrial parks that not only continued to exist over
time, but becameeven more active in the last decade.
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