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Bayesian sea ice detection with the ERS
scatterometer and sea ice backscatter model at

C-band

Inés Otosaka, Maria Belmonte Rivas and Ad Stoffelen

record provides sea ice extent data over 25 years and

Abstract— This paper describes the adaptation of a Bayesian additionally monitors the backscatter response from sea ice,
sea ice detection algorithm for the scatterometer on board the which can be used to separate First-Year Ice (FYI) from
European Remote Sensing satellites (ERS-1 and ERS-2). TheMmulti-Year Ice (MYI) [6]. Scatterometers collect backscatter

algorithm is based on statistics of distances to ocean wind and seameasurements from a wide range of incidence angles (which

ice Geophysical Model Functions (GMFs) and its performance is |5 yaries from one sensor to another) and therefore, to build

validated against coincident active and passive microwave data. a uniform record of sea ice backscatter, it is necessary to

We furthermore propose a new model for sea ice backscattet i ice back f le. F hi
C-band in vertical polarization (VV) based on the sea ice GMFs normalize sea ice backscatter to a reference angle. For this

derived from ERS and ASCAT data. The model characterizes the PUrpose, a model for sea ice backscattering at C-band in
dependence of sea ice backscatter on incidence angle and isea Vertical polarization (VV) is developed. This model is
type, allowing a more precise incidence angle correction than intended for ERS and ASCAT and characterizes the
afforded by the usual linear transformation. The resulting dependencies of sea ice backscatter on incidence angle and sea
agreement between the ERS, QuikSCAT and SSMI sea ice jce type.
extents during the year 2000 is high during the fall and winter  gection Il details the original Bayesian sea ice detection
T e ity 0TI for ASCAT and how it has been aapied 0 the ERS
extentspduring the melting period, with scatterometers being rec_ord. Section |II reports on its validation and preser_1ts the
more sensitive to summer (lower concentration and rotten) sea entlr_e scatterometer record from 199_2_ to 2016. Section _IV
ice types. details the construction of an empirical C-band sea ice
backscatter model to be used as normalization tool, and as an
Index Terms— Sea ice, radar scattering, Bayes procedure, empirical aid towards the theoretical modelling of sea ice
microwave radiometry backscatter. Section V summarizes our results and provides an
overview of future work..

I. INTRODUCTION II. ALGORITHM DESCRIPTION

EA ice is a vital component of the cryosphere and plays anScatterometers are active microwave sensors primarily
important role in global climate regulation. The heatlesigned for the retrieval of wind speed and direction over the
exchanges between the atmosphere and the ocean are altecedn. They have also been used for the detection and
by changes in sea ice extent and thickness [1] and therefarlearacterization of sea ice [7]. The ERS sea ice detection
many concerns arise from the decline of the Arctic sea ice aalgorithm proposed here is a modified version of an existing
the rapid loss of Arctic multi-year ice [2,3]. The operation oflgorithm developed for ASCAT, adjusted to compensate for
polar Earth observation satellites has been supportingtteeir different observation geometries. Both ERS and ASCAT
growing interest in the Polar Regions over the last decadegperate at C-band (5.3 GHz) and collect triplets of VV
and scatterometer data have proved valuable in monitoring gesarized backscatter measuremefuts,rz, op, ey} from
ice extent, thickness, and motion. A Bayesian algorithm fahree antennas oriented at 45°, 90° and 135° relative to the
sea ice detection has been developed for QuikSCAT [4] afidjht direction (see Fig. 1). The ERS single-side antenna
applied to ASCAT [5]. The focus of this paper is theovers a 500-km swath divided into 25 km regular grid wind
adaptation of this Bayesian approach to ERS, in order Yector cells (WVCs), with incidence angles ranging from 18°
extend the existing sea ice extent scatterometer record to the46° for the mid-beam, and 25° to 57° for the fore and aft
ERS period (1992-2000). The resulting extended scatteromel@ams. This differs from ASCAT, which is a double-sided
scatterometer with three antennas on each side covering a total
swath of 1100 km also divided into 25 km grid cells. The

|. Otosaka was with the Royal Netherlands Meteorologrsiitute in De Bilt, ASCAT, incidence angles are slightly larger than ERS’s, as
The Netherlands. Shis now with the Centre for Polar Observation andShOW.n in Ta}ble 1. _ _ .
Modelling, School of Earth and Environment, Universitiy Leeds, Leeds, This section provides an overview of the ASCAT algorithm

LS2 9JT, United Kingdonte-mail[eelno@leeds acJik M. Belmonte Rivas  followed by a description of the adjustments made for the
and A. Stoffelen are with the Royal Netherlands @detlogical Institute, De

Bilt, The Netherlands (e-maibelmonte@knmi.dlstoffelen@knmi.dl. SpeCIfIC geometry of ERS. A complete descrlptlon of the
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ASCAT algorithm can be found in [5]. The ocean wind GMF, denoted CMOD7 [9], relates
measured backscatter triplets,,,, to wind speed v,

direction¢, and incidence angl¢ Sinced is dependent on the
across-track wind vector cell number (WVC, Table 1), we
may write:

ot 00:ma = CMOD7 (v, b, WVC) (1)
Right swath The ocean wind GMF, shown on Fig. 2., conforms to a two-
dimensional cone-shaped manifold in the three-dimensional
measurement space formed by the scatterometer fore, mid and
| P L R aft beam views [10]The sea ice GMF, denoted the ice line
R ——a ASCAT 37°-64°nc (see Fig. 2), relates backscatter to sea ice type and is also
| = et e WVC dependent. The distributions of stable wintertime sea ice

wcese | ERS: 25° - 57°%inc . . e . . .
WVC19  pocar37° - 64°inc backscatter indicate that it is azimuthally isotropic:

) ) O-L'(Z‘e,FORE = O-i(Ze,AFT (2)
Fig. 1. Observation geometry of ERS and ASCAT (adapted frogg that backscatter collected from the side beams of the same
(5D WVC is generally leveled. The relation between the
Ct%ackscatter collected from the mid and side beams is different,

Table 1. ERS and ASCAT observation angles for the different WV o . . . . -
since their incidence angles differ slightly. This relation is

ERS ASCAT parameterized as a one-dimensional straight line in the
WVC Incidence mid/fore (°° WVC Incidence mid/fore (° measurement space:
1 18.0/24.8 1,42 524/63.6 OLemip = X+ B 02erorE 3)
2 198/27.2 2,41 51.4/62.7 The two GMFs do generally not intersect, but in the middle of
3 217129.6 3,40 505/61.8 the swath the ice line coincides with along-track winds and
g' ggg;gig g' gg jgg/::g thus.at the corresponding angles, the discriminatio_n betwgen
6 269 / 36:1 6: 37 474/ 537 sea ice and open ocean is left to some conte_xtual |nformat_|on
7 286/38.1 7.36 463/57.6 such as the previous passes of .the satelh'ge or Numerical
) 30.2 / 40.0 8,35 452 /56.5 Weather Prediction (NWP) model wind constraints [4,5].
9 31.8/41.8 9,34 44.1/55.3 MID
10 334/43.6 10, 3 42.9/54.0 ASCAT WVC 11
11 349/453 11, 3. 4171528 1
12 36.3/46.9 12, 3. 403/51.5
13 37.71/48.5 13, 3( 391/50.1
14 39.1 /499 14, 2¢ 37.8/48.6
15 40.5/51.4 15, 2¢ 365/47.1
16 41.8/52.8 16, 2° 351/45.6
17 43.0/54.1 17, 2¢ 33.6/43.9
18 442 [ 55.3 18, 2! 3221423
19 454 /56.5 19, 2« 30.7/40.5
20, 2: 2911/38.7
21, 2. 27.5/36.8

A The original sea ice detection algaritfor ASCAT

The original sea ice detection algorithm for ASCAT
combines prior knowledge about the expected location of the
sea ice edge with conditional probability functions modelled
as functions of the distance of backscatter triplets to the ocear =
wind and sea ice Geophysical Model Functions (GMFs) [5]. FORE
Other Bayesian formulations for sea ice detection withFig. 2. Ocean wind and Sea ice GMFs at C-band (adapted frpm [5]
scatterometer data can be found in the literature, such as the ) ] ) o
approach developed by Anderson and Long in [8]. The main The Bayesian posterior sea ice probability is formulated as
difference lies in their use of aggregates such as melak
backscatter, polarization ratio and azimuthal anisotropy as,. . , p(a°lice)py (ice)
class discriminants, and empirically adjusted covariances zfs(lcela )= p(a°lice)p, (ice) + p(a®|wind)p,(wind) )
class dispersion. The advantage of our GMF approach is thatrhe conditional probability functions are expressed using
the dispersion of measurements about extended class maggkimum Likelihood Estimates (MLEs) as normalized

functions is smaller than about class aggregate meafgeasures of distance from observed backscatter triplets to the
approaching the limits imposed by the scatterometer noigeean wind and sea ice GMFs:

levels, and allowing the Bayesian method to reach its T
> | STV p(c°lwind) = p(MLE,yina) (5)

maximum discrimination power [4]. .
power [4] p(®lice) = p(MLE.) 6)
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The a-priori probabilities,p,(ice) and p,(wind), are probability, lowered to 40% during the winter months (when
initialized on the very first pass of the satellite as: rapid ice growth dynamics make detection more challenging,
po(ice) = 1 — py(wind) = 0.35 (7) i.e., from B September to*1April in the NH, and from %
This initial setting is based on the climatological fraction ofebruary to T October in the SH) and set to 50% during the
sea-ice to open-ocean area, and it is only used for initializifgSt of the year. The seasonally varying threshold scheme for
the algorithm. It does not have any significant influence on tfeRS is chosen to provide the best agreement to the collocated

sea ice probabilities beyond the algorithm spin-up perio§e@ ice edge from ASCAT/QUIkSCAT all year round. The
which is of about 5 days. sustamed Iqwer probability thresholds rgquwed fqr sea ice
The a-priori probabilities are updated after each orbital paggtect_lon with the ERS system give testimony of its limited
. ! . . sampling over a day.
with the posteriors from the previous pass: o .
po(ice) = 1 — py(wind) = plice|s®) ) Sél():A@rddnlonallyél\;r::e |cel|n$ palratmgter%r,ﬁ)” frton:hthle
0 { . L . sea ice are extrapolated cubically to the lower
Once a day, the posterior sea ice propablhty IS Spa?'alﬁ{cidence angles of ERS after checking that the extrapolation
smoothed with an exponential decay function of 17 km W'dﬂérror, measured as the distance between the sea ice GME

Blurring the ice map is used to represent the possibility for Sgarived from ERS data and the extrapolated model is less than
ice to freeze or thaw within a day, especially near the sea igg gB.

edge.
The posterior sea ice probability is then relaxed to start as lIl. ALGORITHM VALIDATION AND LIMITATIONS
the next day prior. This relaxation is substantial and biased

. . To validate the algorithm, a comparison with two reference
towards water so that the algorithm provides more reasonaglgta sets is performed from January through December 2000.
probabilities in the melting marginal ice zone

; i 0 The first reference data set is the record of sea ice extents
Po(ice) = {0'50 l,fp(l,cela ) >0.70 (9) produced from QUIkSCAT data with the KNMI Bayesian sea
0.15 if p(iceld®) < 0.70 ice detection algorithm [4]. The second dataset is the passive
This relaxation scheme is introduced to protect the Bayesigticrowave record of sea ice extents derived from SSMI using
filter from saturation (i.e., situations for which posteriors caa 15% threshold on the sea ice concentrations generated by the
only change slowly because the priors are too strong and doMASA Team NT algorithm [12].
longer reflect the true sea ice probability) and proves efficiefigure 3 shows that the agreement between the ERS and
at inhibiting weather noise caused by, e.g., rain storms QuUIkSCAT sea ice extents is excellent all year long, with
confused sea states. Please note that wind variability has béi#ferences within 0.25 million kfy and an estimated sea ice
shown to cause MLE increases over high-latitude water. Tkelge accuracy of 20 km. The agreement between
rain column is generally too shallow to cause rain effects [11kcatterometer and SSMI sea ice extents is of comparably high
A sea ice coverage map is written once a day on a 12.5 kpuality during the fall and winter months, but degrades during
polar stereographic grid using a fixed 55% threshold on thlspring and summer, with passive microwave (SSMI) products

posterior sea ice probability and is filled with normalized seshowing lower sensitivity to melting sea ice conditions than
ice backscatter data. The 55% threshold is chosen to give RS or QuikSCAT.
best agreement to the 15% sea ice concentration edge from

passive microwave algorithms during the sea ice grow Daily Arctic and Antarctic sea ice extents over year 2000
season. o N I I N I R T L SR
B. Algorithm adjustments for ERS L B g 1y

ERS differs from ASCAT by its lower observation density 2 15— — 7S el B

(single 500 km swath versus double-sided 550 km swa
antennas), somewhat worse noise characteristics, and sligl
lower incidence angles. In order to compensate for the low
detection capabilities afforded by the narrower swath, whic
translates into a weaker conditioning of the priors used for s

Sea ice extent (million Sq Km)

—LI\I‘IJII{II\IJIJLI—

ice qletection, we introduce the following changes in the EFR 5 T\\w _+/ antarctic Arctic
sea ice processing chain: By

1) The spatial smoothing is applied on an orbital bas j i sl g il e ]
(lnstead of on a daily basis) with a spatial filter widtt 0 —— : R
increased to 34 km, so that each grid cell collects mo Niaits ks 350

contextual information from nearby observations. Fig. 3. Daily Arctic and Antarctic sea ice extents from Jan' 01
2) To compensate for the smaller number of ER®rough Dec' 31 from ERS (red line), QUIkSCAT (blue line) and

observations compared to ASCAT, and preserve the balarfg@MI (green line)

between the amount of prior and actual information used to ) o ) ]

compute the sea ice concentration, the weight of observationd\[ter detailed examination of the daily sea ice extents, we

is doubled before the spatial filtering. observe that _the largest differences between the ERS and the
3) The fixed detection threshold of 55% is modified intdéference QUIKSCAT and SSMI records tend to occur under

using a seasonally-varying threshold on the posterior sea [ughly dynamic conditions (i.e., during fast sea ice advance or
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retreat episodes) or during periods when no ERS observatigregsist in the Beaufort Sea during ERS-2 period. In the
are available. Southern hemisphere, the western side of the Antarctica
Peninsula has a lower than average daily coverage during
ERS-2 period. Because of delays in the arrival of
observational updates, the ERS sea ice extents over these
regions are more likely to suffer from small negative (resp.
positive) biases during the growth (resp. melt) season, and
caution should be exercised in their analysis.

With the inclusion of ERS data, the scatterometer record of
daily sea ice extents (built from QuikSCAT and ASCAT data)
is extended to the period spanning from 1992 to 2000 as
shown on Figure 5.

The next section describes the development of a sea ice
backscatter model for ERS and ASCAT to produce a uniform
sea ice backscatter record along with this new sea ice extent
record.

Temporal coverage (%)

IV. SEA ICE BACKSCATTER MODEL AT GBAND

The ERS and ASCAT scatterometers collect backscatter
from a wide range of incidence angles, allowing the empirical
characterization of the monostatic sea ice backscattering cross-
section as a function of incidence angle and sea ice type. This
characterization is required to normalize the backscatter maps
3 & % to a single incidence angléy, and is valuable as an aid to
=L N it N theoretical studies of sea ice scattering. An empirical model
Fig. 4. ERS-1 (top panel) and ERS-2 (bottom panel) daily egeer fOr Normalizing backscatter as a function of incidence angle is
in the Arctic (left) and Antarctic (right) with the winter sea ice edgéecessary to homogenize the backscatter records collected
displayed in pink. Daily coverage is defined as the number of updattem instruments that observe many and different incidence
per day. A daily coverage of 100% means that the pixel istedd angles (e.g. ERS and ASCAT), and a prerequisite to study
daily - using observations from the previous 72 hours. long-term trends. Backscatter at one incidence is also used to

. ) ) typify the geophysical state of sea ice as seen with a C-band

Lndteed,_llln absc_anc? (t)'f obseirr]vatlo_nalflnputt,hthe ERS seg Katterometer at all angles. To develop such an empirical

Z); Oflen Lsmvrv:e ! F;gnmsz?\llz s ?Om (C)rr]lan ;ePrl?::gL?;n 4e r()jrlgg:gi‘; :%gciﬂel,ai"w [6, 5% (60)], we need to transform the formulation
e sea ice GMF defined in Eq. (3), as expressed in terms of

scatterometer daily coverage for the ERS-1 (1992-1996) a de WVC-dependent ice line parametes, ), into a

ERS-2 (1996-2000) missions, showing the areas that Wrmulation for the derivative of sea ice backscatter with

likely be more affected by disruptions in the ERS data streal cidence angle. Different sets of ice line parameters are used

(when the wind mode is interrupted by SAR mode operaﬂoni r Arctic and Antarctic sea ice in order to account for their

During the ERS-1 period, extended areas around the Beau T} L .
' ren velopment char ristics. It is known th
Sea, the Hudson Bay, and the Labrador Sea have a lower d§ ye ent development characteristics. It is ° that

coverage than expected by symmetry. Smaller problems

Daily global Arctic and Antarctic sea ice extents record
20 T T T l T T I T T T T T T Al | T T

Temporal coverage (%)

3
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Fig. 5. Sea ice extent record from ERS-1, ERS-2, QuikSCAT and ASEa#a. The solid line represents the Arctic sea ice extent and th
dashed line the Antarctic sea ice extent.
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Antarctic sea ice is in general younger (more seasonal) and o o 6 , o

rougher (subject to more dynamic wave action) than Arctic sea Oice (0) = 0i¢e (60) + f u(6')A(0")do (16)
ice, which is in turn less saline and more porous by virtue of ’;‘2

its older age. These.contrasting growth conditions, along vyith w(0") = exp _J’ B(6")d6"

the underlying dominance of surface vs. volume scattering 8o

mechanisms, justify our use of hemisphere-dependenhere the sea ice backscatter at some reference incidence

parameters to represent their packscatter deriyatives. [62,(6,), which we take as proxy for sea ice type], acts as a
The sea ice backscatter derivative over a given aCVOSS'trQﬁkJndary condition in the reconstruction of the monostatic C-
WVC can be approximated from Eg. (3) as: band sea ice backscatter profile (see Fig. 7).
doge| _ 0(Orore) — 7 (Omin) __ ot (B — Dorore (10)
de 0 QFORE _ QMID QFORE _ QM]D ” Sea ice backscatter derivative (NH) Sea ice backscatter derivative (SH)

T 0.0 frrvrmrrET T

where this quantity is evaluated at the mean incidence ang
that corresponds to the across-track WVC:

0 = (Omip + Orore)/2

Similarly, the side beam backscatter can be expanded as:

0

0 0 ice S
g = 0;., + 0 -0 11 P PAPTTT FTVPTOY FAPITTYR EPPTTPORI FOTPPTIe] PPPPYYPD
FORE ice de ( FORE ) ( ) 08, 1 bl .5|0 s
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From (10) and (11), the sea ice backscatter derivative wilig. 6. Sea ice backscatter derivatives at C-band for the Northern
incidence angle can now be expressed in closed form as:  Hemisphere (left) and Southern Hemisphere (right) for different

d O-i%e background sea ice types (-10 to -20 dB)
de = A(e) + B(e) : O-l(ée (12) C-band Sea los backscatier Model (NH) C-band Sea Ice backscatter Model (SH)
We see that it depends linearly on backscatter (i.e., sea s ‘ . 7
type) with incidence dependent coefficieAt®) andB(6): E
( —2a & & ]
lA(8) = . = e
©) (1 + B)(Orore — Omip) 5 2 ]
2 e 1 (13) ,
B(9) = 2 -1 E E
k (1 + B)(Orore — Omip) wsh T R T,

The incidence dependent coefficiend§6) and B(0) are incdence (deq)
estimated for each hemisphere from the WVC-dependédrig. 7. Empirical C-band VV backscatter model for Arctic (left) and
iceline parameterga, B) derived from the ERS and ASCAT Antarctic (right) sea ice types (-10 to -20 dBlet 52.8 degrees)

wintertime d|sFr|bgt|ons .Of. sea ice backscatter, which Note the different behaviour for the Arctic and Antarctic sea

generglly fit the iceline to Wlthm.o".‘ dB (lo). To Straddle. the ice classes, particularly with regards to the location of the
igT?énZi°F§nswoi?r? iﬁiﬁ)ﬁgtliggdfﬁziioﬁgg;gr dtﬁ;n""l\llgsrtgre?mﬂection point on the backs_catter curve, which is_ related to
and Southern Hemispheres are introduced: rt}1e onset of_ vqlume scgtterlng colntrlb_utlons and is found at
Ay (8) = 0.257 — 0.00605 - 8 much Iower incidences in _the Arctic. Figures (6_—7)_ show that

By, (6) = 0.004 + 0.169 - exp(—0.075 - 8) (14) the relation between sea ice backscatter and incidence angle
NH ' ' pL=o: deviates slightly from linearity, and that the usual incidence

angle correction described as a linear function of incidence
with a slope depending on sea ice type [14-16] (which is
equivalent to a shift-and-scale of backscatter histograms
ﬁ;llected from different WVCs) may introduce errors in the

Agy(0) = —0.397 + 0.01314 - 8 — 0.0001310 - 62
Bgy(8) = 0.007 + 0.797 - exp(—0.206 - §) (15)

Eq. (12) and the coefficients in Egs. (14-15) above descri eﬁ;]ation of the sea ice modes of up to 0.4 dB in the reduced

how the sea ice backscatter derivative at C-band changes .
sea ice type, with darker sea ice types showing more negatf@@ge of ASCAT incidences (from 30 to 60 degrees) and of up

slopes than older and more deformed sea ice types, and Witht dB when using the extended range of ERS and ASCAT
incidence angle, with all ice types showing steeper negatilFidence angles (18 to 63 degrees). Fig(8es) illustrate the
slopes at lower incidences (see Fig. 6). The model thH§e of the C-band sea ice backscatter model developed in this
characterizes the transition from a dominance of surfaf@per as an incidence angle correction tool for both ERS and
scattering effects for younger ice types and lower incidencé&SCAT data. Before normalization, the sea ice backscatter
to volume scattering effects for older ice types and largéistograms feature several modes revealing the presence of
incidences [13]. The inhomogeneous first order differentimlominant sea ice classes (i.e., dark modes for seasonal sea ice,
equation for the sea ice backscatter derivative in Eq. (12) aland brighter modes for deformed and perennial sea ice types)
admits an integral solution of the form: spread over the backscatter domain as a function of WVC
geometry. Note that, aside from the remarkable loss observed
from 2000 to 2008 in the population of the bright ice mode
observed at -14 dB, the C-band sea ice
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Fig. 9. Sea ice backscatter histograms collected by ASCAT in Md&®©8 8ver the Northern hemisphere: a) as a function of WVC, b)
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backscatter model developed in this paper performs better thaihe ERS and ASCAT scatterometers collect sea ice
the linear scaling at aligning the modes of each distributiohackscatter measurements from a wide range of observation
and succeeds at reproducing the increasing dynamic rarfgles, allowing the characterization of the sea ice
between the Arctic seasonal and perennial sea ice modes veigkscattering cross-section as a function of incidence and sea
incidence angle. One potential limitation of the empirical sé§€ tyPe. This empirical characterization is not only valuable
ice backscatter model developed here is that it assumes a i @ theoretical point of view, but also necessary to

to-one relationship between C-band backscatter (collected@'malizeé and homogenize the backscatter records collected

some reference angle) and sea ice type, which is not stricftrl m mstrum_ents that operate with a varlety_ (.)f observation
gles. In this work, we have developed empirical models for

correct, since we know that the backscatter signatures

. rctic and Antarctic sea ice backscatter at C-band VV-
deformed FY and second year ice can overlap to some degree, . .. . .
L : pQlarization based on the sea ice GMF derived from ERS and
The distinction between rough FY and older sea ice types

C-band based h h o f the back CAT observations. The proposed empirical C-band sea ice
-ban ased on the characterization of the bac Scatﬁ%{ckscatter models demonstrate to be beneficial as a new

derivative should be examined further, but remains out of t%rmalization scheme (i.e., they are more accurate in the

scope of this work. determination of sea ice backscatter modes than existing linear
correction approaches), and realistic as far as the theoretical
V. SUMMARY AND CONCLUSIONS models go [13, 17, 18, 19]. The resulting histograms of

In this paper, an existing Bayesian sea ice detectidiprmalized sea ice backscatter from the ERS and ASCAT
algorithm for ASCAT is modified to discriminate sea ice fronfecords show remarkable changes in time, and should be
open water using observations collected by the scatteromet®étigher studied in order to consolidate the scatterometer
on board the European Remote Sensing satellites, ERS-1 &agabilities to discriminate between seasonal, deformed and
ERS-2. The sea ice extent record generated with the ERS'ennial sea ice types.
scatterometer connects optimally with the QuikSCAT and
ASCAT records to provide a consistent long-term dataset of ACKNOWLEDGMENT
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