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Abstract The Paran�a River streamflow is the third largest in South America and the sixth largest in the
world. Thus, preserving historical Paran�a hydrometric data is relevant for understanding South American and
global hydroclimate changes. In this work, we rescued paper format data of daily Paran�a water level observa-
tions taken uninterruptedly at Rosario City, Argentina, from January 1875 to present. The rescue consisted of
the following activities: (i) imaging and digitization of paper format data, (ii) application of quality checks and
homogeneity tests to the digitized water levels, and (iii) consideration of errors caused by gauge sinkings that
may have occurred from 1875 to 1908. In addition, a rating curve was obtained for Rosario and it was used to
convert water levels into discharges. The rescued water level observations and their associated discharge data
provide the longest (last 143 years) continuous hydrometric records of the Paran�a basin. The usefulness of
these records was demonstrated by showing that the Paran�a-Pacific Ocean links observed after 1900 in previ-
ous studies are also evidenced in our nineteenth-century discharge data. That is, high Paran�a discharges coin-
cided with El Ni~no events and with El Ni~no-like states of the Interdecadal Pacific Oscillation (IPO), whereas low
discharges coincided with La Ni~na events and with La Ni~na-like IPO states.

1. Introduction

Historical hydrometric river data (e.g., water level observations) are of paramount importance for under-
standing past and present hydroclimate variability, predicting future changes, and assessing results from
hydrological models (Potter, 1978). For these reasons, in continents like Europe, works were conducted to
preserve and analyze such data (e.g., Bayliss et al., 2004; Pons et al., 2016). In South America, although
hydrometric data have been taken in some rivers since the late nineteenth century, no or little effort was
made to preserve these historical data which are mostly stored only in paper format. As this format restricts
data access, only post-1900 hydrometric data were commonly used in studies on South American hydrocli-
mate variability (e.g., Amarasekera et al., 1997; Antico et al., 2014, 2015; Berri et al., 2002; Camilloni & Barros,
2000; Dai et al., 2009; Dettinger & Diaz, 2000; Dettinger et al., 2001; Garc�ıa & Vargas, 1998; Labat et al., 2005;
Pasquini & Depetris, 2007). Moreover, and most importantly, given the fragility of the data that are archived
in paper format, there is a high risk in South America of losing unused relevant historical hydrometric data.
Therefore, our objective here is to contribute to eliminate this risk by preserving the longest (last 143 years)
hydrometric data set of the Paran�a River basin, southeastern South America (see basin location in Figure 1).

To achieve our goal, we conducted the following rescue of paper format data of daily Paran�a water levels
observed at Rosario City, Argentina, from 1875 to present (see city location in Figure 1 and a nineteenth-
century Rosario port photo in Figure 2). These data were first imaged and digitized to preserve the exact
water level values reported in the paper documents. Next, the digitized level data were subjected to quality
checks and homogeneity tests to identify wrong data values caused by observational and archiving prob-
lems. After this stage, we considered a correction for water level errors caused by gauge sinkings that may
have occurred before 1909.

In addition to the water level data rescue described above, 41 discharge measurements taken at Rosario
were obtained from previous works and they were used to estimate a rating curve (i.e., to estimate an
empirical relationship between water level and discharge). This curve was used to convert water levels into
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discharges. It is noticed that river discharge data are relevant for climate and hydrological studies (see Hart-
mann et al., 2013, and references therein).

Since Rosario is relatively close to the Paran�a River mouth (see Figure 1), gauges at this city register runoff
integrated over most of the river basin. Considering this and the vast area of the Paran�a basin (2:63106

km2, i.e., 60% of the European Union area), it is thus clear that Rosario hydrometric data provide valuable
information on hydroclimate variability at subcontinental scales. Furthermore, the Paran�a discharge is the
third largest in South America and the sixth largest in the world (Schumm & Winkley, 1994), and hence

Figure 1. Location map of the Rosario gauges. (top) Drainage system of the Paran�a River and location of Rosario City in
this system (location shown by open circle). (middle) Paran�a River at and near Rosario as depicted by a satellite Landsat-5
TM image (land/water boundary) acquired on 23 January 2011 (image downloaded from http://eros.usgs.gov/). (bottom)
Satellite image of the DNVN facilities located in Rosario (image from Google Earth). The locations of Rosario gauges are
indicated by triangles in the middle and bottom images. In the middle map, the names of streams (main and secondary)
are indicated, and the red lines depict the cross sections that were usually used after 1920 for discharge measurements.
The time spans for different gauges are indicated (complete gauge descriptions are in section 2 and Table 1).
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Rosario data are also relevant for continental and global studies of the water cycle. These facts show the
importance of the Paran�a hydrometric data that were rescued in this work.

Interestingly, annual and monthly means of Paran�a levels at Rosario for 1875–1915 and 1884–1916, respec-
tively, are available in the printed tables presented by Mossman (1923). However, it should be noticed that
this pioneering work only offered short segments of the 1875 to present Rosario level record. Moreover, Moss-
man (1923) did not provide daily water levels, which are important for studying extreme phenomena like
floods. We also note that, during the writing of the present article, we did not find Rosario data in the follow-
ing well-known repositories of hydrological data: (i) CLARIS LPB database (http://wp32.at.fcen.uba.ar/), (ii) data
set of Dai et al. (2009) (http://www.cgd.ucar.edu/cas/catalog/surface/dai-runoff/), (iii) Global River Discharge
Database (http://www.rivdis.sr.unh.edu/), (iv) Global Runoff Data Centre (http://www.bafg.de/GRDC/), and (v)
Subsecretar�ıa de Recursos H�ıdricos of Argentina (http://www.hidricosargentina.gov.ar/). Paran�a levels at Rosa-
rio are provided by the National Water Agency of Brazil (http://www2.ana.gov.br/) but only for the short inter-
val 1985–2003. We remedy these lacks of data by providing our rescued 1875 to present records of Paran�a
level and discharge at Rosario; these records are available at the Pangaea database (Antico et al., 2017).

In the following sections, we provide historical and technical information on Rosario gauges (section 2),
describe how we rescued water level data from these gauges (section 3), explain the estimation of a rating
curve (section 4), present the rescued hydrometric records (section 5), show applications of the rescued
data to hydroclimatic studies (section 6), and give some concluding remarks (section 7).

2. Rosario Gauges

The port of Rosario became one of the most important commercial ports of Argentina in the last decades of
the nineteenth century (Aguiar et al., 1995) (see Figure 2). Hence, not surprisingly, daily water levels started
to be routinely recorded at this port in January 1875. From this time to present, observers have always been
observing water levels at staff gauges. Table 1 describes the Rosario gauges whose data are presented in
this work. The locations of these gauges are shown in Figure 1. The gauge A (1875–1883) was owned and
operated by the FCCA, a British private railway company. Water levels from this gauge were originally
observed and archived in British feet and they were subsequently converted to meters by Soulages and
Duclout (1900). Since 1884, all the gauges considered here have been owned and operated by Argentinian
national agencies, and levels have been always observed and archived in centimeters. For instance, the

Figure 2. Rosario port photo from an album published in 1895 (Ferrazini & Co., 1895; available at Dr. Julio Marc Museum,
Rosario).
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Direcci�on Nacional de V�ıas Navegables (DNVN), which is the Argentinian national waterway agency, has
been using the gauge F since 1961. The staff gauges A, B, C, D, and E were attached to wooden piers
like that shown in Figure 2, and the most recent staff gauge F has been always attached to a reinforced
concrete wall. Since 1926, the water levels have been observed every day at 6:00 AM local time at gauges
E and F (S. Corsi, personal communication, 1986). For years before 1926, we could not find information
about the specific hour of level observation.

It is noticed that the astronomical tides of La Plata Estuary (300 km downstream of Rosario) have no effect
on the Paran�a water level at Rosario (INCYTH, 1988; R�evy, 1874). Conversely, a Rosario hydrometric data
inspection (not shown here) revealed that some storm surges of La Plata Estuary (known as sudestadas)
modify the water level at Rosario. However, these surges are short-lived (few days) and infrequent events
(on average one moderate-to-strong event per year; Escobar et al., 2004). Therefore, most of time water
level changes at Rosario gauges only reflect fluvial runoff changes; i.e., only reflect hydroclimate changes
over the Paran�a basin. For this reason, as mentioned in section 1 and shown in section 6, the Rosario hydro-
metric data rescued here are valuable for hydroclimate research.

3. Rescue of Water Level Data

In this section, we describe our sources of paper format data of water level, and we explain how we imaged
and digitized the data from these sources. We also present and discuss the results from applying quality checks
and homogeneity tests to these data. At the end of this section, we present the correction that was proposed
in a previous work to eliminate the water level errors caused by the possible sinkings of gauges A and B.

3.1. Sources of Official Water Level Data
All the Paran�a water level observations rescued in this work were obtained from the documents that are
described below in this section. Because these documents were produced by the Argentinian government,
their water level data are of ‘‘official’’ character.

Our primary source of official level data consists of daily 1884 to present observations of Paran�a level at
Rosario that are handwritten in printed sheets of books held in the DNVN facilities in Rosario (see the DNVN
books and one of their sheets in Figure 3). Every book page contains two sheets for two consecutive years.
These sheets have a format that did not change through time (see the sheet format in right of Figure 3). In
these sheets, water levels are handwritten as three-digit integer numbers that express levels in centimeters,
and while positive values are in black or blue, negative levels are in red without the minus sign (see right of
Figure 3); there are no missing values. According to the DNVN staff, the oldest sheets were filled sometime
in the early twentieth century (the exact date is not known). The water levels written in DNVN books were
observed at gauges B, C, D, E, and F, and they are all referred to the Rosario datum that is currently used by
DNVN, hereafter mentioned as the DNVN datum.

According to old documents (e.g., Gould, 1884; Wolff, 1916), some Argentinian national agencies had printed
sheets containing Paran�a levels observed at gauge A before 1884. However, despite of our exhaustive search
for these sheets, we could not find them. On the other hand, we were fortunate to find a governmental

Table 1
Description of the Rosario Gauges Considered in This Work

Gauge Locationa Time spanb Spanish namec

A 60838.6130W, 32856.0180S 1 January 1875 to 31 December 1883 FCCA
B 60837.9290W, 32856.5270S 1 January 1884 to December 1908 Aduana/Subprefectura
C 60837.0970W, 32858.4320S December 1908 to 1 January 1915 Escala de Estudios
D 60837.0970W, 32858.4320S 2 January 1915 to 13 November 1916 Hidr�ografo
E 60837.0570W, 32858.5590S 14 November 1916 to 31 December 1960 1.er Muelle de Inflamables
F 60837.0980W, 32858.3800S 1 January 1961 to present DNVN

aObtained from Google Earth. All the coordinates are exact, except those for gauges C and D. The estimated location
error for these two gauges is about 680 m. bAll the dates are exact, except the end date of gauge B, which is also the
start date of gauge C. The exact day of this date is not known. cSpanish acronyms: FCCA, Central Argentine Railway;
DNVN, national waterway agency.
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document that depicts a figure of the time series of daily Paran�a levels observed at gauge A from 1875 to
1883 and at gauge B from 1884 to 1899 (document B-VIIIa of Soulages and Duclout [1900], see this document
in our Figure 4). The datum used to show 1875–1899 levels in this document is 1 m below the datum of
DNVN-book levels (1884 to present), i.e., 1 m below the DNVN datum. This is stated in Repossini (1922a,
1922b) and confirmed here by a least squares linear regression over the overlapping data interval 1884–1899
(the regression was performed using the digitized levels obtained as described in next section). In this work,
we refer all the 1875 to present Paran�a levels to the DNVN datum.

3.2. Imaging and Digitization of Official Water Level Data
Original DNVN data sheets for 1884 to present were imaged with a portable scanner Nisuta NS-SCPO2 (see
scanner in left of Figure 3). Color images were obtained with a resolution of 300 dpi. Figure 3 (right) shows
an example of a scanned data sheet.

Figure 3. DNVN books containing official data of daily Paran�a levels observed at Rosario from January 1884 to present.
(left) Imaging of book pages conducted in the DNVN facilities in Rosario and achieved with the portable scanner that is
seen above the open book in the photo. (right) Scanned book page containing the daily level data sheet for the year
1894; in this sheet, rows are for days, columns are for months, handwritten levels are expressed in centimeters, and posi-
tive (negative) levels are in black (red).

Figure 4. Document B-VIIIa of Soulages and Duclout (1900) depicting a figure of the time series of daily official Paran�a lev-
els observed at Rosario from January 1875 to December 1899. (left) Overall photo of this document taken at the Dr. Julio
Marc Museum, Rosario (persons from left to right: Rita Bersisa and Sebastian Espindola). (right) Zoomed document area
that shows daily official levels observed in 1881 and 1882; these levels should be reduced by one meter to refer them to
the datum considered in this work (see section 3.1).
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For handwritten observations like those considered here, key entry is recommended for digitizing data
because it generates less errors than automated techniques such as speech and optical character recogni-
tion (Br€onnimann et al., 2006). Hence, key entry was used here to digitize the handwritten daily official lev-
els found in the DNVN books (1884 to present). To correct digitizing errors, one person digitized (key
entered) the water level data and another person double checked each number; this method is recom-
mended by Br€onnimann et al. (2006). It is possible that few minor typing errors still remain in our 1884 to
present record of daily official water levels. In this regard, we note that storing electronic images of the orig-
inal data sheets (obtained as explained above) guarantee the possibility of future error corrections, even if
the DNVN books are lost.

In addition to the data digitization described above, daily official Paran�a levels at Rosario for 1875–1899
were directly digitized from the figure of Soulages and Duclout (1900) that is mentioned in section 3.1. The
levels from this figure are reduced by 1 m to refer them to the DNVN datum (see section 3.1), and they are
considered here only for the interval 1 January 1875 to 31 December 1883. For subsequent dates, we use
the digitized DNVN-book level data, which are referred to the DNVN datum (see section 3.1).

3.3. Data Quality Checks
We applied four quality checks to the digitized data of daily official Paran�a water level at Rosario. These
checks and their results are described below in this section. These results are presented for all the years
from 1875 to present, unless stated otherwise.
3.3.1. Gross Error Check
In the DNVN books, daily water levels in centimeters are handwritten as three-digit integer numbers (see
section 3.1). Hence, we checked for the presence of suspicious integer numbers with less or more than
three digits. We did not find any such suspicious case. The check described here was applied only over the
interval 1884 to present because this is the time interval spanned by the DNVN books.
3.3.2. Range Check
Daily water levels at Rosario are expected to fluctuate between 22 and 7 m. All the digitized daily official
levels lie within this range and, therefore, passed this check.
3.3.3. Step Check
A step is defined as the water level difference between two consecutive days. Since 1 January 1875, the
absolute values of steps have always been less than 0.8 m, which is a reasonable limit for Rosario. Thus, we
did not detect suspicious steps.
3.3.4. Flatliner Check
A flatliner is defined as a sequence of consecutive days with the same value. We flagged the values of suspi-
cious flatliners in the following manner. If there is a flatliner with a duration of seven or more days, we flag
all the flatliner values as suspicious except the first value that is kept unflagged. By doing this, we only
flagged 73 daily values that correspond to less than 1% of the 1875 to present water level data. The maxi-
mum flatliner duration is of 9 days and there are only two flatliners of this length.

3.4. Data Homogeneity
Because different Rosario gauges were used during different periods (see Table 1), it is possible that some
changes in the mean (break points) were introduced by observational problems such as an error committed
in relating different datums. In this section, we investigate the presence of break points in the water level
data, and we discuss whether or not the detected break points (if any) are caused by observational problems.

To detect break points, we applied the following homogeneity tests to the 1875–2016 record of annual
means of official level (calculated using only the quality checked daily levels; see section 3.3): (i) Buishand
test, (ii) Pettitt test (nonparametric rank test), and (iii) Standard normal homogeneity test (likelihood ratio
test) (for test descriptions see Aguilar et al. [2003] and references therein). To implement these tests, we
considered a significance level of 5% and 10,000 Monte Carlo simulations. The three tests detected a break
point in 1972, when water level increased abruptly. After this detection, we split the time series of annual
mean levels into two records (1875–1972 and 1973–2016), each of which was subjected to the three tests
considered here. By doing so, only one more break point was detected in 1998 by two tests (Buishand and
Pettitt). This break point corresponds to a water level reduction.

None of the detected break points (1972 or 1998) occurred at or near the times of the gauge changes pre-
sented in Table 1. We also applied the homogeneity tests considered above to a 1905–2015 record of
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annual mean Paran�a discharge at Paran�a City, which is 160 km
upstream of Rosario (discharge data were provided by the Sub-
secretar�ıa de Recursos H�ıdricos from its website at http://www.hidrico-
sargentina.gov.ar/). Once again, these tests detected the 1972 and
1998 break points described above; i.e., the mean of discharge (or
equivalently of water level) increased in 1972 and decreased in 1998.
Furthermore, Amsler et al. (2005) showed that the Paran�a morphologi-
cal changes that occurred in the 1970s are consistent with an incre-
ment of discharge and water level. All these results suggest that the
1972 and 1998 break points are not caused by instrumental problems.
Indeed, these two break points are consistent with an observed rela-
tion between the Paran�a runoff and the Interdecadal Pacific Oscilla-
tion (IPO) (Antico et al., 2014; Dettinger & Diaz, 2000; Dettinger et al.,
2001; see also our section 6). According to this relation, the Paran�a
runoff decreased in the late 1990s due to an IPO transition from an El

Ni~no-like IPO state to a La Ni~na-like IPO state. Conversely, in the 1970s, a sharp runoff increment followed
an IPO transition from a La Ni~na-like IPO state to an El Ni~no-like IPO state. Besides the IPO-Paran�a River link,
other noninstrumental factors could have contributed to cause the 1972 break point. For instance, Krepper
et al. (2008) suggested that the land use changes that occurred in the upper Paran�a basin in the 1970s con-
tributed to increase the Paran�a runoff. In addition, several dams constructed in the Paran�a basin in the
1970s could have also contributed to increase the annual mean discharge by preventing very low water lev-
els (Anderson et al., 1993); during dry periods, dams can release water from their reservoirs.

From the results presented above, it is concluded that the water level break points detected in 1972 and 1998
do not have an instrumental cause. Therefore, we did not make any attempt to eliminate them from our data.

3.5. Correction for Possible Gauge Sinkings
According to the observational evidences presented by Soulages (1921, 1948) (e.g., results from leveling sur-
veys), gradual sinkings were experienced by the wooden piers where gauges A and B were attached. To cor-
rect the errors introduced by these gauge movements into the water level record, Soulages (1948)
estimated the correction that should be applied to the official water levels observed at gauges A and B. This
correction is depicted in Figure 5. As stated in Repossini (1922b), the Argentinian government rejected the
evidences and correction presented by Soulages (1921, 1948). Consequently, the official water level data
described in section 3.1 do not include any correction for gauge sinkings. For the sake of completeness, in
section 5 we present not only the official data but also a version of these data that is corrected as in Sou-
lages (1948) to remove the errors caused by the possible sinkings of gauges A and B. In section 6, we show
that these errors do not constitute a problem for the application of Rosario data in hydroclimate studies.

4. Rating Curve Estimation

A rating curve describes the empirical relationship between water level and discharge and, therefore, it can
be used to convert water level observations into discharges. To estimate this curve, discharge measure-
ments taken at different water levels are thus needed. In this section, we present (i) the discharge measure-
ments that we obtained for Rosario from previous works, (ii) the way we used them to estimate a rating
curve, and (iii) the uncertainties and errors of the discharges that were calculated using this curve.

At Rosario, the Paran�a discharge measurements were usually obtained as the sum of discharges measured
approximately simultaneously at two cross sections, one in the mainstream and the other one in a second-
ary stream (e.g., Riacho de la Invernada); see locations of the most recently used cross sections in Figure 1.
Here we only consider discharge measurements taken when the official water level was five meters or less.
This is to avoid situations in which large water volumes flowing over a 56 km wide floodplain are not cap-
tured by the river channel cross sections; these extreme floods are infrequent as they only represent 3% of
the 1875 to present official water level data. Taking this into account, we were able to obtain 41 Rosario dis-
charge measurements form previous works (Table 2 describes these measurements and provides the corre-
sponding references). To perform all these measurements, current meters were always operated through
the entire water column along every cross section. The current meter technology has evolved substantially

Figure 5. Water level correction (DH) proposed by Soulages (1948) to eliminate
the water level errors caused by the possible sinkings of gauges A (1875–1883)
and B (1884–1908). For a particular day of 1875–1908, DH should be added to
the official water level observed at gauge A or B. After 31 December 1908, no
correction is applied (i.e., DH50).
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since the end of the nineteenth century and this probably caused a decrease with time of the errors of
velocity and discharge measurements. We could not investigate this probable error reduction because we
did not find the technical specifications of old current meters. Since all the discharge measurement consid-
ered here were taken by national agencies, they are referred to official water levels and thus they do not
take into account the water level corrections presented in section 3.5. For the rating curve estimation pre-
sented below, we do not consider these corrections because they are small (less than 17 cm) after 1899, the
year of the oldest discharge measurements, and are equal to zero after 1908.

To obtain a rating curve, a polynomial or power law function is usually fitted to the scatter plot of simultaneous
observations of water level and discharge. According to the norm ISO 1100-2 (2010), an acceptable fit is
obtained if (i) 15 or more data points are available for most of the observed range of water level variations, and
if (ii) the level-discharge relation is not modified by river morphological changes during the data acquisition
period. The first condition is satisfied here because, as it is shown in Table 2, there are 41 flow observations that

encompass most of the observed range of water level fluctuations at
Rosario (this range is 21.35 to 6.44 m). Immediately below, we assess
whether the second condition is also satisfied by the available Rosario
discharge measurements.

Since 1899, the first year of discharge data taking, the most important
morphological change of the Paran�a River at and near Rosario occurred
in the late 1910s (1915–1920); this change is described in Appendix A.
Thus, it is relevant to examine if this morphological change modified
the water level-discharge relation because, if it did, different rating
curves must be considered for different periods. To do this examination
we compared the rating curves obtained for the intervals 1904–1920
and 1924–2006 because, while the first one corresponds to the
hydraulic conditions that prevailed mainly before the morphological
change, the second one corresponds to postchange conditions (see
both curves in top and middle of Figure B1). As it is shown in bottom of
Figure B1 and discussed in Appendix B, these two curves are not statis-
tically significantly different from one another. That is, despite of the
occurrence of a large morphological change, the water level-discharge
relation did not change significantly and thus the condition (ii) men-
tioned in previous paragraph is satisfied.

Considering the above facts and results, we used all the Rosario dis-
charge data described in Table 2 to obtain a single quadratic rating
curve for the interval 1899–2006 (see top of Figure 6). The 95% confi-
dence interval (95% CI) of this curve was estimated through a bootstrap
method with replacement (1,000 replications) and is shown in top of
Figure 6. For each water level value, the uncertainty of the rating curve
was estimated by dividing the difference between the upper and lower
limits of the 95% CI by the discharge calculated through the rating

Table 2
Description of Paran�a Discharge Measurements that Are Available for Rosario From Previous Worksa

Work t N Q (103 m3s21) H (m) Type of current meter

Duclout (1900) 1899 3 12.3–20.7 2.0 to 4.0 Mechanical
Repossini (1922b) 1904–1920 15 8.5–22.5 20.3 to 5.0 Mechanical
Blanch et al. (1983) 1924–1969 22 4.7–25.4 21.1 to 4.8 Mechanical
FICH-UNL (2006) 2 March 2006 1 13.7 2.2 ADCP

Note. ADCP, Acoustic Doppler Current Profiler.
aThe following information about these data are presented: year(s) or date of measurements (t), number of measure-

ments (N), discharge value or discharge range (Q), official water levels corresponding to discharge data (H), and type of
current meter used for discharge measurements.

Figure 6. Rating curve at Rosario. (top) Quadratic rating curve obtained
through a least squares fit to the discharge measurements shown in this figure
and described in Table 2; the 95% confidence interval (95% CI) is shown and it
was estimated as explained in section 4. (bottom) Discharge uncertainties esti-
mated using the rating curve and its 95% CI (see section 4). In top and bottom,
official water levels are considered, all the curves are depicted for the full water
level range observed at Rosario (–1.35 to 6.44 m), and the shadow area indi-
cates the levels encompassed by the discharge measurements (–1.1 to 5 m).

Water Resources Research 10.1002/2017WR020897

ANTICO ET AL. 1375



curve. As it can be observed in bottom of Figure 6, the uncertainty is less than 25% for levels greater than
20.76 m. In contrast, for lower levels, the uncertainty is relatively large (25–49%). It is noticed however that
these lower levels are infrequent since they encompass less than 1% of the 1875 to present interval.

As it is mentioned in next section, the rating curve obtained here was used outside its temporal range to esti-
mate discharges for years before 1899. A possible source of error in determining these discharges may be a rat-
ing curve modification (with respect to the curve of Figure 6) that could have happened in 1875–1898 if the
river morphology had notably changed in this period. The Paran�a River maps of 1884 and 1902 presented by
Soulages (1944) show that no major river morphological changes occurred at and near Rosario from the 1880s
to the early 1900s. Thus, it seems reasonable to use the 1899–2006 rating curve for the interval 1875–1898.

5. The Rescued Hydrometric Records

The major outcome of the data rescue described in section 3 is a
record of official daily Paran�a levels observed at Rosario from 1 Janu-
ary 1875 to 31 July 2017. A corrected version of these official levels
was obtained as described in section 3.5 by removing the errors
caused by the possible sinkings of gauges A (1875–1883) and B
(1884–1908). The rating curve presented in section 4 was applied to
the official and corrected daily water levels to estimate daily dis-
charges; for brevity, hereafter we use the term ‘‘official discharges’’ for
the first case, and the term ‘‘corrected discharges’’ for the second case.
For each variable, monthly means were calculated by using only the
daily values that passed all the quality checks described in section 3.3;
for every month of the observational interval (January 1875 to July
2017), there are at least 22 daily values that satisfy this condition. Fig-
ure 7 shows the obtained monthly mean records of official and cor-
rected water levels and discharges. In this figure, the 1972 and 1998
break points described in section 3.4 are clearly discernible.

6. Examples of Applications to Hydroclimate Studies

In this section, we present examples of useful applications of the res-
cued data to hydroclimate studies. As shown next, these examples

Figure 7. Monthly mean records of Paran�a water level and discharge at Rosario for the interval January 1875 to July 2017. Official and corrected records are
shown. The corrected water level record was obtained by applying the correction shown in Figure 5 to the official water level record (see section 3.5). Discharges
were calculated from water levels (official and corrected) by using the rating curve depicted in top of Figure 6 (see sections 4 and 5). The arrows indicate the 1972
and 1998 break points described and discussed in section 3.4.

Figure 8. Band-pass filtered 1875–1909 records of Paran�a discharge and ENSO
Ni~no 3.4 index (Trenberth & Stepaniak, 2001). A Fourier band-pass filter with
cutoff periods of 2 and 7 years was applied to monthly mean records of Ni~no
3.4 index and discharge (official and corrected) in order to visualize oscillations
with ENSO frequencies. El Ni~no (EN) and La Ni~na (LN) ENSO events are indi-
cated. For each discharge record, its zero-lag Pearson correlation coefficient (r)
with the Ni~no 3.4 series is shown along with the 95% confidence threshold in
parentheses. This threshold is estimated by combining 1,000 Monte Carlo itera-
tions with frequency-domain time series modeling so that autocorrelation is
considered (Macias-Fauria et al., 2012). If r is greater than its 95% confidence
threshold, then r is statistically different from zero.
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consist of analyses of our Paran�a discharge data that reveal new
insights into the Paran�a-Pacific Ocean links reported in previous stud-
ies (see references below in this section).

Many former studies for the 20th and 21st centuries showed that the
interannual Pacific climate cycle known as El Ni~no/Southern Oscilla-
tion (ENSO; oscillatory period of 2–7 years) has an influence on the
Paran�a discharge (e.g., Amarasekera et al., 1997; Antico et al., 2014;
Berri et al., 2002; Camilloni & Barros, 2000; Dai et al., 2009; Dettinger &
Diaz, 2000). Discharge is high during El Ni~no ENSO events, and low dur-
ing La Ni~na ENSO events; physical mechanisms underlying this associa-
tion are described in Garreaud et al. (2009). Our data analysis shown in
Figure 8 reveals that this ENSO-discharge link existed not only after
1900 but also during the last 25 years of the nineteenth century.

At interdecadal time scales, and for post-1900 years, previous works
detected a relation between the Paran�a discharge and the IPO, a slow
ENSO-like climate cycle that is also known as the Pacific Decadal Oscil-
lation (Antico et al., 2014; Dettinger & Diaz, 2000; Dettinger et al.,
2001). The Paran�a discharge is enhanced during El Ni~no-like IPO years,
and diminished during La Ni~na-like IPO years. Our Paran�a discharge
records support this relation because, as revealed by the data analysis
of Figure 9, these records and the IPO index series have similar inter-

decadal cycles. In particular, Figure 9 reveals that this similitude existed in last three decades of the nine-
teenth century. To the best of our knowledge, this is the first time that an evidence of an IPO-Paran�a
discharge link is reported for the nineteenth century. It can be also noticed in Figure 9 that the rise and fall
of discharge observed in the 1970s and late 1990s, respectively, and their associated IPO changes support
the interpretations given in section 3.4 for the 1972 and 1998 break points.

As it can be observed in Figures 8 and 9, the new insights presented above in this section are obtained
either from the official or from the corrected discharge data. This shows that the possible observational
errors presented in section 3.5 do not pose a problem for the use of our rescued data in hydroclimate
research.

7. Concluding Remarks

We have conducted the first rescue of paper format data of daily Paran�a River water levels observed at
Rosario City (Argentina) from 1875 to present. This rescue was achieved not only by imaging and digitizing
paper format data but also by considering errors committed during the acquisition and transcription of
water level observations. Additionally, a rating curve was obtained for Rosario and it was used to convert
water levels into discharges. The water level and discharge data rescued in this work are available at the
Pangaea database (Antico et al., 2017).

In regard to the quality of our data, we notice that while daily water levels for 1884 to present were digitized
from written numerical values, those for 1875–1883 were directly digitized from a figure made in 1900. For
this reason, the water levels and discharges for 1875–1883 are expected to be less precise than those for sub-
sequent years. Moreover, pre-1909 hydrometric data may include errors caused by gauge sinking (a correction
for these errors is presented in section 3.5). It is also worth to stress that while the rescued water level observa-
tions are valuable for studying floods and extraordinary low level episodes, our discharge estimates for these
extreme events should be used with caution because they have large uncertainties. Nevertheless, despite
these drawbacks, we proved that our rescued data provide useful information for hydroclimate research. We
did this by performing analyses of our discharge data that reveal new insights into the interannual and inter-
decadal influences of the Pacific Ocean on the Paran�a discharge (see section 6).

This work offers the longest (last 143 years) continuous hydrometric records of the Paran�a River and, as far
as we are aware, no other large South American river has such long records. This opens the possibility of
comparing these new Paran�a records with hydrometric records of similar time span that are available for

Figure 9. Low-pass filtered 1875–2015 records of Paran�a discharge and IPO tri-
pole index (IPO TPI) (Henley et al., 2015). A Fourier low-pass filter with a cutoff
period of 15 years was applied to linearly detrended monthly mean records of
IPO TPI and discharge (official and corrected). El Ni~no-like (ENL) and La Ni~na-
like (LNL) states of IPO are indicated. For each discharge record, its zero-lag
Pearson correlation coefficient (r) with the IPO TPI series is shown along with
the 95% confidence threshold in parentheses. This threshold is calculated as
explained in caption of Figure 6.
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other important rivers of the world like the Danube (Europe), the Mississippi (North America), the Murray
(Australia), and the Saint Lawrence (North America). A comparison of this kind would certainly contribute to
hydroclimate research and thus could be the subject of future studies. With respect to the contribution of
this work to paleoclimate studies, we mention that the long instrumental records rescued here will be valu-
able for future calibrations of proxies for Paran�a flow changes. In addition to these potential contributions
to hydroclimatology and paleoclimatology, our pre-1900 data would also be used to extend previous stud-
ies on the twentieth-century Paran�a morphological response to interdecadal discharge changes (e.g., Ams-
ler et al., 2005).

In order to facilitate a future combination of our discharge data with others, we used classical and widely
used techniques to estimate discharges from water levels, and to calculate the associated discharge uncer-
tainties. However, some more sophisticated methods were recently proposed to do these tasks (e.g., Coxon
et al., 2015; Westerberg & McMillan, 2015). We leave for futures works the possible application of these new
techniques to the Paran�a hydrometric data presented here.

Finally, we mention that this work is part of a project that is rescuing historical hydrometric data not only in
the Paran�a basin but also in the Uruguay basin, another large river basin of South America (continuous Uru-
guay records start in 1892; see project information in https://www.idare-portal.org/). It is likely that similar
historical data but for other South American rivers are still stored only in paper format in some archives. We
then hope that our work will motivate future efforts dedicated to localize and rescue such data.

Appendix A: The Paran�a Morphological Change of 1915–1920

The most important morphological change that was documented in the Paran�a River at and near Rosario
occurred mainly between 1915 and 1920. This change was caused by a combination of intense engineering
works and natural processes. Here we briefly describe this morphological change. A more detailed descrip-
tion can be found in Repossini (1922a).

Top of Figure A1 shows that, at the end of the nineteenth century, the Espinillo Island was in front of Rosa-
rio City and La Invernada Island was immediately upstream of the Espinillo Island. The 51% of the total river
discharge flowed between these two islands and though the channel that was east of the Espinillo Island.
The remaining 49% of the discharge flowed between the Espinillo Island and the Rosario coast. The Riacho
de la Invernada stream, east of La Invernada Island, was closed.

Figure A1. Paran�a River maps of 1899 and 1921. (top) Map depicting the channels, islands, and banks that existed at and
near Rosario in 1899. (bottom) Like top but for 1921. In top and bottom, the long-dashed lines depict the main thalweg,
the triangles indicate the locations of gauges B and E, and the red numbers are the fractions of total discharge corre-
sponding to different channels. The red arrows indicate the flow direction; arrow lengths are proportional to the fraction
of total discharge. Both maps are adapted from Repossini (1922a).
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From 1915 to 1920, the channel between the Espinillo and La Invernada Islands was closed by sedimenta-
tion processes and the Riacho de la Invernada stream was opened. As it is shown in bottom of Figure A1, in
1921 the two mentioned islands were connected by a shoal so that they formed one single large island.
Most of the river discharge flowed between this large island and the Rosario coast. This hydraulic setting
persisted until present.

Appendix B: Rating Curve Stability

In this appendix, we discuss whether the rating curve at Rosario was significantly modified by the 1915–
1920 morphological change described in Appendix A or whether the rating curve remained approximately
stable (i.e., unchanged).

The discharge measurements described in Table 2 allowed us to obtain two rating curves, one correspond-
ing to the hydraulic conditions that prevailed mainly before the morphological change mentioned above
(Figure B1, top), and another one for postchange conditions (Figure B1, middle). It is noticed that each of

Figure B1. Rating curves at Rosario for 1899–1920 and 1924–2006. (top) Quadratic rating curve obtained through a least
squares fit to the flow measurements taken at Rosario during the interval 1899–1920. (middle) Same as top but for the
interval 1924–2006. (bottom) Comparison of the rating curves for 1899–1920 and 1924–2006. In the three figures, official
water levels are considered, and all the curves are depicted for the full water level range observed at Rosario (–1.35 to
6.44 m). The discharge measurements shown in top and middle are described in Table 2. For each rating curve, the 95%
confidence interval (95% CI) is shown as a shadow and it was estimated through a bootstrap method with replacement
(1,000 replications).
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these curves was obtained by using more than 15 discharge measurements that encompass most of the
observed range of water level fluctuations at Rosario. According to the norm ISO 1100-2 (2010), this implies
that the available discharge data are suitable for an appropriate determination of the two rating curves that
are shown in top and middle of Figure B1. Considering this, we present a comparison of these two curves in
bottom of Figure B1. As it can be observed in this plot, the 95% confidence intervals of the two rating
curves overlap at every water level, implying that the two curves are not statistically significantly different
from one another. Therefore, it can be concluded that the rating curve at Rosario was not significantly mod-
ified by the major morphological change that occurred in the late 1910s at and near Rosario. That is, the rat-
ing curve remained approximately stable or unchanged.
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Erratum

In the originally published version of this article, the fourth row of Table 2 incorrectly referred to ‘‘ACDP.’’
This has been corrected, and this may be considered the official version of record.
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