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a b s t r a c t

The comparison of meteorological data is a fundamental task within the techniques of meteorological
forecasting due to the cyclical nature of the climate. However, interpretation of meteorological datasets
can be difficult due to their large size. The goal of information visualization is to support a better
understanding of the data what includes assisting the user in the data comparison process. However,
few visualization techniques have been specifically developed to support the comparison process of
big meteorological data. In this paper, we improved a visualization technique for large time-series
comparison. The new technique is more suitable for the comparison of meteorological data.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The comparison of meteorological data is a fundamental task
ithin meteorology analysis. Climate models comparison [1,2],
ity weather comparison to compare travel destinations [3], or
omparison between different meteorological data sources [4,5]
re just a few examples of meteorological data comparison. Since
eteorological measurements over time generate a large volume
f data, processing and managing these datasets is a challenging
ask compared to traditional methodologies and platforms.

The goal of information visualization is to facilitate a better
nderstanding of the data. Therefore, it can assist the user in this
omparison process. However, few visualization techniques have
een developed specifically to support the comparison process of
eteorological data. In this context, new tools and techniques are

equired.
Our goal is to assist in the analysis of meteorological data

y facilitating the comparison process. Therefore, we propose
mprovements to an existing visualization for large meteoro-
ogical datasets [6]. That visualization is based on a visualiza-
ion designed to compare karate movements [7,8]. The proposed
echnique is an overview+detail visual analysis tool, where the

∗ Corresponding author at: Department of Computer Science and Engineering,
niversidad Nacional del Sur (UNS), Bahía Blanca, CP8000, Argentina.
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M.L. Larrea).
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097-8493/© 2022 Elsevier Ltd. All rights reserved.
overview visualization shows a quantitative summary of the mis-
alignment between pairs of sequences. The detailed visualization
is based on Dynamic Time Warping (DTW) [9,10] and mainly
shows how a sequence should be transformed to match an-
other one. The DTW technique is used in time series analysis
to measure the dissimilarity between two time sequences. To
calculate this measure, DTW searches for an optimal mapping
between the series. This mapping induces a warping function that
allows the transformation of one of the sequences to obtain two
time-aligned sequences. In this work, we updated the alignment
calculations in the technique. We also addressed some detected
issues in the visualization. This work was conceived for a specific
task, the comparison, of a specific dataset, the meteorological
data. However, we believe that the results obtained not only show
a contribution to the meteorological data visualization area but
also to the visualization area in general.

This paper continues with a discussion on related works. The
following section, Section 3, presents the meteorological dataset
used in this work. Section 4 presents the proposed improvements
to the original work, and Section 5 a description of the updated
overview+detail visualization. Section 6 presents a case study
and discusses the achieved visualization. Finally, Section 8 draws
some conclusions and presents intended future work.

2. Related work

Today in meteorology, remote sensing and location data ob-

servations are visualized to improve weather forecasting and
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tmospheric research. Rautenhaus et al. [11] present a compre-
ensive review of the state-of-the-art of weather data visualiza-
ions, especially for data comparison. Comparison is one of the
ssential tasks that motivate the exploration of datasets. This task
ecomes arduous when it involves large datasets. Few studies
ave been conducted with comparison-oriented visualizations of
arge datasets using meteorological data as a test case.

Within the bibliography analysis, we can observe that certain
eneral-purpose visualization techniques are used for the spe-
ific task of comparing climate data. In addition, there are other
echniques designed and developed specifically for this end. Since
his work enhances a connected heatmap visualization of climate
ata, we focus this related work on three types of visualization:
eneral-purpose and ad-hoc visualizations used for climate data
omparison and visualization for time comparison on time series.

.1. General-purpose visualization

One of the most widely used general-purpose techniques is
ide-by-side visualization [1,3,12–15]. This technique is suitable
or comparison but does not scale well on large datasets. Another
roblem with this data-comparison strategy is that the compari-
on process falls on the user as a cognitive load. This means that
he user must observe two visual representations and calculate
or himself the differences or similarities between them. A variant
f this type of technique is referred to as small multiples [16].
oco et al. [17] used this later visualization, and they recognize
t is not suitable for handling large datasets. They proposed a
isual analytic tool based on linked views which allows the user
o dynamically create, modify and observe the interaction among
he grouping of data. Their solution targets model comparison
n climate science. Mason et al. [5] used the same technique for
omparing meteorological data in New Zealand.
Nocke et al. [18] address the challenges of comparing climate-

elated datasets using 3D visualization, which they claimed is
suitable approach. Unfortunately, there are known problems
ith the visual representation of information in 3D, for example,

nformation occlusion and distortion and the difficulties in per-
eiving depth in two-dimensional devices, like a typical computer
onitor or a sheet of paper. The interaction mechanisms can also
e challenging [19]. Squillacote et al. [12] also rely heavily on 3D
isual representations.
The overlay of graphic elements is another approach for vi-

ually comparing the information with similar problems to 3D
isualization, like occlusion and distortion. Tang et al. [20], Sauber
t al. [21] and Quinan and Meyer [22] all used an overlay of
isual information. Tang et al. [20] encode weather data by using
multilayer texture system. The proposal is suitable for large
atasets but does not involve time information. Also, their results
re limited to only the three textures used in the article. Sauber
t al. [21] presented a visualization of the correlations between
ifferent scalar fields in an atmospheric multifield dataset. The
ork does not consider the time variable within the datasets, and
here is no mention of the support of large datasets. Quinan and
eyer [22] proposedWeaVER, an interactive tool to visualize how
ifferent weather features relate across an ensemble of possible
orecast outcomes. The system used current meteorological con-
entions and visualization principles. The authors do not mention
he volume of data that the system handles, so it cannot be
etermined if the proposal supports large datasets.
Spaghetti plots are another commonly used general-purpose

echnique [2,4,23–25]. This technique does not scale well when
he data has a large number of dimensions. The accumulation
f lines on the viewing area generates occlusion problems and
nterference in the information.
2

2.2. Ad-hoc visualization

Among the specific techniques for comparing meteorological
data, the Hovmöller diagram [26–28] is a common technique
for plotting and comparing meteorological data. The diagram
depicts the temporal–spatial variation of a chosen meteorological
parameter, such as temperature, density, and other values. One
axis of the diagram represents time while the other represents a
spatial variable; different color scale encodes the meteorological
parameter. Although this technique is commonly used in the area
and is known for its ability to allow comparison through side-by-
side visualization [29,30] of different values over time, its use and
interpretation require some expertise.

2.3. Time comparison visualization

Larrea and Urribarri [6] proposed a visualization based on
DTW and connected heatmaps to analyze the misalignment be-
tween two years of weather measurements. The support of large
datasets rests mainly on offline preprocessing. Even though the
original proposal [7,8] was intended for karate movements com-
parison, the authors demonstrated that it is also feasible for
comparing meteorological data. However, DTW aims to compare
time series that differ mainly in speed and, although weather data
follow an annual cycle, the patterns of the series differ in more
than just speed which generates a noisy alignment. Moreover, the
records are composed of different kinds of measurements but are
compared using Euclidean distance, the misalignment is classified
as early, late, or on time, regardless of its magnitude (then, this
classification maps to a discrete color palette), and heatmaps are
connected using a function-like strategy that generates gaps at
one end of the connectors.

That work [6] improves upon existing techniques by allow-
ing the comparison of large datasets, facilitating the comparison
of time misalignment with a DTW visualization approach, and
improving the comparison of multidimensional records. The tech-
nique enables the comparison of time information, which is not
possible with the visualization techniques developed by [20,21].
Unlike [5,17,22], it was conceived to support large datasets. Not
to rely only on a side-by-side comparison, as in [1,3,12–15],
the technique includes connections between related records and
color-coded information about the relationship. The visualization
is completely represented in 2D without overlaying information,
which facilitates the user’s interactions, unlike [18,20–22]. Al-
though there are studies that support this last statement [19],
usability tests are still pending.

Several works use side-by-side heatmaps to compare time-
series data [31–37]; however, the intention of those visualiza-
tions is not to analyze time misalignment. Hao et al. [31,32]
proposed a framework for intelligent time- and data-dependent
visual aggregation of data along with multiple resolution lev-
els. The result is a multi-resolution visualization that resembles
connected heatmaps. The connections between those heatmaps
provide the time-alignment information lost by displaying time-
series at different resolutions.

The visualization used in this article uses connected timelines.
This is a visual tool that facilitates the perception relationships
between visual elements. Other works have used this same vi-
sual tool like [38–41], but their application domain, objective,
and visualization technique are different. Knipp et al. [42] use
connected timelines to visualize the effects on the technology of
solar and geospace events and of solar and geomagnetic activities.
Their visualizations are infographics, with high textual content
and without interactions.
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Table 1
Meteorological measures gathered throughout each year.
Name Description Units

Tmax Maximum temperature ◦C
Tmed Average temperature ◦C
Tmin Minimum temperature ◦C
Td Dewpoint temperature ◦C
STP Pressure at station hPa
Vis Visibility km
Vmed Average wind velocity km/h
Vmax Maximum wind velocity km/h
Prec Precipitation mm
Rad Incident solar radiation W/m2

2.4. Contribution

Our proposal is an improvement on the work of [6]. We
resent improvements for the data preprocessing and the vi-
ualization. For the former, we improved the usage of DTW to
ompare roughly periodic time-series and the distance used to
ompare the meteorological records. For the latter, we measured
he magnitude of the misalignment, which leads to a continuous
olor palette, and we defined a mapping between the heatmaps
o avoid gaps between connectors’ ends.

. Meteorological data

We obtained a series of meteorological data for the outskirts
f Bahía Blanca from Meteobahía [43] for the range of years 2010
o 2019. The dataset consists of 3856 daily records. Each record
ontains the date (day, month, and year) and a weather summary
f the ten meteorological measurements described in Table 1.
Bahía Blanca City is located in the southwest of the province

f Buenos Aires (38◦44’S; 62◦16’W), at 20 m above sea level,
ear to the Atlantic coast [44]. Climate is temperate/mesothermal
ith constant precipitation throughout the year and hot sum-
ers. The annual mean temperatures are between 14◦ and 20 ◦C,
eing markedly different between seasons. Annual rainfall is be-
ween 500 and 600 mm, with a high degree of variability. The
tlantic Ocean influences this climate which has a particularly
odulating effect on air temperature. However, the area is on

he edge of an estuary with continental features in the region.
here are well-differentiated summers and winters and moderate
prings and autumns. During the hot season, temperatures range
round 40 ◦C. In winter, marked cold waves are usual with
inimum temperatures near−12◦C. The movement of air masses
f different origin and characteristics generates high variability of
tmospheric conditions and determines a transition climate for
he area, i.e., between the cold and dry influence from Patagonia
nd the hot and humid effect from the east of Buenos Aires
rovince [45].

. Proposal

This new work continues the one done by Larrea and Urrib-
rri [6]. It keeps the main idea of the overview+detail visualiza-
ion but proposes improvements for the alignment calculation
nd the visualization:

• The usage of a more appropriate distance function to com-
pare records with measurements with incompatible units;
• The correction of the noise generated by aligning time spans

from a roughly periodic phenomenon;
• To measure the degree of misalignment to obtain a more

consistent color code between the overview and all the
detailed views;
3

• To represent the visualization of the parallel time relation-
ship more as a mapping than as a function.

This section starts presenting the DTW technique, particularly
the warping and the misalignment functions. Then, it continues
with three alignment-calculation changes to the original work:
the distance function, the data smoothing, and the calculation of
the degree of misalignment.

4.1. Dynamic time warping

To calculate the dissimilarity measurement between two time
series, DTW looks for an optimal mapping between them. This
mapping induces a warping function that allows the transfor-
mation of one of the sequences to be time-aligned with the
other.

As described in Algorithm 1, given two sequences R and S
of length L and N respectively, DTW computes an accumulated-
istance matrix M ∈ RL

×RN between them. M1,1 is the distance
etween the two first records of the sequences, while ML,N is the
ccumulated distance for the two last records and the dissimilar-
ty measure between the sequences. The accumulated distance for
very pair of records is the distance between those two records
lus the minimum between the accumulated distances for the
hree immediately preceding pairs of records.

Algorithm 1 Accumulated distance matrix M between sequences
R and S
Input Two sequences R and S of length L and N respectively.
Output The accumulated distance matrix M between the two

sequences.
// The distance between the initial record

1: M1,1 ← dist(R1, S1)
// Accumulated distance between S1 and R’s records.

2: for all i ∈ [2, L] do
3: Mi,1 ← dist(Ri, S1)+Mi−1,1

// Accumulated distance between R1 and S’ records.
4: for all j ∈ [2,N] do
5: M1,j ← dist(R1, Sj)+M1,j−1

// Minimum accumulated distance between every other pair of
records

6: for all pair i, j ∈ [2, L] × [2,N] do
7: Mi,j ← dist(Ri, Sj)+min{Mi−1,j−1,Mi−1,j,Mi,j−1}

4.1.1. The warping function
Calculating measure ML,N implies finding the minimal

accumulated-distance path from (1, 1) to (L,N) (see Algorithm 2).
This path P is a list of pairs (i, j) that defines a warping between
sequences the records of R and S. Functions that warp one of the
sequences into the other can be inferred from the warping path
P. The warping function F : [1, L] → [1,N] that warps sequence
R into S is defined as:

F (n) = ⌊mean(n,j)∈P {j}⌋ (1)

4.1.2. The misalignment function
Given a record number n in the sequence R, the function F (n)

returns the number of the best matching record from S. The
misalignment function G(n) = F (n) − n is the distance from
F (n) to the perfect alignment. The slope of G(n) gives a hint
about whether S is delayed, on-time, or early with respect to R.
Depending on whether S is delayed, early, or on time, G(n) has a
negative, positive, or flat slope, respectively.
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Algorithm 2 Warping path P between sequences R and S
Input Accumulated-distance matrix M of L× N elements.
utput Warping path P between the two sequences.
1: P starts empty.
2: i← L, j← N
3: while i ≥ 1 and j ≥ 1 do
4: Add (i, j) to the path P
5: Let m be min{Mi−1,j−1,Mi−1,j,Mi,j−1}

6: (i, j)←

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

(i, j− 1) if i = 1,
(i− 1, j) if j = 1,
(i, j− 1) if Mi,j−1 = m,

(i− 1, j) if Mi−1,j = m,

(i− 1, j− 1) otherwise.

4.2. The distance function

Algorithm 1 can use any distance function, and previous work
6] used the Euclidean distance to calculate the difference be-
ween two records. However, since each record is composed
f measurements of several meteorological variables (for exam-
le, precipitation, temperature, and pressure) and not all have
he same units, only the magnitudes can be considered when
perating. This forces a unitless distance and implies that the
ariable with the highest magnitude tends to dominate the Eu-
lidean distance. A more appropriate distance is the Karl-Pearson
istance [46], where each value is weighted by the reciprocal
f the corresponding standard deviation. The distance between
ecords a and b with V variables (Eq. (2)) is the Euclidean distance
etween the standardized records. Note that the result of the
arl-Pearson distance is a unitless value.

ist(a, b) =

√ V∑
v=1

(
av − bv

σv

)2

(2)

Fig. 1 compares the difference between the aligned sequences
using the Euclidean distance (Fig. 1(a)) and the Karl-Pearson
distance (Fig. 1(b)). The Euclidean distance results in larger values
and more dispersion because the magnitudes of pressure and
solar radiation are higher than the ones of temperature, wind, and
precipitation.

4.3. Data smoothing

Even though the weather follows similar patterns over the
years, it is not a periodic phenomenon. Therefore, it is more
relevant to focus on trends than on the exact match of the
daily changes between years. For this reason, the misalignment
function G is smoothed along a week with a 0-mean Gaussian
kernel of radius 3.

G̃(n) = K3 ∗ G(n) = K3 ∗ (F (n)− n) = F̃ (n)− n (3)

Given that the convolution between a 0-mean Gaussian function
and the identity function results in the identity function, calcu-
lating the function G(n) from the smoothed F (n) is equivalent to
smoothing G(n).

Fig. 2 compares the G and G̃ functions. Since smoothing re-
duces the details of the alignment function, this is no longer
optimal, and the difference between the aligned sequences may
be larger (as can be seen in Fig. 4); however, it gives a better
understanding of the late, on-time, or delayed alignment trend
between the two sequences.
4

4.4. Degree of misalignment

The strategy described in Section 4.1.2, looking at the sign of
the slope, is useful to classify the misalignment of a record into
one of the three categories: delayed, on-time, or early. However,
it does not contemplate degrees of misalignment. Moreover, the
smoothed function G̃ presents very few records with exactly 0-
slope. In this scenario, we defined a function H(n) to quantify the
misalignment (see Eq. (4)). If G̃ is the misalignment function and
G̃ is the discrete derivative of that function, H(n) is a function
etween−1 and 1 resulting from normalizing dG̃ by its maximum
r minimum, depending on its sign. Positive (negative) values of
(n) indicate how early (delayed) the record is.

(n) =

⎧⎪⎪⎨⎪⎪⎩
dG̃(n)

max(dG̃)
if dG̃(n) > 0,

0 if dG̃(n) = 0,
dG̃(n)
|min(dG̃)|

if dG̃(n) < 0.

(4)

The value |H(n)| indicates how early or delayed a record is, de-
ending on H(n) being positive or negative, respectively. Finally,
− |H(n)| indicates how on-time the record is.
Fig. 4 shows the difference between the sequences for the

lignments of Fig. 2. The color under the curve encodes the
isalignment between the records. The upper graph visualizes

he slope of function G described in Section 4.1.2 with the discrete
olor palette of Fig. 3(a); however, the bottom graph visual-
zes the function H described by Eq. (4) with the color scale of
ig. 3(b).

. The visualization

The visualization itself is a visual comparative analysis of the
isalignment between a set of time series. There is an overview
f the misalignment between the data corresponding to n dif-
erent datasets and an on-demand detailed view focusing on
he comparison of two of them. This section shows the result
f the improvements detailed in the previous section on the
isualization of the whole dataset.

.1. The input data

Since the DTW is time and memory-consuming, it was per-
ormed offline in a previous preprocessing step, and the result
f the computation is part of the data to visualize. The input
ata includes a file per year with a daily meteorological record
ith the Table 1 measurements and a 3D matrix M with the
reprocessed warping functions. If A and B are two data series,
nd i is the number of a record from A then,M(A, B, i) corresponds
o the number of the record from B equivalent to the record i
rom A. In this case, the DTW was performed computing the
arl-Pearson distance between records, and, for each record, it
onsidered all available meteorological variables.

.2. Overview: a summary-box matrix

Given a dataset of n-years meteorological measurements, the
verview contains all the pairwise summary boxes of the two-
eries comparison.
The summary box shows an overview of how delayed, on time,

r early is a sequence with respect to another by showing three
alues. Unlike previous work [6–8], the summary box does not
how percentages indicating how many records there are for each
ype of misalignment but instead shows values representing how
uch misaligned the records are. Given a sequence Q of degrees
f misalignment, Eq. (5) calculates those three values, where v1,
, and v represent how much delayed, on-time, and early the
2 3
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o
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Fig. 1. The distance between sequences using two different distance functions. Figure (a) shows the difference between the sequences using Euclidean distance. The
distance values are scattered over a wide range. Figure (b) shows the difference between the same sequences using Karl-Pearson distance. In this case, the distance
shows much less dispersion. In both images, the x-axis represents the timeline as ‘‘record number’’, and the y-axis represents a unitless distance between records.
Fig. 2. Smoothed misalignment function. In both images, the x-axis represents the timeline as ‘‘record number’’, and the y-axis represents the time shift as ‘‘number
f records’’. Figure (a) shows the raw misalignment function corresponding to Fig. 1(b). Figure (b) shows the same misalignment function but smoothed over a week.
ote that the function allows focusing on trends rather than daily changes.
Fig. 3. Color scales. Figure (a) shows a discrete palette to encode whether a
record is delayed, on time, or early. Figure (b) shows a continuous palette
encoding the amount of misalignment. The min value corresponds to how far is
the most delayed record of being on time, while the max value corresponds to
how far is the earliest record of being on time.

records are, respectively. This equation takes into account how
far is a misaligned record for being on time.

{v1, v2, v3} =

∑
q∈Q {|min(q, 0)|, 1− |q|, max(q, 0)}

∥
∑

q∈Q {|min(q, 0)|, 1− |q|, max(q, 0)} ∥L1
(5)

Fig. 5 shows a comparison between two summary boxes. One
is the summary of a raw misalignment and summaries just the
number of records with a negative, flat, or positive slope in
function G. The other summaries the smoothed misalignment and
uses the values from Eq. (5).
5

5.3. Detailed view

The detailed view consists of three graphs. The first one
(Fig. 4(b)) shows the distance between the records of the refer-
ence sequence and the correspondents in the target (represented
by the height of the curve), plus the time alignment between
the two sequences (represented by the area’s color under the
curve). The second graph is a representation of the misalignment
function G̃ (Fig. 2(b)). The third graph is a parallel heat-maps
visualization [6]. This visualization (see Fig. 6) combines two heat
maps and a parallel time-relationship visualization to visualize the
whole sequences and the time warping.

A parallel time-relationship visualization [7,8] is an explicit rep-
resentation of the time-warping that the records undergo when
aligning the two sequences. Two parallel axes represent the time-
lines of the sequences, and the lines connecting those axes rep-
resent the deformation. The temporal relationship between the
sequences is emphasized with the color of the line, where red
means early, yellow on-time, and blue, early. Besides, the red–
yellow and blue–yellow gradients encode the amount of mis-
alignment.

If W (t) : T1 → T2 is a warping function between two se-
quences of timelines T1 and T2, then the Parallel time-relationship
visualization consist of a set of lines connecting points t from T1
with W (t) from T . When W (t + 1) > W (t) + 1 then, to avoid
2
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Fig. 4. Distance and degree of misalignment between sequences using Karl-Pearson distance with and without smoothing. Figure (a) corresponds to the alignment
sing the Karl-Pearson distance and no smoothing. The color encodes whether the slope of the function G is negative, flat, or positive. Figure (b) corresponds to the
lignment using the Karl-Pearson distance and smoothing. The color encodes how early, on-time, or delayed the record is.
Fig. 5. Figure (a) corresponds to the summary box of the same comparison
s Fig. 4(a). This box encodes just the number of records for each type
f misalignment. Figure (b) corresponds to the summary box of the same
omparison as Fig. 4(b) encodes not a number of records but an indicator of
ow much misalignment there is. Both graphs use the discrete color palette
rom Fig. 3(a).

oles in the visualization, the set includes the lines connecting t
ith the points of T2 between W (t) and W (t + 1).
In a parallel heat-maps visualization, the heat maps serve as

emporal axes, which are connected to represent the warping
unction, i.e. the misalignment, between the sequences. Heat
aps are a pixel-oriented visualization where the position of
he pixel and its color encode the desired information. In this
isualization, the x-axis encodes time, the y-axis encodes the

meteorological measurement, and the color of the pixel encodes
the value of the measurement at a particular time. As shown
in Fig. 7, the original visualization uses different color scales
depending on the units of the measurement. Even though there
are no standard colors, these color scales intend to be meaningful
and maintain meteorologists’ familiarity with them. This choice
expects to reduce the visualization learning curve.

6. Use case

Agricultural activity is one of the main drivers of the economy
of the Bahía Blanca region, and the analysis of meteorological
data is essential for making decisions in this area. One of the
biggest problems for farmers is frost since it endangers all the
effort invested in crop production. The frosts that cause the
greatest damage to crops are not those that occur during the
normal period of occurrence of this phenomenon, but those that
appear outside that term. Autumn and spring frosts are the most
damaging to crops since they occurred in the birth, flowering, or
fruiting stages.

Depending on the point of view, there are two definitions of
frost [47]. Meteorological frost, or just frost, is any temperature
6

less than or equal to 0 ◦C measured in a meteorological shelter.
Agrometeorological frost is any temperature less than or equal to
3 ◦C measured in the meteorological shelter, equivalent to 0 ◦C
or less outdoors. These different definitions of frost are necessary
since not all crops are damaged at 0 ◦C; although some are more
resistant to low temperatures, others are less resistant and are
damaged at higher temperatures.

A tool to compare frost patterns over the years is a first step
in providing farmers with a way to predict future frost behavior.
It would be useful for them to know that one year will be similar
to another, especially in terms of early or late frosts and intensity.
This comparison tool can help forecast future frost by comparing
minimum temperatures from previous years. The frosts of one
year could be estimated assuming that they will behave similarly
to the year following the one most similar to the previous one.

In this context, the DTW is calculated using only the minimum
temperature. For example, frost from 2018 can be predicted look-
ing for the year most similar to 2017. Analyzing the minimum
temperature and calculating the DTW with only that meteorolog-
ical variable, from the overview (see Fig. 8), the year more similar
to 2017 (target) is the year 2011 (reference): the visualization
shows a high percentage, 70%, of on-time minimum tempera-
tures, that is, high synchronicity between both years. Then, it
is expected that in 2018 the minimum temperature will behave
similarly to 2012. To analyze if there is any trend that would have
justified this prediction, we compare 2017 with 2012 and 2011
and 2012 with 2011. Finally, we compare the prediction with the
actual temperature of the year 2018.

• 2017 vs. 2011: By comparing the years 2017 and 2011 (see
Fig. 9), the visualization tool highlights that meteorological
frosts start in mid-April in both years; however, in 2017, the
last meteorological frost occurs a month later than in 2011.
• 2012 vs. 2011: From the comparison of 2012 and 2011 (see

Fig. 10), in 2012, the first meteorological frost occurred
a week earlier than the previous year, and the last one
occurred 10-days later. However, those temperatures are
not well aligned with respect to the whole year minimum
temperature since the years did not behave similarly.
• 2017 vs. 2012: The comparison between 2017 and 2012

follows a similar pattern (see Fig. 11). In 2017, the first
meteorological frost occurred just 4-days later, while the
last one occurred more than 2-weeks later.
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Fig. 6. A parallel heat-maps visualization combines two parallel heat maps that serve as the timelines of the sequences and a parallel time-relationship visualization to
isualize the whole sequences and the time warping.
Fig. 7. Color scale for each type of measure.

• Prediction: With this information, one can expect that, in
2018, the first meteorological frost occurs nearby the date of
the first one in 2017; however, the last one can be expected
to occur much later.
• Result: Knowing the minimum temperatures of 2018 and

comparing them with the ones from 2017, we can conclude
that the prediction would have been correct (see Fig. 12).
The first frost occurred just 2-days later, but the last one
occurred 20-days later.

The color-coding of the minimum temperature (see Fig. 12)
ifferentiate values smaller or equal to 0◦ with dark blue, temper-
tures between 0◦ and 5◦ with light blue, temperatures between
◦ and 15◦ with yellow, and over 15◦ degrees with orange. The
cale distinguishes temperatures between 0◦ and 5◦ since not all
rops are vulnerable to the same values of low temperatures (see
ig. 13).

. Implementation notes

The prototype tools presented in this work were implemented
sing Javascript and the D3.js library. Section 5 prototype is avail-
ble at https://cs.uns.edu.ar/~dku/vis/vis-temp-datos-meteorolog
cos/v02/index_todo.html, and Section 6 prototype is available
t https://cs.uns.edu.ar/~dku/vis/vis-temp-datos-meteorologicos/
02/index_tmin.html.

. Conclusions and future work

Within the analysis of meteorological data, and in particular,
n the forecast of the climate, the comparison of information is
7

an essential task. One that is an especially arduous task when it
comes to large datasets. The objective of information visualization
is to help gain insight into the data, and in this context, it should
assist the user in the task of comparison. However, few visualiza-
tion techniques have been specifically developed to support the
comparison process, even less for large datasets.

In this article, we present enhancements to a previously pro-
posed visualization technique for comparing time series of mete-
orological data. That technique was designed to compare karate
movements, and its generality was shown by applying it to me-
teorological data. However, the nature of the meteorological data
makes it not entirely correct to apply the technique with the
original methodology. We addressed these flaws by proposing
a change in the distance function used to compare records and
smoothing the misalignment series to consider that although the
weather is a cyclic phenomenon, it does not define a perfect
periodic function. In addition, we proposed improvements to
the visual data representation. The potential of this technique
was tested through the case study in which a comparison of
the historical meteorological data of the city of Bahía Blanca in
Argentina was visualized.

This proposal intends to be one more input to the work of the
professional in charge of predicting meteorological behavior. We
consider this an input of great value because it benefits both from
the inherent advantages of information visualization and from the
advantages of being a technique specifically designed for the task
of meteorological comparison.

The experience of working in the meteorology area allowed us
to survey the needs that exist in terms of visualization tools. For
future works, we identify at least the following tasks:

• To transform the current prototype into a complete applica-
tion available to experts in the field. That means providing
a platform to upload their datasets and explore them freely
using our technique.
• To improve the color scales used for different meteorological

magnitudes. We will intend to keep them meaningful and
familiar to meteorologists but reduce multi-hued scales,
surprisingly popular in meteorology visualizations [48], to
a minimum.
• To improve the temporal x−axes with more meaningful

labels.
• To add more interactions to the technique. One interesting

interaction is to compare periods besides calendar years.
This interaction needs the improvement of the calculation
of the DTW to be computed online.

These improvements will help with the usability of the technique
and its ability to compare data. Although preliminary tests car-
ried out with professionals in the area did not show perception
problems, controlled experiments to investigate the usability of
the technique are still pending. As Fuch et al. showed [49] and
Yan Liu stated [50], these types of controlled experiments are a

challenge in terms of their design and users involved.
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Fig. 8. The overview shows the summary boxes for the pairwise comparison of minimum temperatures. In general, as expected, all comparisons show high
synchronicity between them. In particular, the comparison between the years 2017 and 2011 shows high synchronicity between them.

Fig. 9. Detailed view of the 2017 vs. 2011 comparison. The upper graph shows the distance that measures the error of the aligned sequences. The middle graph
reveals the trend of the misalignment, for example, how before the first meteorological frost, 2011 tends to delay with respect to 2017. The bottom graph compares
both heatmaps and explicitly depicts the warping function. In this last graph, the heatmaps exhibit that meteorological frost started around the same time but in
2017 ended later than in 2011.

Fig. 10. Heatmaps from the 2012 vs. 2011 comparison. In 2012, the first meteorological frost occurred a week earlier than the previous year, and the last one
occurred 10-days later. However, those temperatures are not well aligned with respect to the whole year minimum temperature since the years did not behave
similarly.

Fig. 11. Heatmaps from the 2017 vs. 2012 comparison. In 2017, the first meteorological frost occurred just 4-days later, while the last one occurred more than
2-weeks later.
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Fig. 12. Corroboration of 2018 forecast. Comparing the 2018 vs. 2017 comparison heatmaps, it can be noted that the first meteorological frost occurred just 2-days
ater, but the last one occurred several days later.
Fig. 13. Color-coding of the minimum temperature. Dark and light blues differentiate frost and temperatures below 5◦ .
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