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Abstract. Upwelling is an oceanographic process that transfers cool and nutrient-rich waters
toward the sea surface. Due to the relation between low sea surface temperature (SST) and
high nutrient-rich water, the upwelling regions can be easily recognized in satellite imagery.
An optical flow (OF) method, Horn–Schunck, is used to discover the upwelled water motion
(UWM) and its pattern using sequential (pair) SST imageries. The SST imageries of Aqua and
Terra satellites between 2004 and 2012 are processed to extract the properties of upwelling in
the Shevchenko area (Caspian Sea). Results show that the upwelling is periodic (with an ∼24 h

period) and it matches with a Fourier model. In addition, the UWM has a specific direction from
morning to night. It is also shown that the OF cannot extract correct UWM if the SST imageries
are selected on different cycles. Level of chlorophyll_a in the same area is used to independently
validate the existence of the upwelling. © 2017 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JRS.11.036016]

Keywords: upwelling; sea surface temperature; optical flow; upwelled waters.

Paper 160989 received Dec. 30, 2016; accepted for publication Aug. 1, 2017; published online
Aug. 23, 2017.

1 Introduction

Upwelling is an oceanographic process that moves water from a lower depth to a shallower
area.1,2 This process brings cold water to the surface and then flows it on the sea surface.3

Investigating upwelling phenomena is important because of the following: (1) the upwelling
increases biological productivity and provides food for fish,2,4–6 (2) cold water locally changes
a climate cycle,2,4,7 and (3) the ocean mass variation is caused partially by the upwelling
process.2

Previous studies show that wind force has a significant role in moving upwelled water toward
the middle of the sea.1,2,8–11 Therefore, wind direction maps are usually used to monitor upwelled
water motions (UWM).4,12 Monitoring UWM (independent from wind data) at the Shevchenko
coast by tracking sea surface temperature (SST) data as the input of an optical flow (OF) method
or the so-called Horn–Schunck method is the main target of this paper.

The advantage of using SST dataset and the Horn and Schunck method is the ability of
investigation in small regions,13 in contrast with satellite altimetry and geostrophic currents
that cannot extract small-scale features, such as upwelling.8,14,15

Contrary to other methods, the Horn–Schunck algorithm produces smooth motions. It also
provides information about the intensity of motions in every pixel with high spatial resolution
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that helps to monitor small-scale features (dependent on the resolution of input images).
Moreover, this algorithm does not need interpolation while the region-matching algorithm
needs.16 It does not require estimating a global motion to be able to extract the local motions
unlike the cross-correlation method.17

The UWM can be captured in the SST imageries if more strong changes than average
(�0.3°C) are seen.8 The purpose of the present study is to utilize the SST image features to
monitor the UWM in small regions where satellite altimetry methods are not able to capture
the motion. In addition to monitoring the UWM, its periodic property for different time-
scale investigations (yearly, daily, and hourly) can be determined by analyzing the SST imageries
in an appropriate time scale.

Chlorophyll_a dataset can be used to validate the results (synergistic analysis) because nutri-
tious water in upwelling areas often provide active biological activities18 thus chlorophyll_a data
are useful information to indicate ocean upwelling.6,19

2 Materials and Methodology

2.1 Surface Current Extraction (Optical Flow) Using Horn and
Schunck Method

The OF method that calculates the motion domain from cell intensity values of sequential
satellite imageries is intended for use in this study.20–23 The Horn and Schunck algorithm, as
a suitable method to recognize and smooth the direction of flows,24 was used in this paper.
This method was applied to extract motion in the SST field provided by Aqua and Terra
satellites.25,26 The Horn and Schunck algorithm finds the movements of each cell using its bright-
ness in images. The intensity brightness ðIÞ of each cell is a function of location ðx; yÞ and time
ðtÞ: Iðx; y; tÞ. The brightness of a specific cell in any image is constant in time, which means

EQ-TARGET;temp:intralink-;e001;116;416

dI
dt

¼ 0; (1)

thus,

EQ-TARGET;temp:intralink-;e002;116;362

dI
dt

¼ Ixuþ Iyvþ It ¼ 0; (2)

where Ix, Iy, and It are the derivatives of intensity with respect to x, y, and t, respectively; and u
and v are unknown OF vectors that have to be found. Due to over constraint information in one
hand, and to make the flow direction smoother on the other hand, the method simultaneously
tries to minimize another equation. Therefore, in addition to Eq. (2), it uses also the following
Eq. (3) to minimize the whole flow ðEÞ24

EQ-TARGET;temp:intralink-;e003;116;265E2
c ¼ ðuxÞ2 þ ðuyÞ2 þ ðvxÞ2 þ ðvyÞ2; (3)

EQ-TARGET;temp:intralink-;e004;116;233E ¼
ZZ

fðIxuþ Iyvþ ItÞ2 þ α2½ðuxÞ2 þ ðuyÞ2 þ ðvxÞ2 þ ðvyÞ2�gdxdy; (4)

where α is a regularization parameter. Equations (5) and (6) can solve u and v for each cell in the
following iterative manner:24

EQ-TARGET;temp:intralink-;e005;116;171ukþ1 ¼ ūk −
IxðIxūk þ Iyv̄k þ ItÞ

α2 þ I2x þ I2y
; (5)

EQ-TARGET;temp:intralink-;e006;116;124vkþ1 ¼ v̄k −
IyðIxūk þ Iyv̄k þ ItÞ

α2 þ I2x þ I2y
; (6)

where k stands for the iteration number.
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2.2 Simulated Movements for Testing Horn and Schunck Algorithm

A simulated movement, close to reality, was considered to verify the Horn–Schunck method
as well as finding its optimal parameters, i.e., the smoothing factor and the window size.
Figures 1(a) and 1(b) are the simulated imageries before and after the movement, respectively,
whereas Fig. 1(c) shows how the Horn–Schunck method is able to catch the direction of move-
ment. Different window sizes and smoothness factors were tested and the average angular
differences between simulated movements and Horn’s results are shown in Table 1. Based
on the results given in the table, the best-fitting numerical result appears when a smaller window
size and smoothing factor are used. Using “Arccos” function [Eq. (7)] for two vectors ~A and ~B is
an appropriate way to calculate angular differences between the two mentioned vectors

EQ-TARGET;temp:intralink-;e007;116;609ψ ¼ cos−1
� ~A:~B
kAk:kBk

�
; (7)

where kAk and kBk are the norms of two vectors, respectively. Here, ~A can be a source vector or
correct direction and ~B is the calculated vector by OF result. Therefore, if ψ goes to values near
zero, it means that there is a good coherence between the two vectors.

Fig. 1 Simulated movements for testing Horn–Schunck method. (a) The first image (pixels) with
specific values. (b) The second image (pixels); this image is produced by defined shift and rotation
algorithms. (c) The Horn–Schunck results. Since we know these shift and rotation algorithms,
we can determine the accuracy of Horn–Schunck method.
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To elaborate, the input of this method is two appropriate SST imageries (two-dimensional)
that do not include a diurnal warming effect and must overlap in terms of geographical
coordinates. Then, suitable window size and smoothness parameters are adopted and the
Horn–Schunck method operates iteratively to obtain smooth motion vectors (u and v).

2.3 Caspian Sea

The Caspian Sea (36°N to 47°N and 46°E to 54°E) is an inland sea located in the Euro–Asian
continent11 and is surrounded by vast deserts of Central Asia, wide northern plains, and the
Caucasian high mountain range.11 The most important region where regular upwelling phe-
nomena happen in this great lake is the Shevchenko region8 (Fig. 2), which is the area of
interest for investigation. Upwelling has been frequently observed in the Caspian Sea in
the summer time,8,11,12 and it creates upwelled areas with maximum 10°C different SST
with adjacent areas [Fig 2(a)]. As a part of the process, upwelled water is moved almost
100 km toward an offshore area.8 It is also proven that sea surface currents have monthly
directions (April, August, and November in the time window of study) from the coastal
area toward the sea in the Shevchenko region.27 Since aqua orbit closely passes this site
[Fig. 2(c)]; SST imageries (from 2004 to 2012) are applicable information to monitor
upwelling there.

2.4 Sea Surface Temperature Imageries and Sensor Characteristics

SST data are freely available for direct download or ordering from the National Aeronautics
and Space Administration (NASA) website.28 The observed SST radiances are provided in
HDF format, with each file including four datasets as follows: sensor band parameters,
scan-line attributes, geophysical data, and navigation data.28 These products include time
of observations, SST and geographical coordinates (longitude and latitude), which can be
found, respectively, in scan-line, geophysical and navigation attributes in matrixes with dimen-
sions 2030 × 1354.

We used the SST imageries taken by two MODIS sensors onboard the NASA satellites Aqua
and Terra. MODIS estimates radiances in 36 spectral bands from 0.4 to 14.24 μm and has a
swath width of 2330 km. The spatial resolution at nadir has the subsequent ranges: 250 m
(2 channels), 500 m (5 channels), and 1000 m (29 channels).29 The MODIS collections
used in this study are level-3 daily mapped and gridded products at 0.01 deg×0.01 deg (lon-
gitude and latitude) resolution. The orbit of the Terra satellite around the Earth is planned so that
it passes from the north to the south across the equator in the morning (descending), while Aqua
passes from the south to the north over the equator in the afternoon (ascending).28 The MODIS
sensors offer an appropriate chance to study the morning to afternoon variability of SST proper-
ties by most imageries (four imageries) everyday with special hours’ differences in crossing
times (at 07:45 and 18:50 for Terra and at 09:25 and 23:05 for Aqua). Therefore, we used
the combination of the MODIS instruments to study spatiotemporal variability in the upwelling
phenomenon as well as their possible interaction, thus meaningfully improving the current
ability of remote sensing data from space-borne observations.

Table 1 Average angular differences between Horn method and initial model using Arccos
function (in degree).

Window size

Smoothness

0.1 0.5 1

5 × 5 0.83 1.01 1.53

10 × 10 0.85 1.10 1.69

15 × 15 0.93 1.23 2.84
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Fig. 2 (a) SST taken by MODIS sensor boarded on Aqua satellite, on August 2, 2010, at 23:10.
Cropped map shows Shevchenko coastal waters. (b) The map shows the fort Shevchenko pro-
vided by Google Earth. (c) Aqua orbit track on the fort Shevchenko (image is processed in Space
Science and Engineering Center).
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2.5 Chlorophyll_a Dataset

The MODIS instrument aboard NASA’s Terra and Aqua satellites measures chlorophyll_a con-
centration (chla) everyday over the entire planet.30 In this work, we collected chlorophyll_a on
August 6, 2012, at 09:45, through NASA-MODIS Aqua images L1A (daily) processed with
SEADAS.28 Similar to SST data, the chlorophyll_a data that are derived from MODIS remote
sensing data also have the advantages of great swath coverage and high spatial resolution. Each
separate OC file is in HDF format and includes information in individual parts as follows: sensor
band parameters, scan-line attributes, geophysical data, and navigation data. Matrixes including
chlorophyll_a values and geographical coordinates can be extracted, respectively, from geo-
physical and navigation attributes. Summary of the datasets and their characteristics are
given in Table 2, which also provides specific usage of each dataset in this study.

3 Experimental Results

The flowchart of the proposed strategy is shown Fig. 3 to present experimental results and each
part is declared in detail in the Secs. 3.1 to 3.5.

3.1 Removing Diurnal Warming Effect

In the area of interest here, two pairs of imageries, day time and night time SST, are considered to
compute the diurnal effect. Figure 4 shows the differences between day time and night time
imageries (August 2, 2010). It is clear that values are small in the western area (about �0.2 K)
and large (�1.0 k) in the east.

Table 2 Summary of incorporated datasets.

Datasets Satellite—Mission Time span Format Usage

SST Terra and Aqua
(MODIS sensor)

2004 to 2009 HDF Yearly investigation
on UWM

SST Aqua (MODIS
sensor)

July 30, 2010, to
August 6, 2010

HDF Daily investigation
on UWM

SST Terra and Aqua
(MODIS sensor)

July 29, 2011 HDF Hourly investigation
on UWM

SST Aqua (MODIS
sensor)

August 6, 2012, at
09:45

HDF Comparison with
Chlorophyll_a

Chlorophyll_a Aqua (MODIS
sensor)

August 6, 2012, at
09:45

HDF Comparison with
SST

Fig. 3 Flowchart of proposed strategy.
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The same test was done on August 15, 2005, and the results were obtained. As SST variation
near the coast is not steady in this area, it shows the existence of upwelling near the coast. The
SST variation, due to the diurnal effect of all imageries (Aqua and Terra), for the months of
July and August between the years 2003 and 2010 is shown in Fig. 5. To remove the diurnal
warming impact, we average the variations for each year and remove it from SST imageries
before using the Horn method.

3.2 Yearly Sea Surface Temperature Pattern in the Area

The coastal area of Shevchenko was selected to find out the pattern of upwelling. The daily
movements of specific temperatures (20°C, 21°C, 22°C, and 23°C) were considered between
the years 2004 and 2009. Aqua and Terra satellites take only four SST imageries from a specific
area in a day; due to the cloudy sky of the area of interest most of the time, only two imageries
with a sunny sky were found per day for each year. The average radial distances of each pixel

Fig. 4 Nighttime SST image minus daytime SST image.

Fig. 5 Diurnal SST variation in July and August from 2003 to 2010.
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with specific temperature were computed with respect to the coastal line as a metric to find
the direction of movement.

3.3 Daily Investigation on Upwelling Behavior in 2010

To elaborate more about the period of upwelling, the area of upwelled water (SST less than 26°C)
was calculated for the imageries from August 2, 2010, to August 6, 2010. Figure 7 shows that the
upwelled water area for SST imageries taken at night (22:00 to 23:00) has approximately same
value (near to 370 km2), and the same value (<100 km2) can be seen for the corresponding
morning imageries (at 09:00 to 10:00). A Fourier model [Eq. (8)] was fitted to the upwelled
water area (R2 ¼ 0.89, see Table 4). The maximum and minimum of these periodic phenomena
occurred in area of upwelled water in the nights and mornings, respectively.

Mathematically, the Fourier series is a way to depict a (wave-like) function as the sum of
simple sine waves. It decomposes any periodic function into the sum of a set of simple oscillating
functions, namely sine and cosine functions.31 Here, there are some fixed points ðx; tÞ, in which x
is the upwelling area and t is the time. Supposing that upwelling is a periodic function, it is
expected that the Fourier model that is fitted to the fixed points is

EQ-TARGET;temp:intralink-;e008;116;531fðxÞ ¼ a0 þ a1 cosðx × tÞ þ b1 sinðx × tÞ: (8)

Fig 6 Movement of SST patterns toward the middle of the sea in the area. (a) From 18:15 to 22:50
on July 15, 2004, (b) from 07:30 to 22:45 on August 15, 2005, (c) from 07:45 to 23:05 on August 16,
2006, (d) from 18:40 to 22:50 on August 21, 2007, (e) from 18:40 to 22:50 on August 23, 2008, and
(f) from 09:25 to 23:00 on August 17, 2009.
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The SST imageries of Aqua satellite in 2010 (August 2 and 6) were considered to investigate
the upwelling in the area of interest. It can be recognized from the thermal imageries map that the
surface temperature is colder than the surrounding water in the area of upwelling (Fig. 8). Due to
the diurnal effect, it can also be seen from Figs. 8(b) and 8(e) that night SSTs are colder than
the morning ones.

The Horn and Schunck method was employed to find the UWM for each pair of the same-
cycle images and the results of movement of cold water toward the sea from the coast, as shown
in Figs. 8(c) and 8(f).

The chosen imageries should be in the same cycle, otherwise, the Horn and Schunck method
does not show the correct flow. The numerical results of these criteria are shown in Fig. 9; the

Table 3 Movement of SST patterns toward the middle of the sea in the area (km).

Dates 20°C 21°C 22°C 23°C

From 18:15 to 22:50 on July 15, 2004 2.64 1.74 −0.29 10.64

From 07:30 to 22:45 on August 15, 2005 7.41 5.18 3.11 8.53

From 07:45 to 23:05 on August 16, 2006 11.88 16.82 9.18 11.55

From 18:40 to 22:50 on August 21, 2007 25.74 20.43 16.41 8.89

From 18:40 to 22:50 on August 23, 2008 5.76 4.41 2.20 4.40

From 09:25 to 23:00 on August 17, 2009 35.49 40.93 54.78 43.29

Fig. 7 Variability of upwelling area in different times.

Table 4 Fit results (upwelling area).

Coefficients (with 95% confidence bounds) Statistics of fitting parameters

a0 207.2 (116.6, 297.9) SSE 3.407 × 1004

a1 109.5 (−170.2;389.3) R-square 0.8947

b1 −208.6 (−445.2;28.13) Adjusted R-square 0.8158

t 2.915 (2.708, 3.121) RMSE 92.29
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first image is chosen at night and the second in the morning of the next day, for which the flow
results [Figs. 9(c) and 9(f)] will be toward the coast, although is not the case in our area.

3.4 Continuous Upwelling in Single Day (Hourly Investigation)

To find the upwelling duration and clarify the UWM and its period, more SST imageries in a
single day are required. Four SST imageries from a cloudless day, August 29, 2011, were found
at times 7:45 AM, 9:25 AM, 15:50 PM, and 23:50 PM and analyzed for upwelling. The first and
third imageries were taken by Terra and the other two images by Aqua. The area of cold water
had been increasing from morning to night. By looking at the two images [Figs. 10(a) and 10(b)]
in the morning and also at the numbers in Table 5, it can be found that the warm water covered
more area at 9:25 AM. The upwelling started near the coast and we can see the cold water there,
as the Horn–Schunck method also shows the movement of cold water toward the sea [Fig. 10(c)].

Fig. 8 UWM based on morning time as first image and nighttime as second image. (a) August 2,
2010–09:35, (b) August 2, 2010–23:10, (c) OF, (d) August 6, 2010–09:10, (e) August 6, 2010–
22:45, and (f) OF.

Fig. 9 UWM based on nighttime as first image and morning time as second image. (a) July 30,
2010–22:40, (b) July 31, 2010–09:45, (c) OF, (d) August 4, 2010–23:00, (e) August 5, 2010–10:05,
and (f) OF.

Ghalenoei et al.: Spatiotemporal monitoring of upwelled water motions using optical flow method. . .

Journal of Applied Remote Sensing 036016-10 Jul–Sep 2017 • Vol. 11(3)



Analyzing the second and third imageries [Figs. 10(d) and 10(e)] shows that the area of
cold water is greater than that the morning; the Horn–Schunck results [Fig. 10(f)] also show
the direction of the flow to the sea and confirm that this movement is caused by upwelling
(not a diurnal effect). The last analysis is done based on the third and fourth imageries. The
results of Horn–Schunck show the strong movement of cold water toward the sea.

Fig. 10 SST imageries on July 29, 2011. (a) Terra, 07:45, (b) Aqua, 09:25, (c) OF, (d) Aqua, 09:25,
(e) Terra, 18:50, (f) OF, (g) Terra, 18:50, (h) Aqua, 23:05, and (i) OF.

Table 5 Area of cold and warm water during a day (on July 29, 2011).

Area of cold water (km2) Area of warm water (km2) Ration between cold and warm

07:45 120.2 2004 0.06

09:25 277.2 1940.4 0.14

18:50 1078.8 885.6 1.21

23:05 1093.2 828 1.32
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3.5 Value of Chlorophyll_a in the Upwelled Area (Comparison with Sea Surface
Temperature)

In addition to the SST, the level of chlorophyll_a (chla) is a different observation that can be used
to verify the existence of upwelling in some places (synergy data analysis).32 The upwelled water
has a high level of chla.11 The problem of measuring chla levels using satellite images is the
cloudy sky. Typically, finding the images with the true level of chla is more difficult than that of
finding a good SST image. Figure 11(a) shows a chla map of the Caspian Sea; a small area
(49.5 deg < longitude < 51.5 deg, 43 deg < latitude < 44 deg) was selected to focus on
both chla and SST information. Figures 11(b) and 11(c) show the SST map and chla level
of the selected area, respectively.

Exponential functions depict the stories of explosive change. Two types of exponential
functions are exponential growth and exponential decay.31 It is known that there is a reverse
relationship between SST and Chla, and what can be seen in Fig. 12, Eq. (9) is adopted to

Fig. 11 These images are taken on August 6, 2012, at 09:45. (a) chla map, Aqua satellite, (b) SST
map, and (c) chla map.

Ghalenoei et al.: Spatiotemporal monitoring of upwelled water motions using optical flow method. . .

Journal of Applied Remote Sensing 036016-12 Jul–Sep 2017 • Vol. 11(3)



fit these data. A drastic change happens when it gets closer to the coastal area and an appropriate
function for fitting to data that has a drastic change is an exponential function

EQ-TARGET;temp:intralink-;e009;116;357fðxÞ ¼ axb þ c: (9)

4 Discussion

The Horn–Schunck24 method was applied to monitor water motion using two sequential SST
imageries.26,33 It needs two sequential imageries as input24 and two inertial parameters, i.e., win
size and smoothness parameters, that have to appropriately be chosen. According to Fig. 1 and
Table 1, highly-qualified results have been obtained when Win size and smoothness parameters
are chosen to be smaller (5*5 for win size and one for smoothness).

The diurnal effect in the upwelling process is typically small,34 around �0.3 K, although
these small values should be detected and removed to see the actual upwelling effect.34,35

Due to the nonequal effect on the area, the differences obtained in Fig. 4 should not be con-
sidered as totally from the diurnal effect,8 as it has also been shown that diurnal warming signals
exceeding 1.0 K happen in regions with strong currents or upwelling.36 Therefore, an upwelling
must play an essential role to diffuse SST in the area.

One meaningful configuration of UWM can be seen in Fig. 6 and Table 3 in that upwelled
water are moving against the coast,8 as the distances for selected days and temperatures are
getting larger especially in daytime. However, the pattern is not the same for every year due
to different weather conditions.

Referring to Fig. 7 and R-square (in Table 4), the fitted Fourier function has suitable stat-
istical parameters to consider upwelling as a periodic function. Its cycle should be from one
morning to the morning of next day (∼24 h).

Table 6 Fit results (chla and SST).

Coefficients (with 95% confidence bounds) Goodness of fit

a 2.766 × 1012 (−3.006 × 1012, 8.537 × 1012) SSE 237.6

b −9.65 (−10.34;−8.955) Adjusted R-square 0.3584

c 0.7445 (0.7294, 0.7596) RMSE 0.1822

Fig. 12 Fitting an exponential function [Eq. (9)] to SST and chla data. Unit of X axis is °C and that
of Y axis is mg∕m3.
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To investigate the period of UWM and its cycle, the practical application of the Horn and
Schunck method associated with sea surface current estimation was applied for a time period of
6 days (July 30, 2010 to August 6, 2010) in the north–east part of the Caspian Sea and showed
precise UWM in the upwelling areas (Fig. 8).

It was shown that if two SST imageries were chosen in the same cycle (from morning to
night), the Horn–Schunck method was able to estimate the water motion. It is more precise
than the results obtained by altimetry and geostrophic currents (Fig. 8); however, if two
SST imageries are chosen in different cycles (e.g., from night to next morning), the results
are toward the coast, which is not the correct UWM (Fig. 9).

The results of analysis of UWM on August 29, 2011, show that the movement of upwelling
water is continuous in a day and is getting faster from the morning time to night time (see
Fig. 10). It also showed that the area of cold water in our case study was 120.2 km2 at
07:45 morning and 1093.2 km2 at 23:05 night (Table 5).

According to Fig. 11, it can be seen that the values of chla are higher where upwelling is
happening based on the SST image.37 The correlation coefficient of the SST values and the level
of chla is −0.7123 [based on Eq. (9)] and this shows that the high level of chla is happening
where the cold water is coming to the surface of the sea because of upwelling (Fig. 12). An
exponential equation was fitted to SST and chla (with R-square: 0/35 in Table 6) and proved
that in the upwelling area with low SST, high values of chla can be found (Fig. 12).

5 Conclusion

The practical application of the Horn and Schunck method associated with sea surface current
estimation was introduced and tested for a time period of 6 days (July 30, 2010 to August 6,
2010) in the north-east part of the Caspian Sea and showed precise UWM in the upwelling areas.
The advantage of this method, in addition to being fast computationally, is that it removes the
noises in the water motions and shows the smoothed flow directions. A Fourier model was fitted
to the area of upwelled water, and it proved that upwelling in this area is periodic and starts in the
morning and ends in ∼24 h. It was also shown that the SST images should be selected in one
cycle of the upwelling otherwise the Horn and Schunck method is not able to recognize the
correct direction of the water. The level of chla was compared with the temperature of the
sea, and the correlation between these values shows the existence of high nutrition in upwelled
areas (cold waters, Fig. 11). The application of the Horn and Schunck method in the upwelling
was introduced in this paper. However, the topic needs more investigation. The next step could
be using a multisensor approach to fill the gap from night to morning and also to employ more
images from newmissions. Furthermore, satellite altimetry missions (sentinel-3 and Jason-3) can
be used to estimate sea level anomaly and geostrophic currents, which are beneficial for explain-
ing the UWM.
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