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Abstract
The United Nations (UN) Decade of Ocean Science for Sustainable Development 
2021-2030 intends to enhance the system of ocean observing systems at local, 
regional and global dimensions, known as the Global Ocean Observing System 
(Fischer et al., 2019).  Societal applications include three UN instruments: Sendai 
Framework on Disaster Risk Reduction, Agenda 2030 Sustainable Development 
Goals (SDG), and Paris Climate Agreement (PCA).  This paper provides examples of 
the critically important role of satellite data in the successful implementation of 
research and services for forecasting hurricane intensification, storm surge, and 
tsunami inundation related to Sendai; ship routing forecasting and sea level trend 
related to PCA; and coastal ocean eutrophication related to SDG 14 known as Life 
Below Water.  Accurate ocean forecasts are a foundational element of progress of 
ocean science, technology and services for the UN Decade of Ocean Science for 
Sustainable Development.  The paper demonstrates that generation of new 
knowledge and improved forecast/prediction skill will require sustained, high-spatial 
and temporal resolution satellite ocean observations for ocean exploration and 
scientific discovery and for initialization and verification of forecast/prediction 
schemes.  A recommendation is made to establish a joint CGMS – WMO-IOC (via 
JCOMM) coordination mechanism to mutually enhance CGMS weather-and-climate 
activities with activities of the UN Decade for Ocean Science for Sustainable 
Development. 
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Coordination Group for Meteorological Satellites - CGMS
History of JCOMM Ocean Satellite Data Activity (1/2)

• JCOMM-4 Assembly, 28-31 May 2012, Yeosu (Republic of Korea)
Ø SFSPA* established Task Team on Satellite Data Requirements (TT-SAT)

o Annual guidance on satellite oceanography to CGMS (2011-2018) 
§ CGMS-46 (2018) Halpern, D., C.-Y. Chung, M. Kachi, Y. Kurihara, T. Kitajima, S. 

Omori, R. Kumar, S.-S. Picart and H.-M. Zhang.  Geostationary Satellite 
Measurements of Essential Ocean Variables.  

§ CGMS-45 (2017) Halpern, D., S. Abdalla, J.-R. Bidlot and K. Ichikawa. Satellite 
Measurements of Ocean Surface Waves. 

§ CGMS-44 (2016) Halpern, D., M. Drinkwater, W. Meier and H. Melling. Satellite 
Sea Ice Measurements in the Arctic Ocean. 

§ CGMS-43 (2015) Halpern, D., J. Font and G. Lagerloef.  Aquarius and SMOS 
Sea Surface Salinity Measurements: A Review of Initial Results.

§ CGMS-42 (2014) Halpern, D., E. Bayler and T. Dickey.  Ocean Biology Impacts 
on Weather Forecasting and El Niño Prediction.

§ CGMS-41 (2013) Halpern, D. and L.-L. Fu.  Satellite Global Ocean Surface 
Topography Measurements: Challenges and Opportunities.

§ CGMS-40 (2012) Halpern, D.  Ocean Surface Vector Wind: Research 
Challenges and Operational Opportunities.

§ CGMS-39 (2011) Halpern, D.  Sea Surface Temperature for Numerical Weather 
Prediction.

Ø JCOMM TT-SAT disbanded itself in 2017

* SFSPA = Services and Forecasting Systems Program Area
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History of JCOMM Ocean Satellite Data Activity (2/2)
• JCOMM-5 Assembly, 25-29 October 2017, Geneva

Ø SFSPA established JCOMM Satellite Data Coordinator with two ToR 
v Coordinate such activities within JCOMM and act as a JCOMM liaison 

with WMO CBS ET-SAT and IPET-SUP and with CEOS and CGMS
v Report to the chair of the SFSPA Coordination Group

Ø May 2018 – WMO appointed David Halpern to be JCOMM Satellite Data 
Coordinator 

• JCOMM Satellite Data Coordinator
Ø Establish annual projects

v 2019 – Satellite data requirements for UN Decade of Ocean Science for 
Sustainable Development
o Jun 2018 – CGMS-47 concurred
o Jul 2018 – IOC Albert Fischer concurred
o Sep 2018 – SFSPA CG concurred
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Organizational Themes
• UN Sendai Framework for Disaster Risk Reduction (Mar 2015)

Ø Reduce disaster risk
o Marine transportation
o Storm surge forecasting
o Tsunami forecasting

• UN Agenda 2030 Sustainable Development Goals (Sep 2015)
Ø Goal 14 – Life below water

o Coastal ocean eutrophication

• UNFCCC Paris Agreement (Dec 2015)
Ø Mitigation and adaptation actions

o Ship routing forecasting
o Sea level trend
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United Nations
Climate Change Conference

Date 30 November 2015–
12 December 2015

Location Le Bourget in the
suburbs of Paris,
France

Also known
as

COP 21/CMP 11

Participants Parties to the
UNFCCC

Website Venue site (http://www.
cop21.gouv.fr/en) 

2015 United Nations Climate Change
Conference
The 2015 United Nations Climate Change Conference, COP 21 or
CMP 11 was held in Paris, France, from 30 November to 12 December 2015.
It was the 21st yearly session of the Conference of the Parties (COP) to the
1992 United Nations Framework Convention on Climate Change (UNFCCC)
and the 11th session of the Meeting of the Parties (CMP) to the 1997 Kyoto
Protocol.[1]

The conference negotiated the Paris Agreement, a global agreement on the
reduction of climate change, the text of which represented a consensus of
the representatives of the 196 parties attending it.[2] The agreement will
enter into force when joined by at least 55 countries which together
represent at least 55 percent of global greenhouse emissions.[3][4][5] On 22
April 2016 (Earth Day), 174 countries signed the agreement in New York, [6]

and began adopting it within their own legal systems (through ratification,
acceptance, approval, or accession).

According to the organizing committee at the outset of the talks,[7] the
expected key result was an agreement to set a goal of limiting global
warming to "well below 2 °C" Celsius compared to pre-industrial levels. The
agreement calls for zero net anthropogenic greenhouse gas emissions to be
reached during the second half of the 21st century. In the adopted version of
the Paris Agreement,[3] the parties will also "pursue efforts to" limit the
temperature increase to 1.5 °C.[2] The 1.5 °C goal will require zero emissions
sometime between 2030 and 2050, according to some scientists.[2]

Prior to the conference, 146 national climate panels publicly presented draft
national climate contributions (called "Intended Nationally Determined
Contributions", INDCs). These suggested commitments were estimated to
limit global warming to 2.7 degrees Celsius by 2100.[8] For example, the EU
suggested INDC is a commitment to a 40 percent reduction in emissions by
2030 compared to 1990.[9] The agreement establishes a "global stocktake"
which revisits the national goals to "update and enhance" them every five
years beginning 2023.[3] However, no detailed timetable or country-specific
goals for emissions were incorporated into the Paris Agreement – as
opposed to the previous Kyoto Protocol.
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74 V. J. CARDONE et al.

Table 2. Distribution of orbit segment peaks (counts and relative percentage occurrence) sorted by basin for indicated HS thresholds.

HS (m) NATL %NATL NPAC %NPAC SATL %SATL SPAC %SPAC SIND %SIND Total %Total

>16 65 4.83 34 3.43 6 1.71 15 1.68 65 3.87 185 3.52
>14 310 23.05 222 22.38 58 16.57 138 15.49 318 18.95 1046 19.90
>12 1345 25.59 992 18.87 350 6.66 891 16.95 1678 31.93 5256 100.00
Maximum HS (m) 20.24 20.63 16.57 17.51 18.84
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Figure 3. Plots of global distribution of GlobWave HS basin specific orbit segment peaks: (a) 12–14 m, (b) 14–16 m, (c)> 16 m, (d) all peaks.

for the top-ranked NATL storm of 10 February 2007, in
which peak 1 Hz HS from GFO is 20.24 m. The storm
responsible for this peak and a storm within the same week
responsible for a comparable peak (1 Hz HS of 19.15 m)
are also discussed and hindcast in Cardone et al. (2011).
Note that the CFSR wave hindcast is quite skillful over-
all with only the part of the storm very near the core of
the peak under-predicted slightly with a median measured
peak HS of 18.95 m versus the hindcast of 18.33 m. Peak
hindcast wind speeds are in the 35–40 m s–1 range for
this storm (GFO does not provide altimeter wind speed).
Figure 5 is a corresponding sample of a statistical compar-
ison of the hindcast and the altimeter data for this orbit,
which indicates for hindcast versus altimeter HS a corre-
lation coefficient of 0.98, scatter index (ratio of standard

deviation of the difference between the measurements and
the hindcast and the mean of the measurements in the com-
parison sample) of 0.14 and bias of 0.27 m. Further evi-
dence of the skill in this hindcast is given in Section 3.

The population of 185 peaks was ultimately distilled
to a population of 120 individual storms consisting of
116 extratropical storms and 4 tropical cyclones. We had
expected that the detection rate of these VESS storms
would increase over time because the number of altimeter
missions generally increased from an average of 2.25
missions in space at any given time during the decade of
the 1990s (or the period 1992–1999 to be more precise) to
an average of 4.63 missions during the period 2002–2009.
Despite this nearly doubling of altimeter sampling, we find
about the same global frequency of VESS storms per year

© 2014 Royal Meteorological Society Int. J. Climatol. 35: 69–84 (2015)

Sendai Framework DRR (1/4): Marine Transportation 
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lation coefficient of 0.98, scatter index (ratio of standard

deviation of the difference between the measurements and
the hindcast and the mean of the measurements in the com-
parison sample) of 0.14 and bias of 0.27 m. Further evi-
dence of the skill in this hindcast is given in Section 3.

The population of 185 peaks was ultimately distilled
to a population of 120 individual storms consisting of
116 extratropical storms and 4 tropical cyclones. We had
expected that the detection rate of these VESS storms
would increase over time because the number of altimeter
missions generally increased from an average of 2.25
missions in space at any given time during the decade of
the 1990s (or the period 1992–1999 to be more precise) to
an average of 4.63 missions during the period 2002–2009.
Despite this nearly doubling of altimeter sampling, we find
about the same global frequency of VESS storms per year

© 2014 Royal Meteorological Society Int. J. Climatol. 35: 69–84 (2015)

Cardone et al. (2015)

• JCOMM project to describe very extreme sea state (VESS)
• VESS = significant wave height (SWH) > 14 m
• SWH = mean trough-to-crest height of the highest third waves = 4 times 

standard deviation of surface height = 4 times integral of wave spectrum
• VESS climatology 1991-2010 with satellite altimeters (Sorbits > 5000)

Ø could not be achieved with in-situ data because ships avoid heavy seas
Ø SWH(18-20 m) occurred 17 times; SWH(> 20 m), 3 times; SWH(max) = 20.6 m
Ø GlobWave archive: ERS-1, ERS-2, ENVISAT, GFO, Jason-1, Jason-2, TOPEX

• Heavy seas cause ~30% of major ship problems

SWH
> 16 m

SWH
14-16 m
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• OHC =    cp r T(z) dz from z=0 to z=depth of isotherm, e.g., 26°C 
• High OHC (thick ocean mixed layer) beneath hurricane = large heat 

reservoir, which reduces SST cooling from thermocline
• Sparse real-time in-situ data requires satellite ocean surface topography 

data, combined with climatological-mean depth of specific isotherm 

Sendai Framework DRR (2/4): Hurricane Forecast

Assimilation of OHC: Increased wind 
speed of NOAA National Hurricane 
Center 72- to 96-h forecasts of Cat 5 
hurricanes Emily, Isabel, Ivan, 
Katrina, Rita and Wilma (2003-2005)

determine if the OHC input (the OHC value interpo-
lated to the storm center position averaged along the
forecast track) is correlated with the errors from the
SHIPS prediction. This second regression is referred to
as the perturbation SHIPS model. In real time, the per-
turbation model provides a correction to the SHIPS
forecast.

For the 2006 hurricane season, the perturbation
SHIPS model was developed from all available cases
from 1995 to 2005, which included about 3000 forecasts.
When the OHC variable was included as a potential
predictor of the residuals from the main SHIPS fore-
casts, no statistically significant relationship (a predic-
tor must be significant at the 99% level to be included
in the model) was found, which was consistent with the
earlier results described by DeMaria et al. (2005). Thus,
when used directly, the OHC does not provide any ad-
ditional predictive information in SHIPS.

As described previously, the physical reasoning for
the inclusion of the OHC predictor is that the SST cool-
ing will be reduced in regions where the OHC is large.
It is possible that the reduced cooling does not become
an important factor until the OHC exceeds some
threshold. To test this hypothesis, the OHC predictor
was modified by subtracting a background threshold,
and then setting the value to zero if the result was nega-
tive. The least squares fit to the residuals in the 1995–
2005 dependent sample was performed for background
thresholds ranging from 0 to 100 kJ cm!2 with an in-
terval of 10 kJ cm!2. This analysis showed that the
modified OHC becomes a statistically significant pre-
dictor for all values of the threshold above 50 kJ cm!2

with an optimal value of 60 kJ cm!2. Although the
positive correlation with OHC and intensity change is
highly significant, the impact on the total dependent
sample is quite small. The maximum improvement
is for the 72-h forecast, where the average reduction
in intensity error in the perturbation model is only
about 1%.

The above results indicate that for a large sample of
cases, the impact of the OHC input on the SHIPS fore-
casts is small. The sample mean value of OHC was 41
kJ cm!2 with a standard deviation of 31 kJ cm!2. Thus,
most of the cases are below the 60 kJ cm!2 threshold,
particularly in the Gulf of Mexico Common Water
where the oceanic mixed layer is relatively thin (Shay et
al. 1998; Shay 2001). However, the sample also includes
values of OHC up to about 150 kJ cm!2. In these cases,
the impact on the prediction is considerably larger than
for the sample mean. Figure 2 shows the adjustment to
the 72-h SHIPS intensity prediction due to the OHC
input. For OHC values less than 60 kJ cm!2 there is a
very small reduction in the intensity forecast. For val-

ues above 60 kJ cm!2, the OHC adds a positive correc-
tion to the TC intensity forecast, and for values above
100 kJ cm!2, the correction to the SHIPS forecast has
been shown to be even more significant. OHC values
this high (above 100 kJ cm!2) are typically only found
in the Caribbean Sea, the Loop Current and its shed
warm eddies in the Gulf of Mexico, the Florida Cur-
rent, and the Gulf Stream as part of the poleward trans-
port of heat. Thus, although the impact of the OHC on
the intensity change of a typical Atlantic TC is small, it
may be an important factor in isolated regions. For the
72-h SHIPS forecasts, the correction to the intensity
ranges from !2 to "13 kt.

It is interesting to compare the empirically deter-
mined OHC threshold of 60 kJ cm!2 to estimates of the
heat flux required to sustain a tropical cyclone. In prin-
ciple, this flux can be estimated by determining the
change in the OHC after the passage of the storm.
However, this calculation is complicated by the fact that
the ocean continues to respond to the wind forcing after
the storm passage, resulting in SST cooling by as much
as 5°C in the wake, while the cooling directly below the
storm is typically only 1°–2°C (Cione and Uhlhorn
2003). Despite these complications, Leipper and Vol-
genau (1972) argue that the threshold to maintain a
tropical cyclone is about 16 kJ cm!2 day!1. More re-
cently, Shay (2006) found that during Lili’s rapid inten-
sification over the Loop Current, the upper ocean lost
less than 10 kJ cm!2 with an approximate SST decrease
of 0.75°–1°C, measured using a combination of airborne
ocean profilers and satellite-derived fields. These val-
ues are much lower than the empirical threshold used in
SHIPS. This result indicates that 60 kJ cm!2 is already
more than enough heat to sustain a tropical cyclone, so
that additional heat content should have little effect.
This result lends support to the hypothesis that the

FIG. 2. The correction to the 72-h SHIPS model intensity
forecast as a function of OHC.

FEBRUARY 2008 M A I N E L L I E T A L . 7

Mainelli et al. (2008)
Lynn Shay (pers. comm., November 2018) 
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Sendai Framework DRR (3/4): Storm Surge Services
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• Coastal Inundation Forecasting Demonstration Project (CIFDP)
Ø JCOMM + WMO Commission for Hydrology
Ø Hispaniola (Haiti and Dominican Republic) + 3 other regions
Ø Forecast providers worked with end-user community
Ø Developed easy-to-use early warning system for coastal flooding

o Computed a priori maximum envelopes of coastal flooding
v ALOS, ASTER, SRTM, & TANDEM-X measurements of height for DEM
v Simulated ~ 16,000 hypothetical storm surges from hurricane category 

1-5 moving at different speeds in a variety of directions
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Punta Cana

Punta Cana in the Dominican Republic
Coordinates: 18°32′N 068°22′W

Country Dominican Republic
Province La Altagracia Province
Municipality Higüey
Incorporated
(town)

27 June 2006[1]

Government
 • Mayor of
Higüey

Karina Aristy (Liberal
Reformist Party, 2016–
2020)

 • Director of
Verón-Punta
Cana

Ramón Antonio
Ramírez (Dominican
Liberation’s Party,
2016–2020)

Area[2]

 • Total 475.3 km2

(183.5 sq mi)

Population (2010)
 • Total 43,982
 • Density 93/km2 (240/sq mi)
 [2]

Time zone UTC−4 (Atlantic)

Area code(s) 809, 829, and 849

Punta Cana
Punta Cana is a resort town within the Punta Cana-Bávaro-Veron-Macao
municipal district, in the municipality of Higüey, in La Altagracia Province, the
easternmost province of the Dominican Republic. The area has beaches and
balnearios which face both the Caribbean Sea and the Atlantic Ocean, and it has
been a popular tourist destination. The weather is very hot and humid,
especially in late summer and autumn when the Northern Tropics receive their
most direct sunlight.

Geography and climate
Climate

Activities and landmarks
Infrastructure
Tourism

Transportation
Hotels and resorts
Diving

Marine biodiversity

See also
References

Bibliography

External links

The Punta Cana area has an
estimated population of 50,000,
with an annual growth rate of
6%.[3] To the north, it borders the
village and beach of Cabeza de
Toro, and the Bávaro and El
Cortecito beaches. The nearest city,
the 500-year-old Higüey, is 45
kilometres (28 mi) away, which

takes about an hour to reach by car. European entrepreneurs, particularly
Spanish hotel chains, own all but two of the over 50 megaresorts at the Punta Cana tourism destination.

Punta Cana

Coordinates: 18°32′N 068°22′W

Contents

Geography and climate

Sunrise over Punta Cana

WMO (2018), WMO Media News (2018, 2019), 
Zhang et al. (2019)
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Sendai Framework DRR (4/4): Tsunami ForecastingDART 4G System

BPR 
Detects and measures tsunamis with amplitudes 
as small as 1 mm in 6,000 m of water.

Surface Buoy 
Serves  as  the  communication  link  between  the 
BPR  and  Tsunami  Warning  Center  staff.  An 
acoustic modem transmits data from the BPR on 
the  seafloor  at  regular  intervals  to  the  surface 
buoy. When a tsunami is detected, the BPR sends 
data to the surface buoy more often. All data sent 
to  the  surface  buoy  are  relayed  to  a  ground 
station via satellite.

DART Development Timeline

A Cascadia subduction 
rupture scenario with a 

4G network (black 
triangles) envisioned 

close to the trench 
along the length of 

potential rupture. Time 
of tsunami detection by 
nearest 4G is expected 

to be on order of 10 
minutes.

Three currently 
deployed DART II 

systems are identified 
by bright green 

triangles.

Tsunami Forecasting

Before DART, the source of a tsunami was based 
only  on  earthquake  data.  Now,  as  a  tsunami 
moves across the ocean and passes over a DART, 
the system reports actual tsunami measurements 
to Tsunami Warning Centers. These sea level data 
are  then  used  to  estimate  the  conditions  that 
generated the tsunami, usually different from the 
conditions  that  produced  the  earthquake. 
Replacing an earthquake source with a source that 
matches measurements of the wave leads to more 
accurate  model  forecasts.  This,  in  turn  allows 
local emergency personnel to take more effective 
actions to save lives and protect property.

The new detection capabilities of the DART 4G 
offers  populations  nearby  a  tsunami  source  the 
potential of receiving early warning and forecasts, 
now typically afforded those far afield. Modeling 
scenarios  using a  network of  DART 4Gs along 
the Cascadia  subduction zone show that  nearby 
coastal populations could receive warning faster 
than ever before, possibly as an earthquake is still 
rupturing.

Development on 4th generation DART technology 
was begun in 2013 for the purpose of forecasting 
tsunamis in the immediate area of generation. An 
enhanced version of the DART Easy To Deploy, 
the  DART  4G,  incorporates  advanced  sensors, 
updated  software,  and  power  management  to 
detect  and  precisely  measure  tsunamis  more 
frequently than ever before. The increased number 
of measurements allows for earthquake signals to 
be separated from tsunami waveforms so that the 
4G can  be  sited  closer  to  where  an  earthquake 
occurs than any predecessor DART.

DART 4G systems are deployed offshore Oregon 
and central Chile for testing. The 4G technology 
is being transferred to commercial partner SAIC 
and is under evaluation by the National Weather 
Service (National Data Buoy Center) for refresh 
of the DART II operational array technology.

4th Generation: DART 4G

Time series recorded by a test DART 4G deployed offshore 
Oregon. The green line shows data as stored inside the BPR 
on the seafloor. The black line shows the same data sent via 
satellite after processing removed the earthquake signal. The 
red bars show the time of two earthquakes and the blue bars 
are predicted time of tsunami arrival.

The DART 4G system consists  of  a  surface buoy 
tethered  to  an  anchored  seafloor  bottom  pressure 
recorder (BPR)

UNCERTAINTY PROPAGATION
Measurements of 2014 tsunami in Chile. Iquique tide gauge and DART buoys
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Shortcomings:

1) DART buoys may record tsunami 
waves after near-field inundation 
occurs!. Only useful for far-field.

2) Inversion is commonly done with 
a few buoys. Furthermore, the 
buoys only measure from one side 
of the rupture. These may introduce 
errors in the inversion.  

Tsunami 
arrived first 
to Iquique!
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• t0 – Earthquake occurs

• ~ 10 min – U.S. Geological Survey provides earthquake location and magnitude

• National tsunami warning centers predict tsunami arrival time and magnitude     

• Satellites – data relay 

communicator & locator

• DART
Ø Located offshore of 

earthquakes

Ø Missing opportunity 

for ocn-met data

Iquique

32401

32402

Ø DART data constrain shallow-water model prediction for far-field response

Ø DART sites are too far from coastline for useful near-field prediction     

0    1      2     3     4     5      6     7

An et al. (2014)

Ignacio Sepúlveda (pers. comm., March 2019)

Time After Earthquake, 1000 s

Time of tsunami 

arrival at Iquique
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SDG 14.A: Increase Knowledge of Ocean Health

• Locate offshore presence of potential harmful 

algal bloom (HAB) with ocean color sensors 

(SeaWiFS, MODIS, MERIS, …)

o Period of occurrence = August - January

o Blue = no Chl-a anomaly

o Cyan/Green = Chl-a anomaly > 0 mg m
-3

o Yellow = Chl-a anomaly  > 1 mg m
-3

• Chl-a anomaly = observed Chl-a at a specific 

time minus average Chl-a over previous 60 days

concentration at the coast (Table 2). Forecasted wind condi-
tions from theMarineWeather Forecasts are used according to
Lanerolle et al. (2006) and Stumpf et al. (2008).

2.1.3. Transport
Transport is determined from the predicted wind speed and

direction. Thepresentmodel uses a transport of 7%of the (Ekman
adjusted) alongcoast wind vector to estimate the alongshore
transport of these blooms, using a regional tuning based on the
results of Tester et al. (1991) and Stumpf et al. (2003). An
alongshore forecast is assumed to be along the coast, which is
north/south for SW Florida and east/west for the northwest

Florida coast (area of Cape San Blas). Themagnitude of transport
is not addressedunless a change in thebloomextent is predicted.

2.1.4. Extent and location
Extent is defined as the expansion of the bloom to new

areas along the coast. Currently, forecasts are only produced
by analysts at county to half-county level (nominally 30–
60 km), therefore forecasts of extent describe whether the
bloom is expected to expand into a newcounty (or portion of a
county) to the north or south along Southwest Florida or to the
east or west along the Florida Panhandle. The extent is closely
linked to the transport and is forecasted in the same manner.

Fig. 2. SeaWiFS satellite image from November 21, 2004. Yellow areas indicate where the chlorophyll anomaly based on Stumpf et al. (2003) exceeded 1 μg L−1,
cyan/green show anomalies between 0 and 1, blue indicates no positive anomaly. Red represents locations of K. brevis blooms based on the criteria listed in Table 1.
The yellow areas failed the criteria in Table 1 and are not considered to be due to K. brevis.

Table 2
K. brevis impact levels based on cell concentration and wind speed and direction, which are used to predict bloom intensification and impact

Concentration near coast
(cells L−1)

Offshore
winds

Onshore light winds
(≤3 m s−1, ≤5 kts)

Onshore medium winds
(3–8 m s−1, 6–15 kts)

Onshore high winds
(N8 m s−1, N15 kts)

Expected impact

None None None None None None
Very low (b10,000) None None Very low Very low Beach impacts unlikely, exc. highly sensitive people

(e.g. asthmatics)
Low (10,000–105) Very

low
Very low Low Low/moderate Will not impact most people, shellfish harvesting

closures likely.
Medium (105–106) Very

low
Low Moderate Moderate/high Mild symptoms in beachgoers, presence of dead

fish.
High (N106) Low Moderate High High Adverse respiratory symptoms in most people,

discolored water, presence of dead fish, and
shellfish harvesting closures.

K. brevis cell count levels are based on classes defined by the Florida Fish and Wildlife Research Institute.

154 R.P. Stumpf et al. / Journal of Marine Systems 76 (2009) 151–161

26°N

25°N

82°W               81°W

21 Nov 2004

Florida

(USA)

• Red = HAB prediction

o Chl-a > 1 mg m
-3

o In-situ determination of Karenia brevis cells

o Wind-generated transport at the coast

Ø Upwelling brings K. brevis to surface 

Ø Downwelling brings K. brevis to coast

o Patch > 30 km
2
, not coast-wide

• Predictive skill 1-3 days

o 65% - 85%

• Coastal respiratory irritation 

forecast

o HAB & surface wind

Stumpf et al. (2009), Tomlinson et al. (2004)

Richard Stumpf (pers. comm., April 2019)
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is given in Fig. 2. According to this, it is observed that when the ship speed decreases, the engine load 

is significantly reduced. When the power required by the engine is reduced, the consumed amount of 

fuel is reduced.  

Fig. 2 The relationship between ship speed and engine load [25] 

 

Chang and Chang (2013) applied three different scenarios by reducing rates of 10%, 20% and 30% of 

bulk carriers in the study [25]. Table 1 shows the daily and voyage reduction in the amount of fuel 

caused by the speed reduction of bulk carriers. According to the results of the study, it is indicated that 

although the low speeds of the ships provide fuel economy, it increases the operational costs due to the 

low-speed charter contract. 

 

Table 1 Daily and Voyage Fuel Savings [25] 

Scenario Scenario1 (%) Scenario2 (%) Scenario3 (%) 

Speed Reduction 10 20 30 

Fuel consumption reduction-daily 27,1 48,8 60,3 

Fuel consumption reduction-trip 19 36 51 

 

In fig. 3, the fuel consumption of the VLCC ship in loaded and ballasted situation is given. The 

amount of fuel consumed by the auxiliary enginery of the ship is also included in the study. According 

to this, it is seen that the fuel amount of the loaded ship is higher than its ballasted situation and the 

speed increasing of the ship increases the fuel consumption non-linearly. 
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• Optimal strategy (Arslan et al., 2015)

Ø Wind, wave and current forecasts
o Reduce voyage costs (BAMS 1982)
o 2-4% fuel & GHG reduction (Motorship, 2018)

Ø Ship motion performance
Ø Maximize safety
Ø Minimize fuel consumption 

o 50-60% of ship operating cost
Ø Minimize GHG emissions (IMO 2018)

o Shipping - 3% of global emissions
o Tripling of shipping expected by 2050

Ø Maximize profits
Ø Maximize certainty of arrival time

o Port berth, loading, unloading
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Paris Agreement (1/2): Ship Routing Forecasting
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• Dynamic routing strategy (Andersson and Ivehammar, 2016)

Ø Ship alters route based on shared information on 
movements of other ships
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Figure 1. Evolution of GMSL time series from six different groups’
(AVISO/CNES, SL_cci/ESA, University of Colorado, CSIRO,
NASA/GSFC, NOAA) products. Annual signals are removed and
6-month smoothing applied. All GMSL time series are centered in
1993 with zero mean. A GIA correction of �0.3 mm yr�1 has been
subtracted from each dataset.

et al., 2018) and the altimeter parameters’ (range, �0 and sig-
nificant wave height – SWH) instability (Ablain et al., 2012)
also contribute to the GMSL trend uncertainty, at the level of
0.1 mm yr�1. Furthermore, imperfect links between succes-
sive altimetry missions lead to another trend uncertainty of
about 0.15 mm yr�1 over the 1993–2017 period (Zawadzki
and Ablain, 2016).

Uncertainties are higher during the first decade (1993–
2002), when T/P measurements display larger errors at cli-
matic scales. For instance, the orbit solutions are much more
uncertain due to gravity field solutions calculated without
GRACE data. Furthermore, the switch from TOPEX-A to
TOPEX-B in February 1999 (with no overlap between the
two instrumental observations) leads to an error of ⇠ 3 mm
in the GMSL time series (Escudier et al., 2018).

However, the most significant error that affects the first
6 years (January 1993 to February 1999) of the T/P GMSL
measurements is due to an instrumental drift of the TOPEX-
A altimeter, not included in the formal uncertainty estimates
discussed above. This effect on the GMSL time series was
recently highlighted via comparisons with tide gauges (Val-
ladeau et al., 2012; Watson et al., 2015; X. Chen et al., 2017;
Ablain et al., 2017b), via a sea-level budget approach (i.e.,
comparison with the sum of mass and steric components; Di-
eng et al., 2017) and by comparing with Poseidon-1 measure-
ments (Lionel Zawadsky, personal communication, 2017). In
a recent study, Beckley et al. (2017) asserted that the corre-
sponding error on the 1993–1998 GMSL resulted from incor-
rect onboard calibration parameters.

All approaches conclude that during the period Jan-
uary 1993 to February 1999, the altimetry-based GMSL was
overestimated. TOPEX-A drift correction was estimated to
be close to 1.5 mm yr�1 (in terms of sea-level trend) with an

uncertainty of ±0.5 to ±1.0 mm yr�1 (Watson et al., 2015; X.
Chen et al., 2017; Dieng et al., 2017). Beckley et al. (2017)
proposed to not apply the suspect onboard calibration cor-
rection on TOPEX-A measurements. The impact of this ap-
proach is similar to the TOPEX-A drift correction estimated
by Dieng et al. (2017) and Ablain et al. (2017b). In the
latter study, accurate comparison between TOPEX-A-based
GMSL and tide gauge measurements leads to a drift cor-
rection of about �1.0 mm yr�1 between January 1993 and
July 1995, and +3.0 mm yr�1 between August 1995 and
February 1999, with an uncertainty of 1.0 mm yr�1 (with a
68 % confidence level, see Table 1).

2.2.3 Global mean sea-level variations

The ensemble mean GMSL rate after correcting for the
TOPEX-A drift (for all of the proposed corrections) amounts
to 3.1 mm yr�1 over 1993–2017 (Fig. 2). This corresponds
to a mean sea-level rise of about 7.5 cm over the whole al-
timetry period. More importantly, the GMSL curve shows a
net acceleration, estimated to be at 0.08 mm yr�2 (X. Chen
et al., 2017; Dieng et al., 2017) and 0.084 ± 0.025 mm yr�2

(Nerem et al., 2018) (note Watson et al., 2015 found a smaller
acceleration after correcting for the instrumental bias over
a shorter period up to the end of 2014.). GMSL trends
calculated over 10-year moving windows illustrate this ac-
celeration (Fig. 3). GMSL trends are close to 2.5 mm yr�1

over 1993–2002 and 3.0 mm yr�1 over 1996–2005. After
a slightly smaller trend over 2002–2011, the 2008–2017
trend reaches 4.2 mm yr�1. Uncertainties (90 % confidence
interval) associated with these 10-year trends regularly de-
crease through time from 1.3 mm yr�1 over 1993–2002 (cor-
responding to T/P data) to 0.65 mm yr�1 for 2008–2017 (cor-
responding to Jason-2 and Jason-3 data).

Removing the trend from the GMSL time series highlights
interannual variations (not shown). Their magnitudes depend
on the period (+3 mm in 1998–1999, �5 mm in 2011–2012
and +10 mm in 2015–2016) and are well correlated in time
with El Niño and La Niña events (Nerem et al., 2010, 2018;
Cazenave et al., 2014). However, substantial differences (of
1–3 mm) exist between the six detrended GMSL time series.
This issue needs further investigation.

For the sea-level budget assessment (Sect. 3), we will
use the ensemble mean GMSL time series corrected for the
TOPEX-A drift using the Ablain et al. (2017b) correction.

2.2.4 Comparison with tide gauges

Prior to 1992, global sea-level rise estimates relied on the
tide gauge measurements, and it is worth mentioning past
attempts to produce global sea-level reconstructions utiliz-
ing these measurements (e.g., Gornitz et al., 1982; Bart-
nett, 1984; Douglas, 1991, 1997, 2001). Here we focus on
global sea-level reconstructions that overlap with satellite al-
timetry data over a substantial common time span. Some of

Earth Syst. Sci. Data, 10, 1551–1590, 2018 www.earth-syst-sci-data.net/10/1551/2018/

Paris Agreement (2/2): Global Mean Sea Level Trend
• Satellite observing 

systems
Ø Reference missions 

provide the most 
accurate long-term 
stability at global and 
regional scales and are 
all on the same T/P 
ground track

Ø Additional mission data 
poleward of 66° and 
increased resolution
o ERS-1, ERS-2, 

Envisat, Sentinel-3A, 
Geosat Follow-on, 
SARAL/AltiKa

o TOPEX/Poseidon
o Jason-1
o Jasson-2
o Jason-3

3.35 mm per year

Cazenave et al. (2018)
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Key issues of relevance to CGMS
• Ocean economy generates US$3 trillion for world economy.

• CGMS satellite data providers are critically important for a 

successful UN Decade of Ocean Science for Sustainable 

Development to accelerate enhanced ocean science for:

Ø Healthy ocean

Ø Predicted ocean

Ø Safe ocean

Ø Productive ocean

Ø Responsible ocean stewardship

Ø Accurate, transparent and accessible ocean information

Ø New era of ocean science for a better world 

• UN Decade will significantly accelerate contributions to CGMS 

weather-and-climate themes.
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To be considered by CGMS

• Establish joint CGMS – WMO-IOC (via JCOMM) coordination 
mechanism to mutually enhance CGMS weather-and-climate 
activities with activities of the UN Decade for Ocean Science 
for Sustainable Development
Ø Receive annual briefing on the UN Decade of Ocean Science for 

Sustainable Development
Ø Sustain satellite and in situ system of ocean observing systems
Ø Utilize geostationary meteorological satellites for ocean observations 
Ø Enhance data acquisition for special observing periods
Ø Add CGMS-relevant ocean measurements to tsunami watch 

infrastructure
Ø Add HAB toxic aerosols to coastal air pollution forecasts 
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CGMS-48 IOC-WP-01 (2020)
• Annual guidance on satellite data requirements for 

improved coastal ocean prediction and services
Ø Contribution to UN Decade of Ocean Science for Sustainable 

Development
Ø Challenges and opportunities of utilizing satellite data to enhance 

coastal ocean science and services


