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The “Keeling curve” Prof. Charles David Keeling; Prof. Roger Revelle
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Chlorophyll-a (Chla) in central Baltic Sea
Time series of the 5-day mean CHL (mg m-3) in the central Baltic Sea derived from the ESA-
CCI processing of SeaWiFS, MERIS and Aqua-MODIS satellite data (Sathyendranath et al., 

2014, 2015). Trend? Accuracy? What does it measure?
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EO sensors are typically on:
polar orbits (often sun-synchronous, LEO);
geostationary orbits (GEO): GOCI, METEOSAT, SEVIRI
Polar orbiters ~700 km above ground. Orbit repeat cycle is ~14-16 days. However, 
sensors with wide swath (e.g. MODIS-Aqua – 2330 km) <2 day revisit time, 1-day 
revisit with a pair (tandem) sensors (MODIS Aqua & Terra, Sentinel-3 A & B)
High-res sensors with narrow swath have revisit time equal to repeat cycle ~14-16 
days, Landsat, Sentinels 2A & 2B.
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Satellite Oceanography (Ocean color, SST and altimetry) has been 

around for >40 years
CZCS 1978-1986 (ocean color), AVHRR 1979-…(SST), SeaSat 1978

(altimetry), Landsat MSS (visible imagery),…

Fundamentally, ocean color sensors have not changed from 1978 (more 

bands, more bits/pixel, better algorithms)

Similarly, the principal technology behind SST and altimetry has not 

changed from about 1978

Fundamental change in data access (PC, Internet!)

Necessary components for satellite oceanography:

1. Hardware (satellite, sensor, antenna, computer, display)

2. Software
3. Imagery (data)
4. Cloud-free weather for visible and infrared imagery; microwave & scatterometry

penetrate clouds
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1. Hardware
Then: Receiving station (antenna, etc.): Scripps, Dundee, BSH, 

Tromsö. Manually directed horn-antenna in Stockholm University, 1992-93

Now: Don’t need the antenna! Data through internet for free!



1. Hardware, continued
Then: Dedicated and expensive computers;

~30 yrs ago  ~ $500,000… $1 million; VAX, HP, etc., specialized hardware

VAX 11/780, 6.2 m 
wide,
SMHI, Norrkὅping, 
Sweden 1991-92

Now the minimum 

what is needed is  a 

~$300 PC and internet 

connection



2. Software

Then: Tailored for the specific hardware and very expensive 

(tens of thousands of $), using proprietary file formats

Now: generic, using high-level software layers,

common high-level file formats (netCDF, HDF);

• Free: SeaDAS, SNAP, Python, (BEAM)

• Inexpensive: Wimsoft, Matlab, IDL, ENVI

9/28/2020



3. Data (imagery)

Then:
Hard to get without owning a receiving station, stored and distributed on 

bulky tapes. Expensive! 1992-93 visited BSH to copy DAT cassette tapes

Now:
Mostly freely downloadable. Need internet and lots of  storage (disk space)

Local (e.g. BSH) vs GHRSST

• real-time

• NRT - near real time

• NTC – delayed, reprocessed, climate quality

• Merging data from multiple sensors (NOAA-20 !) with changing 

calibrations and specifics, infrared + microwave, different resolutions, 

different overpass times (daytime, nighttime). Local provider OK for 

real-time and NRT, use GHRSST for long time series! 
9/28/2020
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I am a data provider, mostly for N America West Coast, in the past Scotia Sea in Southern Ocean
https://www.wimsoft.com/satellite.htm http://spg-satdata.ucsd.edu/

………………………………………………………………………………………………………………..

•Produced from Level-2

•Level 2 - geophysical values, derived from 
Level-1A by applying sensor calibration, 
atmospheric corrections, and bio-optical 
algorithms, e.g. Chl-a, Rrs412, Rrs443,..

•Level 3 – Level-2 data  binned and 
mapped to a known projection or regular 
grid, here Albers Conic Equal Area 1 km2

grid.

https://www.wimsoft.com/satellite.htm
http://spg-satdata.ucsd.edu/
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https://www.wimsoft.com/satellite.htm http://spg-satdata.ucsd.edu/

https://www.wimsoft.com/satellite.htm
http://spg-satdata.ucsd.edu/
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The version 4 Multiscale Ultrahigh Resolution (MUR) L4 analysis is based upon nighttime 
GHRSST L2P skin and subskin SST observations from several instruments including the NASA 
Advanced Microwave Scanning Radiometer-EOS (AMSR-E), the JAXA Advanced Microwave Scanning Radiometer 2 on 
GCOM-W1, the Moderate Resolution Imaging Spectroradiometers (MODIS) on the NASA Aqua and Terra platforms, the 
US Navy microwave WindSat radiometer, the Advanced Very High Resolution Radiometer (AVHRR) on several NOAA 
satellites, and in situ SST observations from the NOAA iQuam project
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GHRSST_Level_4_DMI_OI_North_Sea_and_Baltic_Sea_Regional_Foundation_Sea_Surface_Temperature
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Example of biological-physical feedback!
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There is no Baltic-specific SST 
algorithm but there is a need 
for a Baltic-specific Chla 
algorithm!
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Chlorophyll-a (Chla) in central Baltic Sea
Time series of the 5-day mean CHL (mg m-3) in the central Baltic Sea derived from the ESA-
CCI processing of SeaWiFS, MERIS and Aqua-MODIS satellite data (Sathyendranath et al., 

2014, 2015). Trend? Accuracy? What does it measure?
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There is no Baltic SST algorithm but there is a need for a Baltic Chla algorithm!
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AMBIO vol. 23, N8, Dec 1994
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A Quasi true color image 

using bands 1 (red), 3 (blue), 

4 (green)

B Detected cyanobacteria 

accumulations (black) 

C Valid ocean areas (blue)

TCA=Total Cyanobacteria 

Area, total area of all pixels 

where accumulations 

detected at least once

Frequency of 

cyanobacteria 

accumulations: 

FCA=N(detected)

/N(valid)
(for each pixel, 

average over area)
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Frequency of cyanobacteria accumulations: FCA = N (detected) / N(valid) (for each pixel, average over area)

Currently using 4 sensors: MODIST (from 1999), MODISA (from 2002), VIIRS-

SNPP (from 2012), VIIRS-NOAA20 (from 2018), each has 3 passes per day, 

examining 100 days – June – July – August - first 5 days of September

The number of Level-2 satellite datasets (each with ~10 bands like Rrs412, …, Rrs550, 

Rrs670, chlor_a, etc):

N = 100 days * 4 sensors * 3 passes = 1200 per year

Time series starts in 1979 with CZCS. Longest satellite derived biological time series 

in the world!
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y = 0.1957x - 391
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https://www.wimsoft.com/ https://www.wimsoft.com/satellite.htm
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• Using satellite data to detect change
• Satellite data are suitable for this task as they cover 

multiple (large) areal scales (local, basin, global); 
have consistent frequency (in general), are available 
for free; getting longer and more suitable for climate 
studies

• Trying to separate changes caused by 
anthropogenic effects from those due to natural
climate variability – complicated!
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Indices of SST phenology
Mean annual cycle of SST (AVHRROI, 1981-2018) in central Baltic;
Day of the year when 8˚C is first reached, DFSST8  = Day First SST 8, when 
8˚C is last reached, DLSST8  = Day Last SST 9, same for 12˚C

DFSST8 DFSST12
DLSST8

DLSST12

DDSST8

DDSST12

DFSST8 ~140; DLSST8 ~315
DDSST8 = DLSST8 – DFSST8 = 175

DFSST12 ~170; DLSST12 ~280
DDSST12 = DLSST12 – DFSST12 = 110
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Trends in SST phenology: DFSST8
Day of the year when 8 ˚C is reached in spring 
(DFSST8  = Day First SST 8C). Slope = -0.45, i.e. in 10 years 8 ˚C is reached 
4.5 days earlier; in 40 years -> 18 days earlier

y = -0.45x + 1047.4

120

140

160

180

1
9

8
1

1
9

8
3

1
9

8
5

1
9

8
7

1
9

8
9

1
9

9
1

1
9

9
3

1
9

9
5

1
9

9
7

1
9

9
9

2
0

0
1

2
0

0
3

2
0

0
5

2
0

0
7

2
0

0
9

2
0

1
1

2
0

1
3

2
0

1
5

D
ay

 o
f 

Ye
ar



299/28/2020

Phenology indices
Explanation Type Example variable groups 

First day of reaching a threshold DF DFSST, DFCHL, DFKED

Last day of reaching a threshold DL DLSST, DLCHL, DLKED

Duration of the period between DF and DL DD DDSST, DDCHL, DDKED

Count of days over the threshold DC DCSST, DCCHL, DCKED

Day of reaching the annual maximum DM DMSST, DMCHL, DMKED

First day of reaching a cumulative threshold DFCUM DFCUMSIS, DFCUMSST

Coral bleaching

Radiative heating
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Surface Incoming Shortwave irradiance 
(SIS, W m-2) from geostationary Meteosat sensors

(Mueller et al., 2009, Müller et al., 2015).
Extremely regular, no trends detectable in absolute values

1

10

100

1000

1
9

8
3

1
9

8
4

1
9

8
5

1
9

8
6

1
9

8
7

1
9

8
8

1
9

8
9

1
9

9
0

1
9

9
1

1
9

9
2

1
9

9
3

1
9

9
4

1
9

9
5

1
9

9
6

1
9

9
7

1
9

9
8

1
9

9
9

2
0

0
0

2
0

0
1

2
0

0
2

2
0

0
3

2
0

0
4

2
0

0
5

2
0

0
6

2
0

0
7

2
0

0
8

2
0

0
9

2
0

1
0

2
0

1
1

2
0

1
2

2
0

1
3

2
0

1
4

SI
S 

(W
 m

-2
)



319/28/2020

Trends in SIS (Surface Incoming Shortwave irradiance, W m-2)
(a) DFCUMSIS, i.e. day of year when the annual sum of daily SIS reaches the following thresholds: 200, 
500, 1000, 2000, 3000, 5000, 10000, 20000 and 30000 W m-2. For each threshold the circles show the 
day of the year and the line shows the respective linear regression; (b) Slope of the linear regression. 
DFCUMSIS 30K Wm-2 was reached ~day 237 in 1983 but on day 214 in 2014, i.e., 23 days earlier.

Shift at ~ 1000-2000 W m-2, day 75 ~ March 15(a) (b)
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Trends in SST phenology
(a) The symbols and regression lines from left to right: first day when 12 ˚C 
is reached (DFSST12, open circles), first day when 17 ˚C is reached 
(DFSST17, filled circles), last day when 17 ˚C is reached (DLSST17, filled 
squares), last day when 12 ˚C is reached (DLSST12, open squares).
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(b) Rate of change (day/year) in the day of year when a SST level is 
first reached (DFSST, filled circles) and when a SST level is last reached 
(DLSST, open squares) for the Baltic Sea. 
(c) Increase in the duration of a period with SST above a certain level 
(DDSST) from 1982 to 2014 (32 years). DSST17 increased > 1 month!                               
->    What does it mean for a fish or crab? 



339/28/2020

Coefficient of light attenuation (Ked490) 
in central Baltic Sea
Time series of the 5-day mean KED490 (m-1) in the central Baltic Sea derived from the ESA-

CCI processing of SeaWiFS, MERIS and Aqua-MODIS satellite data using the Lee algorithm.

Baltic is becoming less transparent but it’s not dramatic!
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Trends in Ked490 phenology
Temporal changes in the start and end of Ked490 = 0.4 m-1 for 
central Baltic Sea (Fig b). Circles show the first day of the year 
(DFKED), squares show the last day of the year (DLKED) of 
Ked490 = 0.4. DRAMATIC CHANGES!
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Turbid period has increased from <60 
days to 240 days, 4x!
What does it mean for a fish?
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Trends in CHL phenology
(a) Temporal changes in the start and end of the “high chlorophyll season” (CHL >= 3 mg m-3) in 
the Baltic Sea: day when CHL = 3.0 mg m-3 is reached first (DFCHL3, circles) and last (DLCHL3, 
squares) during the season.
(b) Mean annual cycle of CHL in central Baltic Sea for 1997-2013 (solid line) compared with CHL 
measured in situ in 1985-1989 (circles, dashed line, from Kahru et al., 1991). Max in May  July
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y = -0.4737x + 1154.5

y = -0.42x + 1024.6
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Timing of cyanobacteria accumulations
• Center of timing becoming earlier (1979->2020) but not since ~2006
• Duration becoming longer: starting earlier and lasting longer
• Shown: center of toming, start (first 10% percentile), end (last 90% percentile)
• Duration expanded (from ~day 160 = 06/08 or 06/09 to ~day 240 = 08/27 or 08/28)



Summary
• Phenological indicators are sensitive and can detect changes even when 

changes in absolute values are hardly detectable

• Some of the indicators, e.g. the duration of the growth season, have 
direct ecological significance. Timing also important for Match/mismatch 
between trophic interactions.

• The Baltic Sea has experienced drastic changes in the seasonality during 
the last decades in a many variables from physical to biological.

• For several ecologically important variables (Ked490, CHL) the length of 
the annual period of high values has increased by a factor of >2.

• The set of phenological indices can be applied to all kinds of variables but they are particularly 
suitable for satellite data that have consistent time interval and can be averaged over a spatial 
domain.
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Some Conclusions
• The cumulative sum of 30K W m-2 of surface incoming shortwave 

irradiance (SIS) was reached 23 days earlier in 2014 compared to 1983.

• The period with SST ≥17 C has ~doubled from 29 days in 1982 to 56 days 
in 2014. It’s like the Baltic Sea has moved from Finland to Germany 

• The period of low water transparency (Ked490 over 0.4 m-1) has 
increased from <60 days in 1998 to ~240 days in 2013, i.e. 4X!

• The period of high satellite-detected CHL (>3 mgm-3) has doubled from 
~ 110 days in 1998 to 220 days in 2013.

• Both the phytoplankton spring and summer blooms have become 
earlier, and the annual CHL maximum may have switched from the 
spring bloom in the 1980s (in May) to the summer cyanobacteria bloom 
(in July).

THANK YOU!
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