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1 Introduction

Detection of change is a hot topic due to the threat of global warming and climate change.
Phytoplankton account for ~50% of global primary production, form thghic base of marine
ecosystems anglay key roles irthe fluxes of carborgxygenand otheelementsBoyce et al.

[2010] claim thatoceanigphytoplankton biomadsas decreaseapproximately 1%per year over

the lastcenturydue to increased stratification. The size of oligotrophic gyres seems to have
increased over the span of the SeaWiFS ocebm sensor as a response tdxglavarming

[Polovina et al., 1998]0n the other hand, coastal protiity seems to have increasd€ihru

and Mitchell, 2008; Kahru et al., 200%vailable stellite dateare rather short in timgpanbut
providefrequent andarge scale coverage and are therefore essential in detecting such change. In
this tutorial we try several methods of change detection with WIM/WAM.

1.1 Assembling a consistent time series of satellite data

The ' satellite ocean color sensor (CZ, 19B-1986) was experimentahe calibration was

poor considering current standaatsl is data recortlasgapsandmany areas with very poor
coverageTherefore the CZCS data atificult to compare with modern sensors. Modern ocean
color time serie stats with the shortived OCTS (Novl 9 9 6 &1B97hbut continuous series
starts with SeaWiFS (1992010. In order to be able to detect changesneedto assemble a
consistentime series as long as possible. SeaWik8had periods with no datan(2008, 2009,
2010. Here we use a nemerged data from sensors: OCTS, SeaWiFS and MOEA§ua
(MODISA) and MERIS This dataset has been created recently (Kahru et al., 2011, in
preparation) and is optimized for the California Current.

We usecan use eithreamonthlyor 5-daydata for 19972010. In 1996 wenly have 2 months (Nov
and Deg that are not enough talculate the annual maxima for tlyatar.5-day data have lots of
gaps due to clouds. We ukiaterpolation with a daily ice map (in order not to interpolate into ice
covered areag fill in some missing pixelsThe 5day time series is used in a related exercise,
Detection_of Change_Arctic_Blooms.pdf
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1.2 Example: Algal blooms and bloom magnitude

12007
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Fig. 1 shows thagthytoplankton has a clear annual cycle with a maximum in biomass dueing
spring bloom The magnitude of thennual maximunhas large inteannual variability It is
reasonable tassume that in yeavgth very high and short sprifgoom, a significantpart of the
newly produced biomass not consmed by the next trophic level asthks out of theéop layer
andmay-beto the bottom.Respiration in the bottom layers consumes oxygen and can produce
idead 2z on e-depletedl fvateosxeyygo#f @regervice 2004, 2007]It is reasonable to
assumehat lower and longer spring blodeads tamore of the new biomas®ingconsumed in
the top layer and legseingexported by the sinking fluwhereasluring ahigh and short bloom
the consumers am@obably not ready and a large portion of the algal biomass @irtkEhe
magnitude of the bloom thereforean important variable to monitor as it can be related to the
production of oxygertlepleted wateras well as to the removal of biogenic carbamfrthe

surface layer

Fig. 2 gives another exampletbe changes in the annual cygkeimary production in the Gulf

of California experienced a spike in 200In d A sdtd higlveimaxima. You can see that all
maxima in 20042007are higher than the manain 19972000while the minima have not
changed significantlyWe againassume that the magnitude ahdshape of theannual maximum
areimportant While the snking flux of organic matter feeds the bottom fauiea strong flux

may deplete the bottohayers of oxygen and cause an ecological diseBleoms can be more or
less regular. The phytoplankton spring bloom is an example of regular blooms. Many harmful
algal blooms (HABSs) occur at irregular intervals and can have devastating effects aadiahdr
aquaculture [e.g. Kahru et al., 200H the first part of this tutorial we estimate the changes in
the bloom magnitude, defined here as the annual maximum {ia @ihg monthly Ck& data.
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Fig. 2 Satellitederived ime series of net primagroduction (NPP) in the southern Gulf of
California (areamumber8 in Kahru et al., 2003).

2 Dete cting Change

2.1 Detecting Changes in Bloom Magnitude

We will follow theexample ofa recent paper [Kahru & Mitchell, 200BUit with anextended and
improved datasetWe will use global monthly time series of chloropkgltoncentration (Ckd)

to detet changes in bloom magnitud&’e want to make the time sesias long as possible
(19972010 but need to have complete monthly sets for each yeaar®esingdatamerged

from 4sensors OCTS, SeaWiFS, MODISA and MERI®/eneed toskip OCTS data of 1996

as there were only 2 months (NBec) and these 2 months cannot be representative of the annual
maximum for the year. Note that 1997we miss the data faluly-August In the Baltic Sedhe
apparent Chlhmaximumis oftendue tocyanobacteria blooms in Julugustand wetherefore

will miss these in 1997 For most other regiortkeannual Chla maximum is nolikely to occur

in July-August and therefommissing JWAug in 1997will not likely affect the annual maximum

We assume thd@he monthly Chta dataare inC:\SatMergedL3\MonthIACHL_9 Check out the
files in that folder, open some images in WIM. Find data from O@Ih(lf), SeaWiFS $*.hd}
and the mergedata C*.hdf). Make a foldeHide underC:\SaiMergedL3\MonthIA\CHL_9and
move the 1996 OCTS data thevée will keep the partial 2011 year data but keep in mind that it
is not complete.

Open the command prompt acdito the top directory where you keep the results, e.g.
cdC\Sat

In the command window run the following command:
wam_annual maxMergedL3\MonthIA\CHL_9*.hdf
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Theoptionwith Reduceunsfasteand i s the only option if you don:
computer You should see outplike that

C\Sat>wam_annual_maMergedL3/Monthif\CHL_9*.hdf
174 matching files found in Merged

174 files with years and midays selected

15individual years found

Assuming valid Min 6.01035142 and valid Max = 64.56542

Need to reduce the size of images by 2 to 2160 x 1080
pgoloJoJooJoJoJoJooJoJoJoJooJoJoloJooJoJoJoJofoJoJoRoJoJoJoJoRoJo o oo oo oo JoROXo RO N«
Processing time: 00:0%24

Note thatwe are using global dateith reduced resolutih andit took 5minutesand 4 seconds
to run on myPC. If you have problems runningam_annual_mawith full sizeimages then you
need taeduce the imagesnd runit with the Reduceoptionor cut out subset images with
wam_serieandapplywam_annual_mato a time series afmaller images ofour area of
interest

As output,we get 3 fileswith the names derive from the command argumefithdf). Please
rename them to, respectiveMax.hdf Min.hdf, ValidCounts.hdfAs the names infer, these files
have the annual maxima, minima and the number of valid mohtech pixefor each year
included

Anotheravailableoption (Slow) produces an additional fildaxDay.hdfthatcontains the day
number(year day odulian day) of the maximum for each year and each piatiru et al (2010)
haveshownthat in certain areasf the Arctic covering nearly 10% of the Arctic Ocghaannual
phytoplankton bloomgpring bloom hasbecome earliedue to earlieretreatof ice. Therefore,
the Slowoption is valuable if you are interested in timing of the maxima. Howevein our
examplethe maxima or minima are detected wilonthlydata and monthly intervé probably
too big to detect real chang&®u need to look at @nges in timing using a time series of, for
example, Eday interval The Slowoption without theReduceoptionrunsabout 20 times slower.
Therefore, do not use tt&towoption unless you can leave it running feanyhours.

It is VERY IMPORTANT to keep all the files welDRGANIZED in separate folders. You can
use your own folder names but you need to be consistent. | recommend creating a new folder
C:\SatMinMax for this projectand move the 3 created files to that foldésu can also use
subfoders if you use th&®educedr other options.

mkdir MinMax

move *.hdf MinMax
Now, take a look at the files thgbu have just createdefore doing that, clean the image stack
(i.e. all images) in WIM memory or close WIM and open it again by clicking (éetlizking)
on the newly created files, eMax.hdf EachHDF file has 15datasets corresponding to the 15
years that were includ€d9972011). We have severalaysto visialize these results. For
interactive visualizationoad all 14datasetsn Max.hdfin the corect order!)into WIM and use
the ExamineSpectral Plomenuoption You should not have any other images in WIM at the
same timeOf coursejnstead of apectralplot we are actually having time series ploEachx
symbolon this plot corresponds to the maximum-@hh thatyear Note: you need toight-click
on the Spectral Plotwindow and drag the mouse pointer to the imagghout raising the button.
For each pixel you are pointing, it sh®@®4 annual points correspoimg) to thetime series of
bloom magrtudes (19972010. If you point to sorawheren the Baltic Sea or theear
Oregon/Washingtonoast ofNorth America, you will see something like in Fig. 3.
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Howws Irmage hdanager - 13 1 2010_Max (2160:1080:1)
dit  Wiew Exarnine Geo  Transf Multi  Edge Segm  Window  Help
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¢ 2010_Max (2160:1080:1)

Spectral Plot

Righ-click on this window, drag mouse over the image

Current point: 330,273 (-125.0000, 44.5000)
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Cloze

Fig. 3. Using thé&examineSpectral Ploin WIM to showinterannual variations in bloom
magnitude off Oregon.

Fig. 3 happens to show a drastic increase in the anra@hlbihagnitudes from 1997 to 2048
the OregofWashingtorcosst of North AmericaOf course, most areas do not sheweha
significant increas but amore or lessandom scattelY ou can move the mougeinteraround
and find areas that show interesting features.

In order toprogrammaticallyfind the areas of significant increase or decrease we use a special
tool, wam_max_trendlo see all the options, typeam_max_trendvithout arguments. The
defaultSignificanceas 90% (p=0.1), otheBignificancdevels are 95% and 99%. As the ocean
color time series is very short (y&ars used here), the detected trends are not usually highly
significant.In the command window issue the following command:

wam_trend MinMaxMax.hdf Sen 90

This command creates a slapwge with a significance of 90% (p<0.01) amdated a new file

Max trend_sen90.hdfwhere each pixel value has the slope ofastimatedrend The Sen
optionusego the Senslopetrendinstead of thetineartrend. Sen slope is a nonparametric

estimate of the slope that involves computing slopes for all the pairs of time points and then using
the median of these slopes as aimeste of the overall slope. Similar estimates of the stame

be obtained with the more traditional linear least squares regrggsioaption instead oEen

but the Sen slope estimator is preferable due to its less sensitivity to oAtlpaigtte fie

anomalylut is used by default and it shoa®as of increased bloom magnitudeed and

decreased bloom magnitude in bl&gg( 4). If the image does not look like that in Fig. 4 (i.e. has

totally different colors), click on th8etting ( 2l ) icon, thenMisctab and unchec®verride
LUT in HDF. Then close WIM and open again by clicking (doutlleking) on the same image
file.
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Fig. 4 A. Changes in bloom magnitud& North detected by the Seloge estimatorincreased
blooms areshown byred colors, decreased bloom magnitude by blue colors.

Fig. 4 B. Changes in bloom magnitudé South AmericandEurope/western Asidetected by

the Sen slope estimator. Increased bloomslaoen in red, decreased blooms in blue. Updated

from [Kahru and Mitchell, 2008, sqmif].

Now take a look at the specificé the slopamage. Press down the right mouse button and move

the mouse around the white areas, e.g. over méseafpen oceary.ou can notice that pixel
value 128orresponds to the scaled slope value of 0 (Fig. 5).

Now take a look at the scaling of the image by clicking at]?)icon on the toolbar.
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Current Settings P
General lExtensiDns] F‘rojec:tiun] HDOF Optiuns] Misc ]
Image Size
Width: |2160 {* Integer (1byte)
Height: {1020 [
Color Scaling Value Scaling
Min: " Picel Value © SST-MCSST.C
Maoc " x10 {" SST-PATHF.C
" x 100 " SST-SMHI.C
™ i i
Area of Interest CZCS Pigm. Log-Chl, mg/m3
r line (" Bitmask -
% Linear Slope:  |0.006078
' Rectangle € Loganthmic  Intercept: [-0.7780

Fig. 6. Settings of the slope image.

As you can see, tHaterceptis -0.7780and theSlopeis 0.006078Please netthat we have an
image with the values of trstopeof the trend in bloom magnitude. To scale this image, we use
parameters such &sterceptandSlope TheSlopeof the image scaling not relatd to theslope
that the image values represeértte default is to evaluate the slope of each pixel at the 90%
statistical significance. You can also specifynffigance at 95% and 99% level, e.g.

wam_trend MinMaXMax.hdf Ser®9

Evaluate the result adhese commands. In general, the ocean color time series is too short to
detect the existence of trends at high significance. On the other hand, by having thousands if not
millions of pixels in the analysis almost guarantees that some of significantuehtlg ghance.

You can apply the same commamea(n_trend) to the annual minima fileMin.hdf) and the result
would show trends in the annual minima. It appears that there are some areas where the minima
have also increased or decreased but much lessghamaxima.

The global map of the change in bloom magnifwitailar to whatyou just createds alsoshown
at http://spg.ucsd.edu/blooms.pagd a Google Earth version of the same at
http://spg.ucsd.edu/blooms.kramd parts are in the EOS articléghru and Mitchell, 2008, see
pdf]. We will now try to make our images look a little better (likewh in the links above).

Load the Sen slope imageléx_trend_sen_98df) into WIM.

Create a codline image withGeoGet Map Ovewry (‘:h' icon onthetoolbar) use the full
resolution coastlinesoast_full.bfile in C:\Program FilesWimsoflaps checkLandandLake

setForegroundl, Background0. Set palette t@&rayscalén Settings (theE icon on the

toolbar), stretch the colors wil8 icon on the toolbalgave theStartcolor at Oandscroll the
End color to6. The coastliesappeanerydark gray and the restlgack

Convert the image to RGB wiffranstConvert to24bpp RGB).

Fill land with gray color witHEdit-Draw, e.g.usegraywith RGB component213, 213213 You
can uséefine Custom Color® define your own colors by specifying the RGB componéJgs.
the same color for botButlineandFill . Be careful when filling somareas where theoastlines
do not extend to the edge of the image, e.g. Asian continent near BearigY ou mayneedto

use ®* to Undothe leaking color spill. You can manually extend the coastline and fill the gap
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with the Paintbrushtool in Edit-Draw. Filling all the islands with gray color takes some time.
Sorry, currently there is no automated| for that.

Now go lack to the original slope image and convert to RGB WitinstConvert to 24bpp
(RGB) Now overlay with the filled RGB coastlines image that you just crasiedMulti-

Overlay Imagdg B on the toolbar).

You can ave allimages in WIM memory togethée.g. asvork.hdf in C:\SaiMinMax - for the
case thayou want to use them again) or jgsivethe final image both adDF and as PN@e.g.

slope_edited.hdindslope_edited.pigAlways save as HDF if you need to edit the data again.

Images saved astbimaps ( PNG, JPG, BMP, etc) cannot
endo.
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Fig. 7. Changes in bloom magnitude in the Indian Ocean and adjacent areas detected by the Sen

slope estimator (from Kahru and Mitchell, 2008). The inset shows @idnthly tme seriesn
the red area (shown by an arraaff) the coast of soutlvest India.

As shown by the inset of Fig. 7, you can also generate detailed time series of the mean, median or

other statistics of the image data in specified areas of interest, called Waslean be done
with wam_statistThere is an exercise (4.3) on usimgm_$atistin Exercises WIM_WAM. pdf
Only a short list of actions is presented here.

You can use the slope imalgax_trend_sen_90.httb define your masks (i.e. areas of interest).

You can create statics for up to 254 masked areas at the sameltimr simplicity we will
show here how to create a maskdaingle area of your interest

Load the Sen slope imageléx_trend_sen_90.hdinto WIM. Note thathe size (2160 x 1080) is
reduced 2x compadeo the Chl images that we used as input (4320 x 2T6@)mask image has
to be of the same size as the images you are going tbheefore pu need to remap it to the
size of the images to be used.
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Byrightc | i cking on the i mage you can decide what
want to create a mask image that shows all pixels with a slope value of 0.60 and higher (i.e. the
clearly red pixels). We will uséranstBinarizeoperation in WM with the following parameters:
Rangefrom 0.6 to 0.64Fill value 1 (see Fig. 8). This has masked all global pixels that are larger
or equal than 0.6 with pixel value lLyou camotrecognize the Indian coastthe masked areas
then you can createcaastlines overlay with pixel value 25&verlay it,and delete later with
TranstReplace Valuek from 255 to 255 with 0. Clear all the other masked areasBuwiith

Draw, Outline 0, Fill : 0 with the filled rectangle tooMake sure that you clear all thewanted

pixels in other parts of the world. Save the image as HDRaa&_increasédf, e.g. in

C:\SatMinMax. Doublecheck again to make sure that you have no masked pixels in other
places! If you have then they will mess up your statistics.

" Windows Image Manager - 1 : Binarize [4320x2160x1]

File Edit “iew Examine Geo Transf Muli Edge Segm ‘Window Help
(DEH -~ BOE @4 & 8w g

-1 : Binanze [4320x2160x1]

Binarize

IV 1st image: I':' Range:l - <=y = |0.64

0.6
0
0

[ 2nd image I 1 Range: I = = | 255

™ ard image: I 1 Fange: I <=y < | 255

Fill walue {(unscaled): | 1

Redraw | Close

Fig. 8. TranstBinarizeoperation in WIM to create a mask of all slope pixels larger than 0.6.

Create dist of Chla images with a simple DOS command:
dir/b /s C\Sa\Merged LACHL_9.hdf > list_chl_mao.txt

Check hat the list filelooks OK.Note that if you have files with multipktarting letters (e.g. C*,
O*, S*) then you need to manually sort them by date, i.e. start with oldest and finish with the
newestStartwam_statisand picklist_chl_mao.tixir theList of imags, pick mask_increasadf

for theMask choose appropriafdenames for the result&{\SatMinMaXi\ts_chlo_increasesy
and logfile (C:\SatMinMaxts_chlo_increaséxt). The logfile saves the settings amsluseful as

a record of your actiorfer reproductiorand modification later.
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WAM_Statist

—Ligt of Images:

=10 x]

Mask or Station File Mame:

TS atslst_oh_metst

o | |E:'\Sal\MinMax\EhIo_S_MinMax\mask_sw_india.hdf o |

—ToProcess

Save results in:

=] || JoASatiMintatChio 3 Mintastts_chlo_sw_india.csv

Scanning Mask image...

0% 10% 20 30% 40% 6O BOZ 70% B0% 90%

1 masks found in?$: 3062 ta 3084; % 950 ta 980

013970011937031.L3m_MO_CHLO_9.5caling=LOGARITHMIC, Min=0.01035714, Max=74.29507

019970321997059.L 3m_MO_CHLO_9.5caling=LOGARITHMIC, Min=0.01035714, Max=74.29507
0139706019397090.L 3m_MO_CHLO_39.5 caling=LOGARITHMIC, Min=0.01035714, Max=74.29507

LI 0193709119371 20.L3m_MO_CHLO_39 5 caling=LOGARITHMIC, Min=0.01035714, Max=74.29507

013371211337151.L3m_MO_CHLO_39,5caling=LOGARITHMIC, Min=0.01035714, Max=7r4.29507

Processed

019971521997181 .L3m_MO_CHLO_

520070322007059.L3m_MO_CHLO_3.hdf
520070602007030.L3m_tO_CHLO_3.hdf
520070312007120.L3m_MO_CHLO_3.hdf

520071212007157.L3m_MO_CHLO_3.hdf

5200715220071871.L3m_MO_CHLO_9.hdf
520071822007212.L3m_MO_CHLO_3.hdf
520072132007243.L3m_MO_CHLO_3.hdf
520072442007 273.L3m_MO_CHLO_S.hdf
520072742007304.L3m_MO_CHLO_3.hdf

520073052007334.L3m_tMO_CHLO_3.hdf

520073352007 365.L3m_MO_CHLO_3.hdf

LI 513972441937273.L3m_MO_CHLO_3 hdf.Scaling=LOGARITHMIC, Min=0.01035142, Max=64.56542

513972741937304.L 3m_MO_CHLO_3 hdf.Scaling=LOGARITHMIC, Min=0.01035142, Max=64.56542
513973051937334.L3m_MO_CHLO_3 hdf.Scaling=LOGARITHMIC, Min=0.01035142, Max=64.56542
519973351997365.L3m_MO_CHLO_3 hdf.Scaling=LOGARITHMIC, Min=0.01035142, Max=64.56542
513380011938031.L3m_MO_CHLO_3 hdf.Scaling=LOGARITHMIC, Min=0.01035142, Max=64.56542
519980321938059.L3m_MO_CHLO_3 hdf Scaling=LOGARITHMIC, Min=0.01035142, M ar=64. 56542
513380601938030.L3m_MO_CHLO_3 hdf.Scaling=LOGARITHMIC, Min=0.01035142, M ax=64.56542
5133809119381 20.L3m_MO_CHLO_3 hdf.Scaling=LOGARITHMIC, Min=0.01035142, M ax=64.56542

Read HDF Mask of width 4320 and Height 2160 ;l

9.5caling=LOGARITHMIC, Min=0.01035714, Max=74.29507 _I

5199812119358151.L.3m_MO_CHLO_3 hdf Scaling=LOGARITHMIC. Min=0.01035142, Max=54.56542 ;l

j Get Log | Save Logl IC:'\Sal\MinMax\EhIo_S_MinMax\ts_chlo_sw_india.txt Skark |

Fig. 9. Screeftapture ofvam_statisafter completion.

Note the X and Y range of the mask in Fig. 9. For the small area in SW India it should have

something close to X: 3062 to 3084, Y: 9880. If you have some masked pixeidihg
somewhere in the image then the range is quite diffdfehait happens then you need to kill

wam_statistvith Task Manager f you donoét

mask image&nd clean those unintended masked piaatirun wam_statisagain.

You can now load this_chlo_sw_india.csfile into Excel, make a neWwimecolumn using the
start year $Yea) and start day§Day with a formula like =B2+(D2+15)/36%.ou can now plot

theMeanChl-a versus the neWimevariable (Fig. 10)You can notice that there was no data due
to clouds in April, 1999 and the zero value is not correct. You can also notice the trend towards

higher annual maxima and no change in the annual minima.

20

15 |
10 A\

i Al I

, N UUVUUUUUL
199719981999200020012002200320042005200620072008

Fig. 10. Time series of the Mean Ghfor amasked area i8W of India.
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2.2 Detecting Change between two Images

You can use a simple commawdm_changé¢o detect change between 2 images. The syntax is:

Usage: wam_change Filel File2 [AnnotateX AnnotateY LUT]

AnnotateX and Annotatedfe, respectively, X and Y in pixels where to put the
Date annotation

The default LUT is anomaly5.lut

For example, to show the differences in global-&Histribution between El Rd and La Niia
you can use the following commasad

cd CxSat
wam_changeC\SatMerged LA MonthhACHL_851999001.51999031_CALFIT4_cbdip
C\SatMerged L3 Monthh ACHL_851998001.51998031_CALFIT4_chdip(all in one
line!)
This assumes that you hasepied the monthlynerged Chl (CALFIT algorithm)to
C:\SatMergedL3\MontHy\CHL_9. Change is shown in thé“2mage compared to thé'1We

want to illustrate the effects of El Nifio; therefore we used the January, 1998 El Nifio image after

the January, 1999 La Nifia imager Chta the change is shown as the ratio efZ image to

the £'image, e.g. a value of 0.25 shows decrease of 4 times and a value 4.0 shows an increase of

4 times.The differences are obvious globally but the characteristic decreaseanothe
California coast and an increase further sadtiBaja Californa have been described earlierd.
Kahru and Mitchell, 2000, 2002].

Fig. 11. Differencesn Chl-abetween the January, 19@8 Nifio) and January, 199%@.a Nifia.
Red means higher Gl during El Nifio and blue means lower @hdluringEl Nifio.

Here the differences are shown between 2 monthly imageghérapproachwould beto show
the differences with the mean image, i.e. anomafinemalies can be calculated with another
WAM commandwam_anomalyseeExercises WAM_EOiR Coursa3).
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