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Abstract
We describe  a m e th o d  o f  identifying a n d  coun ting  whales  using very high resolution satellite  imagery  th ro u g h  th e  exam ple  
of so u th e rn  right whales  b reed ing  in part  of  th e  Golfo Nuevo, Península Valdés in Argentina. Southern  right whales  have 
been  extensively h u n ted  over  th e  last 300 years a n d  a l th o u g h  n u m b ers  have recovered  from near  extinction In th e  early 
20th century, curren t  popu la t ions  are f rag m en ted  and  are e s t im a ted  a t  only a small fraction o f  p re-hunting  total.  Recent 
ex trem e  right w hale  calf mortality even ts  at Península Valdés, which const i tu tes  th e  largest single populat ion , have raised 
fresh concern  for th e  fu ture  o f  th e  species.  The WorldView2 satellite  has a m ax im um  50 cm  resolution and  a w a ter  
penetra t ing  coastal b and  in th e  far-blue part  of th e  sp ec tru m  th a t  allows it to  see  d e e p e r  into th e  w a te r  column. Using an 
im age  covering 113 km2, w e  Identified 55 p robab le  whales  and  23 o th e r  featu res  th a t  are possibly whales, with a fu r ther  13 
ob jec ts  th a t  are only d e te c te d  by th e  coastal  band.  Com parison  o f  a n u m b e r  o f  classification techn iques ,  to  automatically  
d e te c t  whale-like objects, sh o w ed  th a t  a simple th resho ld ing  t ec h n iq u e  of t h e  p an chrom at ic  and  coastal band  delivered th e  
best  results. This is th e  first successful s tu d y  using satellite  im agery  to  co u n t  whales; a pragmatic ,  transferable  m e th o d  using 
this rapidly advancing  tech n o lo g y  th a t  has major implications for fu ture  surveys o f  ce tacean  populat ions.
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Introduction

“ H ow  m any are  there?” Is a  question that is often difficult to 
address in ecology particularly  for m arine species that are 
generally inaccessible an d  cryptic. This is clearly dem onstrated  
in whales where, despite their enorm ous size, robust population 
estim ates are very difficult to obtain. T h e  extrem e size o f whales 
m eans th a t they have a high per-capita  ra te  o f food consum ption 
and  hence a potentially massive im pact on  their prey populations 
as well as the m arine ecosystem. A ccurate population  estim ates are 
also essential to inter alia assess the recovery o f depleted 
populations, evaluate conservation threats and  also to use whales 
as indicators o f the health  o f local ecosystems. H ere  we investigate 
the use o f available V ery H igh Resolution (VHR) satellite im agery 
to detect and  count baleen  whales as a  proof-of-concept to 
augm ent curren t population  studies. W e target Southern  right 
whales (Eubalaena australis) as a  test species to evaluate; the southern 
right whale is an  ideal subject for this w ork for m any of the same 
reasons as it was an  ideal w hale to hunt, specifically its large size 
(m axim um  size ~  15 m) and  a  tendency, in the b reeding season, 
to bask n ear the surface in large aggregations a round  sheltered 
coastal waters. This is particularly  true for m others that use 
shallow w ater areas to raise their calves to the surface during  their 
first m onths o f life. T h e  techniques described in this pap er m ay 
also be relevant to o ther species o f baleen whales, especially o ther 
large whales that, like the southern right, b reed  in calm  coastal 
waters. Fu rther w ork to test availability and  perception  bias o f 
counting  whales by satellite will need to be  com pleted before the

techniques described here can be used to independently  assess 
populations, such a  system w ould reduce the observer cost and  
effort and  im prove the accuracy o f population  estimates and  
trajectories.

Southern  right whales have a circum polar distribution in the 
Southern  H em isphere. T h e  distribution in w inter, at least for 
b reeding anim als, is concen tra ted  in shallow coastal waters in the 
no rth ern  p a rt o f their range [1]. In  sum m er right whales are found 
m ainly in latitudes 40-50"S  [2] bu t have been  seen, especially in 
recent years, in the A ntarctic as far south as 65 "S [3,4] and  around  
South G eorgia [5,6],

Southern  right whales were hun ted  extensively from  the 17th 
th rough  to the 20th century. T h e  total num ber processed is 
conservatively estim ated at about 155,000. T h e  pre-w haling 
population  was estim ated at 55 ,000-70,000 dropping  to a  low of 
about 300 anim als by the 1920s. After 1935 they were legally 
pro tected  bu t over 3,000 m ore were thought to have been taken by 
illegal w haling in the 1960’s [7].

Since the cessation o f w haling several southern right whale 
b reeding populations (A rgentina/B razil, South Africa, an d  Aus­
tralia) have shown a strong recovery [8,9,10] bu t the o ther 
b reeding populations are still very small. In  1997 the estim ated 
total population  size was 7,500 anim als and  the three  m ain 
populations have continued to increase [3,11,12]. O verall the 
population  appears to have grown strongly since the cessation of 
w haling bu t is still a t < 1 5 %  o f even conservative historical 
estimates.
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O f curren t concern  is the unprecedented  m ortality  o f  southern 
right whales on  their nursery grounds at Península Valdés, 
A rgentina, in  w hat are the m ost extrem e m ortality  events ever 
observed in a baleen whale [13]. O ver 420 whale deaths in  recent 
years, the m ajority  o f  w hich were calves, suggests th a t this 
population  and  its ecosystem m ay be less healthy  and  robust than  
previously thought [13],

T he traditional m ethods by w hich cetacean population  abun­
dance estim ates are ob tained  use counts o f  whales along transects 
from  platform s such as aircraft o r ships, o r counts from  land-based 
vantage points [14], These can  be very labour intensive involving 
long hours o f recording by trained  researchers and, as whales 
range over large geographic areas, these survey m ethods can  be 
costly and  inefficient. Additionally, no t all individual whales are 
p resent at once, and  if  present they are not easily detectable (so 
called availability and  perception  bias, respectively). D etection 
probabilities for whales are typically high for shipboard  surveys, 
bu t for the study area, w here surveys are typically carried  out by 
small airplanes, they can  be dow n to 40%  [15]. In  addition, there 
are no t m any precision estim ates for southern right whale 
abundance, particularly  for the study area. Typically abundance 
is assessed w ith line transect m ethods and  for right whales from  the 
same population  in the Scotia Sea coefficients o f variation are 
wide, ranging from  65 to 185% [16].

A  previous a ttem pt to count whales using satellite rem ote 
sensing data  and  h ad  lim ited success [17]. Using the first 
generation o f V H R  im agery from  the Ikonos satellite, w ith a 
resolution o f  0.8 m  in the panchrom atic  and  3.3 m  in the colour 
bands, two areas were looked at: the orca pools a t SeaW orld 
them e park  in San Diego, and  a section o f coastal w ater around  
M aui known to have large num bers o f hum pback whales [17]. 
A lthough objects w hich were p robably  whales were identified in 
the IK O N O S  imagery, the low er resolution and  the cluster and 
noise associated w ith waves sea-surface state m ean t th a t definitive 
sightings were difficult to prove. Since 2002 the spectral, spatial 
and  tem poral accuracy o f h igh resolution satellites has im proved 
and  cost o f acquiring such im agery has decreased. A nu m b er o f 
recent studies have used V H R  satellites to count anim als such as 
penguins and  seals from  space [18,19,20], T he highest accuracy 
satellite, the W orldview2 satellite, has an  on-the-ground pixel size 
o f 50 cm  in the panchrom atic  and  2 m  in its eight colour spectral 
bands. O ne  o f  these bands, term ed  the coastal band, uses the far 
blue p a rt o f the spectrum  to penetrate  the w ater colum n and is 
routinely used for hydrographic m apping [21].

H ere we describe a m ethod  o f identifying and  counting 
southern right whales breeding in p a rt o f the Golfo Nuevo in 
A rgentina using satellite im agery from  the W orldV iew2 satellite 
count. T his is an ideal location to evaluate ou r m ethods because 
every year, from  Ju ly  to N ovem ber, whales concentrate in high 
densities to calve and  m ate. These enclosed bays are characterized 
by calm  and  shallow waters increasing the chances o f obtaining 
images w ith optim um  conditions o f  visibility.

Materials and Methods

W e acquired a single W orldV iew2 satellite image o f a region of 
the Golfo Nuevo Bay, the southern o f two bays w hich separate 
Península Valdés from  the m ain land  o f A rgentina (figure 1).

The location
Golfo Nuevo, the southern gulf o f the Península Valdés, is a 

roughly circular shaped bay and  betw een 80 — 100 km wide. T he 
sheltered w aters a ttract southern right whales in great num bers 
and, together w ith a sim ilar sized bay ju st to  the north , they hold

Figure 1. The area o f the study and the location o f places 
named in the text. The red box deno tes th e  area of im agery acquired 
for this study. The grey area gives an indication of th e  possible sw ath 
width of a single satellite pass. 
doi:10.1371/journal.pone.0088655.g001

one o f the w orld’s largest breeding aggregations o f  the species. 
T his represents one o f the best studied populations o f southern 
right whales, w ith an ongoing program m e detailing the natural 
history and  ecology o f the species [5]. F rom  Ju ly  to N ovem ber 
(winter and  early  spring), m uch o f the population  is on  the nursery 
ground  at Península V aldés [21] (42'JS, 64UW). In  1997, the 
population  was estim ated at 2,577 whales [22], w ith an  annual 
grow th rate o f 6.9%  p er year [10], C u rren t estimates are 
unavailable and  are required  as whale calf m ortality  has increased 
sharply since 2005 w hen the population  has experienced several 
severe m ortality  events, particularly  in Golfo Nuevo [13].

The image
A section o f a single W orldV iew2 image (Catalog ID: 

103001001G8G0300) covering an  area o f 113 km 2 and  taken on 
the 19th o f Septem ber 2012 was purchased  from  the com m ercial 
provider Digital globe. T he image was chosen from  the Digital 
G lobe archive for three reasons:

1. It covers the middle o f the Golfo Nuevo Bay, an  area w ith a 
high density o f southern right whales.

2. T h e  tim ing corresponds w ith the m iddle o f  the b reed in g /ca lf 
rearing  season, w hich lasts betw een Ju ly  and  Novem ber.

3. It is cloud free w ith a calm  sea-state.

Sea surface waves have a very strong influence on  the ability to 
detect subm arine features [17] O u r previous analyses using V H R  
im agery in the Southern  O cean  show th a t choppy w ater o r sea 
swell refracts the sunlight m aking practical detection o f  whales 
alm ost impossible. T his is especially true if  attem pting  to construct 
routines to autom atically identify targets. W hen  choosing im agery 
from  archival footage an  online reduced resolution library  is 
usually viewed. These reduced resolution “ quick-looks” do not 
allow judgem en t on  the sea-state, as they  are too coarse to show 
surface waves — although whitecaps and  swell lines can  occasion­
ally be seen. H ow ever several key features can  indicate suitable
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Figure 2. A selection of 20 com parable false colour image chips (bands 1-8-5) of probable whales found by the autom ated analysis.
Several o f the  im ages could be in terpreted  as w hale pairs, or as a m other and calf, o thers may be displaying behaviour such as tail slapping, rolling or 
blowing. On several im ages there  is a strong return a t one  end of th e  feature which is m ostly likely the  calluses on the  w hales head. Reprinted under 
a CC BY license with permission from British Antarctic Survey and DigitalGlobe. 
doi:10.1371/journal.pone.0088655.g002

calm  conditions; these include sedim ent patterns and  algal blooms 
and  lack o f surf at the coast.

T h e  im age acquired  consists o f nine bands o f inform ation; eight 
colour bands with an  on the ground  resolution o f ~ 2  m  per pixel, 
(Digital globe h ttp ://w w w .d ig ita lg lobe.com /dow nloads/ 
W orldV iew2-DS-W V 2-W eb.pdf) and  one panchrom atic  b and  
with an  on the g round resolution o f 50 cm. T h e  fifth o f the eight 
bands is term ed  the coastal b an d  and  collects light o f wavelengths 
betw een 400 nm  and  450 nm . This far-blue or violet light 
penetrates deeper into the w ater colum n with less absorption 
and  a ttenuation  th an  longer wavelengths (dependent upon  w ater 
clarity and  turbidity). This da ta  is routinely used by  hydrographic 
institutions for m apping coastal bathym etry  [23].

W e assessed the returns o f each ban d  over a  cross section of 
pixels th rough  whale-like features o f two types; surface features 
and  assum ed subm arine features (figure 2). As can be  seen in figure 
3, all bands responded to surface features, w ith the strongest

response in the panchrom atic  band , although this b an d  also 
showed the m ost noise. In  the subm erged cross section only the 
coastal b an d  (band 5) responded, no o ther b an d  showed evidence 
o f any feature. This also shows the noisy na ture  o f the 
panchrom atic  da ta  in an  a rea  o f open w ater (figure 3).

Previous attem pts to identify whales using IK O N O S  im agery 
show that a ttenuation  o f light th rough  the a tm osphere is weak in 
com parison to the two m ajor com ponents o f im age degradation; 
scattering from  surface roughness o f the sea and  a ttenuation  o f 
light th rough  the w ater colum n due to w ater turbidity  [17]. As 
these m ajor com ponents could not be quantified to absolute 
reflectance, absolute values for the subsurface features could no t be 
retrieved, we therefore used raw  Digital N um ber (DN) values from 
the satellite to give an  indication o f relative illum ination across the 
image.
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Figure 3. The sensor response through cross sections through two whale-like (correct shape and size) features assumed to  be 
whales. The left hand figure is from a feature a t the  surface, th e  right hand figure show s a subm erged  feature. Note th a t while all bands show  the  
surface feature, only band 5 (the Coastal Band) identifies th e  subm erged  feature. 
doi:10.1371/journal.pone.0088655.g003

Automatic detection
U sing EN V I5 im age processing software an d  A rcG IS autom atic 

detection o f whale-like features in the w ater colum n was tested 
using m axim um  likelihood supervised classification, unsupervised 
classification (isoData and  k-means) and  thresholding o f specific 
bands.

Supervised classifications need the signatures input inform ation 
o f the pixel values for each class in o rder to classify the image. 
T hese signatures are usually m anually  input by the user. T he 
algorithm  then  segregates all the pixels in the image into classes 
representing the signatures.

U nsupervised classifications classify the im age into com ponent 
parts based solely on inform ation held w ithin the image; isoD ata 
uses a  clustering algorithm  to determ ine the na tura l grouping of 
cells, while k-m eans calculates initial class m eans evenly distributed 
in the data  space, then  iteratively clusters the pixels into the 
nearest class using a  m inim um -distance technique.

H istogram  thresholding [24] requires a  degree of experim en­
tation  to calculate the best thresholds to use. T h rough  an  iterative 
process we form ulated thresholds that m axim ized signal (in this 
case suspected whales), an d  reduced the am oun t o f noise or false 
positives (single pixels from  small objects an d  m ixed pixels). As 
whales are large features they should be  represented  by  multiple 
bright pixels, noise will result in single pixels, although inevitably 
there  could be  a small num ber o f whales a t depths that re tu rn  only 
single pixels, so that some valid single pixels should still occur. 
Using the histogram s o f whale D N  values as a  guide we built 
thresholds that m axim ized the ratio o f m ultiple pixels to single 
pixels in the panchrom atic  and  coastal bands.

T o  construct a  test dataset the im age was divided up into a  grid 
and  whale-like features were m anually  digitized and  coded into 
three  classes: probable  w hale (features th a t were w hale-shape and  
whale-sized) possible whale (including w eaker signals, bubble slicks 
and  some groups of seabirds are classed as possible whales], or 
features only visible in B and 5 (The th ird  class are  objects 
identified only in the w ater penetrating  coastal band , are 
in terpreted  as sub-surface feature that are also potentially whales). 
This process was conducted  m ultiple times to ensure the lowest 
possible errors o f omission.

Results

Visual inspection o f the image showed th a t a  num ber o f offshore 
objects, th a t were bo th  the right shape and  size ( 5 - 1 5  m) to be 
whales, could be  identified in bo th  the colour an d  the pan ch ro ­
m atic bands (see figure 2). M ost o f these objects were visible across 
all bands although in  m ost cases the high resolution of the 
panchrom atic  ban d  rendered  the objects in greater detail (figure 
4). V isual inspection can only utilize three bands as the red, blue 
and  green elem ent o f the onscreen image, we com pared 
com binations o f pansharpened  bands to find the band-com bina- 
tions in w hich whales were m ost visible, the best overall results 
were retrieved using a com bination of bands 1 (red),8 (NIR2) and  
5 (coastal). T h e  panchrom atic  b an d  alone displayed a  h igher noise 
ratio that o ther bands; possibly a  result o f  the h igher resolution 
picking up m ore surface refraction from  wavelets, ripples and  
small waves. O th er surface features such as aggregations o f 
seabirds were also visible in this band . T hese smaller features were 
a  confusing elem ent w hen a ttem pting  to develop autom atic
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Figure 4. A single band images of a probable right whale in the satellite image from each of the eight multispectral bands and the  
panchromatic band of the W orldView2 data. Note th a t the  higher resolution of the  panchrom atic band gives m ore detail, bu t it this increased 
detail also renders the  object into several parts. O ther bands show  less detail, bu t have the  advan tage of hom ogenizing the  object into one g roup  of 
pixels, an im portant consideration w hen a ttem pting  to  build au tom atic identification routines. Reprinted under a CC BY license with perm ission from 
British Antarctic Survey and DigitalGlobe. 
doi:10.1371/journal.pone.0088655.g004

recognition algorithm s. T h e  coastal b an d  (band 5) identified a 
num ber o f features no t ap paren t in the o ther da ta  that were 
in terpreted  as sub-surface features. M anual counts o f  the gridded 
dataset found 55 probable whales, 23 possible whales and  13 
objects identified in B and 5 only.

R eturns from  the four autom atic analysis routines were assessed 
against the m anually  digitized da ta  (figure 5). In  this analysis we 
assum e that m anual detection detects all whales visible on the 
surface. Results from  the supervised m axim um  likelihood classi­
fication re tu rned  m any  errors o f comm ission in com parison to the 
unsupervised classification. T h e  supervised classification also has 
the disadvantage o f needing the input o f user-derived signatures 
w hich take additional effort and  inserts user bias into any 
classification. No m eaningful results could be  obtained using this 
m ethod. T h e  two unsupervised classification m ethods gave 
reasonable results, bu t the results th a t best m atched  the m anually 
counted  da ta  cam e from  a simple thresholding of single bands 
(table 1). T he two m ost effective bands w ere the panchrom atic  and  
the w ater penetrating  B and 5, w hich slightly outperform ed the 
m ore detailed panchrom atic  analysis (see table 1). T h e  single best 
routine was thresholding of the coastal B and 5; this technique 
found 84.6%  of all m anually  digitized whales and  89% of the 
objects m anually  classed as p robable whales, w ith 23.7%  false 
positives. How ever, thresholding also requires user input to 
identify thresholds and  therefore the greater accuracy o f the 
technique needs to be balanced against the need for extra  m anual 
input.

Discussion

How do we know it is a Southern right whale?
T h ere  are m any objects in the im age that resem ble whales, bu t 

the question rem ains; how  do we know it is a  Southern  right 
whale? T h e  answ er to this can be broken  into three criteria used to 
identify any objects in rem otely sensed imagery:

1. T h e  object is the right size and  shape to be a  whale

2. T h e  object is in a  place we w ould expect to find whales

3. T h ere  are no (or few) o ther types o f objects that could be 
misclassified as whales to cause errors o f commission.

In  this study we have digitized and  autom atically identified 
objects th a t are the right size (up to 16 m  long) and  shape. 
A lthough the size o f the whales has an  upper lim it the low er lim it is 
difficult to assess as the deeper the whale in the w ater colum n the 
less we are likely to see. T h e  shape is generally ellipsoidal, although 
this can vary due to rolling, tail slapping an d  bubbles and  o ther 
ripples associated w ith the anim al. In  the location o f the study at 
the tim e the im age was taken we expect to see a high density o f 
whales in the image, especially m others which, at this tim e o f year, 
are forced to swim at the surface to support their calves.

T h ere  are only a lim ited num ber o f o ther confounding artefacts 
that could cause errors o f  commission: No o ther large m arine 
m am m als are reported  to frequent this bay, right whales are the 
only large whale species that regularly use the shallow calving 
grounds of Peninsula Valdes [24], O reas, m uch  smaller in size, are 
com m on in the area, a lthough a t a  different tim e of the year, and
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Figure 5. Comparison between manually identified and autom atically identified whales. Manually identified w hales (top) have been 
broken into th ree classes; shapes th a t are whale-like and whale-sized are classed as p robable whales, o ther objects are classed as possible whales, but 
may include bubble slicks and som e groups o f seabirds. The third class are objects identified only in th e  w ater penetrating  coastal band, these are 
in terpreted  as sub-surface feature th a t are potentially whales. The bo ttom  im age show s the  whale-like objects identified from th e  thresholding 
analysis of the  coastal band. 
doi:10.1371/journal.pone.0088655.g005

are unlikely to be  confused with right whales. This is an  im portant 
criteria for the study area  as it seems unlikely that different baleen 
species could be  differentiated w ith the resolution of currently  
available satellite data. O f  the o ther possible confounding factors 
the m ost likely are subsurface rocks in very shallow areas, seabird 
groups, surface bubbles and  boats. Surface bubbles and  seabird

groups m ay include whales beneath  them  bu t it is unlikely that a 
single image of this resolution can  elucidate w hether a  whale exists 
w ithin these features. Therefore, w hen digitizing we classed whale­
like features as “probable  w hales” an d  weaker signals, that m ay 
include seabird groups and  surface bubbles, as “possible whales” . 
Som e o f these issues, such as discrim ination betw een whales and
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Table 1. Assessm ent o f  results from four au to m a tic  d e tec t io n  t ech n iq u es  In relation to  manually  digitized whales; results from tw o  
unsuperv ised  classification t ech n iq u es  a n d  tw o  Thresholding analyses.

M anually
digitized

Unsupervied iso 
means

Unsupervised
kmeans

Threshold
Panchromatic Threshold Band 5

total signals 91 total signals 158 102 64 101

probable matches 44 42 43 49

possible matches 16 11 14 15

band 5 matches 1 0 0 13

total found 61 53 57 77

% found 67.0 58.2 62.6 84.6

% of probable 80.0 76.4 78.2 89.1

total missed 30 38 34 14

% missed 33.0 41.8 37.4 15.4

false positives 97 49 7 24

% false positives 61.4 48.0 10.9 23.8

% good 38.6 52.0 89.1 76.2

doi:10.1371 /journal.pone.0088655.t001

subsurface rocks, could be resolved w ith the purchase of multiple 
im agery or stereo-pairs w here m ovem ent o f  whales betw een 
images w ould elim inate the possibility o f rocks awash or at the 
surface. Boats should be identifiable by  their uniform  pale 
colouration, wakes o r strong outlines w hich discrim inate them  
visually from  the typical signatures o f whales. In  the previous 
Abileah study using lower resolution im agery stationary boats 
could be clearly identified [17]. T h e  W orldV iew2 im agery used in 
our study has 2.5 times as m any  pixels pe r unit a rea  as the 
IK O N O S  data  and  we w ould therefore expect that boats either 
stationary or m oving could be discrim inated from  whales in the 
m anual search. In  the section of Golfo Nuevo contained in our 
image no such features w ere identified.

O n  several potential whale objects there  is a  strong re tu rn  a t one 
end o f the feature w hich is likely to be  from  calluses on the w hale’s 
head, a  feature w hich could aid  au tom atic detection. Several 
objects identified as whales could be in terpreted  as pairs, or as a

Figure 6. Examples of possible confounding features found in the image (false colour bands 1-8-5). The to p  row show s exam ples of 
surface features th a t are probably bubbles from subsurface whales. W hether th e  w hales are still under the  bubble areas is difficult to  ascertain. The 
lower row show  clusters w hite dots, probably seabirds. Seabirds have been  recorded to  feed on w hales a t Península Valdés (see discussion). The third 
(and possible fourth) of these  im ages show s a larger white object th a t could be a whale (or whale carcass) a lthough once m ore it is im possible to  tell 
with any certainty in this imagery. Reprinted under a CC BY license with perm ission from British Antarctic Survey and DigitalGlobe. 
doi:10.1371/journal.pone.0088655.g006

m other an d  calf, others m ay be displaying behaviour such as tail 
slapping, rolling or blow ing (see figure 6). These behaviours 
present challenges for au tom atic analyses.

T h e  results from  the au tom ated  analysis suggest that a 
thresholding of the w ater penetrating  Band5 returns the best 
results, finding 89% o f features classed as p robable whales in the 
m anual count. T hresholding a  single b an d  is a  very simple 
technique, a lthough it does require some user input to identify the 
best thresholds. T he greater accuracy o f the technique (in relation 
to the m ore au tom ated  unsupervised analysis) needs to be 
balanced against the need for extra m anual input in relation to 
o ther m ethods. T hese results however are prom ising and  suggested 
that larger surveys over whole calving areas, w hich could 
potentially m easure thousands o f square kilom etres, could be 
au tom ated  w ith a  degree o f success using these techniques.

probable 55

possible 23

Band 5 only 13
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Challenges and Future Improvements
T h e  next challenge is to determ ine detection probabilities and  

understand  w hether counts from  images can be used as a  reliable 
index for population  size, o r presence. This pap er shows that 
au tom ated  analysis o f satellite im agery can achieve a  good m atch 
with m anual counts, b u t m ore w ork is needed to ensure th a t these 
m anual counts are com m ensurate w ith the real num ber o f surface 
whales. O nce an  estim ate o f visible whales has been  form ulated 
the ratio o f visible whales versus invisible whales (those a t dep th  or 
no t a t the b reeding locality) is required  to ascertain  the total 
population  size. O n e  critical factor is estim ating how deep the 
satellite sensor is seeing into the w ater colum n; the greater the 
penetration , the larger the p roportion  o f the total population  that 
will be identified. Penetration  varies w ith w ater turbidity  and  
surface roughness, two factors th a t m ay change over short time- 
spans an d  spatially w ithin the image. Some estim ation o f turbidity 
m ay be m ade by com parison o f the infra-red bands to the visible 
bands [25] although this w ould no t account for scattering due to 
surface roughness. T o  give some true indication o f w ater colum n 
penetration  we suggest th a t any larger study should have 
subm arine reflectance panels placed a t depths o f 5 m  to 30 m 
large enough to be seen in the satellite image and  to enable a 
p ragm atic estim ation o f the dep th  a t w hich whales m ay be visible. 
W e have com pared  a  num ber o f au tom ated  techniques th a t will 
aid  the up  scaling o f similar studies, an  im portan t consideration if 
rem ote sensing of whales using V H R  optical im agery is to be 
expanded to cover larger areas. O u r studies have concentrated  on 
pixel based  analysis [26], b u t object-orientated analysis or textual 
analysis [27,28] m ay also provide com parable results (although 
confounding behaviours such as rolling, bubble blow ing and  
associated surface waves m ay m ake this approach  difficult).

T h e  behaviour o f right whales, w ith m others calving in very 
shallow waters in pro tected  bays, makes them  an  ideal candidate 
for the au tom ated  analysis o f satellite imagery. T h e  right whale 
population  a t Peninsula Valdés was previously thought to be 
recovering well, b u t recent years have seen persistent events o f  calf 
mass m ortalities, suggesting m ajor changes w hich require re­
assessment; the latest available population  estimates are over a 
decade old [12]. In  addition, satellite image analysis offers the 
opportunity  to repeatedly assess the num ber o f dead whale calves 
washed up on beaches an d  even those a t sea w hich are separated 
from  their m others. An additional recent th rea t to the southern 
right whale population  a t Peninsula Valdés has been  p redation  by 
seabirds th a t peck b lubber from  calves which, w hen young, stay 
n ear the surface [29]. G iven the potential for the W orldView2 
images to identify sea b ird  assemblages in  relation to whales it m ay 
be possible to use them  to m onitor, and  even quantify to some 
degree, occurrences o f this behaviour (figure. 6).
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Conclusions

W e have shown th a t the use o f cu rren t satellite im agery can be 
used to identify individual whales bo th  at, an d  ju st below, the 
surface. T h e  m ethods described here readily lend themselves to the 
calculation o f population  abundance estim ates and  suggest that 
behavioural patterns could also be  elucidated. T h e  au tom ation  of 
the m ethods m eans th a t counts can be carried  ou t m ore quickly 
and  efficiently than  using traditional m ethods. This will allow a 
greater frequency o f counts, bo th  w ithin and  betw een years, that 
should lead  to m ore robust population  estimates, and  the build  up 
o f a  tim e series to asses trends. T h e  im portan t differences betw een 
our approach  and  a previous relatively unsuccessful a ttem pt to 
identify whales from  satellite im agery are the im provem ents in the 
on-the-ground resolution o f panchrom atic  im agery an d  the use o f 
the costal b and  (band 5) th a t penetrates to subsurface whales. 
T hese im provem ents allow a  reasonable confidence to be  assigned 
to the identification o f individual whales thus allowing counts o f 
whales in the wild as opposed to observations o f anim als in captive 
tanks.

A working system o f whale population  assessment by rem ote 
sensing will be an  im portan t new m ethod th a t is potentially 
applicable o ther species o f whale. M any species o f w hale b reed  in 
areas o f calm  w ater where, in o rder to p ro tec t their vulnerable 
calves, females rem ain  close to the surface e.g. H um pbacks 
(.Megaptera novaeangliae). Such behaviours w ould allow the m ethods 
outlined here to be used for population  estimates.

O u r m ethods can potentially help providing w ithin and  betw een 
season population  estimates, changes in distribution and  use o f the 
b reeding grounds, bo th  for right whales an d  o ther species o f whale 
th a t b reed  in sheltered locations. Im portantly , future satellite 
platform s p lanned  in 2013 an d  2014 will increase the on-the- 
ground  resolution o f panchrom atic  im agery from  ~ 5 0  cm  to 
34 cm  and  coastal b an d  from  ~ 2  m  to 1.24 m  (Worldview3 
p lanned  launch 2014). This will result significantly h igher quality 
im agery and  therefore, greater confidence in  identifying whales 
and  differentiating m other calf pairs. Such im provem ents will also 
provide the opportunity  to expand similar m ethodologies to o ther 
whale species.
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