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Abstract We investigated the color and temperature of
three volcanic crater lakes that co-exist at Kelimutu vol-
cano (Indonesia) using ∼ 30 years of Landsat data. These
satellite data were obtained through Google Earth Engine.
Time series of surface reflectance (visible wavelengths)
and brightness temperature above background (thermal
infrared wavelengths) were calculated. Color was defined in
the RGB (red-green-blue) and HSV (hue-saturation-value)
color spaces, and we introduce a visualization concept
called “hue stretch” to consistently represent hue through
time. These parameters display long-term trends, seasonal
cycles and short duration bursts of activity at the lakes. We
demonstrate that the color of the lakes are related over a
period of months to years and discovered a previously unre-
ported but significant episode around 1997, which included
large agglomerations of floating elemental sulfur. Globally
speaking, these techniques could reveal trends at any of
the ∼ 100 crater lakes on active volcanoes. Furthermore,
they could apply to any target whose color changes through
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Introduction

Almost 400 volcanoes have erupted in the last 100 years
and crater lakes are present on 15% of them (GVP 2013a;
Rouwet et al. 2015a). Crater lakes are associated with a wide
range of hazards, these include phreatic eruptions, lahars,
limnic gas release (e.g., CO2), toxic fluid leakage, and wall
rock failure (Delmelle et al. 2015; Manville 2015; Rouwet et
al. 2014a, b; Rouwet and Morrissey 2015b). The monitoring
and analysis of crater lakes can thus help to mitigate some
of the risks that these hazards present (Rowe et al. 1992;
Christenson 2000; Ohba et al. 2008; Christenson et al. 2010;
Rouwet et al. 2016). Furthermore, lakes act as calorime-
ters and chemical condensers for energy and element fluxes
from the magma bodies that underlie them, and changes
in their color and temperature have long been known to
relate to changes in these fluxes (Brown et al. 1989; Hurst
et al. 1991, 2012, 2015; Oppenheimer 1997; Pasternack
and Varekamp 1997; Terada and Hashimoto 2017). Earth
orbiting satellites, many with the capability to quantify
lake water color and temperature, have been monitoring the
Earth’s surface for decades. This is valuable because they
are able to observe physical and chemical markers of activ-
ity that might otherwise have been missed (Rouwet et al.
2014a).

The color of active volcanic crater lakes has been shown
to vary through time (e.g., Christenson et al. 2015 and
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references therein). There are three main volcanic causes.
The first is the geothermal/volcanic input of nutrients and
heat that can sustain the microbial habitats particular to vol-
canic lakes (e.g., Nugent et al. 2014). The second is the
presence of dissolved substances which originate from mag-
matic fluids (e.g., Fe2+) and have absorption features in the
visible wavelengths (e.g., Onda et al. 2003; Ohsawa et al.
2010). The third is the emplacement of materials in suspen-
sion be they i) precipitants such as hematite and sulfur or
ii) sediments affected by mass flux at the vents and its forc-
ing on lake turbidity (Oppenheimer and Stevenson 1989;
Christenson et al. 2015).

The temperature of volcanic crater lakes has been
observed to change before an eruption at Kelimutu (e.g.,
Pasternack and Varekamp 1994), as well as at other lakes,
such as: Yugama Lake, Japan (Ohba et al. 2008); Taal,
Philippines (Delmelle et al. 1998); Kelud, Indonesia (Cau-
dron et al. 2012), and Poas, Costa Rica (Rowe et al. 1992;
Rouwet et al. 2016). Increases in temperature might indicate
the presence of increased enthalpy or mass flow of mag-
matic fluids into the lake system (Pasternack and Varekamp
1997; Hurst et al. 2015; Terada and Hashimoto 2017).

A primary goal of this paper is to develop metrics to
measure the color and temperature of volcanic crater lakes
through time using satellite imagery. Presented here are
multi-decadal time series of the color and temperature of the
three lakes present on Kelimutu volcano (Indonesia) using
imagery from the Landsat archive. Our hypothesis is that the
color and temperature of lakes on active volcanoes are modi-
fied by the underlying volcanism, and its subsequent effects,
in a way that can be observed from space. Furthermore,
these changes could possibly help us to better understand
volcanic activity, especially regarding the chemistry and
enthalpy of fluids reaching the lake system.

Kelimutu volcano

Kelimutu volcano (− 8.765 N, 121.815 E) situated on the
island of Flores in Indonesia hosts three crater lakes (Fig. 1).
They often display strikingly different colors (Pasternack
and Varekamp 1994). Their names are Tiwu Ata Polo (TAP),
Tiwu Nua Muri Kooh Tai (TIN), and Tiwu Ata Mbupu
(TAM). These names roughly translate to the enchanted
lake, the lake of young men and maidens, and the lake of
elders, respectively.

The surfaces of TAP and TIN display upwelling
from subaqueous vents as large bubbles (Pasternack and
Varekamp 1994; GVP 2013b). The lake surface altitudes of
the three lakes can differ by tens of meters. This suggests
that the aquifers are not connected and/or the densities of the
fluids in the three lakes can be different at any one time. If
controlled by density then temperature, gas content, and/or
fluid composition of the lakes differ significantly. Estimates
for maximum depths at these lakes (measured by rope in the
late 1920s) are around 60 m for both TAP and TAM, and
120 m for TIN (Pasternack and Varekamp 1994). Our satel-
lite image analysis indicates that the surface areas of these
lakes are consistent over decades. However, significant lake
water volume changes may still have occurred and remained
undetected from space given that the crater walls are near
vertical (e.g., Fig. 1). This is because volume change and
surface area would not be correlated in a (possibly) near
cylindrical geometry.

All three lakes are acidic with pH ranging between 0.5 for
TIN and 3 for TAM (Pasternack and Varekamp 1994). TIN
has been observed to produce froths of elemental sulfur that
float to the crater walls (Pasternack and Varekamp 1994). A
phenomena which is visible in Fig. 1 as a yellow coloration
around the rim of TIN, especially by the crater wall between

Fig. 1 Volcanic lakes of
Kelimutu a Tiwu Ata Polo
(TAP), b Tiwu Nua Muri Kooh
Tai (TIN) and c Tiwu Ata
Mbupu (TAM). Aerial photo
taken on 2011-08-22 [courtesy
of Robin Campion]
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TIN and TAP. TAM is the smallest lake and is thought to
have become progressively less acidic over the previous
century, a decrease that has been shown to be coincident
with the disappearance of subaerial fumaroles around the
lake (Pasternack and Varekamp 1994). In the 1930s, TAM
was observed as being green, and in the 1970s, it was white;
at present, it is black (Pasternack and Varekamp 1994). TAP
and TIN are usually green to turquoise in color due to vary-
ing amounts of dissolved Fe2+ and floating sulfur colloids
and/or elemental froth (Pasternack and Varekamp 1994),
although TAP sometimes turns blood red, as in 1929 and
the 1970s (Pasternack and Varekamp 1994). This effect is
possibly due to the onset of less acidic (i.e., higher pH) con-
ditions, resulting in Fe2+ oxidizing to a hematite precipitate
(Christenson et al. 2015). Similar changes in color (e.g., to
white, light-blue, and reddish brown) have been observed at
the confluence of hydrothermal fluids with sea water (e.g.,
Ossaka et al. 1975; Ossaka et al. 1977; Nogami et al. 1993;
Urai and Machida 2005). Color changes in this context are
caused by the co-precipitation of Si-, Al-, and Fe-hydrated
oxides which are similar to allophane. The color of these
precipitates are strongly dependent on pH (Nogami 1993).

There have been three recorded eruptive periods at
Kelimutu (GVP 2013b): 1865, 1938, and 1968. The latter
two are reported as consisting of moderate “hydrothermal
blasts” confined to the crater of TIN and occurring over
a time period that was longer than a month (Simkin et al.
1981). Water run off from the volcano could potentially
contain seepage output and/or acid lake effluents (Kemmer-
ling 1929). Water chemistry at these lakes indicate that the
underlying hydrothermal system is able to transport tonnes
of ore metal close to the Earth’s surface over centuries
(Pasternack and Varekamp 1994).

Methods and analysis

Satellite data for determining lake color
and temperature

The Landsat missions are a series of satellites launched
by the National Aeronautics and Space Administration
(NASA); the missions used in this study are Landsat 4

through 8 (Table 1). They have, or had, the following imag-
ing sensors: Thematic Mapper (TM), Enhanced Mapper
Plus (ETM+), Optical Land Instrument (OLI), and Thermal
Infrared Sensor (TIRS). Their channels are characterized by
wavebands in the visible to near-infrared (VNIR 0.4–1 μm),
short-wave infrared (SWIR 1.5–3 μm) and thermal infrared
(TIR 8–12 μm). Their spatial resolution varies between 30
and 120 m per pixel.

In total, there are 775 available images in the Landsat
archive for Kelimutu volcano over the study period (i.e., 1
January 1987 to 1 January 2017). There were 356 entirely
cloud-covered or otherwise unusable scenes, 230 partially
cloud-covered scenes (i.e., at least one of the lakes is at
least partially covered by cloud) and 189 scenes in which
all three lakes are cloud free. A calendar of the availabil-
ity of scenes and there cloud cover is presented in Fig. 2.
The Supplementary Material includes all scene dates, file
IDs, cloud metrics, color metrics, temperatures above back-
ground, and atmospheric parameters used for calculating
surface reflectance from at-sensor radiance.

We accessed the Landsat archives through Google Earth
Engine (GEE) which is a service that greatly facilitates large
scale analysis (in time and/or space) of terrestrial satellite
data (Gorelick et al. 2017). It has a couple of key compo-
nents, all of which are free to the end user. It is an online data
server with Petabytes of Earth Observation imagery (and
other data types), which include the continuously updated
archives of an increasing number of satellite missions (e.g.,
Landsat, Sentinels 1 & 2, MODIS, SRTM, ASTER, and
VIIRS). It is also a distributed computer cluster that allows
end users to run global scale analyses on GEE servers
(i.e., in the cloud) and to download the results in minutes.
The primary means of interaction with GEE is through a
Javascript and/or Python API.

Surface reflectance to quantify lake color

The color of the lake surfaces are defined here in terms of
their surface reflectance. This requires atmospheric correc-
tion of the satellite imagery. For the visible through short-
wave infrared wavelengths we calculate surface reflectance
from at-sensor radiance using the 6S radiative transfer code

Table 1 Landsat satellite
missions, spatial resolution,
number of scenes available
(i.e., up to 1 Jan 2017) and
number used (i.e., at least
partially cloud-free)

Mission Sensor Launch Duration Spatial res. (m) Num. scenes

(years) VNIR SWIR TIR Total Used

Landsat 4 TM 1982-07-16 11.4 30 30 120 2 0

Landsat 5 TM 1984-03-01 29.3 30 30 120 348 190

Landsat 7 ETM+ 1999-04-15 >18 (active) 30 30 60 348 183

Landsat 8 OLI/TIRS 2013-02-11 >4 (active) 30 30 100 77 46



 2 Page 4 of 12 Bull Volcanol  (2018) 80:2 

Fig. 2 Calendar of Landsat
scenes, classified as either clear
(blue dots), partially cloudy
(gray dots), or cloudy (black
dots)

(Vermote et al. 1997). We adopted 6S because it is open
source and free and is at least as accurate as MODer-
ate resolution atmospheric TRANsmission (MODTRAN)
(see Kotchenova et al. 2008). The original source code is
written in FORTRAN. We interact with the vector ver-
sion, 6SV1.0, through a well-documented and user-friendly
Python wrapper called Py6S (Wilson 2013). Three atmo-
spheric parameters are required for correction of visible
wavelengths: aerosol optical thickness, total column water
vapor, and ozone amount. We quantified these variables
using data from the NCEP/NCAR reanalysis (Kalnay et al.
1996), the Total Ozone Mapping Spectrometer (TOMS),
the Ozone Monitoring Instrument (OMI), and the MODIS
gridded atmosphere monthly global product (MOD08 M3).
Access to these datasets were also gained through Google
Earth Engine.

Estimating changes in lake surface temperature

Thermal infrared imagers are sensitive to radiation emit-
ted by terrestrial surfaces and the atmosphere. The data
that they acquire can be used to calculate surface temper-
atures through inversion of the Planck function if atmo-

spheric effects, and the emissivity of the target, can be
accounted for. The emissivity of water, which acts almost
like a blackbody in the thermal infrared, is fairly well
constrained, i.e., ∼ 0.98 (e.g., Singh et al. 1983). Correc-
tion of atmospheric effects, however, present a significant
problem because radiative transfer models require exact
knowledge of the temperature profile of the atmosphere in
this spectral region”. Radiosonde data (e.g., Schott 2007)
but these are not typically available at the same time and
location as our imagery. The predominant remote sensing
solution to this problem is to use the split-window tech-
nique (e.g., McMillin 1975; Njoku 1990; Dash et al. 2002).
Trunk and Bernard (2008) successfully applied this tech-
nique to the study of volcanic lakes using imagery from
ASTER (i.e., the Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer). However, this technique
requires at least two TIR wavebands which, in our data
set, are only provided by the Landsat 8 TIRS (Thermal
InfraRed Sensor) instrument. Single-channel methods exist
for atmospheric correction in the TIR (e.g., Qin et al. 2001;
Jiméènez-Muññoz and Sobrino 2003); however, they are not
reliable in humid environments. We investigated the possi-
bility of using the linear correlation between atmospheric
water vapor with both transmissivity and path radiance in the
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Fig. 3 Geometries used in this
study, a crater outlines (red),
and examples of valid
background areas for b TAM, c
TIN, and d TAP. Note that water
and cloud pixels are
automatically excluded from the
background areas

thermal infrared. However, previous work has shown that the
scatter about this correlation can result in surface temper-
ature errors of up to 5–10 ◦C (French et al. 2003). In the
absence of a satisfactory method to consistently correct our
single-band measurements, we mitigate atmospheric (and
seasonal) variability through time by computing the differ-
ence in the mean brightness temperature of the lake from the
surrounding background area.

�BT =

n∑

i=1
BTlake

n
−

m∑

i=1
BTbkgd

m
(1)

where BTlake and BTbkgd are brightness temperatures of
lake and background pixels, and n and m are the number of
pixels in the respective areas. Lake pixels were defined as
water pixels found within a lake area (red polygons in Fig. 3)
and the background areas were defined as a ring around the
target crater. Here, this area is defined as the region between
150 and 600 m from the edge of the lake polygon (Fig. 3 b–
d). Background pixels reside in this area; they exclude water
and cloud pixels (Fig. 3).

Color metrics from surface reflectance

There are several models for describing the color of an
object (e.g., Burger and Burge 2009). The most well known
is the red, green, blue (i.e., RGB) color cube. The RGB color
space is important because most cameras/imagers measure
visible light in these three wavebands; it is also how com-
puter screens display color. Another important color space
is hue, saturation, value (HSV). The HSV color space more
succinctly relates our perception of color to the physical
properties of a target. Both of these color spaces are used
in our analysis of the crater lakes through time, and so are
described in more detail below.

The RGB color space can be depicted as a cube with red,
green, and blue axes (Fig. 4a). The origin of the cube, (0, 0,
0), is black; the furthest corner from this point, (1, 1, 1), is
white. The diagonal joining these two points is the gray line.
The remaining six corners of the cube describe the primary
and secondary additive colors (i.e., red, green, blue, yellow,
cyan, magenta).

The HSV color space is a cylindrical model (Fig. 4b).
It can be thought of as rotating the RGB cube so that the
gray line is vertical and then projecting the top surface into a
plane (Fig. 4c). This plane forms a hexagon with the primary
and secondary colors around the edges and the white point
in the middle. The projected plane is then effectively warped
into a circle (Fig. 4d). The angular position around the circle
describes the hue of a given color. Saturation is a measure
of how dominant a hue is. A saturation of zero is on the
gray line (i.e., no dominant hue). Value is a measure of the
strength of light from a source (e.g., the more reflective a
surface is, the higher its value will be). Progressively lower
values fill out the rest of the HSV cylinder (Fig. 4b). A value
of zero will correspond to the color black regardless of hue
and saturation. A value of one corresponds to the top surface
of the HSV color cylinder.

We define here the concept of a hue stretch, as a HSV
color triplet with both saturation and value set to 1 (i.e.,
their maximum) while preserving hue. An illustrative exam-
ple is given in Fig. 5. It depicts an original HSV color triplet
(gray arrow) and the corresponding hue stretch (bold black
arrow). The original HSV triplet describes a muddy brown
color, this is more or less as it would appear to a human

Fig. 4 Color spaces a RGB and b HSV with transformation between
the two (c) and (d)
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Fig. 5 A hue stretch is used to visually represent hue through time

observer. The hue stretch corresponds to a vibrant red-
orange. This is not how the target would appear to the naked
eye. Instead, it is a decorrelation stretch that highlights the
dominant hue so that it can be more readily interpreted visu-
ally and, crucially, provides a way to consistently represent
hue. Time series graphs of hue can be difficult to interpret
because hue is cyclical (i.e., 0 ≡ 1). A hue stretch therefore
facilitates analysis of hue through time.

Results

Lake activity at Kelimutu volcano from 1 January 1987 to 1
January 2017 is depicted in Fig. 6 for (a) TAP, (b) TIN, and
(c) TAM. There are two color visualizations (panels i and
ii) and three graphs (panels iii, iv, and v) for each lake. All
panels share the same time axis (i.e., x-axis). The first color
visualization, panel (i), represents RGB color triplets of the
lake (i.e., more or less as it would appear to an observer on
the ground) through time. The second, panel (ii), represents
the hue stretch for these RGB time series. The correspond-
ing saturation and value for the original HSV color triplets
are depicted graphically (i.e., panels iii and iv). The final set
of panels (v) are lake surface brightness temperature above
background. Each graph has a boxcar average overlay (red
line), calculated using a period of 180 days, to highlight
long-term trends.

There are a number of significant episodes and long-
term trends in these time series. The most conspicuous is
perhaps the period at TAP from 1997 to 2009 with domi-
nant hues often around red/yellow (Fig. 6a, panel ii). This
is coincident with a marked drop in both saturation and, to
a certain extent, value. In this context “value” refers to the

Fig. 6 Lake time series for a TAP, b TIN and c TAM. The panels represent i) true color, ii) pure hue, iii) saturation, iv) value and v) brightness
temperature above background
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third component of the hue-saturation-value color space (see
previous section). It represents the maximum reflectivity
in the red-green-blue wavelengths (i.e., a physical property
of the lake surface). The lake appears almost black dur-
ing this period (i.e., Fig. 6a, panel i). Before and after this
period, the lake has significantly higher peaks in saturation
and value, with cyan to blue hues. The positive correla-
tion between saturation and value suggests that these color
changes were due to chemical and/or biological activity (as
opposed to suspended sediment). This is because sediments
have a negative correlation between saturation and value,
where increased sediment concentration causes the lake to
be more reflective (i.e increased value) and “more gray” in
color (i.e., decreased saturation).

TIN is the most reflective lake (Fig. 6, panel iv). The
value shows a steadily increasing trend until 1997 at which
point its value decreases dramatically over the following
2 years. The value then plateaus until 2002 when the trend of
steadily increasing value resumes; a trend that continues to
the present day. The peak in value at TIN before this major
shift is coincident with a prominent decrease saturation, and
a significant increase in brightness temperature above back-
ground. The strong negative correlation between saturation
and value suggests an increase in sediment concentration,
possibly due to increased mass flux at the vents causing
turbidity in the lake. The corresponding increase in temper-
ature above background is consistent with this hypothesis,
as increased mass flux will also increase enthalpy in the lake
if the vent water is warmer than the lake water. This dra-
matic shift in behavior at TIN is coincident with the start of
the ‘dark period’ at TAP.

TAM is the lowest reflectivity lake (Fig. 6c, panel iv).
The most pronounced long-term trend is perhaps the steady
overall increase in saturation from 1997 to 2017. Before this
trend, the lake was dominated by greenish hues. Through
the course of the trend the hues become progressively more
bluish.

Seasonal cycles

Seasonal variations in precipitation and evaporation signifi-
cantly affect lake chemistry and temperature, which in turn
can modify lake color. This is manifest as cyclic variations
over a 1-year period; at Kelimutu this is especially pro-
nounced for saturation and hue metrics (Fig. 6). TAP shows
the strongest seasonal variations of the three lakes, that is,
before and after its dark period 1997–2009 (Fig. 6a). The
relatively high seasonal amplitude at TAP is interpreted here
as being due to its intermediate level of volcanogenic activ-
ity relative to TIN which is more active and TAM which is
inactive.

Figure 7 shows monthly average precipitation at
Kelimutu between July 2013 and July 2015. These data
are from the Climate Hazards Group InfraRed Precipita-
tion with Station data (CHIRPS) archive (Funk et al. 2014)
which is available through Google Earth Engine. The image
overlays show that TIN changes from a bright cyan in the
2013 dry season (i.e., low precipitation) to dark blue in
the following wet season (i.e., high precipitation). It then
changes from a bright and light color in the 2014 dry season
to dark blue again in the following wet season. Conversely,
TAP is very dark (i.e., near black) in appearance during the
2013 dry season, the lake remains dark in color for the fol-
lowing wet season. In 2014, however, TAP displays a dark
cyan coloration. This suggests that the volcanogenic influx
of fluids into this lake were greater in 2014 than in the
previous year.

Strong bursts

In contrast to season cycles, volcanogenic input into the
lakes is somewhat random (i.e., the timing and cause of
these changes are less well constrained and understood).
This can result in anomalously strong bursts of lake color
in our time series (Fig. 6). The two most prominent are the

Fig. 7 Lake color varies
seasonally between dry and wet
seasons, with higher reflectivity
and stronger hues typical at the
end of the dry season. The
image overlays are Landsat
subsets of the volcano (the black
stripes in the final image are
caused by a scanning line
corrector malfunction on the
Landsat 7 ETM+)
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Fig. 8 Anomalously strong
coloration due to volcanogenic
inputs at a TAP (lower lake) and
b TIN (middle lake)

TAP burst towards the end of 1990 and the TIN burst around
the end of 2006. These bursts in activity are able to more
clearly manifest themselves during the dry season. Figure 8
provides a closer look at dry season images for (a) the burst
at TAP (lower lake), and (b) the burst at TIN (middle lake).
The images depict the periods before, during, and after each
episode. The color burst at TAP (Fig. 8a) is strong enough
to impart a color that almost equals that of TIN but with a
stronger green component, which perhaps might indicate a
higher dissolved Fe2+ content in the lake water (Ohsawa et
al. 2010). The more recent burst at TIN (Fig. 8b) creates a
bright (i.e., value = 0.4) lake surface with a significant satu-
ration dip (i.e. 0.1) relative to the previous (and subsequent)
image. This indicates that there may have been a high sus-
pended sediment concentrations at this time, which suggests
mobilization of lake sediments from enhanced fluid fluxes,
generating lake water convection. Unfortunately, the only
chemical compositions available for Kelimutu crater lakes,
i.e., during 1989 and 1992 (Pasternack and Varekamp 1994),
do not provide detail on the sulfur speciation in lake water,
nor on Fe2+/Fe3+ ratios (i.e., redox states).

Sulfur mats

The long-term trends in brightness temperatures of the lakes
above background are, for the most part, fairly consistent.
The two exceptions both occur at TIN (Fig. 6b, panel v),
the first being around 1993 and the second occurring around
1997. Both of these periods are preceded by sulfur mats that
are visible in satellite imagery of the lake surface. Float-
ing sulfur spherules are often observed at hyperacidic crater
lakes (e.g., Delmelle and Bernard 2015, and references
therein). They indicate the reaction of SO2–H2S-rich mag-
matic gases at temperatures above ∼ 116 ◦C, i.e., around the
melting point of sulfur (e.g., Meyer 1976). Sulfur spherules
reach the surface as sulfur-coated bubbles, which form as
gases percolate through a molten sulfur pool residing at the

bottom of the lake (Mora-Amador et al. 2017 and references
therein). Sulfur mats are then formed from large agglomera-
tions of sulfur spherules. An increase in the volume of sulfur
spherules suggests an increase in activity of the underlying
magmatic-hydrothermal system (e.g., Takano et al. 1994).

Figure 9 is an image acquired 28th October 1992 of
a sulfur mat that is approximately 200 m2 in area (i.e.,
∼ 2 pixels). The sulfur mat is significantly more reflective
than the water surfaces, especially in the near-infrared. Pure

Fig. 9 Evidence of sulfur agglomeration, a small sulfur mat at TIN
visible in true-color image, the ‘x’ symbols locate b spectral signatures
of sulfur mat and water surfaces, and c is a zoom in of white-dashed
box located in (a)
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Fig. 10 A growing sulfur mat
around the border of TIN;
yellowish in visible imagery
(top row) and pale tan false
color composite (bottom row; R:
nir, G: red, B: green)

elemental sulfur is even more reflective than these mats,
behaving as a graybody with a reflectance of 0.8 between
1 and 2.5 μm (Baldridge et al. 2009). This corresponds
to a constant emissivity of 0.2 following Kirchoff’s Law.
Sulfur mat reflectances in the green and red bands are sig-
nificantly stronger than in the blue band, which results in a
characteristic yellow hue. This spectral signature aids in the
identification of these sulfur mats.

The largest long-term temperature increase at TIN
occurred around 1997 (Fig. 6b, panel v) and was preceded
by the formation of sulfur mats so extensive that they almost
completely encircled the lake surface (Fig. 10). This time
series of images is depicted as true color (top row) and
false color (bottom row), the latter with an RGB assignment
of near-infrared, red, and green, respectively. This shows
the large sulfur mats building up progressively over a 3-
month period (i.e., 1996-07-03 through 1996-10-07). They
are visible as yellow pixels in true color and pale tan in
the false color. These large sulfur mats occur before major
changes in both TIN and TAP behavior. These mats adhere
to the borders of the lake; we hypothesize that they drift to
edges of the water surface along convection currents. This
phenomenon is also visible at TIN in Fig. 1.

Alert level increase in 2013

On 3 June 2013, the alert level was raised from 1 (nor-
mal) to 2 (caution) by the CVGHM (Center for Volcanology
and Geological Hazard Mitigation) of Indonesia, based on
seismic and visual observations made during the preceding
2 weeks (GVP 2013b). According to the same Global Vol-
canism Program report (GVP 2013b), there were “rustling
water sounds” at TAP and a strong sulfur odor, plants within
2 km to the south and southeast appeared to have wilted, the
public were warned not to approach the craters to within a

2-km radius and to avoid river valleys, but the alert level was
reverted to one (normal) by the CVGHM on 12 July 2013.

Our satellite observations of lake color before, during,
and after this event are depicted in Fig. 11. Saturation plum-
mets at TAP around 2013, after a 3-year plateau. This down
turn is accompanied by a red hue on 15 Jan 2013 (Fig. 11a,
panel ii). In visible imagery, the lake is low saturation and
value, so this hue is barely perceptible (Fig. 11a, panel i).
After this turning point, TAP displays relatively low reflec-
tivity (i.e., value) for the next year or so. The reflectivity
at TIN starts to oscillate more noticeably around the same
time; saturation at TAM also increases somewhat.

Discussion

We developed a method for quantifying the color of lake
surfaces using satellite data that was accessed through, and
mostly processed in, Google Earth Engine. In summary, we
first atmospherically correct at-sensor radiance of red, green
and blue (RGB) wavebands to surface reflectance. Then, we
convert these measurements into the hue-saturation-value
(HSV) color space. Finally, we apply a “hue stretch” for
data visualization. This latter procedure takes a HSV color
triplet, assigns the number one to both saturation and value,
then reconverts back into the RGB color space for dis-
play on a screen or in print. This consistently represents
hue through time and highlights physio-chemical changes in
lake properties.

We found that volcanic activity is related to changes in
color and, over long periods, temperature of crater lakes
at Kelimutu. For example, in 2013 CVGHM increased
the alert level due to seismicity, “rustling water,” sulfur
odor and wilted plants in and around TAP. The lake dis-
played an anomalous red hue and major drop in color
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Fig. 11 Lake time series subset for a TAP, b TIN, and c TAM. The panels represent (i) true color, (ii) pure hue, (iii) saturation, (iv) value, and (v)
brightness temperature above background

saturation before this event. These color changes were
strongly anomalous relative to the preceding three years.
This suggests that changes in lake color can occur before
changes in more traditional monitoring parameters are
observed.

The manifestation of sulfur mats is another example of
significant volcanic activity. This phenomena was accom-
panied by changes in both color and temperature at TIN.
Specifically, an increase in long-term temperature trends,
and a dramatic decrease in color saturation and an increase
in color value. A hypothesis that is consistent with these
color and temperature observations is that there was an
increase in mass flux at a vent, or vents, located at the
bottom of the lake. The increased influx of relatively hot
water would increase lake temperature. Recent theoreti-
cal work has showed that lakes can become hot, and yet
remain stable over long periods of time, without the need
for significant changes in precipitation, if sustained by mass
influx and lake geometries (Terada and Hashimoto 2017).
The hypothesized increase in turbidity caused by stronger
vent pressures could also emplace more sediment into sus-
pension, which would explain both the decrease in color
saturation (i.e., more gray/white) and increase in color value
(i.e., more reflective). This signal is important to identify
because TIN was reported to have changed from green to
white in color, and to have increased in temperature by up to
65 ◦C, before the 1938 eruption (Pasternack and Varekamp

1994). The most recent episode, reported here, highlights
the role that satellite remote sensing can play in revealing
signals that might otherwise have been missed.

There are limitations to the methods applied in this
study. First, application of atmospheric correction (visible
wavelengths) or lack thereof (thermal wavelengths) will
introduce some degree of noise in satellite data. Field data
on the chemistry and temperature of these lakes were not
available and therefore could not be used as ground truth.
On average, there was one clear, or partially cloudy, scene
available every 25 days for this target; processes that occur
on a shorter time scale are thus likely to have been missed.
Finally, it is unclear with our data alone what role biotic
influence have in determining the color of these volcanic
lakes.

We do, though, make the case that visible imagery of
crater lakes is a valuable constraint on lake chemistry
and sediment concentration. However, human perception
of color is non-linear and subjective. For example, per-
ceived hue and saturation of a given target depend on the
color of the surrounding surfaces. Furthermore, the range of
light intensities that we are able to experience is variably
dependent on external (e.g., strong/low light) and internal
(e.g., pupil dilation) conditions. Quantifying color objec-
tively, using well calibrated, internally consistent digital
measurements is therefore necessary for robust, objective
analyses.
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Conclusion

We have presented an analysis of the color and temperature
of Kelimutu’s lakes through time as seen by the Landsat
series of satellites over the last ∼ 30 years. This involved
defining a novel color visualization, the “hue stretch.” We
conclude that changes in color and temperature are related
to volcanic activity. This is supported by the correlation of
changes in multiple ground observations (including those
leading to a change in alert level) with satellite-derived time-
series of color and temperature. We interpret these changes
in color and temperature to be related to the fluid flux at
vents at the bottom of the lakes. Active volcanoes with lakes
are therefore a valuable resource for constraining fluid flow
from volcanoes over long time periods. The migration of
fluids are critical in volcanology because they are an essen-
tial control on if, how, when and where volcanoes form and
eruptions take place.

Field equipment for collecting visible imagery has never
been more accessible than today. Field data are especially
valuable because they can be acquired more frequently, at
higher resolution and through minimal atmospheric path
lengths. They can be used as ground truth for satellite
imagery, which would facilitate the extraction of meaning
from the satellite archive both at a local scale, globally and
into the past. It is now possible to install a fully automated
image acquisition system in the field, with solar panels and
data telemetry, for less than $200 using commercial-off-the-
shelf products and open-source software.

Satellite remote sensing is a field that continues to grow
and improve through time. Factors that contribute to this
include an increased coverage, resolution, quality and fre-
quency of satellite observations, continuing advancements
in image processing techniques, improved distribution and
access to data products, and the use of cloud computing.
Satellites are therefore set to become ever more impor-
tant sources of global monitoring information. In line with
this realized and future potential we have open-sourced the
code—along with supporting documentation—that is nec-
essary to perform the analyses presented in this paper on
Github (Murphy 2017).
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Jiméènez-Muññoz J, Sobrino J (2003) A generalized single-channel
method for retrieving land surface temperature from remote sensing

https://doi.org/10.1016/j.rse.2008.11.007
https://doi.org/10.1038/339370a0
https://doi.org/10.1029/2011jb008806
https://doi.org/10.1016/s0377-0273(99)00167-5
https://doi.org/10.1016/s0377-0273(99)00167-5
https://doi.org/10.1016/j.jvolgeores.2010.01.008
https://doi.org/10.1080/01431160110115041
https://doi.org/10.1007/s004450050210
https://doi.org/10.1016/j.rse.2003.08.001
https://doi.org/10.1016/j.rse.2003.08.001
https://doi.org/10.3133/ds832
https://doi.org/10.5479/si.GVP.VOTW4-2013
http://volcano.si.edu/volcano.cfm?vn=264140
http://volcano.si.edu/volcano.cfm?vn=264140
https://doi.org/10.5479/si.GVP.VOTW4-2013
https://doi.org/10.1016/j.rse.2017.06.031
https://doi.org/10.1016/0377-0273(91)90072-8
https://doi.org/10.1016/0377-0273(91)90072-8
https://doi.org/10.1016/j.jvolgeores.2012.05.004


 2 Page 12 of 12 Bull Volcanol  (2018) 80:2 

data. Journal of Geophysical Research. https://doi.org/10.1029/
2003jd003480

Kalnay E, Kanamitsu M, Kistler R et al (1996) The NCEP/NCAR
40-Year Reanalysis Project. Bullet Amer Meteorol Soc 77:437–
471

Kemmerling (1929) Vulkanen van flores. Vulk. en Seismolog. Med-
edelingen, Dienst van den Mijnbouw in Nederlands Indie. No. 10,
1–138

Kotchenova SY, Vermote EF, Levy R, Lyapustin A (2008) Radiative
transfer codes for atmospheric correction and aerosol retrieval:
intercomparison study. Appl Opt 47:2215. https://doi.org/10.1364/
ao.47.002215

Manville V (2015) Volcano-Hydrologic Hazards from Volcanic Lakes.
In: Rouwet D, Christenson B, Tassi F, Vandemeulebrouck J (eds)
Volcanic Lakes. Advances in Volcanology. Springer, Berlin

Mcmillin LM (1975) Estimation of sea surface temperatures from
two infrared window measurements with different absorption. J
Geophys Res 80:5113–5117. https://doi.org/10.1029/jc080i036p
05113

Meyer B (1976) Elemental sulfur. Chem Rev 76:367–388.
https://doi.org/10.1021/cr60301a003

Mora-Amador R, Rouwet D, Vargas P (2017) The extraordinary
sulfur volcanism of Poás from 1828 to 2017 in Poás volcano
(Costa Rica): the pulsing heart of Central America Volcanic Zone.
Springer Berlin Heidelberg, Berlin. In press

Murphy SW (2017) Atmospherically Corrected Time Series using
Google Earth Engine. Code repository available at: https://github.
com/samsammurphy/ee-atmcorr-timeseries

Njoku EG (1990) Satellite Remote Sensing of Sea Surface Tempera-
ture. Surf Waves Fluxes 8:311–338. https://doi.org/10.1007/978-
94-009-0627-3 8

Nogami K, Yoshida M, Ossaka J (1993) Chemical composition of
discolored seawater around Satsuma-Iwojima, Kagoshima, Japan.
Bullet Volcanol Soc Jpn Ser 2(38):71–77

Nugent PW, Shaw JA, Vollmer M (2014) Colors of ther-
mal pools at Yellowstone National Park. Applied Optics.
https://doi.org/10.1364/ao.54.00b128

Onda Y, Ohsawa S, Takamatsu N (2003) A colorimetric and geochem-
ical study of the coloration factor of hyper-acid active crater lakes
(in Japanese). Jpn J Limnol 64:1–10

Ohba T, Hirabayashi J-I, Nogami K (2008) Temporal changes in the
chemistry of lake water within Yugama Crater, Kusatsu-Shirane
Volcano, Japan: Implications for the evolution of the magmatic
hydrothermal system. J Volcanol Geotherm Res 178:131–144.
https://doi.org/10.1016/j.jvolgeores.2008.06.015

Ohsawa S, Saito T, Yoshikawa S et al (2010) Color change of lake
water at the active crater lake of Aso volcano, Yudamari, Japan:
is it in response to change in water quality induced by volcanic
activity? Limnology 11:207–215. https://doi.org/10.1007/s10201-
009-0304-6

Oppenheimer C, Stevenson D (1989) Liquid sulphur lakes at Poás
volcano. Nature 342:790–793. https://doi.org/10.1038/342790a0

Oppenheimer C (1997) Remote sensing of the colour and temperature
of volcanic lakes. Int J Remote Sens 18:5–37. https://doi.org/10.
1080/014311697219259

Ossaka J (1975) The eruption of Nishinoshima submarine volcano
and Geochemical study of the composition of the ejecta and
the volcanic activity. Chem Today (Gendai Kagaku) 55:12–
20

Ossaka J, Ohira Y, Hirabayashi J-I, Mori A (1977) Comparison
of amorphous hydro-alumina-silicate, formed in sea water, with
precipitated allophane. J Mineral Soc Jpn 13:178–186

Pasternack GB, Varekamp JC (1994) The geochemistry of the Keli
Mutu crater lakes, Flores, Indonesia. Geochem J 28:243–262.
https://doi.org/10.2343/geochemj.28.243

Pasternack GB, Varekamp JC (1997) Volcanic lake systematics I.
Physical constraints. Bullet Volcanol 58:528–538. https://doi.org/
10.1007/s004450050160

Qin Z, Karnieli A, Berliner P (2001) A mono-window algorithm for
retrieving land surface temperature from Landsat TM data and its
application to the Israel-Egypt border region. Int J Remote Sens
22:3719–3746. https://doi.org/10.1080/01431160010006971

Rouwet D, Tassi F, Mora-Amador R et al (2014a) Past, present and
future of volcanic lake monitoring. J Volcanol Geotherm Res
272:78–97. https://doi.org/10.1016/j.jvolgeores.2013.12.009

Rouwet D, Sandri L, Marzocchi W et al (2014b) Recogniz-
ing and tracking volcanic hazards related to non-magmatic
unrest: a review. Journal of Applied Volcanology.
https://doi.org/10.1186/s13617-014-0017-3

Rouwet D, Christenson B, Tassi F, Vandemeulebrouck J (2015a)
Volcanic lakes. Springer Berlin Heidelberg, Berlin

Rouwet D, Morrissey MM (2015b) Mechanisms of crater lake breach-
ing eruptions. In: Rouwet D, Christenson B, Tassi F, Vande-
meulebrouck J (eds) Volcanic Lakes. Advances in Volcanology.
Springer, Berlin

Rouwet D, Mora-Amador R, Ramı́rez-Umaña CJ et al (2016) Dynamic
fluid recycling at Laguna Caliente (Poás, Costa Rica) before and
during the 2006–ongoing phreatic eruption cycle (2005–10). Geol
Soc Lond Spec Publ 437:73–96. https://doi.org/10.1144/sp437.11

Rowe GL, Ohsawa S, Takano B et al (1992) Using Crater Lake chem-
istry to predict volcanic activity at Poas Volcano, Costa Rica.
Bullet Volcanol 54:494–503. https://doi.org/10.1007/bf00301395

Schott JR (2007) Remote sensing: the image chain approach. Oxford
University Press, Oxford

Simkin T, Siebert L, McClelland L, Bridge D, Newhall C, Latter JH
(1981) Volcanoes of the world: a regional directory, gazetteer, and
chronology of volcanism during the last 10,000 years. Hutchinson
Ross, Australia

Singh SM, Warren DE (1983) Sea surface temperatures from infrared
measurements. Remote Sens Appl Mar Sci Technol 106:231-262.
https://doi.org/10.1007/978-94-009-7163-9 12

Takano B, Saitoh H, Takano E (1994) Geochemical implications of
subaqueous molten sulfur at Yugama crater lake, Kusatsu-Shirane
volcano, Japan. Geochem J 28:199–216. https://doi.org/10.2343/
geochemj.28.199

Terada A, Hashimoto T (2017) Variety and sustainability of volcanic
lakes: Response to subaqueous thermal activity predicted by a
numerical model. J Geophys Res Solid Earth 122:6108–6130.
https://doi.org/10.1002/2017jb014387

Trunk L, Bernard A (2008) Investigating crater lake warming using
ASTER thermal imagery: Case studies at Ruapehu, Poás, Kawah
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