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1 Introduction

For retrieval of ash mass loading from infrared satellite measurements, estimates of the ash cloud temperature
and the surface temperature are required. For example, the brightness temperature, 711, in the 10.8 pm band, as
observed in the presence of an ash cloud by the Spinning Enhanced Visible and Infrared Imager (SEVIRI), may be
written as'

T =enTe + (1 —e1)7Ts. (N

Here €, is the emissivity of the cloud, T, the brightness temperature of the ash cloud and T the brigthness
temperature of the Earth’s surface. The brightness temperature difference, AT = T, — T2, between bands
centered around 10.8 and 12 pwm may be written as (Eq. 5 Prata and Grant, 2001):

AT = AT(X — XP). (2)

where AT, = Ty — T, X = 1 — Ay /AT, and A3 = Ty — ;. Furthermore 8 = ki2/k11 where k; is the
absorption coefficient. Charts of T versus AT are used to estimate the amount of ash in an ash cloud (Wen and
Rose, 1994; Prata and Prata, 2012). Clearly, both quantities depend on the temperature of the ash cloud, T¢, and
the surface, T,. Also, T.. and T need to be sufficiently different for an ash cloud to be detectable. Typically one
has T > T,. Thus, knowledge of both are needed in order to choose the correct T versus AT chart to calculate
the ash mass loading from.

Various methods are used to estimate T, and T;. Available methods are summarized and compared below.

2 Estimating ash cloud (7;) and surface (7;) temperatures

The ash cloud temperature (7,.) and surface temperature (7;) may be taken from satellite measurements, weather
model forecast, or deduced by satellite retrievals.

2.1 Ash cloud (7,) and surface (T;) temperatures from SEVIRI measurements

SEVIRI measures the radiance in 12 channels of which 8 are in the thermal infrared. The ash cloud (T,) and
surface (T,) temperatures may be deduced directly from the window channels (8.7, 10.8 and 12.0 um) in several
ways:

e Within a selected region surrounding the ash cloud the maximum and minimum value of the 12 pm bright-
ness temperature is chosen to represent the surface (1) and ash cloud (T¢) brightness temperatures respec-
tively. This method is used for example by Prata and Prata (2012) to initialise the iteration process for
determination of ash mass load.

e A similar approach is used in the VOLE ash product from EUMETSAT for determination of ash cloud
temperature (T,)?. The VOLE-method is described in de LaaT and van der A De Bilt (2012) from which we
quote:

For the estimation of the ash cloud top temperature (7;), the 3712x3712 pixels image is divided
into 128 x 128 blocks of size 29x29 pixels each.

1. Determine the minimum value of the 12.0 pum channel brightness temperature channel for
potentially ash contaminated pixels within each block.

2. Within each block set T, to the minimum value of 12.0 pm channel in a region of 15x15
blocks centered around the current block.

!See Appendix A for a justification for Eq. 1 and a derivation of Eg. 2.
2For VOLE information see for example http://navigator.eumetsat.int/discovery/start/DirectSearch/
DetailResult.do?f%28r0%29=E0:EUM:DAT:MSG:VOLE
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e de LaaT and van der A De Bilt (2012) use a different method for estimation of ash cloud temperature (7.)
and cloud top height. For ash affected pixels the 10.8 um brightness temperature is compared with the local
temperature from European Center for Medium range Weather Forecast (ECMWF) analysis data and the
height determined accordingly.

¢ Another approach for the surface temperature (T) is to identify clear areas and as a first approach use the
channel 10.8 um brightness temperature. Secondly the humidity (737 — T12) and the viewing angle may be
corrected for (McClain et al., 1985).

2.2 Retrieval of ash cloud temperature (7},) from SEVIRI measuremens

Acknowledging the importance of the ash cloud temperature (7;) and the difficulty of directly obtaining infor-
mation from SEVIRI measurements, Francis et al. (2012) and Pavolonis et al. (2013) have devised sophisticated
retrieval schemes where the ash cloud temperature (T;) is estimated simultaneously with ash properties such as
mass loading and effective radius. These schemes will be further discussed in Work Package 1.4.5.

2.3 Surface temperature (7;) from weather forecast models

The surface temperature (T) for a given location (pixel) will normally vary slower in time compared to the ash
cloud temperature (7). Thus, weather forecast model (re)analysis skin-temperature may be used for the sur-
face temperature (7) providing such information is available, either from ECMWF or national weather services
(met.no).

2.4 Ash cloud temperature (7,) from lidar measurements

Ash cloud height may be derived from lidar measurements, for example the European Aerosol Research Li-
dar NETwork (EARLINET, www.earlinet .org), ceilometers (http://www.dwd.de/ceilomap), and
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP, http://www—calipso.larc.nasa.gov/)
onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satelite. Lidar obser-
vations of ash clouds have also been made from aircraft on campaign basis (Marenco et al. (2011), Schumann et al.
(2011) and Chazette et al. (2012)). From the observed ash cloud height the temperature (7.) of the ash clond may
be estimated by using temperature information from for example weather forecast models. However, the spatial
coverage of lidar measurements is limited. Ground-based measurements provide a single point in space. Aircraft
measurements are limited by flight restrictions in ash conditions and availability of aircraft. CALIOP provides
global coverage, however, with a footprint of 100 m the revisit time is 16 days. It is also noted that ash cloud iden-
tification in lidar signals is a non-trivial task. Thus, for ash cloud temperature (T;.) estimates, lidar measurements
appear more appropriate and important for validation of other methods.

3 Ash cloud heights during the Eyjafjallajokull 2010 eruption.

The Flexpart Langrangian particle disperion model (Stohl et al., 2005) ash simulations for the Eyjafjallajokull
2010 eruption (Stohl et al., 2011) have been briefly summarized in the report for work package 1.4.4. The reader
is referred to that report for more information including a summary of Flexpart ash cloud altitude results compared
with lidar measurements.

The Flexpart ash cloud height is shown in Fig. | as a function of distance from the vent and time. The height of
the ash cloud is seen to generally decrease as the ash is transported away from the volcano. The initial height of
the ash cloud depends on the magnitude of the eruption. The corresponding ash cloud temperature deduced from
coupling Flexpart heights and ECMWEF reanalysis temperature profiles, is shown in Fig. 2 as a function of distance
from the vent and time. As the height of the cloud decreases the temperature generally increases. The ash cloud
temperature versus the ash cloud height is shown in Fig. 3. For a given height the temperature may vary with
tens of degrees with latitude and longitude. This implies that height information from for example lidars, must be
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Figure 1: The height of the ash cloud as simulated by Flexpart as a function of distance from the vent and time.
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Figure 2: The temperature of the ash cloud as deduced from ECMWF temperature profiles and cloud height from
Flexpart, as a function of distance from the vent and time.

coupled with information from other sources to get a representative ash cloud temperature value. Thus, not only
height, but also location is important for the best estimate of ash cloud temperature to retrieve an optimal value for
the ash mass loading.

One might expect a correspondence between the ash cloud height and the mass loading of the ash cloud. The
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Figure 3: The temperature of the ash cloud as deduced from ECMWF temperature profiles versus cloud height
from Flexpart. Note that due to the large number of points, the points merge into horizontal lines for some heights.
The vertical stratification is due to the vertical sampling for this Flexpart simulation (250 m).

vertical thickness of the ash cloud is plotted against the logarithm of the mass loading in Fig. 4. For a given ash
cloud top height, the spread in the mass loading is large. However, a weak correspondence between the logarithm
of the mass loading and the ash cloud height may be identified.

4 The effect of ash cloud height

The effect of ash cloud height on the 10.8 and 12.0 pm brightness temperatures and their difference was investi-
gated by performing radiative transfer simulations with the uvspec radiative transfer model (Mayer and Kylling,
2005). A 1 km layered homogeneous ash cloud was placed at altitudes of 2, 4, 6, 8, 10 and 15 km. For simplicity
monodispersed ash particles with radius of 2 pm were used.

The brightness temperature for ash clouds with a large mass loading is largely determined by the ambient temper-
ature at the height of the ash cloud. Thus the atmospheric temperature profile is important. Here the sub-arctic
summer atmosphere temperature profile from Anderson et al. (1986) is used. It is shown in Fig. 5 together with
the model temperature profile for the tropics. The surface temperature was set to 280 K if not otherwise noted.

In Fig. 6 the 10.8 um brightness temperature is shown as a function of ash mass loading for ash cloud heights of 15
(black), 10 (purple), 8 (cyan), 6 (red), 4 (green) and 2 km (blue). The corresponding 10.8 and 12.0 pm brightness
temperature difference is shown in Fig. 7.

The variations in the brightness temperature and the brightness temperature difference with the ash cloud at dif-
ferent heights are due to the decrease in the ambient temperature with altitude, see Fig. 5. Indeed, the curves for
cloud heights of 10 (purple) and 15 km (black) are considerably closer than for the lower heights. This is caused
by the ambient temperature being the same at 10 and 15 km, Fig. 5.

The vertical placement of an ash cloud will obviously have a large impact on the retrieved ash mass loading. For
example, a 10.8 um brightness temperature of 260 K will give mass loading of 0.65, 0.9 or 1.5 g/ m? depending
whether the cloud is at 10, 8, or 6 km, Fig. 6.
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Figure 4: The height of the ash cloud as simulated by Flexpart versus the mass loading. Note logarithmic scale
on the x-axis. Also note that due to the large number of points, the points merge into horizontal lines for some
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Figure 5: The temperature as a function of altitude for the subarctic summer and tropics atmosphere models of

Anderson et al. (1986).

The detection of ash clouds relies on the detection of pixels with a negative 10.8 and 12.0 um brightness temper-
ature difference. From Fig. 7 it is evident that higher clouds are more readily detected than lower clouds. This
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Figure 6: The 10.8 um brightness temperature as a function of ash mass loading for a 1 km thick ash cloud with
cloud top height of 15 (black), 10 (purple), 8 (cyan), 6 (red), 4 (green) and 2 km (blue).
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Figure 7: The 10.8-12.0 pm brightness temperature difference as a function of ash mass loading for a 1 km thick
ash cloud with cloud top height of 15 (black), 10 (purple), 8 (cyan), 6 (red), 4 (green) and 2 km (blue).

is explained by the increased temperature difference between the cloud and the underlying surface, Eqs. 2 and 8.
However, the magnitude of AT decreases with increasing mass loading. Thus, thin and thick ash clouds are more
challenging to detect by the reverse absorption technique.




5 The effect of surface temperature

For a given location and temperature profile the surface temperature varies less than the atmospheric temperature
with altitude. To investigate the effect of surface temperature on the 10.8 and 12.0 um brightness temperatures and
their difference a 1 km thick ash cloud was located at 4 km height which was typical for the Eyjafjallajokull 2010
eruption, see Fig. 1. The surface temperature was set at 280410 K. The resulting 10.8 pzm brightness temperature
and the 10.8-12.0 um brightness temperature difference are shown in Fig. 8. and Fig. 9, respectively.
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Figure 8: The 10.8 pm brightness temperature as a function of ash mass loading for a | km thick ash cloud with
cloud top height at 4.0 km and surface temperatures of 270 (blue), 280 (green) and 290 K (red).

As the ash cloud gets thicker, less and less of the infrared radiation emitted by the surface makes it to the top of
the atmosphere, and for mass loadings larger than about 4 g/m? the 10.8 xm brightness temperature is dominated
by the radiation emitted by the cloud, Fig. 8. Thus, for this model ash cloud, the ash mass loading is not sensitive
to the surface temperature for mass loadings above 4 g/m?. The ash cloud temperature will still be important.

The ash cloud at 4 km has a temperature about 265 K. Thus, increasing the surface temperature from 270 to 290
will increase the 10.8-12.0 um brightness temperature difference as evident from Fig. 9 and explained by Egs. 2
and 8. This has also been demonstrated by Wen and Rose (1994) in their Fig. 12. As the brightness temperature
difference gets smaller in magnitude, the ash cloud gets harder to detect by the reverse absorption technique.

6 Conclusions

As for ash cloud thickness, report for Work Package 1.4.4, lidars provide the most accurate means for providing
an estimate of the ash cloud height. The ash cloud temperature may be deduced from the cloud height by coupling
with information from weather forecast models.

The ash cloud from the Eyjafjallajokull 2010 eruption went up to about 12.0 km. Flexpart dispersion model results
indicate that the height of the ash cloud decreased with distance from the volcano and that the dependence of height
on ash mass loading appears to be weak. Similarly, the ash cloud temperature generally increased with distance
from the volcano.
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Figure 9: The 10.8-12.0 um brightness temperature difference as a function of ash mass loading for a 1 km thick
ash cloud with cloud top height at 4.0 km and surface temperatures of 270 (blue), 280 (green) and 290 K (red).

Both the 10.8 and 12.0 xm brightness temperatures and their difference varies strongly with the height of the ash
cloud. The sensitivity to the surface temperature is largest for moderately thick clouds and disappears for thick
clouds.

Various ash cloud detection methods use different surface temperature and ash cloud temperature estimation
schemes. These schemes are compared in the report for Work Package 1.4.2.
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A Derivation of equation for brightness temperature difference

Infrared (IR) radiation recorded by a satellite instrument viewing the Earth, is emitted from the Earth’s surface
and the Earth’s atmosphere. For an ash cloud at temperature T, and the Earth’s surface at T, the radiance I; in
wavelength band 7, measured by the satellite instrument may be written as:

Ii = EjB(TC) + tiB(Ts). (3)

Here ¢, is the emissivity of the cloud, ¢; the transmissivity of the cloud, and B(T) the Planck function at temperature
T. The emissivity and transmissivity are connected via the relationship e+r+t = 1, where r us the reflectivity. Eq. 3
is valid under the assumptions of a plane-parallel and homogeneous cloud, the underlying surface is homogeneous
and the ambient atmosphere has no (or little) effect on the radiance. If, furthermore, the underlying surface is
assumed to be a blackbody (r = 0), Eq. 3 may be written in terms of brightness temperature, T, as (Prata and
Grant, 2001):

T‘i = EiTc + (]. - éi)TS. (4)

If multiple scattering is ignored the emissivity may be written as (see for example eq. 2.24 Bohren and Clothiaux
(2006))

€ = 1 —exp(—k;L), )]

where L is the geometric thickness of the cloud and k; is the absorption coefficient.
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For SEVIRI observations at bands centered around 11 and 12 um we get:

T =enTe+ (1 —€11)Ts, 6)
Ti2 = €19Te + (1 — €12)Ts. )

The temperature difference AT = T11 — T4 thus becomes

AT = (€12 — e )(Ts — To). (8)
From Eq.5 we have:

(1 —en)™2 = (1 - erz)™, ©
or

a2 =1-(1—en)’ (10)

where 8 = kq3/k11. Inserting Eq. 10 in Eq. 8, solving Eq. 6 for €7 and inserting in Eq. 8 gives (Eq. 5, Prata and
Grant (2001)):

AT = AT.(X — XP). (i

where ATC = Ts — Tc, X=1- All/ATC, and All = Ts . T11.
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