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Satellite remote sensing of the Earth-atmosphere
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Observations depend on
telescope characteristics (resolving power, diffraction)
detector characteristics (signal to noise)
communications bandwidth (bit depth)
spectral intervals (window, absorption band)
time of day (daylight visible)
atmospheric state (T, Q, clouds)
earth surface (Ts, vegetation cover)



Remote Sensing Advantages

* provides a regional view

* enables one to observe & measure the causes & effects of climate
& environmental changes (both natural & human-induced)

* provides repetitive geo-referenced looks at the same area

* covers a broader portion of the spectrum than the human eye
* can focus 1n on a very specific bandwidth in an image

* can also look at a number of bandwidths simultaneously

* operates in all seasons, at night, and in bad weather



Solar (visible) and Earth emitted (infrared) energy
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Incoming solar radiation (mostly visible) drives the earth-atmosphere (which emits
infrared).

Over the annual cycle, the incoming solar energy that makes it to the earth surface
(about 50 %) is balanced by the outgoing thermal infrared energy emitted through
the atmosphere.

The atmosphere transmits, absorbs (by H20, O2, O3, dust) reflects (by clouds), and
scatters (by aerosols) incoming visible; the earth surface absorbs and reflects the
transmitted visible. Atmospheric H20, CO2, and O3 selectively transmit or absorb
the outgoing infrared radiation. The outgoing microwave is primarily affected by
H20 and O2.



Key Areas of Uncertainty
in Understanding Climate & Global Change

* Earth’s radiation balance and the influence of clouds on
radiation and the hydrologic cycle

* Oceanic productivity, circulation and air-sea exchange

* Transformation of greenhouse gases in the lower
atmosphere, with emphasis on the carbon cycle

* Changes 1n land use, land cover and primary productivity,
including deforestation

* Sea level variability and impacts of ice sheet volume

* Chemistry of the middle and upper stratosphere, including
sources and sinks of stratospheric ozone

* Volcanic eruptions and their role in climate change
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Molecules Absorbing Solar Radiation
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Earth emitted spectra overlaid on Planck function envelopes

High resolution atmospheric absorption spectrum
and comparative blackbody curves.
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Clouds viewed from polar orbiting TIROS launched 1 Apr 1960

TIROS CLOUD PATTERNS




Evolution of L.eo Obs

Terra was launched in 1999
and the EOS Era began

MODIS, CERES, MOPITT,
ASTER, and MISR
reach polar orbit

Aqua and ENVISAT

followed in 2002

MODIS and MERIS
leading to VIIRS
AIRS leading to

TIASI and CrIS
AMSU leading to ATMS
















VIIRS, MODIS, FY-1C, AVHRR
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MODIS IR Spectral Bands

High resolution atmospheric absorption spectrum
and comparative blackbody curves.
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OCEAN-SOLAR RADIATION
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MODIS SEA SURFACE TEMPERATURE
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MODIS Chlor

243-250, 2000
U. Miami

MODIS tropics coverage is
greater (time of day + no
tilt loss). MODIS reveals
global fine structure. Color
scales not identical, cal not
final.

SeaWiFS Chlor

241-248, 2000
SeaWIFS Project
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MODIS 4 micron
Night SST

Improved coverage in
tropical regions. Color
scales are not identical,
cloud mask is not applied.

AVHRR
Night SST
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LAND-SOLAR RADIATION
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LAND - THERMAL RADIATION
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MAS (WINCE) 1997/01/28 19:05:29 UTC Track 10. Band 02 (0.55 micron) Reflectance
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MODIS Band 1 Image of Western Arctic, 1 km (subsampled)

MODIS Full Resolution, 250 m Pixels

75 km
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9.0 million sqg. km of snow cover 10.8 million sq. km of snow cover
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Change in maximum snow extent between two
composite periods seen above (1.8 million sq. km)
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ATMOSPHERE - CLEAR SKY

THERMAL EMISSION
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ATMOSPHERE - THERMAL RADIATION [
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LSD
1.6 um
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Clouds separate into classes
when multispectral radiance information is viewed
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Cloud optical, microphysical properties
retrizval spzice exarmnole

0.8
g
= o 06 ] 2.1 ym absorption increases with particle size,
o= little effect at 0.86 ym
N _
§ %0.4_— -
% = : 2.1 ym reflectance reaches limiting values
e 02r i with optical thickness
0.0 . . B s

0.0 02 04 0.6 0.8 1.0 1.
Reflectance (0.86 ym)
Agi = 0.05

Liquid water cloud
ocean surface

S. Platnick, ISSAOS '02



Cloud Parameter Determinations from Satellite Measured Radiances
for a given field of view (FOV) partly clear and partly cloudy

Radiance from a
partly cloudy FOV

(
clear air, a
R = [1 'N]Ra"'NRG
but if b indicates opaque "black" cloud
Re=[1-&] Ry + & Rp(pe)
s0 together

R =[1-Ne] Ry + Ne Rp(pe)

cloudy, ¢

Two unknowns, € and Pc,
require two measurements



CO2 channels see to different levels in the atmosphere

14.2 um 13.9 um 13.6 um 13.3 um



Different ratios
reveal cloud
properties

at different levels

hi - 14.2/13.9
mid - 13.9/13.6
low - 13.6/13.3
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BT in and out of clouds for MODIS CO, bands

Channel 31
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January 2001: MODIS High Clouds (D—400 mb]
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BTO[A.B-11 pm]

BTO[A.E-11 pm]
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Simulations of Ice and Water Phase Clouds
8.5 - 11 um BT Differences

High Ice clouds

« BTD[8.5-11] > 0 over a large
range of optical thicknesses 1
*T,q =228 K

Midlevel clouds

« BTD[8.5-11] values are similar
(i.e., negative) for both water
and ice clouds

*T,q =253 K

Low-level, warm clouds

« BTD[8.5-11] values always
negative
*T,q =273 K

Ice: Cirrus model derived from FIRE-I in-situ data (Nasiri et al, 2002)
Water: r,=10 um

Angles: 6,=45° 6= 20° and ¢ =40°

Profile: midlatitude summer



MODIS Direct Broadcast
May 14, 2003 at 1458 UTC (Terra)
1-km resolution

B Ice [ ] Uncertain
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Multilayered Clouds

Bispectral IR Algorithm
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MODIS Cloud Thermodynamic Phase
Percentage Ice and Water Cloud
05 Nov. 2000 -Daytime Only

frequency of occurrence in percent (%)



MODIS Cloud Thermodynamic Phase
Percentage Ice and Water Cloud
05 Nov. 2000 - Nighttime Only

frequency of occurrence in percent (%)



MODIS Frequency of Co-occurrence
Water Phase with 253 K < T4 < 268 K
05 Nov. 2000 - Daytime Only
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MODIS Frequency of Co-occurrence
Water Phase with 253 K < T4 < 268 K
05 Nov. 2000 - Nighttime Only

frequency of occurrence in percent (%)
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Salt from S02 from
Seq Spray & Windblown Volcanoes
Bursting Bubbles Duust

Soot &
Smoke

Deserts &
Volcanoes

Fossil Fuels &
Blomass Buming

Aerosol particles larger than about 1 um in
size are produced by windblown dust and sea
salt from sea spray and bursting bubbles

Aerosols smaller than 1 pm are mostly
formed by condensation processes such as
conversion of sulfur dioxide (SO2) gas
(released from volcanic eruptions) to sulfate
particles and by formation of soot and smoke
during burning processes.

After formation, aerosols are mixed and
transported by atmospheric motions and are
primarily removed by clouds and precipitation



NCIOSUISIZCBISTNIUoN

There are 3 modes :

- « nucleation »: radius is
between 0.002 and 0.05 pum.
They result from combustion
processes, photo-chemical
reactions, etc.

- « accumulation »: radius is
between 0.05 um and 0.5 um.
Coagulation processes.

Nucleation Aitken Accumulation Coarse

- « coarse »: larger than 1 um.
From mechanical processes like
aeolian erosion.

« fine » particles (nucleation and

accumulation) result from anthropogenic

activities, coarse particles come from 1 0 199 1099 1009
9 p Particle Diameter, nm

natural processes. 0.01 0.1 1.0 10.0

he Volume



http://capita.wustl.edu/AerosolIntegration/specialtopics/Integration/Capter4Drafts/Figs/Fig1GenSizeDV000614.gif

True color composite AOT (0.55 um)

s} R{0.645, 0.555, 0.46%) b} Aaresel Opteal Thiclnass
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Ohio Valley pollution
heading over 1% Atlantic 00 02 04 0fF 04 D



- Effect of aerosol on climate:

Cooling past climates, possibly warming future climates

- Effect of aerosol on hydrologic cycle:

Less evaporation from cooler land and ocean, more stable
atmosphere, less clouds and precipitation.

- Effect of aerosol on health: May be more important then
ozone 1n causing cancer and heart problems.

- Effect on agriculture, vegetation: Shift of precipitation
away from polluted land, less sunlight to vegetation




Aerosol, their sources and effects on climate

Properties Net effect Aerosol type Main Source
Reflect Cool the earth | Desert dust, dry lake beds
sunlight sulfate smog industry
Absorb Heat the earth & Black carbon biomass burning
sunlight atmosphere dirty engines
reduce cloudiness
Cloud brighter clouds sulfate smog industry
Condensation| less precipitation smoke fires

Nuclei




Remote sensing of Aerosol

Open questions: - Where does aerosol begin and cloud ends?

- Does aerosol in cloud free area represent the aerosol that'interacts with
clouds?

- How to handle the spatial and temporal variability of aerosol pror.erties?

R .

Haze layer

- T

Clean atmosphere

o * o y
»* » »*
»* 5 Haze laver

”Toxic trucks” : *
Washington « °
Post 11/19/00 5 »*

“Trouble in the

greenhouse” Nature,
Sept., 2000
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Does Population cause Pollution ?

POLDER aerosol index Feb. 1997 & population density
(Kaufman, Tanré & Boucher, Nature 2002)

40°N
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bands for aerosol retrieval over ocean (550, 660, 865, 1230, 1640, 2130 nm)



Global AOT for April 1997

0  POLDER @ 0.865um OCTS @ 0.50um



Spring March -
May 2001

Summer June -
August 2001
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S:pz::]l)er - Winter December
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November 2001

0.4 0.6

Average optical thickness



Example: pollution accumulating under the Alps
MODIS aerosol optical thickness
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Example: Los Angeles

SANTA MONICA liup
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Transmittance
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AVIRIS Image - Linden CA 20-Aug-1992
224 Spectral Bands: 0.4 - 2.5 um
Pixel: 20m x 20m Scene: 10km x 10km
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MODIS detects ship tracks

Ship Tracks occur in marine
stratocumulus regions of the
globe

California, Azores,

Namibia, and Peru
Conditions for formation

High humidity

Small air-sea temperature

difference

Low wind speed

Boundary layer between

300 and 750 m deep __
Enhanced reflectance of clouds [
at 3.7 um

Larger number of small

droplets arising from

particulate emission from

ships




* Particles emitted by ships increase concentration of
cloud condensation nucle1 (CCN) in the air
* Increased CCN increase concentration of cloud droplets
and reduce average size of the droplets
* Increased concentration and smaller particles reduce production of drizzle
(100 um radius) droplets in clouds
* Liquid water content increases because loss of drizzle particles 1s suppressed
* Clouds are opftically thicker and brighter along ship track
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Latitude

Is cirrus related to air traffic?
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MOPITT CO Column 1-3 June 2002
(Phase 2 Data)
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8.6 - 10.5 um observations of sea ice through low cloud cover
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Cloud particle size is revealed in high resolution infrared spectra

Variation with Particle Size (i)
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8.6 um sees more reflection than 10.5 um image over snow
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		0.396		1.9		0.4		99.32		0.4		96.962

		0.398		1.9		0.4		99.12		0.4		97.011

		0.4		1.9		0.4		99.21		0.4		96.932

		0.402		1.89		0.4		99.28		0.4		97.088

		0.404		1.89		0.4		99.29		0.4		96.944

		0.406		1.89		0.41		99.34		0.41		96.996

		0.408		1.89		0.41		99.28		0.41		97.161
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		0.47		1.85		0.47		99.54		0.47		97.767

		0.472		1.85		0.47		99.52		0.47		97.943

		0.474		1.84		0.47		99.46		0.47		97.85
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		0.506		1.83		0.51		99.45		0.51		97.664

		0.508		1.83		0.51		99.53		0.51		97.498

		0.51		1.83		0.51		99.34		0.51		97.541

		0.512		1.83		0.51		99.46		0.51		97.614

		0.514		1.83		0.51		99.45		0.51		97.592

		0.516		1.82		0.52		99.41		0.52		97.582
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		0.56		1.81		0.56		99.33		0.56		97.287
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		0.564		1.81		0.56		99.32		0.56		97.024

		0.566		1.81		0.57		99.3		0.57		97.136

		0.568		1.8		0.57		99.32		0.57		97.078

		0.57		1.8		0.57		99.25		0.57		97.273

		0.572		1.8		0.57		99.21		0.57		97.103

		0.574		1.8		0.57		99.35		0.57		96.707

		0.576		1.8		0.58		99.32		0.58		97.014

		0.578		1.8		0.58		99.3		0.58		97.054

		0.58		1.8		0.58		99.19		0.58		96.827

		0.582		1.8		0.58		99.46		0.58		96.804

		0.584		1.8		0.58		99.28		0.58		96.791

		0.586		1.8		0.59		99.27		0.59		96.863

		0.588		1.8		0.59		99.31		0.59		96.834

		0.59		1.8		0.59		99.26		0.59		96.674

		0.592		1.8		0.59		99.35		0.59		96.692

		0.594		1.8		0.59		99.21		0.59		96.55

		0.596		1.8		0.6		99.24		0.6		96.588

		0.598		1.8		0.6		99.13		0.6		96.408

		0.6		1.79		0.6		99.28		0.6		96.337

		0.602		1.79		0.6		99.17		0.6		96.2

		0.604		1.79		0.6		99.17		0.6		96.252

		0.606		1.79		0.61		99.16		0.61		96.18

		0.608		1.79		0.61		99.22		0.61		94.144

		0.61		1.79		0.61		99.1		0.61		96.117

		0.612		1.79		0.61		99.08		0.61		95.221

		0.614		1.79		0.61		98.99		0.61		95.877

		0.616		1.79		0.62		99.08		0.62		95.777

		0.618		1.79		0.62		98.96		0.62		95.755

		0.62		1.79		0.62		98.95		0.62		95.773

		0.622		1.79		0.62		98.92		0.62		95.597

		0.624		1.79		0.62		98.91		0.62		95.552

		0.626		1.79		0.63		98.97		0.63		95.363

		0.628		1.79		0.63		98.94		0.63		95.346

		0.63		1.79		0.63		98.93		0.63		95.324

		0.632		1.79		0.63		98.88		0.63		95.3

		0.634		1.79		0.63		98.87		0.63		95.16

		0.636		1.78		0.64		98.88		0.64		94.965

		0.638		1.78		0.64		98.94		0.64		94.955

		0.64		1.78		0.64		98.89		0.64		94.872

		0.642		1.78		0.64		98.84		0.64		94.961

		0.644		1.78		0.64		98.65		0.64		94.748

		0.646		1.78		0.65		98.82		0.65		94.713

		0.648		1.78		0.65		98.76		0.65		94.632

		0.65		1.78		0.65		98.75		0.65		94.581

		0.652		1.78		0.65		98.74		0.65		94.528

		0.654		1.78		0.65		98.71		0.65		94.382

		0.656		1.78		0.66		98.66		0.66		94.39

		0.658		1.78		0.66		98.53		0.66		94.24

		0.66		1.78		0.66		98.75		0.66		94.195

		0.662		1.78		0.66		98.61		0.66		94.105

		0.664		1.78		0.66		98.59		0.66		94.156

		0.666		1.78		0.67		98.59		0.67		94.04

		0.668		1.78		0.67		98.55		0.67		93.968

		0.67		1.78		0.67		98.59		0.67		93.88

		0.672		1.78		0.67		98.55		0.67		92.468

		0.674		1.78		0.67		98.56		0.67		93.698

		0.676		1.78		0.68		98.5		0.68		93.772

		0.678		1.77		0.68		98.53		0.68		93.712

		0.68		1.77		0.68		98.51		0.68		93.592

		0.682		1.77		0.68		98.49		0.68		93.535

		0.684		1.77		0.68		98.49		0.68		93.485

		0.686		1.77		0.69		98.45		0.69		93.418

		0.688		1.77		0.69		98.51		0.69		93.338

		0.69		1.77		0.69		98.48		0.69		93.16

		0.692		1.77		0.69		98.33		0.69		93.133

		0.694		1.77		0.69		98.33		0.69		92.947

		0.696		1.77		0.7		98.39		0.7		92.9

		0.698		1.77		0.7		98.3		0.7		92.684

		0.7		1.77		0.7		98.25		0.7		92.558

		0.702		1.77		0.7		97.69		0.7		92.04

		0.704		1.77		0.7		98.25		0.7		92.341

		0.706		1.77		0.71		97.97		0.71		92.296

		0.708		1.77		0.71		98.19		0.71		92.065

		0.71		1.77		0.71		98.16		0.71		92.092

		0.712		1.77		0.71		98.08		0.71		91.911

		0.714		1.77		0.71		98.09		0.71		91.817

		0.716		1.77		0.72		98.11		0.72		91.664

		0.718		1.77		0.72		98.05		0.72		91.592

		0.72		1.77		0.72		97.97		0.72		91.471

		0.722		1.77		0.72		98.01		0.72		91.459

		0.724		1.76		0.72		98.05		0.72		91.441

		0.726		1.76		0.73		97.82		0.73		91.354

		0.728		1.76		0.73		97.91		0.73		91.182

		0.73		1.76		0.73		97.99		0.73		91.284

		0.732		1.76		0.73		98.03		0.73		91.147

		0.734		1.76		0.73		97.94		0.73		91.1

		0.736		1.76		0.74		97.94		0.74		90.746

		0.738		1.76		0.74		97.91		0.74		90.842

		0.74		1.76		0.74		97.74		0.74		90.719

		0.742		1.76		0.74		97.76		0.74		90.599

		0.744		1.76		0.74		97.83		0.74		90.456

		0.746		1.76		0.75		97.77		0.75		90.312

		0.748		1.76		0.75		97.65		0.75		90.142

		0.75		1.76		0.75		97.69		0.75		89.95

		0.752		1.76		0.75		97.7		0.75		89.848

		0.754		1.76		0.75		97.52		0.75		89.658

		0.756		1.76		0.76		97.47		0.76		89.52

		0.758		1.76		0.76		97.56		0.76		89.299

		0.76		1.76		0.76		97.55		0.76		89.135

		0.762		1.76		0.76		97.32		0.76		88.975

		0.764		1.76		0.76		97.26		0.76		88.744

		0.766		1.76		0.77		97.33		0.77		88.584

		0.768		1.76		0.77		97.39		0.77		88.398

		0.77		1.76		0.77		97.18		0.77		88.177

		0.772		1.76		0.77		96.86		0.77		87.997

		0.774		1.75		0.77		97.22		0.77		87.835

		0.776		1.75		0.78		97.19		0.78		87.66

		0.778		1.75		0.78		97.02		0.78		87.445

		0.78		1.75		0.78		96.72		0.78		86.26

		0.782		1.75		0.78		97.01		0.78		87.127

		0.784		1.75		0.78		97.01		0.78		86.768

		0.786		1.75		0.79		96.85		0.79		86.785

		0.788		1.75		0.79		96.62		0.79		86.654

		0.79		1.75		0.79		96.83		0.79		86.413

		0.792		1.75		0.79		96.86		0.79		86.366

		0.794		1.75		0.79		96.72		0.79		86.194

		0.796		1.75		0.8		96.45		0.8		86.018

		0.798		1.75		0.8		96.67		0.8		85.839

		0.8		1.75		0.8		96.73		0.8		85.681

		0.82		1.75		0.82		96.53		0.82		85.243

		0.84		1.74		0.84		96.45		0.84		85.236

		0.86		1.74		0.86		95.85		0.86		82.854

		0.88		1.74		0.88		94.88		0.88		79.329

		0.9		1.73		0.9		94.43		0.9		77.393

		0.92		1.73		0.92		94.35		0.92		76.246

		0.94		1.73		0.94		93.89		0.94		74.977

		0.96		1.72		0.96		92.77		0.96		71.699

		0.98		1.72		0.98		91.8		0.98		67.085

		1		1.72		1		89.91		1		60.897

		1.02		1.71		1.02		88.75		1.02		57.494

		1.04		1.71		1.04		88.12		1.04		57.124

		1.06		1.71		1.06		89.68		1.06		60.021

		1.08		1.7		1.08		89.68		1.08		62.226

		1.1		1.7		1.1		89.77		1.1		62.729

		1.12		1.7		1.12		89.97		1.12		61.959

		1.14		1.69		1.14		89.13		1.14		59.047

		1.16		1.69		1.16		87.61		1.16		54.558

		1.18		1.69		1.18		85		1.18		47.376

		1.2		1.68		1.2		82.35		1.2		41.539

		1.22		1.68		1.22		74.52		1.22		34.044

		1.24		1.67		1.24		77.17		1.24		31.548

		1.26		1.67		1.26		76.86		1.26		30.33

		1.28		1.67		1.28		77.27		1.28		30.511

		1.3		1.66		1.3		74.87		1.3		30.837

		1.32		1.66		1.32		77.47		1.32		31.136

		1.34		1.65		1.34		76.88		1.34		31.211

		1.36		1.65		1.36		76.43		1.36		30.254

		1.38		1.65		1.38		75.86		1.38		28.719

		1.4		1.64		1.4		74.59		1.4		25.135

		1.42		1.64		1.42		61.75		1.42		11.259

		1.44		1.63		1.44		37.84		1.44		2.3123

		1.46		1.63		1.46		29.82		1.46		1.0524

		1.48		1.62		1.48		24.69		1.48		0.6185

		1.5		1.62		1.5		21.54		1.5		0.5088

		1.52		1.62		1.52		22.63		1.52		0.5607

		1.54		1.61		1.54		22.52		1.54		0.6337

		1.56		1.61		1.56		26.41		1.56		0.8011

		1.58		1.6		1.58		30.24		1.58		1.0098

		1.6		1.6		1.6		31.3		1.6		1.1871

		1.62		1.59		1.62		29.81		1.62		1.4246

		1.64		1.59		1.64		38.37		1.64		1.8839

		1.66		1.58		1.66		39.91		1.66		2.4425

		1.68		1.57		1.68		44.55		1.68		3.095

		1.7		1.57		1.7		45.44		1.7		3.7228

		1.72		1.56		1.72		48.1		1.72		4.226

		1.74		1.55		1.74		47.6		1.74		4.7941

		1.76		1.55		1.76		50.69		1.76		5.3746

		1.78		1.54		1.78		48.84		1.78		6.1669

		1.8		1.53		1.8		54.32		1.8		7.0924

		1.82		1.53		1.82		54.11		1.82		8.185

		1.84		1.52		1.84		58.29		1.84		9.2146

		1.86		1.51		1.86		54.39		1.86		7.5987

		1.88		1.5		1.88		42.84		1.88		3.0307

		1.9		1.49		1.9		30.62		1.9		1.217

		1.92		1.48		1.92		21.8		1.92		0.5351

		1.94		1.47		1.94		17.09		1.94		0.3376

		1.96		1.46		1.96		13.1		1.96		0.242

		1.98		1.46		1.98		11.57		1.98		0.2043

		2		1.45		2		10.77		2		0.1998

		2.02		1.45		2.02		11.43		2.02		0.2068

		2.04		1.44		2.04		13.1		2.04		0.2263

		2.06		1.43		2.06		13.93		2.06		0.2606

		2.08		1.42		2.08		16.16		2.08		0.3143

		2.1		1.41		2.1		19.27		2.1		0.4207

		2.12		1.4		2.12		23.32		2.12		0.6527

		2.14		1.38		2.14		30.15		2.14		1.0261

		2.16		1.37		2.16		33.64		2.16		1.4709

		2.18		1.36		2.18		36.36		2.18		1.9866

		2.2		1.34		2.2		42.93		2.2		2.6207

		2.22		1.33		2.22		45.29		2.22		3.3166

		2.24		1.31		2.24		44.81		2.24		3.7251

		2.26		1.29		2.24		44.81		2.24		3.6666

		2.28		1.28		2.25		44.78		2.25		3.669

		2.3		1.26		2.25		44.74		2.25		3.6771

		2.32		1.24		2.25		44.71		2.25		3.6879

		2.34		1.22		2.25		44.67		2.25		3.6981

		2.36		1.2		2.25		44.64		2.25		3.7031

		2.38		1.18		2.25		44.61		2.25		3.7

		2.4		1.16		2.25		44.59		2.25		3.6903

		2.42		1.14		2.25		44.57		2.25		3.6766

		2.44		1.11		2.25		44.55		2.25		3.6623

		2.46		1.09		2.25		44.53		2.25		3.6491

		2.48		1.06		2.25		44.51		2.25		3.6375

		2.5		1.03		2.26		44.49		2.26		3.6275

		2.52		1		2.26		44.47		2.26		3.6176

		2.54		0.96		2.26		44.44		2.26		3.6071

		2.56		0.93		2.26		44.42		2.26		3.5966

		2.58		0.89		2.26		44.39		2.26		3.5873

		2.6		0.84		2.26		44.36		2.26		3.579

		2.62		0.79		2.26		44.33		2.26		3.5707

		2.64		0.74		2.26		44.3		2.26		3.5586

		2.66		0.68		2.26		44.26		2.26		3.5414

		2.68		0.62		2.26		44.21		2.26		3.5179

		2.7		0.55		2.27		44.17		2.27		3.4904

		2.72		0.49		2.27		44.12		2.27		3.4611

		2.74		0.41		2.27		44.07		2.27		3.4322

		2.76		0.33		2.27		44.02		2.27		3.4047

		2.78		0.26		2.27		43.96		2.27		3.3782

		2.8		0.18		2.27		43.9		2.27		3.3502

		2.82		0.13		2.27		43.83		2.27		3.3204

		2.84		0.12		2.27		43.77		2.27		3.2889

		2.86		0.18		2.27		43.69		2.27		3.2567

		2.88		0.38		2.27		43.62		2.27		3.2254

		2.9		0.79		2.28		43.54		2.28		3.1961

		2.92		1.45		2.28		43.46		2.28		3.1698

		2.94		2.11		2.28		43.38		2.28		3.1463

		2.96		2.68		2.28		43.3		2.28		3.1246

		2.98		3.37		2.28		43.22		2.28		3.1032

		3		4.28		2.28		43.15		2.28		3.0802

		3.02		5.4		2.28		43.07		2.28		3.0533

		3.04		6.69		2.28		42.99		2.28		3.022

		3.06		8.01		2.28		42.92		2.28		2.9879

		3.08		8.53		2.28		42.86		2.28		2.9542

		3.1		8.45		2.29		42.79		2.29		2.9235

		3.12		8.17		2.29		42.72		2.29		2.8957

		3.14		8.02		2.29		42.64		2.29		2.8704

		3.16		7.84		2.29		42.56		2.29		2.8458

		3.18		7.52		2.29		42.47		2.29		2.8183

		3.2		7.06		2.29		42.37		2.29		2.7871

		3.22		6.55		2.29		42.27		2.29		2.7537

		3.24		6.13		2.29		42.17		2.29		2.7215

		3.26		5.78		2.29		42.06		2.29		2.6926

		3.28		5.41		2.29		41.97		2.29		2.667

		3.3		5.12		2.3		41.87		2.3		2.6438

		3.32		4.88		2.3		41.79		2.3		2.6208

		3.34		4.66		2.3		41.71		2.3		2.5962

		3.36		4.45		2.3		41.63		2.3		2.5694

		3.38		4.26		2.3		41.55		2.3		2.5408

		3.4		4.09		2.3		41.47		2.3		2.5119

		3.42		3.93		2.3		41.39		2.3		2.4849

		3.44		3.79		2.3		41.3		2.3		2.4593

		3.46		3.65		2.3		41.2		2.3		2.4331

		3.48		3.54		2.31		41.1		2.31		2.4053

		3.5		3.44		2.31		40.99		2.31		2.3769

		3.52		3.34		2.31		40.87		2.31		2.3497

		3.54		3.26		2.31		40.75		2.31		2.3243

		3.56		3.17		2.31		40.63		2.31		2.3021

		3.58		3.11		2.31		40.51		2.31		2.2841

		3.6		3.04		2.31		40.39		2.31		2.2694

		3.62		2.97		2.31		40.28		2.31		2.2545

		3.64		2.92		2.31		40.18		2.31		2.2377

		3.66		2.88		2.31		40.08		2.31		2.2195

		3.68		2.83		2.32		39.98		2.32		2.2009

		3.7		2.78		2.32		39.88		2.32		2.182

		3.72		2.74		2.32		39.78		2.32		2.1638

		3.74		2.7		2.32		39.67		2.32		2.1482

		3.76		2.66		2.32		39.57		2.32		2.1352

		3.78		2.62		2.32		39.46		2.32		2.1242

		3.8		2.59		2.32		39.35		2.32		2.115

		3.82		2.56		2.32		39.25		2.32		2.1072

		3.84		2.53		2.32		39.15		2.32		2.0999

		3.86		2.5		2.32		39.05		2.32		2.092

		3.88		2.48		2.33		38.96		2.33		2.0831

		3.9		2.46		2.33		38.87		2.33		2.0721

		3.92		2.43		2.33		38.78		2.33		2.0584

		3.94		2.41		2.33		38.7		2.33		2.0411

		3.96		2.39		2.33		38.6		2.33		2.021

		3.98		2.37		2.33		38.51		2.33		1.9999

		4		2.35		2.33		38.41		2.33		1.9803

		4.02		2.33		2.33		38.3		2.33		1.9665

		4.04		2.32		2.33		38.2		2.33		1.9604

		4.06		2.3		2.34		38.08		2.34		1.9606

		4.08		2.28		2.34		37.97		2.34		1.9632

		4.1		2.26		2.34		37.86		2.34		1.9635

		4.12		2.25		2.34		37.75		2.34		1.9571

		4.14		2.23		2.34		37.64		2.34		1.9412

		4.16		2.22		2.34		37.53		2.34		1.917

		4.18		2.21		2.34		37.43		2.34		1.8902

		4.2		2.19		2.34		37.33		2.34		1.8661

		4.22		2.18		2.34		37.23		2.34		1.8477

		4.24		2.16		2.34		37.13		2.34		1.8372

		4.26		2.15		2.35		37.04		2.35		1.8349

		4.28		2.14		2.35		36.96		2.35		1.8365

		4.3		2.13		2.35		36.88		2.35		1.8367

		4.32		2.12		2.35		36.8		2.35		1.8322

		4.34		2.11		2.35		36.73		2.35		1.8223

		4.36		2.1		2.35		36.65		2.35		1.8069

		4.38		2.1		2.35		36.58		2.35		1.7892

		4.4		2.1		2.35		36.5		2.35		1.7735

		4.42		2.1		2.35		36.43		2.35		1.7642

		4.44		2.11		2.36		36.35		2.36		1.7607

		4.46		2.11		2.36		36.27		2.36		1.76

		4.48		2.12		2.36		36.2		2.36		1.7605

		4.5		2.13		2.36		36.12		2.36		1.76

		4.52		2.14		2.36		36.05		2.36		1.7562

		4.54		2.15		2.36		35.99		2.36		1.7494

		4.56		2.17		2.36		35.92		2.36		1.7415

		4.58		2.19		2.36		35.86		2.36		1.7342

		4.6		2.19		2.36		35.79		2.36		1.7269

		4.62		2.18		2.37		35.73		2.37		1.7193

		4.64		2.18		2.37		35.67		2.37		1.7121

		4.66		2.17		2.37		35.6		2.37		1.7056

		4.68		2.17		2.37		35.53		2.37		1.6993

		4.7		2.17		2.37		35.46		2.37		1.6937

		4.72		2.16		2.37		35.39		2.37		1.6909

		4.74		2.15		2.37		35.32		2.37		1.6909

		4.76		2.14		2.37		35.25		2.37		1.6926

		4.78		2.13		2.37		35.18		2.37		1.6947

		4.8		2.11		2.37		35.12		2.37		1.6965

		4.82		2.1		2.38		35.06		2.38		1.6965

		4.84		2.09		2.38		35		2.38		1.6942

		4.86		2.08		2.38		34.94		2.38		1.6904

		4.88		2.07		2.38		34.89		2.38		1.6866

		4.9		2.06		2.38		34.83		2.38		1.6837

		4.92		2.05		2.38		34.77		2.38		1.6809

		4.94		2.03		2.38		34.72		2.38		1.6769

		4.96		2.02		2.38		34.67		2.38		1.6707

		4.98		2.01		2.38		34.62		2.38		1.662

		5		2		2.39		34.57		2.39		1.6523

		5.1		1.94		2.39		34.52		2.39		1.644

		5.2		1.89		2.39		34.46		2.39		1.6385

		5.3		1.83		2.39		34.41		2.39		1.6364

		5.4		1.77		2.39		34.36		2.39		1.6364

		5.5		1.71		2.39		34.31		2.39		1.6362

		5.6		1.66		2.39		34.26		2.39		1.6345

		5.7		1.62		2.39		34.21		2.39		1.6305

		5.8		1.6		2.39		34.16		2.39		1.6257

		5.9		1.66		2.4		34.12		2.4		1.6208

		6		1.75		2.4		34.07		2.4		1.6151

		6.1		1.85		2.4		34.02		2.4		1.6089

		6.2		1.92		2.4		33.97		2.4		1.6016

		6.3		1.97		2.4		33.92		2.4		1.594

		6.4		1.99		2.4		33.87		2.4		1.5886

		6.5		1.96		2.4		33.82		2.4		1.5876

		6.6		1.94		2.4		33.77		2.4		1.5919

		6.7		1.94		2.4		33.73		2.4		1.6002

		6.8		1.95		2.41		33.68		2.41		1.6094

		6.9		1.96		2.41		33.64		2.41		1.616

		7		1.95		2.41		33.59		2.41		1.6172

		7.1		1.95		2.41		33.54		2.41		1.6124

		7.2		1.95		2.41		33.49		2.41		1.6052

		7.3		1.94		2.41		33.45		2.41		1.5981

		7.4		1.92		2.41		33.4		2.41		1.5925

		7.5		1.91		2.41		33.35		2.41		1.5895

		7.6		1.91		2.41		33.31		2.41		1.5891

		7.7		1.9		2.42		33.26		2.42		1.5881

		7.8		1.9		2.42		33.22		2.42		1.5853

		7.9		1.89		2.42		33.17		2.42		1.5807

		8		1.87		2.42		33.12		2.42		1.5762

		8.1		1.84		2.42		33.07		2.42		1.572

		8.2		1.79		2.42		33.01		2.42		1.5684

		8.3		1.74		2.42		32.95		2.42		1.5661

		8.4		1.69		2.42		32.89		2.42		1.5649

		8.5		1.65		2.42		32.83		2.42		1.5639

		8.6		1.61		2.43		32.76		2.43		1.5634

		8.7		1.57		2.43		32.7		2.43		1.5646

		8.8		1.53		2.43		32.65		2.43		1.5659

		8.9		1.5		2.43		32.6		2.43		1.5651

		9		1.46		2.43		32.56		2.43		1.5608

		9.1		1.42		2.43		32.52		2.43		1.5533

		9.2		1.38		2.43		32.48		2.43		1.5429

		9.3		1.34		2.43		32.44		2.43		1.5319

		9.4		1.29		2.44		32.4		2.44		1.5235

		9.5		1.24		2.44		32.35		2.44		1.5192

		9.6		1.18		2.44		32.31		2.44		1.5175

		9.7		1.11		2.44		32.26		2.44		1.5156

		9.8		1.05		2.44		32.21		2.44		1.512

		9.9		0.96		2.44		32.16		2.44		1.5066

		10		0.87		2.44		32.12		2.44		1.4997

		10.1		0.79		2.44		32.07		2.44		1.4933

		10.2		0.71		2.44		32.03		2.44		1.4891

		10.3		0.65		2.45		31.99		2.45		1.4889

		10.4		0.59		2.45		31.94		2.45		1.4922

		10.5		0.57		2.45		31.89		2.45		1.4974

		10.6		0.6		2.45		31.83		2.45		1.5028

		10.7		0.73		2.45		31.77		2.45		1.5066

		10.8		0.94		2.45		31.7		2.45		1.5069

		10.9		1.21		2.45		31.64		2.45		1.5028

		11		1.58		2.45		31.58		2.45		1.4957

		11.1		1.95		2.45		31.53		2.45		1.4887

		11.2		2.29		2.46		31.47		2.46		1.4844

		11.3		2.67		2.46		31.43		2.46		1.4841

		11.4		3.03		2.46		31.38		2.46		1.4867

		11.5		3.31		2.46		31.33		2.46		1.49

		11.6		3.6		2.46		31.28		2.46		1.4912

		11.7		3.88		2.46		31.22		2.46		1.4882

		11.8		4.16		2.46		31.17		2.46		1.4815

		11.9		4.44		2.46		31.1		2.46		1.4739

		12		4.64		2.47		31.04		2.47		1.4683

		12.1		4.85		2.47		30.97		2.47		1.4662

		12.2		5.07		2.47		30.9		2.47		1.467

		12.3		5.23		2.47		30.84		2.47		1.4695

		12.4		5.39		2.47		30.78		2.47		1.4709

		12.5		5.57		2.47		30.72		2.47		1.4695

		12.6		5.65		2.47		30.67		2.47		1.4654

		12.7		5.74		2.47		30.63		2.47		1.4595

		12.8		5.85		2.47		30.59		2.47		1.4535

		12.9		5.91		2.48		30.56		2.48		1.4491

		13		5.98		2.48		30.52		2.48		1.4471

		13.1		6.03		2.48		30.48		2.48		1.4476

		13.2		6.06		2.48		30.43		2.48		1.4501

		13.3		6.07		2.48		30.38		2.48		1.4535

		13.4		6.07		2.48		30.33		2.48		1.4571

		13.5		6.07		2.48		30.27		2.48		1.4599

		13.6		6.07		2.48		30.22		2.48		1.4611

		13.7		6.07		2.49		30.16		2.49		1.4607

		13.8		6.06		2.49		30.1		2.49		1.4583

		13.9		6.05		2.49		30.04		2.49		1.454

		14		6.02		2.49		29.98		2.49		1.4484

		14.1		5.99		2.49		29.93		2.49		1.4412

		14.2		5.95		2.49		29.87		2.49		1.433

		14.3		5.9		2.49		29.81		2.49		1.423

		14.4		5.82		2.49		29.76		2.49		1.4116

		14.5		5.74		2.49		29.7		2.49		1.3996

		14.6		5.67		2.5		29.65		2.5		1.3882

		14.7		5.61		2.5		29.59		2.5		1.3794

		14.8		5.52		2.5		29.54		2.5		1.375

		14.9		5.44		2.5		29.48		2.5		1.3755

		15		5.37		2.5		29.43		2.5		1.3794

						2.5		29.38		2.5		1.3835
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						2.51		29.24		2.51		1.3693
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MASTI on Proteus, 19-Mar—2000
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These water vapor weighting functions reflect the radiance sensitivity of the specific channels
to a water vapor % change at a specific level (equivalent to dR/dInqg scaled by dInp).
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