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Daily average solar imadiance (W/m3)
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(Wm—2) (Hatzianastassiou et al., 2005)
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Figure 10. (3) Daily-averaged total solar irradiance (Wm*) from 1978 to present: all measurements made from
satellites. (b) Composite record obtained by inter-calibration of the data from the individual instruments=.
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TABLE 1. Global mean clear- and all-skv 5W, LW, and net TOA radiative fluxes, solar irradiance, and CRE for satellite-based data
products (units in W m™").

CERES
SEBAV (- SEBAV(-
ES-4 nonGEC EC GEWEX SEB
Product name EEBE 54 Ed?_revl Ed2D_revl Ed2D_revl Version 286 ISCCPFD

Time penod 02/85 — 01/R9 0300 — 0220005

Solar irradiance 13 313 3413 3413 3418 Mls
LW { All skv) 1352 30.0 237.7 237.1 2404 158
SW (Al Skv) 101.2 a8.3 6.6 o 101.7 105.2
Net (All Sky) 49 4.0 70 6.5 —03 0.5
LW (Clear Skv) 264.9 266.6 266.4 26d.1 268.1 262.3
SW (Clear Skv) 536 493 51.2 51.1 545 54.2
MNet (Clear Sky) 228 254 BT 6.2 19.2 25.0
LW CRE 29.7 276 2B.7 70 20T 26.5
=W CEE —47.6 —49.0 —454 —46.6 —47.2 —51.0

NET CRE -17.9 —21.4 —16.7 —19.7 — 195 —24.5




GEO - NONGEO All-sky TOA Longwave Flux

ll-sky TOA Shortwave Flux
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FIG. 1. Annual mean TOA flux difference between (left) CERES ERBE-like and CERES SRBAVG-nonGEO
and (right) CERES SRBAVG-nonGEO and SRBAVG-GEO for (a), (b) LW; (c), (d) SW; and (e), (f) net for the
vear 2002.



NASAIGEWEX

SRBRelease 30  Trenberth Fhangend
(NASA LaRC) et al. L i2004)  (2008)
24-Year Mean (1984-2007) (2009 e ) PEC AR
: *  CERES/ 1-raar e
Main - CCM3 Mean Models
Models G Maodels B (1984-2004)
SRAF W Down 1888 182.1 184 180.2
SRF W Nt 168.6 150.5 181 185.0 161.8
SRF LW Down 343 8 W75 933 3438 937 5
SRF LW Nat 52 A 513 A3 408 55,6
SAF Total Nat 114.0 108.3 g 116.3 1062
SRF W CRF _58.0 £10 530 572
SRF LW CRF 335 343 - 25
SAF Total CRF 75 4 I7H 235
TOA SW Hat 240 4 — 739 I3I6.5
TOA LW Nat 2378 — -239 -233 9 -233.7
TOA SW CRF AT 5 - - =500 A8
TOA LW CRF 97 4 — 758
TOA Hat CRF 201 — 243

Table 1. 24-year (1954-2007) global averaged radiaiive flux componenis
at the surface (SRF) and TOA from SRB Release 3.0. The quality-check
(QC) algorithms provide estimates of surface fluxes. Fluxes from ISCCP
FD (Zhang and Rossow ef al., 2004), Trenberth at al (2009), and Wild
(2008} are included for comparisen. CRF: Cloud Radiative Forcing. The
annual averaged total solar irradiance: FO=50/4 where 50 is the solar
constant. 50=1365 Wm™ for Trenberth et al resulis and 1367 Wm™ for
all others.
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SW down SWup SH LH Wup LW down

Surface
imbalance

Observations 18846 2343 24+7 88+10 39845 34569 0.6%17

CMIP5

Min 1819 211 176 784 3919 3264
(Mean)  (190.3) (249) (20.9) (85.8) (397.5) (339.7)
Max  196.2 303 278 936 3981 34/0

Observed and climate model deduced energy fluxes and uncertainties (all in Wm-2) at the
surface (Stephens et al., 2012). ‘SW in’ and ‘SW out’ refer to the incoming and outgoing
(reflected) solar fluxes at the top-of-atmosphere (TOA) and ‘LW out’ is the outgoing
longwave radiation. Similarly ‘SW down’ and ‘SW up’ refer to downward and upward
(reflected) solar fluxes at the surface, and ‘LW up’ and ‘LW down’ refer to the upward
emitted flux of longwave radiation from the surface and the downward longwave flux
emitted from the atmosphere to the surface, respectively. SH and LH refer to latent and
sensible heat fluxes.



Shortwave Downward Flux at Surface and Cloud Amount
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Global shortwave downward flux (w/n?)
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Table 1 Estimated averaged Insolation over land surfaces (Wm™)

IPCC AR4 GCM
model simulations and
two satellite products

dataset ISCCP-FD NRA ERA-40 JRA[125] | Trenberth AMIPII GEBA IPCC AR4 GEWEX
[125] [125] [125] et al. GCMs mean GCM
[125] mean [140] mean
[140]
Feb. 190.1 224.1 177.2 206.4 178 169 175
1985-
April
1989
Mar 2000 188.8 225.4 - 207.4 184.7 182.4
- May
2004

Liang, S., K. Wang, and X. Zhang, M. Wild, (2010), Review of estimation of land surface radiation and
energy budgets from ground measurements, remote sensing and model simulation, |IEEE Journal of Special
Topics in Applied Earth Observations and Remote Sensing, 3:225-240.
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Global radiation for Europe for sites with more than 50 years observation
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DIMMING BRIGHTENING

1950s-1980s 1980s-2000s

: > ?hs -’f i
s v.mu ,m Q,

GH' SSR SH LH LW4 LWV GH' SSR SH LH

Fic. |. Schematic representation of “dimming” and “brightening” periods over land surfaces. (left) During
dimming (1950s-80s) the decline in surface solar radiation (SSR) may have outweighed increasing atmospheric
downwelling thermal radiation (LW.!) from enhanced greenhouse gases and effectively counteracted global
warming, causing only little increase in surface thermal emission (LWT). The resulting reduction in radiative
energy at Earth’s surface may have attenuated evaporation and its energy equivalent, the latent heat flux (LH),
leading to a slowdown of the water cycle. (right) With the transition from dimming to brightening (1980s-
2000s), the enhanced greenhouse effect has no longer been masked, causing more rapid warming, stronger
evaporation/LH, and an intensification of the water cycle. Yalues denote best estimates of overall changes in
surface energy fluxes over both periods in W m™ (ranges of literature estimates for SSR dimming/brightening
in parentheses). Positive (negative) numbers, shown in red (blue), denote increasing (decreasing) magnitudes
of the energy fluxes in the direction indicated by the arrows. Changes in ground heat flux (GH) and sensible
heat flux (SH) are considered small compared to the above mentioned flux changes.
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Trend in Cloud fraction (% ya'1)
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Figure 6. Linear trend of daily total cloud coverage from 1973 to 2008. The monthly total cloud cover
fraction anomaly is derived and used to calculate the linear trend using the Mann-Kendall trend test
method, and only stations that pass the 95% significance level in the Mann-Kendall trend test are shown.
Some sites over North America and some European countries changed the observational method from
human visual observations to instrument observations during the 1990s and are excluded because they
show obvious discontinuities in total cloud coverage.

Wang, K., B. Dickinson, M. Wild, S. Liang, (2010), Evidence for Decadal Variation in Global Terrestrial Evapotranspiration between 1982 and
2002, Part 1: Model Development”, Journal of Geophysical Research - Atmospheres 115, D20112



AOD Anomaly AOD Anomaly AOD Anomaly

AOD Anomaly

Wang, K., R. Dickinson and S. Liang, (2009), Clear sky visibility has
decreased over land globally from 1973 to 2007,Science, 323, 1468-1470

0.05

—-0.05

0.05

—-0.05

—-0.05

0.05

Global

1975 1980 1985 1990 1995 2000 2005
Morth America

1975 1980 1985 1990 1995 2000 2005
Europe

L

1875 1980 1985 1990 1995 2000 2005
Australia
. , 7
L] .z ..: % » 5§

5 " " " "
1975 1980 1985 1990 1995 2000 2005

Year

AQOD Anomaly AOD Anomaly AOD Anomaly

AOD Anomaly

Asia (South)

" -
4

1975 1980 1985 1960 1995 2000 2005
Asia (Morth)

1975 1980 1985 1990 1995 2000 2005
Africa

1975 1980 1985 1990 1995 2000 2005
South America

1975 1980 1985 1900 1995 2000 2005
Year

Liang



Observed tendencies in surface solar radiation
1950s5-1980s | 1980s-2000 | after 2000

USA -6

Europe -3

China/Mongolia | -7

Japan -5

India =

Vi

Fic. 2. Changes in surface solar radiation observed in regions with
good station coverage during three periods. (left column) The 1950s-
|1980s show predominant declines ("dimming"), (middle column)
the 1980s-2000 indicate partial recoveries ("brightening') at many
locations, except India, and (right column) recent developments af-
ter 2000 show mixed tendencies. Numbers denote typical literature
estimates for the specified region and period in W m™ per decade.
Based on various sources as referenced in Wild (2009).



0.5 — —

!
*VAVM\/\/\JW -

i early brightening dimming brightening _|

1.0 — —

1900 1920 1940 1960 1880 2000
Year

Figure 9. Observed 2-m temperature anomalies over global land surfaces during the 20th century. There
is indication for a suppression of greenhouse-induced warming through “global dimming™ between the
1950s and 1980s, and an enhancement through “*brightening”™ between the 1920s and 1940s as well as
from the 1980s onward. Anomalies with respect to the 20th century average. Units are °C. Adapted from
Wild et al. [2007].



Precipitation
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mm
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Year

I
dimming brightening

FiGc. 5. Observational estimates of annual precipita-
tion anomalies from 1950-2008 over the NH land
masses. Data are from the Global Historic Climate
Network (Peterson and Vose 1997). Reference period
for anomalies is 1961-90; Il-yr running mean in blue.
Units are mm.

Liang



Impacts of diffuse radiation on LUE & EF

Liang

« Clouds and aerosols increase the diffuse component of the
solar radiation;

& We are producing both direct and diffuse insolation/PAR,;

& Wang, K, R. E. Dickinson, and S. Liang (2008).
Observational evidence on the effects of clouds and
aerosols on net ecosystem exchange and
evapotranspiration. Geophysical Research Letter, 35,
doi:10.1029/2008GL034167

- Light Use Efficiency (LUE) is 19.4% and 203% larger for patchy
clouds, and thick clouds than those for clear skies while LUE is
about -6% for aerosols or thin clouds than those for clear skies.

- Evaporative Fraction (EF) is 15.4%, 17.9% and 23.2% larger for
aerosols or thin clouds, patchy clouds, and thick clouds than those
for the clear sky
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Figure 5. Simulated annual clear-sky surface solar radiation anomalies over the period 1950—-2000 in
different latitude belts of the Northern Hemisphere: High latitudes (60°N—90°N), middle latitudes
(30°N—-60°N), and low latitudes (0°—30°N). Simulations done with the aerosol-climate modeling system
ECHAMS HAM [Stier et al., 2005, 2006]. Reference value is 1950. Units are W m >



g| Current solar radiation products

Liang

& The ISCCP (International Satellite Cloud

Climatology Project) solar radiation products at
280 km (1983-2000);

& The Global Energy and Water Cycle Experiment
(GEWEX) SRB Release 2 has a spatial resolution
of1° x1° ;

& The Clouds and the Earth's Radiant Energy
System (CERES) flux products at 140km;

% GCM reanalysis products (> 1° )



g Need for high spatial resolution products

Liang

& Current global radiation products have coarse spatial
resolution (>1°) but fine temporal resolution (3 hours),
primarily for atmospheric modeling

& Those products do not account for many local features,
such as urbanization.

& Land applications require high spatial resolution (~1km)
but reasonable temporal resolution (e.g., daily)

- Ecosystem modeling (say, MODIS NPP product) requires high-
resolution products (1km)

= Hydrological modeling (ET) at 1km

- Other applications on environmental monitoring (e.g., drought
detection)
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R?, BIAS, RELATIVE BIAS OF SATELLITE PRODUCTS, STD AND RELATIVE STD OF THE DIFFERENCES BETWEEN OBSERVED AND
SATELLITE SURFACE DOWNWELLING SHORTWAVE IRRADIANCE (Wm—2) AT ALL SITES FROM 2000-2002

Sites GEWEX-SRB(AlISky2000-2002) [SCCP-FD (AllSky2000-2002) CERES-FSW({AIllSky2000-2002)
R? | Bias"(%)" | STD(%) R? |  Bias(%) | STD(%) R? |  Bias(%) | STD(%)
Morth America
Bondville 0.91 -6.7(-2.1%) 78.0(25%) 0.89 -12.5(-4%) 83.7(27%) 0.85 14.0(2.7%) 103.2(20%)
Boulder 0.84 -13.5(-4.0%) 107.4(32%) 0.85 -1.9(-0.6%) 106.7(32%) 0.64 9.0(1.5%) 157.0(26%)
Desert_Rock 0.94 -14.2(-3.4%) 74 8(18%) 0.96 -16.2(-3.9%) 62.2(15%) 0.87 20.3(2.9%) 82.0(12%)
Fort_Peck 0.92 -14.6(-5.0%) T0.2(24%) (.88 -6.5(-2.2%) 84.1(29%) (.88 18.9(3.8%) 87.9(18%)
Goodwin 0.95 -0.6(-0.2%) 62.5(19%) 0.88 -1.3(-0.4%) 94.5(28%) 0.89 33.9(6.1%) 87.2(16%)
Penn_State 0.92 -0.6(-0.2%) 69.4(24%) 0.90 2.0(0.7%) 78.6(27%) 0.87 37.9(7.8%) 98.7(20%)
Mean 0.91 -8.4(-2.5%) 77.1(24%) 0.89 -6.1(-1.7%) 85.0(26%) 0.83 22.3(4.1%) 102.7(19%)
Tibetan Plateau
Amdo 0.84 =1.8(-0.5%) 116.9(31%) 0.80 -20.6(-5.4%) 128.5(34%) 0.35 46.5(6.7%) 165.9(24%)
D66 0.87 15.9(4.8%) 88 8(27%) 0.88 24.7(7.5%) R7.7(27%) 057  74.9(13.0%) 124.7(22%)
D110 0.85 -44.6(-10%) 131.0(30%) 0.87 -52(-12.1%) 122 8(29%) 0.21 -58.7(-6.8%) 273.9(32%)
Naqu 0.83 -18.0(-4.7%) 125.2(32%) 0.84 -25.9(-6.7%) 121.7(31%) 0.25 10.0(1.4%) 220.6(31%)
Toutouhe 0.86 -18.5(-4.9%) 107.3(29%) 0.86 -15.1(-4.0%) 110.7(30%) 0.36 40.3(6.0%) 189.0(28%)
Mean 0.85 -13.4-3.1%) 113.8(30%) 0.85 -18.00-4.1%) 114.4(30%) 0.35 22.6(4.1%) 194.8(27%)
Southeast Asia
Sukothai 0.80 -90.2(-22%) 153.8(38%) 0.83 -38.9(-9.7%) 138.1(34%) 040  -118.8(-15%) 204.9(26%)
TakEgat 0.71 8.2(2.6%) 147.1(47%) 0.77 77.1(24.6%) 141.6(45%) 0.42 107.0019%) 161.3(28%)
Kogma 0.74 45.8(14.7%) 139.6(45%) 0.77 69 4(23.0%) 137.6(46%) 0.46 125.1(22%) 170.0(30%)
Bukit 0.72 43.4(12.8%) 122.5(36%) (.68 108.7(32%) 146.1(43%) 0.44 107.5(20%) 161.5(30%)
Palangkaraya 0.79 20.5(5.3%) 113.9(29%) 0.78 65.6(17.1%) 123.0(32%) 0.64 130.7(24%) 110.4(20%)
Sakaerat 0.80 19.0(5.2%) 116.7(32%) 0.81 71.6(19.4%) 119.3(32%) 048  83.8(13.5%) 157.0(25%)
Mean 0.76 7.8(3.1%) 132.3(38%) 0.77 58.9(17.7%) 134.3(39%) 0.47 72.6(13.9%) 160.9(27%)

Gul, S, S. Liang, K. Wang, and L. LI, (2010), Validation of Three
Satellite-Estimated Land Surface Downward Shortwave Radiation
Datasets, IEEE Geoscience and Remote Sensing Letters,7(4):776-780



Japan

Fujivoshida 0.77 =10.7(-3.4%) 123.3(39%) .74 =15.4{-4.9%) 128.2(41%) 0.68 26.1(4.7%) 1 56.5(28%)
Mase .84 351 1% O7.4(32%) 0,79 2.640.9%) 113.0{37%) 83 JOU50010.1%) 106.5(21%)
Takayama 083 1.0 6% 10 9 37%) 081 27.0(%.5%) 109, 9{39%) 079 106, 1023.3%) 133.5029%%)
Tomakomai 0.81 =2.0(=0.7%) 07.5(38%) .63 -6.4(-2.5%) 139.9(54%) 0.72 72.3(17.5%) 129.4{31%)
Teshio 0.77 39.7(17.2%) 107.8{47%%) 0.73 4.642.0%) 111.3(48%) 0.70 77.4(22.2%) 136.3(39%)
Mean (.80 G403, 0%0) 106, 2 39%) 0.74 2.5(1.0%%) 120 5(44%) 0.74 66.5015.6%) 132.4(30%0)
Siberia
Tiksi 0.75 -11.5(-7.3%) £5.2(55%) .82 -4.9{-3 4%) T1.9{50%) 0.82 12.8(5.9%) S1.0{37%)
Yakuisk 0.87 5002 8% T5.R(36%) 088 -0.020(-0%5) T3.8(35%) .89 B2, T% BLI(2T%0)
hean 08l =2 8(-2.3%) B0.5(46%) (.83 =2.5(-1.T%) T2.9043%) [ 10.5(4.3%) B1.1(32%)
Amagon
AbracosHill (.82 =14.4(-3,7%) 114,3(29%) 0.85 23.3(6.0%) 108.2(28%) 0.67 4.6(0.7%) 115.7(18%)
AltaFloresta 085 -12.90-3.4%) [ 12.0030%) 0.87 0.700.2%) 107.3(28%) 073 5.600.8%0 109, 1 16%0)
Balbina 0.83 -4.6(-1.2%) 116.4(31%) .84 28.7(7.7%) 116.2(31%) 0.56 49.2(7.6%) 154.5{24%)
Belterra (.89 1.2(0.3%) 82 .9(26%) .83 16.0(4.5%) 120.2(34%) 0.54 T4.4(12.1%) 138.8(23%)
Cuiaba 0.85 B.4(2.4%) 113.5(32%) 0.88 15.9(4.5%) 102.1(29%) 0.78 35.4(5.7%) 106.2(17%)
Fio Branco 081 =0, 1(-1.5%) 115.5(28%) 0.79 24.706.0%0) 123.7(30%) .66 10UB(1.7%) 133.4021%)
Mean 0.84 -4, 7(-1.2%) 110.8(29%) .84 18.2(4.8%) 113.0{30%) 0.66 30,004 8%) 126.3(20%%)
CGireenland
HumbaldeGl 0.79 =19 3(-8.6%) B1.4(36%) (.88 -30000-13%) 62 T(28%) a1 =78 (-2.8%) 54.8020%0)
MGRIP (.80 =19.7(-8.3%) 91.3(38%) (.85 2T.50-11%) THE(33M) 020 =23.00-8.1%) .9 20%40)
Saddle 0.82 =22 9(-9.5%) 105.4(44%) .89 =20 5(-12%) 81.8(33%) 0.94 =1.7(0.5%) 69.1(20%)
Swiss Camp 079 =45, 3(-20.2%) G7.6043%) 0.87 -36.2(-16%) B0 2036%0 089 -17.80(-5.7% T1.3253%)
Surmmit 087 -13.2(-5.5%) B0.3(34%) 0.91 -35.7(-15%) T2.330%) 90 28 20-8.5%) T3.0{22%)
Tunu-N 0.83 =20.1(-8.5%) 75.4(32%) (0.9 <40.3(-17%) 57.8(24%) 0.94 -18.2(-6.1%) 46.7(16%)
Mean 0.82 23 40-10.1%) ER.6(3E%) .88 -33.20-14%) T2.3(31%) a1 -l6.60-5.1%) 64.3(21%)
Total Mean 0.83 -5.5(-1.9%) 101.3(35%) 0.83 2.3(0.3%) 101.7(35%) 0.69 29.7(6.0%) 123.2(25.1%)

"Bias is calculated by satellite minus ground: "Relative bias is calculated by dividing bias by mean observation. Units are W2

Gui, et al., IEEE GRSL, 2010
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Zhang, X., Liang, S., Wu, H., & Zhou, G. (2012). Mapping Global Incident Downward Shortwave Radiation and Photosynthetically
Active Radiation Over Land Surfaces Using Multiple Satellite Data. Journal of Geophysical Research, revised

Huang, G., Wang, W., Zhang, X, Liang, S., Liu, S., Zhao, T., Feng, J., & Ma, Z. (2013). Validation of GLASS-DSSR products using surface
measurements collected in arid and semi-arid region of China. International Journal of Digital Earth, in revision
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R Square of DSSR validation results at SURFRAD, AERONET,
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R Square of PAR validation results at SURFRAD, AERONET,
AmeirFlux and CarbonEuropelP sites
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C arison with other

Retrieved DSSR ISCCP-FD (CCCM)
Model B E

Site

R2 Bias RMSE R2 Bias RMSE R2 Bias RMSE R2

Bondville 0.87 1468 10497 0.71 -7.06 14988 0.84 129 1195 0.82

FortPeck 0.84 1051 102.75 0.69 9.61 150.37 0.81 53 11240 0.80

Goodwin
Creek

091 -6.29 9954 064 1261 18411 0.69 143 1720 0.66

Penn State 0.85 18.17 1093 0.7 592 15288 0.8/ 69 107.0 0.86

Sioux Falls 0.81 1152 11441 065 37.83 168.85 0.62 -114 1674 0.58

Boulder 081 -128 12638 0.72 6.49 15496 0.34 -120 2493 0.47
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Temperature (K)

Temperature (K)

TRBRAR G 1R IB RS

Albedo m——

Roughness mmmmmm
Evap. Eff.

non-linear term M——

Annual mean change in surface temperature zonally averaged over deforested areas only. The
bottom panel of each figure indicates the relative contribution of change in surface albedo,
change in evapotranspiration efficiency, change in surface roughness, and nonlinear effects.



Albedo-based geoengineering solutions to
offset CO2
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Fig. 1. Schematic overview of the climafe geoengineering proposals considered. Black arrowheads indicate shortwave radiation. white
arrowheads indicate enhancement of natural flows of carbon, grey downward arrow indicates engineered flow of carbon, grey upward arrow
mdicates engineered flow of water. dotted vertical arrows 1llustrate sources of cloud condensation nuclei, and dashed boxes indicate carbon
stores. From Vaughan and Lenton (2009), not to scale.



Part of MODIS FIRST ANNIVERSARY
algorithm for global T E R R A
roduction Science Operations

MODIS
Global White-sky
(bihemispherical) Albedo for the

period 30 Sep - 13 Oct, 2002



Broadband albedo estimation

Liang

Raw data ‘ - BRDF modeling

A 4

albedo conversion

Qroadband albedOS < ﬂ;d to broadband

Flowchart of MODIS albedo algorithm



g | Issues of MODIS albedo algorithm

Liang

&% Atmospheric correction: based on the “dark-object”
method, requiring dense green vegetation canopies;

& Angular modeling: accumulates observations from
multiple (16) days but surface conditions may change;

& Narrowband-broadband conversion: based on empirical
statistical analysis for average atmospheric conditions with
considerable uncertainty;

& Atmospheric correction requires BRDF information &
angular modeling requires atmospherically corrected
surface reflectance;

& Errors associated with each procedure may cancel or
reinforce each other.
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Stroeve, J., J. Box, F. Gao, S., Liang, A., Nolin, and C. Schaaf, (2005), Accuracy assessment of the
MODIS 16-day snow albedo product: Comparisons with Greenland in situ measurements, Remote
Sensing of Environment, 94(1):46-60.



Spatial/temp

oral filtering

Liang

The NASA albedo product has “gaps” due to instrument
malfunction, data missing, and poor retrieval. A gap filling

IS needed.

Fang, H., S. Liang, H. Kim, J. Townshend, C. Schaaf , A.

Stralher, R. Dickinson, (2007),
continuous 1km surface albec

Developing spatially
0 dataset over North

America from Terra MODIS

nroducts, Journal of

Geophysical Research, 112, doi:10.1029/2006JD008377



0.0

North America total shortwave black-sky albedo (DOY 97-112, 2001). (a) The
original MODIS albedo; (b) Derived with the new filter

Fang, H., S. Liang, H.-Y. Kim, J. R. Townshend, C. L. Schaaf, A. H. Strahler, and R. E. Dickinson (2007),
Developing a spatially continuous 1 km surface albedo data set over North America from Terra MODIS products,
J. Geophys. Res., 112, doi:10.1029/2006JD008377.



Broadband albedo estimation
Joint Polar Satellite System (JPSS)

Liang

Raw data ‘—’ BRDF modeling

f?

A 4

albedo conversion

Qroadband albedOS < ﬁld to broadband

Liang, S., (2003), A direct algorithm for estimating land surface broadband albedos from
MODIS imagery, IEEE Trans. Geosci. Remote Sen., 41(1):136-145;

Liang, S., J. Stroeve and J. Box, (2005), Mapping daily snow shortwave broadband albedo
from MODIS: The improved direct estimation algorithm and validation, Journal of
Geophysical Research. 110 (D10): Art. No. D10109.
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& This algorithm has been used as the default
algorithm for the VIIRS (Visible/Infrared
Imager/Radiometer Suite) in the JPSS
program



Developing GOSE-R algorithm as a NOAA
GOES-R Land Science Team member



ﬁ Illustration of the proposed GOES-R ABI
albedo algorithms
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Qu, Y., Liu, Q., Liang, S., Wang, L., Liu, N., & Liu, S. (2013). Improved direct-estimation algorithm for mapping
daily land-surface broadband albedo from MODIS data. IEEE Transaction on Geoscience and Remote Sensing,

doi: 10.1109/TGRS.2013.2245670

Liu, N,, Liu, Q., Wang, L., Liang, S., Wen, J., Qu, Y., & Liu, S. (2013a), Liu, N., Liu, Q., Wang, L., Liang, S., Wen, J.,
Qu, Y., & Liu, S. (2013). A statistics-based temporal filter algorithm to map spatiotemporally continuous
shortwave albedo from MODIS data. Hydrology and Earth System Sciences, doi:10.5194/hess-5117-5191-2013
Liu, Q.,, Wang, L., Qu, Y., Liu, N., Liu, S., Tang, H., & Liang, S. (2013b). A Preliminary Evaluation of GLASS Albedo
Product. International Journal of Digital Earth, in press
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Fig. 1 Inter-comparison of 30-year global albedo climatology derived from
satellite products and IPCC AR5 model outputs.
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Fig. 5 (a) Digital elevation model of Greenland from USGS
GMTED data divided into 8 levels: sea level and below
(white), £500m (green), 501-1000m (blue), 1001-1500m
(yellow), 1501-2000m (cyan), 2001-2500m (magenta),
2501-3000m (maroon), and above 3000m (red); (b)
Annual July albedo change rate over Greenland from
GLASS products in 2000-2012.

Table 1 Surface albedo changes over different elevations

Elevation Annual change rate

(m) 1981-2000 2000-2012

<500 0.0004 -0.0006
501~1000 0.0001 -0.0035**
1001~1500 -0.0002 -0.0059***
1501~2000 0.0004 -0.0031**
E 2001~2500 0.0005* -0.0024**
2501~3000 0.0005** -0.0015*
>3000 0.0006** -0.0001

-0.010 —0.007 -0.003 o 0.003  0.007  0.010

He, et al. 2013b

B0°W 72°W 54 56°W 8w
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Fig. 6 Surface albedo changes over the entire Greenland from GLASS data
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Fig.1 Monthly averages of longwave downward radiation from two satellite products (ISCCP and GEWEX) and different GCMs

in the IPCC AR4.
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Estimation of downward longwave radiation

1). Empirical methods e
2). Calculating downward flux using
atmospheric profiles

3). Calculating downward flux from TOA
radiance directly

Wang, K., and S. Liang, (2009), Global atmospheric downward longwave radiation under all-sky
conditions from 1973 to 2008, Journal of Geophysical Research, 114, D19101,
doi:19110.11029/12009JD011800

Wang, W. & S. Liang, (2009), Estimating High-Spatial Resolution Clear-Sky Land Surface
Downwelling and Net Longwave Radiation from MODIS Data, Remote Sensing of Environment,
113:745-754

Wang, W., & S. Liang, (2010). A Method for Estimating Clear-sky Instantaneous Land Surface

Longwave Radiation from GOES Sounder and GOES-R ABI Data. IEEE Geoscience and Remote
Sensing Letters, 7, 708-712



Trend in Downward Longwave Radiation (WY m2 ya'1)

04 03 -0Z -0.1 0 0.1 0.2 0.3 0.4
Linear trend of daily (L,) over 3200 global weather stations where data are available for at least 300 months
(35 years) during the period of 1973-2008.

Wang, K., and S. Liang, (2009), Global atmospheric downward longwave radiation under all-sky conditions
from 1973 to 2008, Journal of Geophysical Research, 114, D19101, doi:10.1029/2009JD011800



Estimating LWDN (MODIS)

Physical Method

& Using MODIS Profiles & MODTRAN4
& Problems:
= LWDN dominated by near surface temp. & moisture
= MODIS profiles are coarse (20 levels)
» 1000, 950, 920, 850, 800, 700, 620, 500, 400, 300,
250, 200, 150, 100, 70, 50, 30, 20, 10, 5 hPa
- Large errors, especially over high elevation sites

Penn State Boulder

Bias: -13.62
RMSE: 22.45
Slope: 0.89

Bias: -19.51
RMSE: 37.26
Slope: 1.13
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Atmosphere Profiles Database

Profiles
Ancillary parameters

MODTRAN4

Thermal Path Radiance
Surface-TOA Transmittance

Spectral downwelling longwave radiation

Integrated LWDN

Emissivity Library
Spectral Emis Spectra
Broadband Emis

Spectral Surface
Longwave emission

Spectral
Response
Function

h———!———————!————-l

— N
N A

TOA Radiance
LWDN

— N
N A

TOA Radiance
LWUP
Ancillary parameters

Ancillary parameters

\_'/

Clear-Sky
LWDN Models

\_’/

Clear-Sky
LWUP Models

Framework of Hybrid Methods




Estimating LL\VWD N :validation (Aqua)

Liang
Bondville (Aqua) Sioux Falls (Aqua) Penn State (Aqua)
o i, A= R /1 % Results similar to
2 7 ) « A 8 Terra

3 - . g g )

3 %" B ot :*i:i:< § EN ;"_.:

E 8 v ié g : 5 3 g & 4 .

3 S 3 1 3 PR A -

B It 2 e X ; S & Smaller RMSEs in
o AR a 4 p . ¢ E ,. :

| Agua-derived LWDN
% 5 I B - Smaller systematic

Ground-Measured LWDN Ground-Measured LWDN Ground-Measured LWDN

Desert Rock (Aqua) Fort Peck (Aqua) Boulder (Aqua) erro rS i n Aq u a. (Li u et.
4 Al, 2006)

- Diff. overpass times
- diff. atmospheric

Bias: -10.03 v oy = Bias: -2.75 2 Bias: 5.4
8 RMSE : 17.86 5 RMSE : 13.82 B ’ g RMSE : 16.35

3 g d. -
: condaitions
5 8 8

I s at 2

Avg. RMSE: 17.60 W/m2
¢ 1By Avg. Bias: -0.40 W/m2

Ground-Measured LWDN Ground-Measured LWDN Ground-Measured LWDN

day/fallwinter

_ night/fallwinter
Nonlinear Models day/springsummer




Table 5. R®, Bias, Relative Bias of Satellite Products, STD, and Relative STD of the Differences Between Observed and Satellite-
Estimated Clear-Sky LWDN at All Sites for 2003 (Wm )

GEWEX-SRB ISCCP-FD CERES-FSW MODIS
Sites R* Bias(%) STD(%) R Bias(%) STD(%) R Bias(%) STD(%)  R? Bias(%) STD{ %)
North America
BON 086 —17.7(-5.6) 21.6(68) 062 -52(-16) 321(10.0) 095 3L 15.0(5.0) 088 -54-18) 22374
TBL 079 -23.6(-8.1) 18.4(63) 058 1%.864) 320(108) 086 —6.4(-2.2 18.5(6.5) 087  1.3(0.5) 18.6(6.5)
DRA 094 -209(-9.9) 1L437) 076 26.5(86) 22.8(74) 095 -17.7(-5.8) 1L.7(3.8) 084 -182(-59) 20.26.5)
FPK 0.85 16.5(-5.7) 203700 078  5.6(1.9) 282(9.8) 092 -36(-13) 17963 093 —47N-1L7T) 157(5.6)
GWN 086 -199(-5.9) 19.7(59) 054 -13.0(-39) 32.6(9.8) 094 —63(-2.0) 1527 081 8.2(-2.6) 27.4(8.5)
PSU 085 =217(-7.1) 2L37.0) 064 72024 3L.7(104) 092 1.2(0.4) 16.4(5.4) 086 -73(-24) 19.5(6.5)
Mezn 086 -21.55(-7.1) 18.86.1) 065 672.3) 200(9.7) 092 -49%-1.6) 158(53) 087 -7.1(-23) 20.6(6.8)
K g -Tibetan Plateau
Amdo 0.72 8.8(-5.2)  183(109) 0.39 344(21.9) 246(156) 063 L.(-0.6) 21.2(12.3) 049 160(94) 36.2(21.2)
BJ 085 -226(-10.9) 18.2(88) 058 396221.5) 257(13.9) 083 -7.3(-3.7) 18009.1) 060 263(13.3) 36.418.5)
D105 072 7.1(-4.0) 246(140) 049 283(17.0) 355214) 081 L%-1.1) 19.7(11.3) 054 17.4(9.9) 34.920.0)
Giaize 087 -222(-11.3) 13.3(6.8) 050 216(11.0) 37.7(193) 087 -138(-6.8) 158(7.8) 081 164(8.0) 26412.9)
QHB 0.81 25(-1.2)  23.7(109) 055  422.1) 39.5(194) 081 -106(—<47) 23.5(106) 069 0.00.0) 32.1{14.5)
Mezn 079 -12.6(-6.5) 196(103) 0.50 256(147) 326(17.9) 079 —69%-34) 19.6(10.2) 063 152(8.1) 332(17.4)
Soneth ecnsl Asig
MEL 0.65 19.1(-4.9) 16.5(43) 039 -35-09) 21857 010 -197(-50) 295(7.4) 0. 25.4(-64) 17.3(4.4)
SKR 054 -143(-3.7) 13.835 042 -6l1(-16) 17.14.4) 071 -13.1(-34) 1052.7) 055 -165(-43) 12.7(3.3)
Mezn 060 -167(—4.3) 15.2(3.9) 041 -48(-13) 195(5.1) 041 -164(-42) 200(5.1) 061 =210(-54) 15.03.9)
Japarn
TKY 059 -41.5(-12.9) 34.1(10.6) 056 -14.5(-44) 369(113) 066 -167(-54) 226(7.2) 082 -298(-95) 16.1(5.2)
TME 0.73 19.8(-6.4) 23.47.6) 066 -50-17) 27704 077 -122(-<40) 1986.6) 087 -17.7(-59) 145(4.8)
Mean 066 -307(-9.7) 28.89.1) 061 -98(-3.1) 323(104) 072 -145(—47) 21.2(6.9) 085 -238(-7.7) 153(5.0)
Four Regions Combined
All Mean 073  -204(-6.9) 20.6(74) 054 44032) 286(108) 071 -107(-3.5) 192(6.9) 074 -92-18 2L0EK.3)

Gui, S, Liang, S.L., & Li, L. (2010). Evaluation of satellite-estimated surface longwave radiation using
ground-based observations. Journal of Geophysical Research-Atmospheres, 115(D18): D18214, doi:

10.1029/2009JD013635
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Fig.2 Monthly averages of longwave upwelling radiation from two satellite products (ISCCP and GEWEX) and different GCMs
in the IPCC AR4.
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MODIS split-window algorithm for
determining surface skin temperature

Liang
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ﬁ Emissivity determination

& Vegetation indices (AVHRR)
& Land cover classification (MODIS)

& Multispectral inversion method (MODIS &
ASTER)

& Hyperspectral data

- Cheng, J., S. Liang, Q. Liu, X. Li, (2011), Temperature
and emissivity separation from ground-based MIR
hyperspectral data, IEEE Transactions on Geosciences
and Remote Sensing, 49(4): 1473-1484

- Cheng J., S. Liang, J. Wang, and X. L1, (2010), A
Stepwise Refining Algorithm of Temperature and
Emissivity Separation for Hyperspectral Thermal
Infrared Data, IEEE Transactions on Geosciences and
Remote Sensing,48(3), 1588-1597

Liang



ﬁ Multiple-band methods for determining both
LST and emissivity

Liang

& Wan, Z.,&L1I, Z. -L. (1997). A physics-based algorithmfor
retrieving land-surface emissivity and temperature from
EOS/MODIS data. IEEE Transactions on Geoscience and
Remote Sensing, 35(4), 980—996.

& Gillespie, A. Rokugawa, S. Matsunaga, T. Cothern,
J.S. Hook, S. Kahle, A.B (1998), A temperature and
emissivity separation algorlthm for Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER)
Images,., IEEE Transactions on Geoscience and Remote
Sensing, 36 (4): 1113-1126

% Liang, S. (2001). An optimization algorithm for separating
land surface temperature and emissivity from multispectral
thermal infrared imagery. IEEE Transactions on
Geoscience and Remote Sensing, 39(2), 264—274.



.+ Convert narrowband emissivity to
J broadband emissivity

Liang

MODIS
£=0.227+0.188¢,, +0.217¢,, +0.359¢,,

Jin, M., S. Liang, (2006), Improved emissivity

parametrization for land surface modeling using

global remote sensing observations, Journal of
Climate. 19(12):2867-2881.



Estimating LWUP

(1)Temperature-Emissivity Method Liang

2 T, MODIS LST (MOD11_L2
F, :gj; B(T,)dA+ (A—&)F, ( --2)

& Broadband emis (derived
from MOD11B1)

(2) Hybrid Method
& Following the framework for hybrid methods

¥ Emissivity Effect 5 Models in total
« UCSB Emissivity Library (59 spectra)
« ~2000 MODIS Profile

& Statistical Analysis
» Linear SULR Models (R?: 0.990, RMSE< 5.42 W/m?)

F =a,+al,,+a,L,, +a,L,,

u

- Artificial Neural Network (ANN) Models
(R?: 0.996 RMSEs<3.7 W/m?)




Representative thermal space-borne RS systems

Sensors Wavebands (um) # of Spatial
bands resolution
3.55-3.93 1
AVHRR 10.30 ~12.50 p | Ltkm
3.66 — 4.08 3
MODIS 8.400 — 13.48 4 | Lkm
3.55-3.93 1 1km
ATSR/ATSR-2/AASTR 104—-125 5
ASTER 8.125 - 11.65 5 90m
TM/ETM+ 10.00 -12.90 1 120m/60m
MSG-SEVIRI 8.30-13.0 3 3km at nadir
FY-3 3.7—-4 2 1.1km
9.59 — 13.49 4
GOES 10.2 -12.5 2 4km at nadir
GMS(Geostationary 35-4.0 1 4km at nadir
Meteorological Satellite) 10.3- 125 1
HJ-1B 3.50 - 3.90 1 150m
10.5-12.5 1 300m
METOP-IASI 3.2-15.5 (645-2760 cm™) | 8461 |12km




Estimating LWUP: validation

Bondville, IL (Aqua) Bondville, IL (Aqua) Bondville, IL (Aqua)
Bias: -13.17 Bias: -7.36 . Bias: —4.07
3 RMSE : 17.55 e 2 RMSE : 14.98 I A g AMSE  12.64
. g 3 * ,
=
= g g
-g 2 . % o % 2
g - : g = 3
- 4 3 3
5 . . j
2 it 4=
g A 4
) ©¥  Temperature £
#] Emissivity & Hybrid Method :1 /" Hybrid Method
A Method . Linear model ¢ ANN model
300 350 400 450 500 3(I)o 350 4cl)o 450 560 3cl)0 350 4cl)0 4I50 5clm
Ground-Measured LWUP Ground—Measured LWUP Ground-Measured LWUP

Bondville, IL (cropland, elevation 213 m)

Smaller RMSEs in Aqua

*Hybrid method outperforms temperature-emissivity method
* ANN model outperforms linear model

Wang, W.,, S. Liang & J. A. Augustine, (2009),Estimating Clear-Sky Land Surface Upwelling

Longwave Radiation from MODIS Data. IEEE Trans. Geosci. and Remote Sens. 47(5):1555-
1570



MODIS LST validation

Liang
Summary of validation sites
Site Latitudea Land cowver Canopy Elevation Time period #of data Instrument Field Of Measurement
Longinde height (m) (m) points view height {m)
Brookings, South Dakota, 44 34529 CGrassland 0.2-04 510 2004/113 Hd Apopee IR kLS 4
LISA S6.HI61T 2005/62 Radiometer
Audubon Research Ranch, F1.59073  Grassland 0.1-02 GH5 2002/159 466 Apopes IR kLS 4
Arizona USA 11051038 2005063 Radiometer
Canaan Valley, West Virginia, 0633 Grassland 0.1-035 GHE 2004/46 36 Apopee IR kLS 4
LIsA T A0 2004307 Radiometer
Black Hills, South Dakota, 4415438 Conifer Forest 1315 Albout 20004232 126 Apopes IR A 24
LISA 103.6428 1700 2004143 Radiometer
Fort Peck Indian Reservation, 4530768 Grassland 0.2-0.4 634 200ve] 531 Apopes IR kLS A5
Montana, USA 105. 10183 2005/146 Radiometer
Hainich, Germany 5107920 Mixed broadleaf 33 445 2004451 95 Schulzet 1807 44.0
1045218 Fomest 2005/147 radiometer
Tharandt, Germany 50.96361 Conifer Forest 26 360 200477 B2 Heitromes IR Only canopy 42,0
13.566594 2004330 pyrometar 15 viewed
Bondwille, Ilinois USA 40,0621 Cropland MA 213 2000056 340 Apopee IR kLS H-10
88.29041 (cormn/soybean) 20035/050 Radiometer

Wang, W.,, S. Liang, and T. Meyer, (2008), Validating MODIS land surface temperature
products, Remote Sensing of Environment,112:623-635



MODIS LST validation

Liang
Summary of validation results

site MODII_LZ2 (7C) MODOT_L2 (FC)
Bias (MOD-(3T) RMSE Bias (MOD-(T) RMSE

Brookmgs .62 1.63 1.30 1.97
Audubon 072 1.31 2.9% 374
Canaan Valley 04 1.42 1.20 208
Black Hills .15 1.44 al4 4. 10
Fort Peck 2.19 2.51 .34 270
Hainich 2.21 2.51 2.12 2.58
Tharandi 323 344 338 373
Bondwville 309 3.4l 0.16 2.50

Wang, W.,, S. Liang, and T. Meyer, (2008), Validating MODIS land surface temperature
products, Remote Sensing of Environment,112:623-635
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calculated from MODIS
Collection 4 (green dot)
and Collection 5 (black
star) monthly emissivity

products and ASTER
daily emissivity products

(red plus sign) at a
resolution of 0.05° at six
SURFRAD sites.

Wang, K., and S. Liang, (2009),
Evaluation of ASTER and
MODIS land surface temperature
and emissivity products using
surface longwave radiation
observations at SURFRAD sites,
Remote Sensing of Environment,
113:745-754



The emissivity impact on ground temperature in the coupled
CAMZ2/CLM2 model, control run minus sensitivity run. Unit is K.

CAM2/CLM2, Daily averaged Tg - Tg @em=0.86, Sep.

-1a 1.2 -9 -28 -0.3 a 0.3

Jin, M., and S. Liang, (2006), Impacts of the MODIS broadband
emissivity on GCM simulation, J. Climate, 19:2867-2881.
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Cheng, J., S. Liang, Y. Yao, X. zhang (2013). "Estimating the Optimal Broadband Emissivity Spectral
Range for Calculating Surface Longwave Net Radiation." IEEE Geoscience and Remote Sensing
Letters 10(2): 401-405.

Ren, H., S. Liang, G. Yan, J. Cheng (2013). "Empirical algorithms to map global broadband emissivities
over vegetated surfaces." IEEE Transactions on Geoscience and Remote Sensing:
doi:10.1109/TGRS.2012.2216887.

Cheng, J. and S. Liang (2013). "Estimating global land surface broadband thermal-infrared emissivity
from the Advanced Very High Resolution Radiometer optical data." International Journal of Digital
Earth: in press.
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Hydrological Cycle

= Atmosphere TRENBERTH et al., 2007

‘ \\\\\\ Ocean to land i

Water vapor transport
40
”\ e —
i // // / // //
/7 /
Lo 1

Precipitation

'/ Precipitation
S ii3

Evaporation, transpiration 73

Ocean e Vegetation
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85 sites in China
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The times series of 5 year smoothed ET (blue line) and solar radiation Rs (green
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Figure 6. Maps of the linear trend in estimated global land surface ET from 1984 to 2007
using the ISCCP, AVHRR-GIMMS-NDVI and NCEP-2 datasets (unit: W/m?” per year).



E Summary

& Land surface radiation energy components are
critical in various modeling and applications;

& Remote sensing estimated radiation products
are urgently needed to calibrate/validate GCM
models;

& High spatial resolution net radiation product
from polar-orbiting satellite observations Is
also urgently needed for land applications;
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