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1. Rotational transition line: O3,H20,CO,Cl10O, N20...

2. Spin-rotational transition: O2 and zeeman splitting in
upper atmosphere where geomagnetic field is important

3 3. Doppler and pressure broading

Janssen M. A., 1993: Atmospheric remote sensing by microwave
radiometry, Chapter 2, John Wiley &Son inc



Microwave Penetration Depth
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Tramnsmittance
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Millimeter Wavelength Spectroscopy
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Global Land Emissivity Characterization
SSM/I Fifteen Year Time Series

DMSP SSM/I Emissivity Climatology (1992~2006) at 37.0 GHz H-POL
Jan. 1L —~ Jan. 5

« Large season change at
higher frequencies

« Large polarization
difference for several

flooding)

* Deserts appear as a e
scattering medium B R s e o

SSM/I surface emissivity climatological data set is developed at various time scales

(e.g. pentad, weekly and monthly, anomaly). SSM/I sensors from F10 to 15
satellites are intercalibrated to a reference satellite (F13)




Microwave Surface Emissivity Spectra

Surface Emissivity Spectra at a Viewing Angle of 53 Degree
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Advanced Microwave Sounding Unit
Imaging and Temperature Sounding Channels




Advanced Microwave Sounding Unit
Imaging and Moisture Sounding Channels

183+ 1 GHz




Outline

« Microwave Remote Sensing Theory
— MW gas spectrum
— Radiative Transfer Approximation

* Microwave Algorithms
— Cloud liquid water
— Cloud ice water
— Precipitation
— Temperature and water vapor
* Product Applications
— Model validation and intercomparison
— NWP model validations
— Climate monitoring and trending
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Microwave Remote Sensing of Clouds

A large contrast exists between
cloudy and “clear” conditions,
thanks to low ocean emissivity.

Brightness temp increases
exponentially with liquid water,
thus requiring a logarithmic
function for linearization

“The linear regime” 1s dependent
on frequency. We can meet more
customer’s needs (e.g. rain
water..) 1f the measurements at
each frequency are optimally
utilized in the retrievals
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Emission Approach

3.3 Radiative Transfer Approximation

3.3.1 Emission-Based Nodel

Microwave radiative transfer can be simplified if single and multiple scattering
terms are neglected and there is no azimuthally dependent terms are included.
Thus, in Eq. 2.17, we can derive

dl(7T, )
H dT
where I is the zeroth order term of radiance in the cosine mode in Eq.3.17. For
convenience, we neglect the subscript of Fourier zeroth component. when the
terms from single and multiple scattering are neglected and scattering. After
the integration term disappears, the solution of radiance vector can be expressed
in a form (Liou, 1950)

= I{7.pn)— Bi7r), (3.21)

I(to, ) = I(7a,pt)exp(—7s/p) +
Ll rel(pe, g )dp’ /TS B, 1) exp[— %]d'f}f,{t —+
Jo S
/TD B, 1) exp[— W{%Tj] T e, (3.22)
or -
Limo, ) = I{re,p)exp({—7/p) +1Iy + Ia. (32.23)
I, = /TD Bi(r. 1) exp[— M]d’r, S
. Tsl ~ b B n
Ia = L rol e, g g’ -/TD B(r, 1) exp[— - ;rJ 0) ldT /gt

(3.24)
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Emission-Based RT Model (1/3)

At the microwave frequencies, radiance is related to brightness temperature
under Rayleigh-Jean approximation. Also, we only consider the first Stokes
component (1.e. intensity), which 1s the brightness temperature. After some
manipulation, we can derive

I, = elsexp(—7/p)+T, +(1 —e) 1+ Q) Ta+T.)exp(—7./11),(3.25)
T, = / B(r,T) E}Ep[—@)d’rfﬁ,
- H

0

b
=
=

T _— - T
= / B(r,T) e:-:p[—[JSF{—i]}de,u,

(3.26)

where € 18 the surface emissivity and 7, is the surface temperature, and 7, is the
cosmic background brightness temperature. The parameter, £2, is introduced for
non-specular effect of surface reflection and wvaries with surface roughness, sea
surtace wind speed. trequency, and atmospheric transmittance ( Wentz, 1995).
Eq. 5.1 has heen =o far widelyv used for retrieving surface emissivity assume other
components such as 7., upwelling and downwelling brightness temperatures are
estimated from other means (Weng et al., 2000; Prigent, 2004).
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Emission-Based RT Model (2/3)

For an isothermal atmosphere, upwelling and downwelling components in
terms of brightness temperatures can be approximated as

b
[~
i
b

(1 _T}Tﬂh (32?]
where T = e:{p[—hﬁ‘:—:'ﬂ) and T, 1s the atmospheric temperature. Thus,
1, = Ts[l—(1—E]Tg]—ﬂTI:l—T)[l—l—(l—f:}T], (3.28)

where AT =T, —T,,. It is apparent that brightness temperatures under these
approximation is directly related by the layver mean temperature and atmo-
spheric transmittance. When emissivity 18 low (0.9), brightness temperature
increases as atmospheric transmittance (more cloud and water vapor| decreases
(see Fig. 3.5.1. This 1s why over oceans clouds having liquid water increases
brightness temperature and are easily detected from lower microwave measure-
ments. Eq. 5.4 can be analytically used to retrieve cloud liquid water path when

AT 1s very small.
16



Emission-Based RT Model (3/3)

In an absence of scattering, brightness temperatures can be hnearly a func-
tion of cloud liquid water path (L) and precipitable water path (7)) (Weng et al.
2003) by further assuming an isothermal atmosphere in Eq. 5.4 and a Rayleigh
scattering for hgmid-phase droplets Fq. 344 1.e

o
T, = T.[1 —(1—e)T"], (6.1)
B e —— T P e [ K R B | PR — ||
WVILELE & ALl f o <l & SULLL L = 11:3:31‘-"1'.-‘}" s P I L LS LLLL e, I.t':le‘dLl.lV‘:'l‘}' F=HELEE
T = exp[—(7o +7v +7)/1t)] (6.2)

where 7o, 7 and 7p are the optical thicknesses of oxygen., water vapor and
liguid respectively.

T = Y LIV Cd= (6.3)
AZ
where G 21
ey — }&f-:w I'm {—::2 — 2} (6.4)
and -
TV = f HHEOpV{Ez (6.5)
0

where k.o 1s the mass absorption coefficient of water vapor having a unit of
m?/kg, and p,, is the water vapor density in atmosphere. Lets assume «*¥ and
w29 are independent of height. Then. we have

T — HCL_L {66]

17



Why MW can’t “see” cloud well over
land?

8Tb 52’
2T (1 = e)r =—
oL o ( ) oL
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Liquid Water Absorption

where rp, 18 the mass absorption coefficient of liquid-phase cloud, viz,

. 2
Ky = Eﬁﬂ Im {n—l]r : (6.7)

Here, we use a different notation to indicate there is a further approximation
being made for cloud absorption coefficient which can be derived from a mean
cloud temperature in the complex dielectric constant. And, we also have

TV = h“;,-'V (6.8)
where -
V= / pvdz (6.9)
0
and
L= f LWCOd: 16.10)
A

are the vertically integrated water vapor and liquid water, respectively. Thus,
atmospheric transmittance becomes

T =exp[—(70o + kvV + Kk L)/p1) 16.11)

19



Scattering Approach: 2 Streams
Approximation

3.3.2 Scattering-Based Model

For a scattering and absorbing atmosphere, the radiance may be considered
azimuthally independent so that the radiative transfer equation is given as

dI (7, p Cowl N
p ST ) = S Pl ) I — (1 — () B(T3.29)
1

dr 2 )
where I is the radiance; w(7) the single-scattering albedo; P(u, ) the phase
function; B(T') the Planck function; T' the thermal temperature; 7 the optical
thickness; p¢ the cosine of incident zenith angle and u' the cosine of scattering
zenith angle.
A solution for Eq. was derived at arbitrary viewing angles using a
two-stream approximation (Weng and Grody, 2000),

(77)

dI (7, 1)
" (ﬂ,f” = [1— w(l — B)I(r, p) — wbI(r, ) — (1 — w)B, (2.30)
L d”;v:#” (1 —w(l = BI(r,—p) — wbl(r,p) — (1 —w)B,  (3.31)

where b and 1 — b is the ratio of the integrated scattering energy in the backward
and forward directions, respectively. For an isotropic scattering, b = 1/2 so that
the scattered energy is the same in both directions. Since b is generally less
than 1/2, forward scattering is much stronger than backward scattering and the
resulting upwelling radiation is reduced.

20

I(t,-1) (T, + S(T,p)/ &t

ot (8z7)
o(1-b)

FIG. 1. A schematic diagram of the two-stream radiative transfer in
an ice cloud layer.



Two-Stream Model Solution

Equations (3.30) and (3.31) can be combined into two decoupled second
order differential equations with constant coefficients, assuming that w, b and
B are independent of 7. These equations can be used to analyze the scattering
from the atmosphere or surface. The upwelling radiance obzgerved from satellites
for an ice cloud layer is derived by neglecting reflections at the cloud top and
bottom (Weng and Grody, 2000). Howewver, for surfaces such as snow., the
upwelling radiance is modified by the reflectivity and transmissivity at the upper
boundary where a discontinuity in the dielectric constant occurs (see Fig. 1).
As a result, the solutions for the upwelling and downwelling radiance are

J'!r’ - el T —T1) — — sl T—T1] _J'!r’ 3 wlr—7o) 3 —r(7—70)
I(T,p) = olv1e r2€ _ ] 1l 31‘5’_ — Pae ]—l—B‘
Fyyqe—rim —To) — lﬁz.-:rraeh(qr-l—q-o )
(3.32)
Io[yaem—1) — qqe—#(T—T1] _ [ [Baet(T—T0) _ g e—r(T—T0)
I(T, —p) = olvae ya€ _. ]. 1L 26’- — Bie ]—l—B
,Slf:r-‘ie—hl:_Tl_TD :' J— .‘.32'.:{3'9&':7-1 —T0 :|
(3.33)

where s 1s the eigenvalue in solving the differential equations and related to
particle optical parameters. Also, Ii =1 — Bl — Ro3); Ié = Ip(l — Ri2) —
B(1l — Hsy), where Iy is the upwelling radiance at ™ = 7 from the bottom
layer and Iy is the downwelling radiance at = 7 from the top layer. The

21



Algorithms of Cloud (Rain) Liquid
Water Path: Vertically Integrated
Liquid Water over Unit Area
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Cloud Liquid Water Algorithm

kv V + kL = —% {ln[Ts ~Ty) — In[T.(1 —€)] + 2";?2 } (6

Using two channel measurements, we can derive

L =aop[In(T, =T}, 1) — ay In(Ts — T} 5) — ag], (6
and

V' =bop[In(T, —Ty1) — by In(T, — Tp o) — bo], (6.14)
respectively. Tj 1 is the channel sensitive to liquid and 7} o is the channel sensi-
tive to water vapor. The coefficients, ap 1 9 and by | » are related to water vapor
and liquid water mass ahsorption coefficients as

a0 = —0.5kva/(kvaKL1 — KViKL2) (6.15)
bp = 05kpo/(Kvakp — kvikpo) (6.16)
a1 = Kvi/kva (6.17)
by = ﬁ.‘Llff'{Lg (6.18)
ay = —2to1—a1mo2)/p+ (1 —a)In[T,(1—¢)] -
ayIn(l — ) (6.19)
by = —2to1—hTos)/u+(1—b1)In[T,(1—¢)] -
biIn(1 — e) (6.20)

23

From Rayleigh's approximation, sz can be parameterized as a function of
clond layer temperature, Ty in Celsius as

ki — ag + b, + CLTE,

(6.21]

Oxygen optical thickness is parameterized as a function of sea surface tem-

perature throngh

10 =l + 0oLy,

(6.22)

Table 6.1: The parameters calenlated at four AMSU-A channels and used in
liquid water and water vapor path algorithms

238GHz | 314GHz | 503 GHz 80 GHz
Ky 4,80423E-3 | 1.03241E-3 | 3.76050E-3 | 1.15%30E-2
k- ap | L18201E-1 | L98774E-1 | 4.53067E-3 | 1.03486E00
ki - by | -348T61E-3 | -5.45602E-3 | -0.68548E-3 | -0.71510E-3
ki -cp | B01301E-5 | TA8330E-5 | 85TRISE-S | -6.50140E-5
To-, 321410E-2 | 5.34214E-2 | 6.26045E-1 | LUS333E-1
To-b, -6.31860E-5 | -1.04835E-4 | -1.00961E-3 | -2.21042E-4

Sometime, satellite measurements under
clear condition can be used to derive some
coefficients. From Eq. 6.13, set L=0



Cloud Liquid Water Algorithm Evolution

LWP=a,[In(T, = TB,)~a; —a,In(T, ~TB,)] Statistical: all coefficients are
TPW= b, [In(T, ~TB,)~b, —b,In(T, —~TB,)| R UEITIC R R R e TB = B[1—(1-&)e2"1/4]—

©  [BT)-BMI1-e ')
% [1+(1-g)e'#]
In(290 — TBI) =a, + azln(290 _ TB2) Semi-Physical: a0 is derived from CfIJ
simulated data set, al and a2 g
are from microwave ‘D
measurements under clear conditions k7
a0 = -0.5kv23 / (kv23k131 - kv31x123) s
b0 = 0.5x123 / (kv23xl31 - kv31xlI23) L
al = xv31/xv23; bl =«l31/«l23 ] __ )
a2 =-2.0(t031 -al 1023)/u+(1.0 - Phy5|cal_: all coefficients are derived
al) In(Ts) + In(1.0 - €31 ) — as functlo_n of cloud layer temp,
al In(1.0 - €23 ) surface wind speed, & surface temp
b2 =-2.0(t031 -bl t023)/pn+(1.0 -
b1)In(Ts) + In(1.0 - €31 ) —
bl In(1.0 -€23)
LD g+

Physical: Microwave integrated
Retrieval system, 1dvarwith scattering

J =%(x—xb)T B'I(X—Xb)% [I(X)—|°]T(E+':)_1 ['(X)"O] all hydrometeors profiles

271

% !.['Vl(r;ﬂ,¢;ﬂ',¢')l(r,ﬂ',¢')dﬂ'd¢' +

S(T’ H, ¢’ ﬂo H ¢0 )

Scattering Based

24



SSM/I Cloud Liquid Water Algorithm:
Operational at FNMOC and NESDIS

Pros:

«Semi-Physical with easy understanding
«Large dynamic range (rain and non-rain)

«Clean background due to uses of real

measurements

Cons:

«Difficult to accommodate information from

new channels and ancillary data
«Cloud layer temp is implicit

Validated with ASTEX data for non-raining clouds

- LT\':‘rFP 19% i f
LWP = { LWP,, if

_L“?PS:'H

TABLE 1. The coefficients for LWP algorithms.

L T\‘IF P 19%
L 1\1? P 37V

otherwise

=
=

0.70 mm
0.28 mum

or WVP = 30 mun.

L‘kﬁrrp,:ﬂ TE TBE dy ﬂla ﬂ]a
LWP,, V19, TV22 —3.200 2.80 042
LWP., TV3i7, TV22 —1.66° 290 035
LWP,y THES, TV22 —0.44¢ —1.60 1.35

? Based on global clear sky measurements.

P Based on simulated “measurements’’ calculated from radiative

transfer model.

* Based on collocated ground-based and satellite measurements for

LWP,~ and LWP,q.

LWP_. = q,[In(290 — TB,) — a,

LWP, (mm)

— a,In(290 — TB,)].

0.4

0.0F

-0.1

L] ¥ L] v T v T

Bk

—0.1

0.0 0.1 0.2 0.3
LWP, (mm)

0.4



CLOUD LIQUID WATER FROM SSM/I

(a) Decamber/January /February (B March/April /Moy

180 80w o adE 1EG 180 Enw O guE 160

250 300 (g/m"2)



NOAA POES AMSU

e AMSU are on board NOAA POES since 199§

e There are 20 channels divided into three sub-modules:
A1l — 13 channels located near the 60 GHZ oxygen absorption band
A2 — 2 window channels at 23.8 and 31.4 GHz

B — 2 high frequency channels at 89 and 150 GHz, and 3 channels near 183 GHz
water vapor absorption line

* The field-of-view size varies as the instruments scan crossing track
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NOAA-16 AMSU-A Radiance Asymmetry
(Channel 1,2,3,15)
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NOAA-15 AMSU-A Radiance Asymmetry
(Channel 1,2,3,15)
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Cloud Absorption in relation to Temperature

N k_ 89.0 GH=z |

50.3 GHz
0.60F —— il

0 30 2L GP\_

0.00 s

Temperature (°C)

Mass Absorption Coeff.(kg/m®)
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AMSU Cloud Liquid Water

Before Asymmetry Correction yoaa1s  After Asymmetry Correction

il ate
dJulian

NOAA-16




Algorithms of Cloud Ice Water Path:
Vertically Integrated Ice Water over
Unit Area

33



Cloud Ice Water Path Algorithm

(I, = B)y,e ™™ —y,e" "™ ]-(I, - B)[p "™ —Be "]

—x(t,-7p) +B
L= y,€

I (T, 1) =

k(T —7p)

Y4€

o Weng and Grody (2000, JAS)
Asymptotic Limits Zhao and Weng (2002, JAM)

1. Emission Approach
I(t,,p) = B[1-(1-g)e """ ]-[B(T,) - B(T)](1-e " ")[1+(1—-g)e "]

2. Scattering Approach:
I (Tl s M) Q(IU) — IWP
1+ Q(H) HP De

34
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Definitions of Cloud Ice Water Path

The influence of cloud microphysical parameters on
microwave measurements may be quantitatively ana-
lvzed with the model developed in the previous section.
The scattering parameter given in Eq. (3) is related to

the cloud ice water path and particle size.
The optical thickness is

T = f‘r d: f EDEQE:{T(-TP 'F”j‘?"?(D) dD" (Gj
=5 o

where N(D) is the particle size distribution function.,
O_.. the extinction efficiency of ice particles, x the par-

ticle size parameter. and m the complex refractive index.
For ice particles, m 1s nearly constant at microwave
frequencies. The cloud TWP is also related to the particle
size distribution by

IWP = f dz f EL';.D{-V(D) dD, (7)
=h i

where p, is the particle bulk density.

A monodispersed (uniform) type of N(D) is consid-
ered first so that the scatiering parameter can be directly
related to the cloud microphysical parameters. Tor a
cloud having a thickness, &z, the optical thickness is

4

T
T = OzN,

O_.(x, m) and (8)

WP = 5:%,-;,.3»133. (9)

Thus 7 can be expressed in terms of the TWWP and the
extinction cross section, namely,
3IIWP

T — 5 f«'!D Qe:?(‘-‘2 ). (]'0)

and L2 is obtained by substituting Eq. (10) into Eq. (3):
'™wWp

Oy = O rr), (11)
oA

where x = (7D A and £1,;is the normalized scattering

parameter, which is given by

O (x, m) = %[Qm(x, ) — O (x, m)g(x, m)].  (12)
From Eqg. (11]. it is evident that the large scattering
paramecter is directly proportional to the I'WI Howecver,
the relationship between £} and 2 is nonlinear dus to
{},; and may also depend on the particular particle size
distribution.

For polydispersed particles, () is calculated using Eq.
{3). The optical parameters are derived through inte-
grating over the entire range of particle diameters for a
given size distribution. Using a gamma function that has
an expomnent of 2 (Ulbrich 1983) for the polydispersed
particles. () is given as

I'wPp
Qp) = ——— L (x,. m). (13)
mp:D,
where x_, = (wD_)A and D_ is the particle effective

diameter, which is defined as

f N(DYD? dD
D, = = . (14)
J’ N(D)D? dD




CIWP Error Budget
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ER-2 MIR, DC-8 ARMAR, MODIS
Simulator Measurements

{a) Millimeter-wave [maging Radicmeter (MIR) {n} dvanced Micrownve Precipitation Radiometer (AMPR)
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MIR Window & Sounding
Channel Observations

Millimeter—Wave lmaging Radiometer (MIR}
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Flowchart of Cloud Ice Algorithm
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Cloud Ice Water Path

2005 —05
T :
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Brightness temperatures from AMSU-B 89 and 150 GHz are two primary channels for IWP and De

Retrieval algorithm was published in Journal of Atmos Sci (Weng and Gody, 2000) and J. Appli. Meteor
(Zhao and Weng, 2002)

AMSU-A window channels are used for surface screening.
The algorithm works for opaque ice clouds having IWP greater than 0.05 kg/m2
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Algorithms of Atmospheric Sounding
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~—-_ National Environmental Satellite,

Data, and Information Service

MIRS System Design & Architecture

External Data JT
& Tools
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NWP Ext. Data
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~—-_ National Environmental Satellite,
NORA

Data, and Information Service

Cost Function Minimization

® To find the optimal solution,

NI T e e LA S VR o

® Assuming linearity 8J (X) J' < 0
ax T ( ) T

® This leads to two iterative

solution: y(x) =y(x )+ K[xX=X,]

— when number of parameters <<

channel
—1
AX 4= [B—1+KnTE—1Kn] K,TE-1 {[Ym—v 0f )+ KnAX n}
— Otherwise

-1

AX n+1={BK IrT(KnBK rT+EJ (Ym -y x | )+K AX ]
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~—-_ National Environmental Satellite,
NORA

Data, and Information Service

Microwave TPW Extended over Land

GDAS Total Precipitable Water
2006-02-01

snow-covered surfaces
need better handling

MIRS NOAA-18 AMSU—Aé%I(I){ﬂS EEI?RG'EDtaJ Precipitable Water

g0l ‘H A ey .._;-"_ RN %l o e "‘_-_-' .'-:. - iy ' (e
=180 =160 =120 -po =80 =30 0 30 80 80 120 150 180

Retrieval over sea-ice and
most land areas 0 [0 BN EE— —

NoData o0l QT fall o L] 13 iB 24 a0 ae 43 48 54 8o

capturing same features as GDAS MIRS Retrieval s




~—__ National Environmental Satellite,
. Data; and Informa. \ov S~-vi ¢

dation of TPW Retrieval over
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~—-_ National Environmental Satellite,
N:“] Data, and Information Service

Global Temperature Profiling

GDAS T t t 200mbhb . .
“2006-02-01 | No Scan-Dependence in retrieval

-l 4| Smooth Transition Land/Ocean

80 L et b Lty ! - . .
,.w e MAEINRE ‘W QC-failure is based on convergence:
e, b Y Focus of on-going work

MIRES NOAA-18 AMSU-A O%Eés [)EEDR Temperature at 200mb
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Similar Features Captured



~—-_ National Environmental Satellite,
DRA

Data, and Information Service

Global Humidity Profiling

GDAS Water Vapor Content at 500mb
2086—02—91

O e P s T e e P e s e e e P e T o T P

No Scan-dependence noticed:
Angle dependence properly
accounted for
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Outline

« Microwave Remote Sensing Theory
— MW gas spectrum
— Radiative Transfer Approximation

« Microwave Algorithms
— Cloud liquid water
— Cloud ice water
— Precipitation
— Temperature and water vapor
* Product Applications
— Model validation and intercomparison
— NWP model validations
— Climate monitoring and trending
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~—__ National Environmental Satellite,
NORA

Data, and Information Service

Microwave Environmental Data Records
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MODIS LWP(g/m*m)

Intercomparison between MODIS and AMSR-E
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Regression: 1.107
Correlation: 0.945
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Validation of General Circulation Model
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Validation of Numerical Weather
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MSPPS IWP (mm)

EDAS IWF (qi+qs+q) (mm)

GFS Prognostic Scheme vs. AMSU
Cloud Water
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Retrievals
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It is obvious that global/regigpal models have “ice happy’ physics
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ts of SSMIS LAS on Hurricane

Temperature Analysis
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~—__ National Environmental Satellite,
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Katrina Warm Core Evolution
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—__ National Environmental'Satellite,
% Data; and In’ ofn.a I0: S

Ice and Precipitation Distribution
Hurricane Dean (2007)
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Typhoon Luosha
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2008 IOWA Flooding
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Summary

Sounding and Imaging:

— Profiling atmosphere and imaging clouds, precip and surface
Microwave Absorption Bands:

— 02 (50-60 Ghz, 117-120 GHz),

— H20 (176-190 GHz)

— Channels near the line centers for sounding

— Channels between the lines for imaging
Microwave Cloud Algorithms:

— Emission: cloud liquid water/total precipitable water

— Scattering: ice water path/ particle size
Microwave Sounding Algorithms:

— simultaneous retrievals from 1dvar

— All weather profiling requires scattering rt model

— Accurate surface emissivity model
Main Applications:

— NWP data assimilations

— Hurricane monitoring

— Surface flooding
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