Deutscher Wetterdienst &
Wetter und Klima aus einer Hand

Clouds in Data Assimilation (DA)

Olaf Stiller, DWD

® Clouds in the atmosphere and NWP models

" Assimilation in cloudy air
= Ensemble Kalman Filter vs. Variational DA
= Cloud screening

= Assimilation of cloudy radiances

Satellite Data Assimilation, DWD Introduction Olaf.Stiller@dwd.de
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" The impact of moisture:
In cloudy air: q_sat decreases with height

= condensation -> latent heat release

> potential Temperature increases with height parcel lifted by a distance Az

> moist adiabat dia =0 =0
2 7
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Vertical distribution of convection
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" Convection typically stops near inversions or stable layers such as:
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Fro. 13, (Continued ) cloud types are indicated: shallow cumulus, cumulus congestus, and cu-
mulonimbus. Within the shallow cumulus classification, there are iwo subdivisions: forced and
active cumulus. Three stable lavers are indicated: the trade inversion. the 0°C laver, and the
tropopause. Shelf clouds and cloud debris near the rade and 0°C siable layers represent detrainment
there, Cirrus anvils occur near the tropopause, Considerable overshooting of the trade and 0°C
stahle layers occurs in the equatorial trough zone. Arrows indicate meridional circulation. Although
double ITCZ 15 indicated. representing [OP-mean, this structure 15 transient over the warm pool

and a single ITCZ often exists.

Satellite Data Assimilation, DWD
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Horizontal distribution of clouds [ iccher Wetterdienst (@

®  The occurence of convection and clouds is linked to both:
- the temperature field (horizontally smoothed through buoyancy — gravity waves)

- the moisture field (strong horizontal variations/gradients)

WATERVAFOR COMPOSITE FROM 21 AFRE O3 AT 15:00 UTC o5

2003111 15EEEE
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Clouds are an important part of ]

" Convection occurs where the atmosphere is most unstable
- e.g. over warm waters, hot land (Inter-Tropical Convergence Zone — ITCZ)

HADLEY
CIRCULATION

EQ CLOUD OPEN CELLS CLOSED STRATUS
CLUSTERS CLOUD BANDS CELLS STRATOCUMULUS

Figure 13 Schematic NE-SW ocross section over the northeastern Pacific, summarizing
typical obscrved cloud regimes. From right to left, the sea surface temperature increases and
subsidence decrcases. The stippled arca is the PBL. the top of which is shown by the
continuous and discontinuous double-stroked lines. The dashed lines above the cumulus
clouds show an mversion laver. which is principally the trade wind inversion. (Redrawn from
Arakawa, 1975.) o 11
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Clouds are an important part of ]

" Convection occurs where the atmosphere is most unstable
- e.g. over warm waters, hot land (Inter-Tropical Convergence Zone — ITCZ)

HADLEY
CIRCULATION

EQ CLOUD OPEN CELLS CLOSED STRATUS
CLUSTERS CLOUD BANDS CELLS STRATOCUMULUS

Figure 13 Schematic NE-SW ocross section over the northeastern Pacific, summarizing
typical obscrved cloud regimes. From right to left, the sea surface temperature increases and
subsidence decrcases. The stippled arca is the PBL. the top of which is shown by the
continuous and discontinuous double-stroked lines. The dashed lines above the cumulus
clouds show an mversion laver. which is principally the trade wind inversion. (Redrawn from
Arakawa, 1975.) o 13
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Geographical distribution GE)

of deep convection B o dlenst

" Convection occurs where the atmosphere is most unstable

- e.g. over warm waters, hot land (Inter-Tropical Convergence Zone — ITCZ)

IR GOES METEOSAT 7/04/2003
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" Non convective clouds
are typically formed as
air from warm fronts is
lifted over colder air

" Air lifted at cold fronts
typically leads to convection

Warm front | A cirrus
advancing over =m0 cirrostratus
cold air . o TESLTEC altostratus

v nimbostratus

= Cold front
advancing over
warmer air

Image courtesy of Windows to the Universe
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" clouds occur in different parametrizations:
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® Dynamical interaction of clouds

- |atent heat release

= net latent heat release = surface precipitation

= radiative cooling
= cloud top cooling can be up to 7 degrees per hour

* turbulent overturning and mixing within clouds
(needs to be parametrized!)

= cooling in clear air only about 2 degrees per day

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de
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Cloud and convection parametrizations have a strong impact on the
model climate and balance relationships in the model

- stability (temperature profile)
= moisture content

= height of inversions

= efc.

Many of these relationships are fast (i.e., the model will tend towards such balances on
short time scales)

Problem for data assimilation

® The model may respond wrongly to the correct initial conditions
= tends towards its own climate
- “How can we initialize the model to respond correctly?”

® Bias correction

= which part of the model bias should we try to correct? (If we knew it.)

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de
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Some important things (W

" The temperature field is smoothed by buoyancy constraint
= can be interpolated (e.g., to the location of an observation)
®  The moisture field
= is small scale / can have strong subgrid variations
= interpolation very problematic

= interaction with dynamics is strongly nonlinear
(latent heat, radiative cooling)

® Clouds are an active part of the flow

- it makes little sense to assimilate a cloud if it does not fit to the temperature and
wind field

® Cloud and convection parametrizations contribute to the model climatology
(which generally differs from that of the real world)

—> Model bias

It makes little sense to correct for model bias if it is related to a fast equilibrium

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de
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® Both Ensemble KF and Var need observation operators

1 1

T - T o
j(l‘) = § (I: - Ib) B : (I - Ib:' + 5 (y - y.rufxa") R ! [y - ymm!]
y : observation
Umed = H(:E)
H . generalized observation operator
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® Both need observation operators Hops(X) = Ymod
Hi(x) — X physics operator
RTTOV(X) — VYmed radiative transfer model

= Var also needs
linear and adjoint obs operator

— obs operator needs to be very
robust and smooth

- ENnKF uses a secant (not a tangent)

- Var can make several outer loops

3D Var extrapolates (uses tangent)

EnKF also interpolates (uses secant)

EnKF 3D Var

k Model

N

§

Interpolation\

el

/ \ Extrapolation

| Observation | Observation

Assimilation
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- EnKF uses a secant (not a tangent)

- Var can make several outer loops

y_model
y _obs

y_ana

y_model

y_obs

y_ana

y_model

x b / X ana x_i
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Ensemble KF vs Var =]
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= Var extrapolates

= Can a strongly nonlinear object be found by extrapolation?

= EnKF has limited ensemble size

= |ocalized features (like thunderstorms or cloud top height, etc.) will probably
not be matched precisely by any ensemble member

= \What do you do when thunderstorm is only approximately in the right position?
Or cloud top height is only approximate?

= Does a linear combination of ensemble members with different thunderstorms
(at different positions, etc.) give a dynamically consistent thunderstorm?

® Strategie: Do not ask for too much:

- e.g. assimilate only one moisture variable (on top of the other variables)
to make regions moister or drier depending on observations

= total water: qt=qv+qc (Met Office, UK)

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de
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® DWD currently only assimilates radiances which are “cloud free”

® Screening methods use channels of the respective satellite instruments

" MW
- is field of view (FOV) perturbed by too much cloud water?

- AMSU A (temperature sensitive channels)

combination of ——p | FOV perturbed
AMSU A channels by cloud ??

- AMSU B (humidity sensitive channels)

combination of » | FOV perturbed
AMSU B channels by cloud ??

Satellite Data Assimilation, DWD cloud screening Olaf.Stiller@dwd.de
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" IR

- HIRS, IASI and AIRS
* get as close to the cloud as you can

* use First Guess Departures
FGD = obs - fg
(i.e. include model info)
to identify cloudy fingerprint

- HIRS (20 Channels, 8 C02 channels)

* screening criterion:

FGDp — FGD,,_1 < Thresh.

Satellite Data Assimilation, DWD cloud screening Olaf.Stiller@dwd.de
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Example: Cloud screening WE[

FGDp — FGDp_1 < Thresh.
® Cloud screening
- makes PDF more Gaussian

= induces bias

(7p] )
(¢B] (¢B]
(&) (&)
(- c
Z Z
= =
(&) (&)
(&) (&)
o o
Y— Y—
o o
5} o5}
O O
= &
-} -}
c c
) -1 0 1
FGD(6) - FGD(5) [K] FGD (6) [K]
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® Satellite radiances are assimilated mainly in the infrared (IR) and microwave (MW) band

- strongly nonlinear
(opaque)

- multiple scattering
important

- good identification
of cloud location

- sees only thick
clouds and rain

= more than 80% of - less than 20% of
channels are affected by cloud channels are affected by cloud

- cloud impact on IR sounders is = cloud information from MW imagers is
subtracted from RT computations. assimilated

®  Some work in the “near IR” and visible regime is carried out by the Ertel Center for DA in
Munich

Satellite Data Assimilation, DWD cloudy assimilation Olaf.Stiller@dwd.de
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What has been done? Detrtachar Wattordlanst

H(x) — Ymad
What has been done?
Hix) — x physics operator

W imagers, RTTOV(X) — Ymed radiative transfer model

- ECMWEF
- all sky approach Ymod - model observations
x : standard model variables
B (changed by assimilation)
= x : standard model variables
o + cloud variables : C,, padiop

= Dbias correction with “symmetric”
cloud variable as predictor

= screening out low-skill situations
= cold air outbreaks
= intense tropical convection

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de
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What has been done? H(X) —  Ymod

" R sounders, HIRS, AIRS,IASI RTTOV(X) — Ymed radiative transfer model
- ECMWF
= only fully overcast situations Ymod @ model observations
x : standard model variables

(changed by assimilation)
= only RT operator % . standard model variables

- + cloud variables : Cy,, pidgiop
= cloud variables: - .

« first guess estimated from independent observations
(model first guess not good enough)

« optimized through additional term to the cost function
» not used for updating model state

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de




Assimilation of cloud affected satellite
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What has been done?

" R sounders, HIRS, AIRS,IASI RTTOV(X) — Ymed radiative transfer model

- Met Office, UK

- only radiances affected less than
10%

= only RT operator

Ymad -
b S

model observations

standard model variables
(changed by assimilation)
. standard model variables

+ cloud variables : C,, padiop

® cloud variables:

« first guess estimated from independent observations
(model first guess not good enough)

« optimized through 1D Var step

* not used for updating model state

Satellite Data Assimilation, DWD
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What has been done? H(x) —  Ymad

e T e B AR O DE B O
" IR sounders, AIRS 145 h P

RTTOV(X) — Ymed radiative transfer model
= Meteo France

= only
= Stratospheric and upper- Ymod - model observations
tropospheric radiances x : standard model variables
= lower-troposheric clouds (changed by assimilation)

% : standard model variables

+ cloud variables : C,, padiop

= only RT operator
= cloud variables:

« first guess estimated from independent observations
(model first guess not good enough)

« “CO2 slicing method” (popular retrieval method — not explained in this lecture)
* not used for updating model state

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de
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- . Smith; ICI(::u H fraclticnn <—>IRHtDtaI
" Met Office, limited area model n
0B
= convert cloud fraction (0%-100%) 5
into total relative humidity S 04
- 0.2t RHcrit
= use filter to switch off assimilation if 0.0
06 0.7 0.8 0.9 1.0 11
= C.fract.(obs)=C.fract.(model)=0 total RH
Figure 1. Relationsbip between total relistive humidity ard clovd fraction
or Cfract(Obs)=Cfract(mode|)=1 dotined by Simith {19900, with REL., — 0,85,

Satellite Data Assimilation, DWD
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. Smith: ICI(::u:IfracltiDn <—>IRHtDtaI
" Met Office, limited area model n
{10
= convert cloud fraction (0%-100%) R Rl bL33c P
into total relative humidity | .
3 FI '_-.Iru-‘.-llm __1|_ . Ei:ul.u-{h . .>_~'| : =1 :
= use filter to switch off assimilation if al i o
= C.fract.(obs)=C.fract.(model)=0 ‘
or  C.fract.(obs)=C.fract.(model)=1 : T e ]
= but:
= use cloud-free information _ o
above and below clouds (if available) * | :
N T =3 P PP T IR . plaales o ailin ihicas
020 Gl 0CS DB NS e Q0f 000 0605 Q90 9 N % OO DSS €0 fIn I
vog e el ket 0 ey Beownd ek o e o albie e g '1i.1.i--:: r-.::{:.;.:..”-“i il s anhosa orppei
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Assimilation of cloud retrievals
What has been done?
¥  Met Office, limited area model

= convert cloud fraction (0%-100%)
into total relative humidity

LTI
ANEREEE]

= use filter to switch off assimilation if

= C.fract.(obs)=C.fract.(model)=0 7l

or  C.fract.(obs)=C.fract.(model)=1

= but:

= yse cloud-free information

above and below clouds (if available

11 Ll |
COs G0 B0% 410 045 30 005 LI uia

i
I
1
1

20
15
e L
PR T'L
T

a0

—_— ‘-'\'
— =]
—
—_—— _..
"'_ -
-
!
!

gl il

Voo s Dillas ved Rl I omespme e s i il ns
- trvrelang e the el l sl e-orined - e e

cara bl

L1 i1 ol L
I:Il:l.:'E Qa0 055 0nonds Den 0.0 000 0.033 290 005 DAl

Surlaue oh
T[T T[T I T rT £l T
1
I |
I
1
[
| an
'
L
T
T |
= T
—_— i
p -
iu
5k
I
I
1 I
Ll Ly Lot N REN

ploalesy il L
[05 D00 0S5 0o0 006 DU

LY

T

i nkseved hueaidicics selid lines Feooles calwans vepresesti=g
¢ S anc Lol bazethe

i e L |

1
I
1
N T
]
e =
_—
!
:
|

B PP TT TR T

11 11
040 045 DB —S08 DD LR 040 015 D0

Satellite Data Assimilation, DWD

Olaf.Stiller@dwd.de




Deutscher Wetterdienst

Wetter und Klima aus einer Hand

2
A simplified model problem @

H(x) = H(z)+ H (z — x) ; H — [hl U J cloud—free |  cloudy

ho ha h.2

.’.'"1 () o 51_ b[].
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. . hi 0
H(z) = H(z)+ H (x — 1) H = [h[ll h_}]
.’.'"1 () 51_ b[]
’=1y rg] B=(b[] ng
. &fryl ﬁl_l (0 1 721 ﬂyl
DR EECETE D | I |
\ A2 ) L0 A e 1 Ay

cloud—free

cloudy
h 2

h 1,h_0

Satellite Data Assimilation, DWD

Olaf.Stiller@dwd.de




A simplified model problem

Deutscher Wetterdienst

Wetter und Klima aus einer Hand

pa

)

hi O
H(z) = H(z) + H (z — &) H = (h[ll h;]
o (.:r'] []] B=[b1 b[]} r T
0 1y by bg_ R — R - =
TR T bkl
hg |b
-'&:’i‘y]. "l‘i“l_-l (0 1 21 &yl h” = h_[')]\lbj;
=Hr—m) = __ _b[] 2
Aays ) L0 A ima 1 (A W=t
_ (fy + |";..|2 A
N =1+R {1+ PRI
A s {l + 1 ]I||.4}
2T + . (l‘l‘."ln'ﬁ + jl'l.-'||_-'ln'||)
|::.l‘l?||+f?'||.:' N h,]_\/b_]_
Co_L] = = i
: L—b + Ry hov/bo —
(i + by , ha/By
= = — —— 19
T [L—bg + (hg + 2boho + 1) By Thiv/by
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hy 0O
H(z) — H@) + H (e —3) . H — (hf] h;]
o (.:r'] []] B=[b1 b[]} r T
0 1y by bg_ R — R - =
P n YT bkl
- ho |b
-.&ﬁy]_ Al_l () 1 9 &ﬁl h[] = h—[?]\lbj;
=Hr—m) = __ _b[] 2
tl._ Jﬂnf?l"?)' k () x"\g_l)l k'",| 2 1 )} l\ﬂyg)l b[] = b]b;
'-"ln'||‘|"!1||': “
A =14 Ryl
L + I + | —hﬁ_" JI,'!JE
Ay = '1+R{ ! ]"}
Ay = 2 (1452 -I—zhl,f,-”]
I::'I‘I?II-I_E;'II.:I N h,]_\/b_]_
o1 = = 1
. 1 —bf + Ry "hav/b _—
(ho + by) 1, hav/by
= = — p—— 19
T [L—bf + (R +2boho + 1) By hiy/by
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® Impact on the model state
- Which variables are we trying to alter?
= (only T? Also qv? Even qc?)
® Scene selection
= Which type of cloud affected radiance do we want to process (assimilate)?
®  First guess
- Is the model first guess good enough for cloud parameters?
® How are errors affected by the presence of clouds?:
- Observation errors?
- Bias correction?
= How to deal with error characteristics / biases in cloudy areas?
®  Foreward operators
- physics operators / RT model
= nonlinear / linear / adjoint
®  Additional quality control
- screening (excluding) situations where method has problems (e.qg. first guess too bad)

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de
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Questions? Remarks?

Satellite Data Assimilation, DWD Olaf.Stiller@dwd.de
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