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There is an observational gap within the BL!

* Satellite observations do have shortcomings: =
+2#VIS and IR do not penetrate clouds
3¢ Ground emissivity disturbs boundary layer (BL) observations even in clear sky
3¢ Vertical resolution small compared to active ground-based instruments.
e \What can close the gap (Creeze et al. 2025)?
> Radiosondes
> Water Vapor Differential Absorption Lidar (WV-DIAL)
> Water Vapor Raman Lidar (WV-RL)

» MicroWave Radiometers (MWRs) 7

> UAS (drones)
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ICON-D2 vertical grid — W-E transect through JOYCE
MWR beams at 10.0° elevati_on (E-W components sho_wn)
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ICON-D2 grid — MWR scans at 10.0° elevation
Red crosses: Potential Weighting Function peaks (14 channels), azimuths 5-355° (10° steps)
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Horizontal gradient in scanning MWR

5.4° Elevation

Mean TB difference between opposite pointing azimuth angles
Elevation: 5.4°, WV gradient: 5%
(K-Band)

0.0-188®0-170.0

175.0 - 355.0
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Horizontal water vapor gradient (z = 1000.0 m)
WV perturbation: 5 %
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11.4° Elevation

Mean TB difference between opposite pointing azimuth angles
Elevation: 11.4°, WV gradient: 5%
(K-Band)

ing ratio [g/kg)
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MWR data assimilation into ICON-D2

ICON-D2 ensemble _ Model Background

(40 members)  40x (T- / g-profiles) Analysis ensemble

Model Space

Ensemble member

weights

Observational Space

Simulated
observations
40x (14 TB values)
MWR-gb observation .
{Bgri htiess t Kalman Filter of
& KENDA-LETKF
Temperatures (DA system)
14x TB [K]) )i
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How to estimate an error in data assimilation

e An observation error in data assimilation (DA) consists of measurement error and representation error:

€=M +eRr

e We know for MWRs e™< 0.5 K (Rose et al., 2005)

® The representation error itself consists of observation-operator-error (H), unresolved-scales-error (S) and
preprocessing/QC-error (Janjic et al., 2018):

efR=¢e5 +e 4t
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Paper-outline:

Towards Assimilation of Scanning Microwave
Radiometer Observations into ICON-D2:
An Elevation-Dependent Evaluation of RTTOV-gb

and ARMS-gb
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Introduction
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Introduction / background

Several studies have investigated ground-based microwave radiometer data assimilation:
> Either indirect assimilation of thermodynamic profiles (Caumont et al. 2016, Thomas et al. 2024)

»> Or direct assimilation of brightness temperatures (Vural et al. 2023, Ikuta et al. 2025)

Direct assimilation proved to yield better results (Cao et al. 2023)

All of the studies so far focused on zenith-pointing observations and used slant path at most for corrections under
assumed horizontal homogeneity in opague channels (Martinet et al. 2017).

Slant path so far yielded higher errors and additional challenges for quality control.
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Data & Methods

g UNIVERSITY Institute for Geophysics and Meteorology / ExOb Group / Faculty of Mathematics and Natural

5/ OF COLOGNE Sciences 23.06.2026



Datasets:

e FESSTVal (May-August 2021 / Lindenberg, Germany):

O Over 400 radiosonde launches and complementary MWR data

O See: Hohenegger et al. 2023

e Vital | campaign (August 2024 / Jilich, Germany)

O Investigated potential of novel observation strategies

O Sensor synergy (e.g. satellite and MWR-gb combined retrievals)

O 48 Radiosonde launches and complementary MWR data
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)/ OF COLOGNE

=== DIAL vy Radiosondes
UAS (hopper) HATPRO (Joyhat)
+ UAS (flik}
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Methods
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Methods
=> How to distinguish between WYV variability and error?
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Sensor azimmuth angle (DEG)

Obstacles need to be excluded

IWV azimuth scan at 10.0° elevation

Deviation from min TB mean [K]

Obstacle detection — all elevations — K-band mean (Ch 1-7) [MWR_scans_aachen_may26]
Deviation from RTTOV model [K]
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Instrument tilts can be determined and corrected
(MWR during FESSTVal)

Azimuthal brightness temperature differences and estimated instrument tilt
Tilt magnitude: 0.24° | Identified tilt angles: 310° (high) to 130° (low) | Tilt axes: 40° - 220°

1.5F —e— (Observed TB difference
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Cloudy observations need additional care

e Cloud flagging is required for assimilation with adaptive errors (Vural et al. 2023)
e Cloud flagging is far from trivial for slant path (not enough datapoints for standard deviations)

* A novel cloud flagging via Neural Network is used on FESSTVal data (coming up for Vital | also)

Clear-sky fraction per elevation
FESSTValL — RAO_Lindenberg (N_total=437)
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Results
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H-operator error by channel and elevation: RTTOV-gb

Standard deviation of TB per Channel/Elevation
n_valid(min/max)=(37, 121), RAO_Lindenberg, FESSTVaL, RTTOV-R24, clear
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¢ Fast radiative transfer
model RTTOV-gb compared
to Rosenkranz24 accurate
Line-by-line-model (LBL)

® For channels 3-14 and even
at low elevations we find
efl<0.5K
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H-operator error by channel and elevation: ARMS-gb
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Elevation [deg]

FESSTVaL: MWR against radiosonde

Standard deviation of TB per Channel/Elevation
n_valid(min/max)=(31, 115), RAO_Lindenberg, FESSTVal, dwdhat-R24, clear MWR compared to R24-LBL output
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Elevation [deg]

Vital I: MWR against radiosonde

Standard deviation of TB per Channel/Elevation
n_valid(min/max)=(23, 23), JOYCE, Vital |, joyhat-R24, clear
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These values contain:

* Quality control error: €9¢

e Measurement error: eM< 0.5 K
e Operator error: gR24

e Water Vapor variability that we in
fact want to observe



Discussion & Outlook
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Summary

e Which channels to use for slant path MWR-gb data assimilation?
> Hopefully all (depending on non-diagonal R-matrix becoming available in KENDA-LETKF soonish)

»> But also assimilation of 2 channels would yield some information (lkuta et al. 2025, Vural et al. 2023)—e.g.ch 7 +
ch 10 (based on operator errors).

e Which elevation angles to use for slant path MWR-gb data assimilation?
»>10° elevation probably offers a better compromise between coverage and errors than 5°.

e But once proper data assimilation is performed O-B-statistics have to be considered.
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Vital Il campaign (June-August 2026)
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Outlook

How to exclude water vapor variability for radiosonde and MWR comparison?

> Determining gradient of regression between water vapor standard deviation and TB deviation between MWR and
simulated TBs from radiosonde. Subtracting WV variability x gradient of deviation by WV.

Applying Neural Network for cloud detection to all parts of my dataset

Working further on good quality control: (1) tilt correction, (2) RFI filtering, (3) exclusion of obstacles.

Possibly also including Vital Il data in autumn.

Going through with proper Vital Il data assimilation for WV-lidars and scanning MWRs in winter.
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The End

*Thank you very much for your attention!

N UNIVERSITY Institute for Geophysics and Meteorology / ExOb Group / Faculty of Mathematics and Natural

5 OF COLOGNE Sciences 23.06.2026




Acknowledgements Deutscher Wetterdienst

Wetter und Klima aus einer Hand B ‘

e This work was carried out within the WV-ENHANCE project, funded by the Deutscher Wetterdienst
(DWD) through its Extramurale Forschung division.

e The authors gratefully acknowledge the provision of observational data from the FESSTVal 2021
campaign (PI: C. Hohenegger, MPI-M Hamburg)and the Vital | 2024 campaign (Pl: U. Lohnert, University
of Cologne). This work will further benefit from the upcoming Vital Il campaign.

e The PhD project underlying this work is supervised by U. Lohnert, M. Toporov, and A. Schomburg,
whose guidance is gratefully acknowledged.

RN UNIVERSITY Institute for Geophysics and Meteorology / ExOb Group / Faculty of Mathematics and Natural ,
r e : 23.06.2026 AL
e S OF COLOGNE Sciences




Elevation [deg]

FESSTVaL: MWR against radiosonde (Bias)

Bias of TB per Channel/Elevation
n_valid=(54, 197), RAO_Lindenberg, FESSTValL, dwdhat-R24, clear
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Elevation [deg]

Vital I: MWR against radiosonde (Bias)

Bias of TB per Channel/Elevation
n_valid=(36, 36), JOYCE, Vital I, joyhat-R24, clear
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Why MWRs and DIALs are made for each other

MWR WV-DIAL
® Cloud penetrating ® Non-cloud penetrating
e Accurate Liquid Water Path (LWP) e High vertical resolution
e Temperature profiles * No temperature profiles
® Not aerosol dependent e Aerosol dependency limits to BL
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Instrument
tilt

Joyhat
(upper; Vital |
June-September 2024)

Foghat
(lower FESSTValL
May-Aug 2021)

VICULL LT B L]

Azimuthal brightness temperature differences and estimated instrument tilt
Tilt magnitude: 0.19° |

Identified tilt angles: 300° (high) to 120° (low) | Tilt axes: 30° - 210°

—e— Observed TB difference
=== Modelled tilt signal (0.19°]
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Elevation [deg]

Same for ARMS-gb (Shi et al. 2025)

Direct assimilation of MWR brightness temperatures yields better results (Cao et al., 2023)...

..but it needs an H-operator.

Standard deviation of TB per Channel/Elevation Standard deviation of TB per Channel/Elevation
n_valid(min/max)=(37, 120), RAO_Lindenberg, FESSTValL, ARMS-R24, clear ) n_valid(min/max)=(29, 29), JOYCE, Vital |, ARMS-R24, clear )
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Synergistic setup of DIAL and scanning MWR for DA

OYCE cloud observatory and 20 km Radius

e Circles show radius within 2 km

deep BL

Netherlands

—e— JOYCE cloud observatory
—— 20 km Radius (¢ = 5°)

—— 10 km Radius (e = 10°)
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DIALs are a great candidate to fill part of the gap

e DWD already works on an operational network of 13 instruments

=> Check out talks by Nina Raabe and Jens Pruschke
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Questions

®* How to identify WV variability in standard deviations of elevations. If | derive WV
variability from 360° Azimuthscans and subtract them from the calculated std, |
basically treat the whole measurement as measurement without error...

® How much of my measurements will be thinned out by the current KENDA-LETKF
DA-system anyways, because of the relative closeness of these observation points?

®* \Who needs to be named as an author? How about Bernhard and Tobias?

; UNIVERSITY Institute for Geophysics and Meteorology / ExOb Group / Faculty of Mathematics and Natural
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Numerical weather prediction works like a PC game

B 19
W Werde Premium 4 Anmelden

1. We determine the state of the
atmosphere

2. With the laws of physics we calculate
further movement of air parcels and
thermodynamic processes within them
stepwise

Determining the state of the atmosphere is
far from trivial:

A former forecast (background) is corrected
with current observations under
consideration of the forecasts and the

observations respective errors (Data o—
Assimilation). Source: Windy.com
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Other error sources

Detected 360° Azimuth instrument tilt: Angle 0.2° Between high and low angle: [250 70]°

— Instrument
—— Model
0.6 1

® |nstrument tilt:

—0.4

—0.6
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Next steps

e Derive Jacobians / Weighting functions of MWRs (PyRTlib and RTTOV-gb)

®* How to quantify horizontal WV-variability vs. random error?

e How to determine obstacles in Azimuth scans in data? (Important for Vital 11 !)
e How to apply Moritz* NN for cloud detection to Vital | data?

Work on timeseries of Tilt error and correction of it.

e Correlations between angles and channels...(?).

i | Z UNIVERSITY Institute for Geophysics and Meteorology / ExOb Group / Faculty of Mathematics and Natural 23.06.2026
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Dataset and Methods so far

e Campaigns: FESSTVal, Socles and Vital |

e Atmospheric profiles from 521 radiosondes

e Collocated HATPRO MWR TBs (max dt=15 min from radiosonde start)

e Vertical profiles standardized to 180 levels up to at least 10 km and referenced to height above sea level

e Thinned and smoothed radiosonde profiles with enhanced resolution below 3 km and climatological extension above
10 hPa

e Following results are from clear sky (LWP <5 g m-2)
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Planned Data Assimilation work flow
- 6
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