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”és’éﬁXéL Motivation

LABORATORY

ARO Growth During AR Recon & GARRP

* Decent increase of GNSS Airborne Radio w000 o e
Occultation (ARO) profiles recently (Hasse et al. 2014; o]
2021) % 000

* ARO profiles provide critical thermodynamic
information aloft over the open ocean, filling
observational gap

* Assimilation of ARO refractivity profiles into a T Ta——
regional NWP model has been shown to improve it Credit: N. Barton
the representation of moisture and temperature T A N

Ty
e 1600

fields (Hasse et al. 2021)
* Assimilation of ARO bending angle profilesin a

1400

AR 10P13 Jan 13 2023
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global model improved precipitation forecasts (po et

al. 2025)

* Most ARO data in this study were collected during .. == s N[ e

Atmospheric River RECON missions (zheng et al. 2026) g S e = o |
T i, b B B BB o T i 2

https //agsweb.ucsd. edu/gnss -aro/



Ugs-gﬁ\R'éL Status and Objective
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* Current global data assimilation (DA) ingests GNSS space-borne RO bending angles

with 1D Radio Occultation Processing Package (ROPP) (culverwell et al., 2015; Ruston and Healy,
2020)

* 2D foreword operator (FO) represents more accurately the signal ray path than 1D FO
(Healy et al. 2007)

» 2D forward operator and its tangent linear and adjoint model for ARO assimilation is
ready for ops integration (Hordyniec et al. 2025)

Objective
* Upgrade GNSS RO forward operator from 1D to 2D in the global model

* Assess whether using 2D forward operator for spaceborne RO leads to better global
NWP forecasts

* Develop ARO assimilation capability within the global model

* Evaluate Airborne RO assimilation impact on NWP forecasts, particularly for
Atmospheric River prediction



Ugégﬁ‘R’é'- Spaceborne RO Forward Operator
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* Quality control and observation error specifications are in Ruston and Healy (2021)

* Tangent-point drift correction is applied

* Substantial effort was required to rewrite the original 1D RO assimilation code to
support the 2D upgrades

 The 2D ROPP forward operator is applied up to 10 km altitude; above 10 km, the 1D
ROPP forward operator is used.
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US NAVAL 2D ROPP
§ee Observing system experiments (OSEs)

Experiment Name Radio Occultation Obs
Assimilated

1D ROPP (Summer) GNSS RO with 1D Forward

Operator (FO)
1 July 2023 - 30 Sep 2023
2D ROPP (Summer) GNSS RO with 2D FO
1D ROPP (Winter) GNSS RO with 1D FO
8 Dec 2022 -> 8 Mar 2023
2D ROPP (Winter) GNSS RO with 2D FO

Global model: T681L60 (~19km horiz. res. with a model top at 0.04 hPa) (Hogan etal .2014)
DA system: 4DVar Hybrid (kuntetal. 2013)
Baseline dataset includes all observations routinely assimilated in ops >



Bending Angle Background Departure Stats

U.S.NAVAL

oAt (1D ROPP vs. 2D ROPP)

Bending angle background departure stats decreased in
low- to mid-levels by 2D forward operator.

== 1D ROPP (Winter)
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U_S.NAVAL FSOI of GNSS Spaceborne RO
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(1D ROPP vs. 2D ROPP)

Data Count per Cycle (x 10°)
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FSOI: forecast sensitivity to observation
impact (Langland and Baker 2004)
Moist energy norm

Based on FSOI, the 2D forward
operator was not more beneficial

than the 1D forward operator
when assimilating GNSS
Spaceborne observations.




Relative Impact on Moisture Forecasts
RESEARCL

iEe (1D ROPP vs. 2D ROPP)

Verification Against ECMWF Analyses
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US NAVAL Relative Impact on Temperature Forecasts
ESEARC

idasl (1D ROPP vs. 2D ROPP)

Verification Against ECMWF Analyses
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Temperature Analysis Biases
RESEARCL

(1D ROPP vs. 2D ROPP)

SH Tropics NH
1D12D ROPP - ECMWF _
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Both 1D & 2D ROPP analyses have 200,
positive temperature biases relative 500+
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Ugs-l;ﬁ\R'éL ARO Observation Availability
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AR Recon Season 2021 AR Recon Season 2023
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‘ US.NAVAL | ARO OSEs
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Experiment Name Radio Occultations
Assimilated

Control 2021 GNSS RO
18 Jan 2021 - 18 Mar 2021
ARO 2021 GNSS RO and ARO
Control 2023 GNSS RO
8 Dec 2022 - 8 Mar 2023
ARO 2023 GNSS RO and ARO

GNSS RO and ARO bending angles are
both assimilated with 2D forward operator

12



ussan ARO FSOI
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 Despite sparse in quantity, ARO data are beneficial
* ARO total FSOI or FSOI per obs in 2021 appears to be larger than in 2023

Total FSOI () kg‘l) FSOI per Ob (J kg‘l) Data Count (per Cycle)
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US NAVAL Relative Impact on Geopotential Height Forecasts
ESEARC

A TORT (control vs. ARO)

Verification Against ECMWF Analyses > 959 statistical
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ARO assimilation improved global forecasts of NH geopotential heights, with a

greater impactin 2021 AR Recon cases than in 2023
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Bending Angle Background Departure Stats

U.S.NAVAL

RESEARCH (7 -17 Jan 2023)

Prescribed error for ARO obs above ~ 8 km might be too low.
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U_S_NAVAL Single ARO Observation Error Sensitivity

RO AT Departure Stats

Single Increment Exp: 18 UTC 24 Jan 2021
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U.S.NAVAL Single ARO Observation Error Sensitivity

Researa-  Analysis Increment Differences (T, RH, u, v)

1800 UTC 24 Jan 2021: Prof E30_IF2 Increment

* The difference fields for Centered (29.34 °N, -165.79 °W)
temperature, RH, U and V WindS a) T Model Level: 29 (220 hPa) b) RH Model Level: 40 (670 hPa)
(shading) increments are opposite 0.075 ) 1.5
in sign to the original control o g g
increments 5 -
The initial warming, moistening, o —o.ozsg ' —o.sé
and wind adjustments that )
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U_S_NAVAL Clustering on ARO Refractivity

LABORATORY ARO data (201 8'2025)

Can we use machine learning techniques (e.g., k-means clustering) to estimate
the prescribed errors of airborne RO obs based on their thermodynamic
environment to improve atmospheric river events?

AR Reconnaissance IVT (kg m~? s71, shaded), IVT Vectors, and SLP (hPa; contours)
Analysis Valid at: 2023-01-08 00z Mission: 2023.007_iop08

ARO data (201 8_2025) 52 GNSS ARO (colored by cluster)
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. 2 {2
- e |
org=- " .

Arielle Jorge (NRL 7551/NREIP 2025), Jacob Gull (NRL 7553/SAIC)

\
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US NAVAL ARO Refractivity Background Departure Stats

LA.B;)RATORY ARO data (201 8-2025)

AR different sectors appear to have different refractivity error characteristics

Refractivity Degarture Stats by ARO Cluster

16,909 ARO observations AR Reconnaissance IVT (kg m~1 s71, shaded), IVT Vectors, and SLP (hPa; contours)
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52 GNSS ARO (colored by cluster)

o == Cluster 0 G0N e T T oy ARO Profiles
14 / —— Cluster 1 ---- Flight Track
= Cluster 2 | = Cluster 0 (n=16)
( = Cluster 3 55°N == Cluster 1 (n=1)
—— Cluster 2 (n=12
=1 Custerd —_ c\: t:[S §:=19))
121 50°N m— Cluster 4 (n=4)
-
E 45°N [
X 101
o 40°N |-
L]
T g
b7 3N
[
£
= :
AR warm side
4
2 v
-3 =2 -1 0 1 2 3 0 1 2 3 4 5
928 (%) StDev of 228 (%)

954 1130
IVT Magnitude (kg m~* s71)

Arielle Jorge (NRL 7551/NREIP 2025), Jacob Gull (NRL 7553/DeVine) 21



U-Ess-g,eggt Summary and Future Work
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* Assimilating GNSS RO obs with a 2D forward operator (2D ROPP):

* Yields statistically significant improvements in global forecasts of low- to mid-level
moisture

* Produces

* Amplified existing large temperature bias relative to ECMWF analyses

 ARO assimilation improved global forecasts of NH geopotential heights, with a greater
impact during 2021 AR Recon campaign than in 2023

* Single-profile ARO sensitivity tests show that analysis increments are sensitive to the
prescribed observation uncertainty

* Clustering based on ARO refractivity identifies five atmospheric river sectors with
distinct error characteristics, which can be used to guide future experiment design

Future Work:
* Understand why 2D ROPP amplifies existing known model bias
* Integrate cluster-aware error model for ARO assimilation 22
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1000 to 300 hPa IVT by Lead Time
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Total FSOI (J kg™1) ...FSOIl per Ob (] kg™1) Data Count
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US NAVAL Relative Impact on Geopotential Height Forecasts
ESEARC

e ARCH (Full 3 Months; 1D ROPP vs. 2D ROPP)

Verification Against ECMWF Analyses
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| U NAVAL Geopotential Height Analysis Biases

SRR (Full 3 Months; 1D ROPP vs. 2D ROPP)
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Pressure (hPa)

Relative Impact on Wind Speed Forecasts
(Full 3 Months; 1D ROPP vs. 2D ROPP)

Verification Against ECMWF Analyses
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U_S_NAVAL Wind Speed Analysis Biases

(Full 3 Months; 1D ROPP vs. 2D ROPP)

SH TR NH
_1D/2D ROPP - ECMWF
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Both 1D & 2D ROPP analyses have soo
low wind speed biases relativeto | mmy  _ //
ECMWF above the lowest levels.
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