
Upper Atmosphere Reanalysis in the Goddard Earth Observing System for 
Space Weather Applications and Support of Heliophysics Missions (GEOS-H) 
 

  R. S. Lieberman, V. Yudin, L. Goncharenko, V. L. Harvey, J. Yue, J. France and S.  Pawson 
 

Introduction 
 
Recent advances in Whole Atmosphere (WA) modeling for space weather research and 
applications have prompted several US institutions and agencies (NSF/NCAR, NRL and 
NOAA) to extend climate and operational numerical weather prediction (NWP) models into the 
Thermosphere-Ionosphere (TI). Extended WA models provide support for space-borne 
Heliophysics missions, and assessment of new instrumentation and missions through Observing 
System Simulation Experiments (OSSEs). The Global Modeling and Assimilation Office 
(GMAO) at NASA/GSFC provides critical modeling and data assimilation support for NASA’s 
Earth Observation (EOS) missions. The Goddard Earth Observing System Model (GEOS) and 
Modern-Era Retrospective Analysis for Research and Application (MERRA) of GMAO now 
utilize data from research satellites in the upper stratosphere and mesosphere (Gelaro et al., 
2017). GMAO’s operational system, GEOS-5, and climate reanalysis, MERRA-2 (1980-present) 
report the global atmospheric state between the surface and ~80 km.  

Three Heliophysics missions make middle atmosphere measurements between 50-120 km: the 
Aeronomy of Ice in the Mesosphere (AIM), Thermosphere Ionosphere Mesosphere Energetics and 
Dynamics (TIMED), and Ionospheric Connection Explorer (ICON). These missions provide 
temperature and neutral horizontal winds, as well as a variety of atmospheric composition 
measurements, all of which can be assimilated into models in the mesosphere-lower thermosphere 
(MLT) to improve model dynamics, chemistry, and overall fidelity. Ground-based networks of 
meteor radar systems, lidars and Fabry-Perot interferometers provide horizontal winds in the 
thermosphere that can also be assimilated. Indeed, the recent assimilation of EOS/Aura MLS 
temperature and O3 data in MERRA-2, the assimilation of MLS and TIMED/SABER temperature 
into the Whole Atmosphere Community Climate Model with the Data Assimilation Research 
Testbed (WACCM+DART) ensemble Kalman filter, and the assimilation of MLS and SABER 
temperature, O3 and H2O observations into the Navy’s Global Environmental Model (NAVGEM) 
high-altitude model at NRL demonstrate the benefits for studies of the space-atmosphere 
interaction region.  Extension of GEOS-5 global atmosphere model into the TI domain with 
middle atmosphere data assimilation would fully realize NASA’s research priority of utilizing 
Earth and Heliophysics Science mission data and enhancing scientific return.  

Reanalysis refers to the processing of observational data spanning an extended period using a 
single consistent assimilation (or "analysis") scheme throughout. The goals of this white paper are 
to extend GEOS-5 into the TI domain, and to initiate and coordinate collaborative research 
between agencies and institutions that will lead the Heliophysics community to the first middle 
atmosphere and TI reanalysis. Reanalysis is a timely activity for the next decade, that addresses a 
key priority articulated in the National Research Council Solar and Space Physics Decadal Survey: 
Determine meteorological driving of the ionosphere-thermosphere system (NRC, 2013). A 
vertically extended GEOS supporting Heliophysics missions (hereafter referred to as GEOS-H) 
that can generate a ground-to-space reanalysis would stimulate a broad spectrum of research of the 
space-atmosphere region (“geospace”), and engage future missions such as the proposed Geospace 
Dynamics Constellation (GDC), and the selected Atmospheric Waves Experiment (AWE). 
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Scientific motivation 
 
It is estimated that waves excited at lower altitudes account for at least 35% of the ionosphere’s 
observed space-time “weather-related” variability, even under highly disturbed geomagnetic 
conditions (Liu, 2016). The MLT is the gateway through which atmospheric waves forced in the 
lower atmosphere reach the ionosphere. Year-to-year, seasonal, and day-to-day variability of the 
MLT is controlled by radiative and chemical heating/cooling, tides and planetary waves (PWs), 
and mesoscale gravity waves (GWs) excited in the lower atmosphere by orography and weather 
and convective systems. PWs can modulate the propagation environment of GWs (Lieberman et 
al., 2013), and tidal amplitudes through nonlinear coupling. It is widely presumed that all these 
waves influence  the neutral composition and plasma in the TI through their interaction with the E-
region dynamo (Chau et al., 2009). Fast GWs with long vertical wavelengths can propagate 
directly into the thermosphere, where they can potentially “seed” plasma irregularities that cause 
scintillation in the radio portion of the electromagnetic spectrum (Lay, 2018). High-altitude NWP 
and reanalysis are powerful tools for examining the effects of MLT waves on the ionosphere.  
 
Roadmap  
 
Step 1, 2023-2025: Initial development of GEOS-H: The objective is to configure a high-altitude 
version of GEOS-H so as to commence generation of an MLT reanalysis. To that end, the top 
boundary shall be extended from .01 hPa (75-80 km) to 1.e-9 hPa (~500 km). We will introduce 
the following components of neutral thermosphere physics tested in the community thermosphere-
ionosphere models: non-LTE-IR, UV and EUV radiation, molecular diffusion, heat conductivity, 
and viscosity of major species (O, O2, N2). To compute the NO cooling, ion drag and Joule heating, 
empirical models for NO (Marsh et al., 2004) and ionospheric parameters (e.g., IRI-2016, Bilitza et 
al., 2017) will be initially employed, before proceeding to the self-consistent simulations of the 
neutral-plasma chemistry and transport. The initial configuration with empirical specification of 
plasma will allow us to start the preparation for middle atmosphere-TI reanalysis that span two last 
solar cycles (2000-2022).  
 
Step 2, 2025-2030: Data assimilation and generation of reanalysis: MERRA-2 is a current 
NASA reanalysis for the satellite era (1980-present), produced by GMAO with GEOS-5 reduced 
resolution (0.5 deg). The data assimilation component of MERRA-2 is based on the 3DVar 
system of Grid-point Statistical Interpolation (GSI, Gelaro et al., 2017). Rapid data assimilation 
(~1-hr cadence) of MLT (TIMED, AIM, and ICON) data (horizontal winds, temperature, O3, O,  
and H2O) will be performed with an adaptation of the Joint Effort for Data assimilation 
Integration (JEDI) framework of JCSDA (https://www.jcsda.org/jcsda-project-jedi) planned for 
the next generation of operational analyses of NOAA and NASA.  
 
Step 3, 2025-2035: Ground-based and space-based data fusion: Existing ground-based radar, 
lidar and FPI observations will be first considered as the independent data for verification of 
initial data assimilation results, then subsequently assimilated. Recent technical developments 
demonstrated feasibility of several types of new inexpensive ground-based instruments such as 
multistatic meteor radars. Production-level meteor radar systems can be deployed over the 
continental USA and overseas, providing fine-scale mesospheric neutral wind structures. Future 
advances in upper atmospheric specification will require fusion of space-based MLT -TI  
observations (TIMED, ICON, GOLD) with ground-based observations (networks of meteor 
radars, incoherent scatter radars, FPIs, lidars, imagers), including reconciliation of systematic 
biases among temperature, wind and composition datasets. 
 
Step 4, 2030-2050: Long-term GEOS-H Development: This stage includes 1. Implementation of 
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computationally efficient ion-neutral chemistry to reproduce thermospheric composition (O3, O, 
O2, H, OH, NO), and improve the representation of chemical heating and radiation; 2. Coupling of 
GEOS-H neutral dynamics and composition with existing and future versions of  ionosphere-
electrodynamics models (e. g., GAIM, SAMI3, IPE). 3. Assimilation of  ionospheric data products 
(TEC, electron density profiles, plasma drifts) in the coupled GEOS-H/Ionosphere model. 
 
Coordinated Community Effort  
 
The development of a middle atmosphere-TI reanalysis is a joint effort by both NASA Earth 
Science and Heliophysics Science Directorate. Reanalysis products will be visualized and 
disseminated to the space weather and Heliophysics community by the Coordinated Community 
Modeling Center of NASA/GSFC. 
 
Impact of GEOS-H on Mission Planning 
 
 Performing OSSEs with GEOS-H will provide assessments of multi-sensor missions. These 
experiments can optimize the temporal sampling and spatial coverage of future missions, including 
examination of the accuracy and complimentary properties of observations to reach novel science 
goals. 
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