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Abstract16

A new technology for remote measurements of marine surface pressure has been proposed,17

employing a V-band differential absorption radar and a radiometric temperature sounder18

to calculate the total column atmospheric mass. Observing System Simulation Exper-19

iments (OSSEs) are performed to evaluate the potential impact of Spaceborne Marine20

Surface Pressure (SMSP) on Numerical Weather Prediction (NWP). These experiments21

build on prior efforts (Privé, McLinden, et al., 2023), but with an updated version of the22

OSSE framework and with more sophisticated simulation of the SMSP observations and23

a longer experiment period. Several different instrument configurations are compared,24

including both scanning and non-scanning orbits. SMSP impacts are calculated for anal-25

ysis quality and forecast skill, and a forecast sensitivity observation impact tool is em-26

ployed to place SMSP observations in context with the global observing network. The27

effects of rain contamination on observation quality are explored. Different magnitudes28

of simulated SMSP observation error are tested in the context of data assimilation to29

show the range of potential behaviors. Overall, SMSP observations are found to be most30

beneficial in the southern hemisphere extratropics, with statistically significant forecast31

improvements for the first 72 hours of the forecast. A constellation of four non-scanning32

SMSP satellites is found to outperform a single scanning instrument with a 250 km wide33

swath.34

Plain Language Summary35

Measurements of surface pressure are very useful for weather prediction because36

they tell us about phenomena such as winter storms, as well as large scale atmospheric37

circulation patterns. Over the ocean, the only surface pressure measurements currently38

come from buoys and some ships, but these measurements are very far apart. Recently,39

some new radar technology is under development that would allow ocean surface pres-40

sures to be remotely retrieved from aircraft or satellites. In this work, these proposed41

new radar surface pressure measurements are simulated and tested in a weather forecast42

model. Several different configurations of an orbiting spaceborne radar are simulated and43

compared to find out how much the radar data would improve weather forecasts. The44

results show that a constellation of four smaller radar satellites has the most improve-45

ment on weather prediction. The effect of instrument noise was also tested, and it was46

found that the radar was helpful for weather forecasts for a wide range of instrument per-47

formance.48

1 Introduction49

It can be challenging to determine instrument design requirements for the devel-50

opment of novel platforms that observe the atmosphere and oceans. When no similar51

instrument types exist, there can be significant unknowns as to the optimal sampling strate-52

gies or necessary accuracy levels of the new instrument. Observing System Simulation53

Experiments (OSSEs) can be used to test different instrument configurations in a real-54

istic setting to characterize the impacts of new instrument designs on Numerical Weather55

Prediction (NWP).56

OSSEs are modeling experiments in which all aspects of the global observing net-57

work are simulated. The real atmosphere-ocean system is replaced with a simulated ver-58

sion, called a Nature Run. Every instrument type currently used in NWP is simulated59

to generate ‘synthetic’ observations intended to replicate the global observing system in60

the world of the Nature Run. These synthetic observations include added simulated ob-61

servation errors to replicate the error characteristics of real observations. New instru-62

ment types are then simulated and tested within the emulated world of the OSSE, where63

characteristics of the new data can be directly manipulated and evaluated.64
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Up until now, marine surface pressure measurements have only been possible from65

in situ instruments such as ships, buoys, and ocean platforms. However the spatial dis-66

tribution of these instruments is far from uniform, with most observations located near67

coastlines, and far fewer observations available in the open ocean. Many drifting buoys68

do not report surface pressures (Centurion et al., 2017), and ship-based pressure obser-69

vations can be subject to large errors depending on the type of vessel and the report-70

ing method (Ingleby, 2010).71

Despite the dearth of in situ marine surface pressure observations, previous stud-72

ies have indicated that this dataset is important for NWP. A data denial experiment in73

which all marine surface observations were omitted from the European Centre for Medium-74

range Weather Forecasts (ECMWF) operational system found a significant decrease in75

forecast skill in the Southern Hemisphere (Radnóti et al., 2012). Horányi et al. (2017)76

removed only drifting buoy data from the ECMWF operational system and found that77

the root-mean-square surface pressure errors increased by as much as 30% regionally. Fore-78

cast skill declined globally for up to 2-3 forecast days when the drifting buoys were omit-79

ted. Surface pressure observations from drifting buoys were the subject of data denial80

experiments by Ingleby and Isaksen (2018), and these observations were found to improve81

NWP forecasts, particularly in extratropical regions of cyclogensis. Reynolds et al. (2023)82

examined the impacts of buoy surface pressures as part of the Atmospheric River Re-83

connaissance Program, and found that drifting buoys in the north Pacific have the great-84

est impacts in regions of tight pressure gradients associated with substantial water va-85

por transport, such as fronts and atmospheric rivers.86

Some existing technologies have been investigated for remote sensing of surface pres-87

sure observations, but a satisfactory option has not been found. Scatterometer winds have88

been suggested as a possible method of determining surface pressures using hydrostatic89

balance with surface winds, but this technique can only be used to calculate pressure gra-90

dients rather than total pressures, and is only possible over a limited range of wind speeds.91

Healy (2013) showed that Global Navigation Satellite System Radio Occultation (GNSS-92

RO) observations can be employed to constrain the surface pressure field and improve93

forecast skill to a certain degree in the absence of in-situ surface pressure observations.94

However, Healy illustrated the sensitivity of remotely sensed surface pressure data to bi-95

ases from the NWP model and from other data types that can compromise the use of96

these data types.97

A novel instrument for remote sensing of marine surface pressures is expected to98

undergo airborne engineering test flights in 2024, funded by the National Aeronautics99

and Space Administration (NASA) Earth Science Technology Office (ESTO). The Mi-100

crowave Barometric Radar and Sounder (MBARS) instrument is currently under devel-101

opment by the NASA Goddard Space Flight Center, NASA Langley Research Center,102

and Tomorrow.io under the Instrument Incubator Program. This instrument uses com-103

bined active and passive microwave sensors operating at the O2 absorption V band (64–70104

GHz) to measure atmospheric column O2 amounts in no- or light-rain conditions using105

a differential absorption method (Lin and Hu (2005); Lawrence et al. (2011); Millán et106

al. (2014); Lin et al. (2023)). The instrument would measure the O2 content of the at-107

mosphere, which is proportional to the column dry air mass in a well mixed atmosphere.108

Along with measurements of atmospheric moisture, the total surface air pressure can be109

derived. The airborne test flights will include both the V-band differential absorption110

radar (DAR) and a radiometric temperature sounder. This type of differential absorp-111

tion radar measurement is used to retrieve surface air pressure primarily in regions with-112

out significant precipitation for both airborne and spaceborne measurements.113

Spaceborne DAR systems are designed to operate at the 65–70 GHz V-band for114

atmospheric column O2 mass measurements. Two DAR frequencies are chosen to be closely-115

spaced such that atmospheric attenuation other than O2 and surface reflection are sim-116

ilar but the difference in O2 absorption is substantial. Thus, when DAR sea surface re-117
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turns are measured, the effects of the attenuation and reflection are significantly reduced118

and the differential loss due to atmospheric O2 is dominant and can be measured by the119

ratio of frequency-paired DAR signals. However, certain environmental variables such120

as humidity, clouds, rain, and sea surface conditions could potentially impact the mea-121

sured power ratio because of the need for very precise sea surface pressure observations122

(1–2 hPa). Since the absorption and reflectivity of these variables vary nearly linearly123

with frequency in the closely spaced spectra, a third channel, also with an evenly spaced124

spectrum at weaker O2 absorption wavelength, is used to form the second pair for dif-125

ferentiating the differential absorption measurements of the two pairs of channels for the126

DAR system. This differentiation of differential absorption significantly reduces environ-127

mental impacts to a negligible level for sea surface pressure retrievals as shown by Lin128

et al. (2024).129

Privé, McLinden, et al. (2023) performed preliminary OSSE investigations of a space-130

borne marine surface pressure (SMSP) instrument, exploring different swath widths of131

a scanning type orbit. The preliminary studies used a version of the NASA Global Mod-132

eling and Assimilation Office (GMAO) NWP OSSE framework based on a version of the133

NWP model and data assimilation that was quasi-operational in 2018, and simulated134

observations replicating the global observing network in 2015. Different orbital config-135

urations were tested for an SMSP, and it was shown that remotely sensed surface pres-136

sure observations could beneficially impact NWP analyses and forecast skill.137

In this study, additional investigations of potential SMSP instruments are carried138

out in a more recent GMAO OSSE framework. The GMAO OSSE has since been up-139

dated to a version of the Goddard Earth Observing System (GEOS) model and Grid-140

point Statistical Interpolation (GSI) data assimilation system that were in use in 2022-141

2023, with simulated observations based on the 2020 global observing network. Notably,142

this newer quasi-operational NWP system uses a different atmospheric mass for the dry143

mass constraint that alleviates some issues that were encountered in the preliminary stud-144

ies. The simulation of the SMSP instrument has been modified to include precipitation145

contamination and a 50-km footprint for the SMSP instrument.146

Several different design characteristics of an SMSP are explored in this manuscript.147

A single orbit scanning instrument is compared with various configurations of a non-scanning148

constellation of up to four platforms. The effects of precipitation contamination are eval-149

uated both on a global scale and for case studies of tropical cyclones. Simulated instru-150

ment error is tested over a range of error magnitudes and in conjunction with varied ob-151

servation weighting by the data assimilation system.152

The organization of this manuscript is as follows: the GMAO NWP OSSE frame-153

work, simulated SMSP observations, and experiment setup are described in Section 2.154

Results of the experiments are shown in Section 3, and an overall discussion is given in155

Section 4.156

2 Method157

2.1 OSSE Framework158

The GMAO NWP OSSE framework has been described in detail, validated against159

real observations, and compared with the previous version of the framework used in prior160

studies by Privé, McGrath-Spangler, et al. (2023). A brief overview of the OSSE setup161

is given here.162

For the purposes of any OSSE, the real world is replaced with a simulated atmo-163

sphere called a Nature Run. The Nature Run is long, free forecast of an atmospheric model164

and is used both for verification and for generation of simulated observations. In the GMAO165

OSSE, the GEOS-5 Nature Run (G5NR) was used, having 72 vertical levels, approxi-166
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mately 7 km horizontal resolution (C1440), and 30 minute temporal output over a two167

year period. The G5NR employed a model version of GEOS similar to that used for the168

MERRA-2 reanalysis, and has been extensively validated (Gelaro et al., 2014).169

The NWP model used for the experiments was the version of GEOS that was quasi-170

operational in 2022 and early 2023, run at 25 km horizontal resolution (C360) with 72171

vertical levels. Compared to the G5NR, the experiment model version had different res-172

olution, convection and radiation schemes, boundary layer parametrizations, land sur-173

face model, and advection and damping schemes. Privé, McGrath-Spangler, et al. (2023)174

showed that this version of the OSSE has less of a tendency for ‘twinning’ or insufficient175

model error compared to the version that was used for the previous SMSP OSSE (Privé,176

McLinden, et al., 2023). The data assimilation system (DAS) used was the 4-dimensional177

hybrid ensemble variational (4D hybrid EnVar) GSI.178

Simulated observations were generated based on the locations of observations in179

2020, but using the G5NR model fields for observed variables, clouds, and rawinsonde180

drift. A list of simulated data types is given in Table 1. Radiance observations were gen-181

erated with the Community Radiative Transfer Model (CRTM; Han et al. (2006), Ding182

et al. (2011)) version 2.2.3 based on the spatiotemporal footprints of real radiance ob-183

servations. The G5NR cloud fields were used to determine cloud contamination of clearsky184

radiance types and cloud effects on allsky types (GMI, AMSR2, and MHS). Atmospheric185

Motion Vectors (AMVs) were located based on the cloud and water vapor fields of the186

G5NR (R. M. Errico et al., 2020), except for the Himawari platform for which the same187

locations as real observations were used due to the grid-like distribution of the real Hi-188

mawari AMVs. GNSS-RO observations were generated using the 2-dimensional Radio189

Occultation Processing Package (ROPP, Culverwell et al. (2015)). For any observing type190

that experienced an extended outage in 2020, the 2021 observation locations were sub-191

stituted during the period of missing data. Details of the methods used to simulate ob-192

servations are given in R. Errico et al. (2017).193

Table 1. Simulated observation types used in the GMAO OSSE framework.

Radiance Conventional

Instrument Platform

AIRS Aqua Surface conventional
AMSR2 GCOM W1 Aircraft
AMSU-A NOAA-15 AMV
AMSU-A NOAA-18 Rawinsonde
AMSU-A NOAA-19 Scatterometer
AMSU-A METOP-A GNSS-RO
AMSU-A METOP-B
AMSU-A METOP-C
ATMS NOAA-20
ATMS NPP
CrIS-FSR NPP
CrIS-FSR NOAA-20
GMI GPM
IASI METOP-A
IASI METOP-B
MHS METOP-B
MHS METOP-C
SSMIS F17
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Simulated observation errors were added to all simulated observing types in order194

to match the known error characteristics of real observations as best possible (R. Errico195

et al. (2017), Privé, Errico, and McCarty (2021), Privé, McGrath-Spangler, et al. (2023)).196

Uncorrelated random error was simulated for all data types, and random correlated er-197

rors were selectively applied to certain data types. Vertically correlated errors were ap-198

plied to sounding observations such as rawinsondes and GNSS-RO as well as AMVs, hor-199

izontally correlated errors were applied to clearsky microwave radiance types and AMVs,200

and channel correlated errors were added to hyperspectral infrared radiances. The mag-201

nitude of the simulated errors was calibrated so that the standard deviation of the ob-202

servation innovations (observation minus background, O-B) was as close to that of real203

data as possible for each data type. The use of correlated errors on the Control observ-204

ing network helps to increase the magnitude of the background error and analysis incre-205

ments, improving the realism of the OSSE framework. Previous work (Privé, Errico, &206

McCarty, 2021) has shown that the inclusion of simulated correlated observations errors207

compared to purely uncorrelated errors tends to slightly increase the observation impacts208

as estimated by Forecast Sensitivity Observation Impact (FSOI, Holdaway et al. (2014)).209

The increased background error results in more available ‘work’ for the observations to210

perform despite the less optimal use of the observations by the data assimilation system211

due to the inclusion of correlated errors.212

An OSSE Control was produced, consisting of three months of analyses and fore-213

casts using only observation types that were ingested in the real world in 2020 for the214

period of July-September of the second year of the G5NR. The performance of this sys-215

tem has been validated and described in Privé, McGrath-Spangler, et al. (2023). Fig-216

ure 1 compares the OSSE and real data FSOI using a 24-hour forecast total wet energy217

error norm for three different regions for the months of July and September (August is218

omitted due to real data outages of several platforms during 2020), where negative im-219

pacts indicate a reduction in 24-hour forecast error. Total wet energy is defined as the220

sum of the kinetic energy, thermal energy, potential energy, and latent heat energy. Three221

regions are considered for calculating forecast impacts and FSOI: Northern Hemisphere222

Extratropics (20◦N-90◦N, NHEX), Southern Hemisphere Extratropics (20◦S-90◦S, SHEX),223

and the Tropics (20◦S-20◦N).224

In general, observation impacts in the OSSE are somewhat smaller in magnitude225

than for real observations due to weaker model error growth in the OSSE framework,226

but the relative ranking of different data types is well-preserved in the OSSE. Notable227

differences between the OSSE and real include anomalously weak impacts from rawin-228

sondes (RAOB), ATMS, and AMSU-A. However AMVs tend to have greater impact in229

the OSSE compared to Real. These findings are described in greater detail in Privé, McGrath-230

Spangler, et al. (2023).231

2.2 Simulated SMSP Observations232

SMSP observations were simulated using the G5NR surface pressure field at pre-233

scribed orbital locations. In contrast to the preliminary studies described in Privé, McLin-234

den, et al. (2023), a 50 km diameter observation footprint was implemented along with235

screening for heavy precipitation. The 50 km footprint is based on the anticipated spa-236

tial averaging of a spaceborne sensor required to achieve high-precision atmospheric pres-237

sure retrievals. The footprint was calculated using the areal-weighted mean surface pres-238

sure over all G5NR gridpoints that fall within 25 km distance from the center point. The239

total land area within the footprint was calculated, and if more than 5% of the footprint240

contained landmass, then the observation was omitted. Similarly, the observation was241

omitted if more than 10% of the footprint was covered by sea ice.242

While the preferred field of interest for the simulation of rain contamination of the243

instrument was the maximum instantaneous precipitation within the footprint at the time244
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Figure 1. Comparison of FSOI estimates of observation impacts for the OSSE Control com-

pared to real observations from 2020. 0000 UTC forecast cycle impacts on the 24 hour forecast of

total wet energy error norm. July and September forecasts are used with August excluded due to

real data outages. a) 20N-90N, NHEX; b) 20S-90S, SHEX; c) 20S-20N.

of overpass, this field was not available from the model output. Instead, gridbox net pre-245

cipitation rates calculated over both cloudy and cloudfree regions were probabilistically246

converted to instantaneous local rain rates. For each gridpoint within the footprint, the247

cloud fraction of low clouds was interpolated to the observation time. If at least 5% of248

the gridpoint was considered to be covered by low clouds, then the local rain rate was249

calculated by converting the total precipitation in the gridbox to a rainrate that assumes250

rain only occured in the cloudy areas. A random number λ between 0 and 1 was drawn251

and used to generate a randomly influenced ‘instantaneous rain rate’, Ri from the tem-252

porally interpolated local rain rate Rt:253

Rt = RG/CF (1)

Ri = 2λRt (2)

where CF is the cloud fraction, RG is the temporally interpolated gridbox net rain rate.254

If Ri was greater than a chosen threshold value, then that gridpoint was assumed to be255

contaminated by heavy precipitation, and the entire footprint was omitted. Rain rate,256

rather than rain water path, is chosen for screening for precipitation contamination as257

it is a more common metric from satellite radiance observations.258

For the purposes of these experiments, this threshold value was set to 1 mm per259

hour. The use of a 1 mm/hr threshold for rain contamination is fairly restrictive, and260

offers a lower bound on the expected instrument performance. While the DAR may be261

able to provide useful information in light rain situations, in moderate to heavy rain con-262

ditions, increased atmospheric attenuation might cause a more severe reduction in the263

signal to noise ratio for the measurement. In these experiments, partial contamination264

is not considered, and the rain threshold is used solely to determine whether or not a265

retrieval would be possible.266
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2.3 Experiment Setup267

Several different types of experiments were performed, including evaluation of the268

effects of precipitation contamination, comparison of different orbital configurations, and269

characterization of SMSP observation errors. Table 2 details the configurations of all ex-270

periments described in this paper. For all SMSP experiments, simulated SMSP data were271

added to the simulated global observing network and ingested such that the SMSP data272

were treated similar to buoy or ship surface pressures. This was suitable for these ex-273

periments as the SMSP pressures were simulated as if they were retrieved values (Lin274

et al., 2024). The expectation for real SMSP data is that while the data would initially275

be assimilated via retrievals, a suitable operator and tangent linear model would be de-276

veloped to allow direct assimilation of return signals from the DAR.277

SMSP assimilation differs from ship and buoy data by the use of greater assigned278

observation errors for the orbital configuration experiments, with assumed standard de-279

viation of 2 hPa for SMSP compared to 1 hPa which is used quasi-operationally for in280

situ surface marine observations. While simulated observation errors were added to all281

other simulated observations, the simulated SMSP data was tested with varying mag-282

nitudes of added simulated observation error. The role of assigned observation errors is283

further explored in section 3.2. The SMSP experiments were compared to the OSSE Con-284

trol run, which does not include SMSP data, in order to determine the impacts of the285

SMSP data in the context of the global observing network.286

Two different methods of running the DAS were used. For the orbital configura-287

tion experiments, the standard method of cycling the DAS was used, where the model288

is integrated forward in time to produce a new background field that is combined with289

ingested observational data to produce a new analysis state. This will be referred to as290

‘full cycling’ mode. In this mode, 5-day forecasts are produced once daily starting at 0000291

UTC, and FSOI can be generated.292

An alternative method of running the DAS, ‘standalone’ mode, is computationally293

faster but does not integrate the forecast model between analysis times. Instead, the back-294

ground field is taken from the OSSE Control and is used to make a new analysis that295

includes the SMSP data as well as the rest of the global observations. While the back-296

ground field is not influenced by information from the SMSP observations, this mode can297

allow many variations of SMSP data to be tested at low expense. Comparison of stan-298

dalone versus full cycling SMSP impacts shows that the SMSP impacts are approximately299

30% weaker overall in the standalone case. Standalone mode was used for testing the pre-300

cipitation contamination effects and for characterizing the SMSP observation errors. How-301

ever extended forecasts and FSOI cannot be generated for Standalone cases.302

3 Results303

Analysis and forecast errors can be calculated by comparing the model fields to the304

NR fields regridded to the same resolution, as the NR is considered the ‘truth’ in the OSSE305

framework. Two metrics are used for calculating the impacts: the Root-Temporal-Mean-306

Square Error (RTMSE) is used for analysis impacts, where the mean is calculated over307

four-times-daily cycle times for the experiment period; and Root-Area-Mean-Square Er-308

ror (RAMSE) is used for forecast impacts, where the area-weighted mean is calculated309

for each forecast over a specific region. The analysis or forecast error of each experiment310

run is compared to the OSSE Control analysis or forecast error to determine the change311

in error resulting from the inclusion of SMSP observations. In order to put SMSP im-312

pacts into context, the fractional change in the RAMSE or RTMSE is calculated by nor-313

malizing by the Control error as follows314

RMSEN =
RMSESMSP −RMSEControl

RMSEControl
(3)
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Table 2. List of experiment configurations. SMSP Error indicates the magnitude of any added

simulated observation error for SMSP data. Footprint indicates the simulated size of the instru-

ment footprint. Rain indicates whether rain contamination was applied for the simulated SMSP

observations.

Experiment Scan Type # Orbits Cycling SMSP Error Footprint Rain

NOCONT Scanning 1 Standalone No 0 km No
RAINCONT Scanning 1 Standalone No 50 km Yes

SWATH Scanning 1 Full Cycling No 50 km Yes
1-ORBIT Non-Scanning 1 Full Cycling No 50 km Yes
2-ORBIT Non-Scanning 2 Full Cycling No 50 km Yes
4-ORBIT Non-Scanning 4 Full Cycling No 50 km Yes

NOERR Scanning 1 Standalone No 50 km Yes
1-ERR Scanning 1 Standalone 1 hPa 50 km Yes
2-ERR Scanning 1 Standalone 2 hPa 50 km Yes
4-ERR Scanning 1 Standalone 4 hPa 50 km Yes

where RMSEN is the normalized RAMSE or RTMSE depending on the type of calcu-315

lation, and subscripts for SMSP or Control indicate the experiment including SMSP ob-316

servations or the OSSE Control, respectively.317

3.1 Precipitation Effects318

In order to test the effects of rain contamination on the SMSP data, two compar-319

ison datasets were simulated. In the first experiment, ‘RAINCONT’, the simulated ob-320

servations were generated with 50 km footprints and rain contamination as described in321

Section 2.2.2. In the second experiment, ‘NOCONT’, the simulated observations were322

generated without accounting for rain contamination, and using only the center point323

of the footprint to determine the surface pressure observation - this is the method that324

was used previously in Privé, McLinden, et al. (2023). These two experiments were run325

in Standalone mode for the month of September, using background fields taken from the326

Control run. This time period was selected in order to compare the impacts of the SMSP327

instrument on tropical cyclones with and without rain contamination. Due to the use328

of Standalone mode, the analysis fields for any cycle time can be directly compared to329

isolate the effects of the SMSP data because the same background fields are used for both330

the experiments and the Control. The orbit selected was based on a single scanning in-331

strument type configuration with 250 km wide swath, as illustrated in Figure 2a, which332

uses the ATMS orbit as a model with scan angles and along-track spacing selected to333

achieve approximately 50 km spacing between observations. Simulated SMSP errors were334

not added to the SMSP observations in these experiments.335

3.1.1 Rain Contamination336

Comparing the results of the NOCONT and RAINCONT experiments shows that337

including the effects of rain contamination on SMSP observations reduces the number338

of observations passing quality control by approximately 4-5% (not shown). In the ex-339

tratropics, the majority of rain-contaminated observations are generally clustered near340

synoptic features such as frontal rainbands. In the tropics, some clustering is noted near341

large-scale features such as the Inter-Tropical Convergence Zone (ITCZ), but there are342
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Figure 2. Comparison of orbits selected for experiments, showing observations for a six-hour

window centered on 0000 UTC 01 July. a) Swath with 250 km scan; b) Non-scanning single

orbit platform; c) Non-scanning with two orbital platforms; d) Non-scanning with four orbital

platforms.

also more sporadically distributed contaminated observations in areas of generalized deep343

convection such as the west Pacific. A small fraction of SMSP observations are also ex-344

cluded along coastlines due to the use of the 50 km footprint in the RAINCONT case.345

Figure 3 compares the impact of SMSP observations on the RTMSE surface pres-346

sure analysis error for the month of September for the NOCONT and RAINCONT cases.347

Note that land regions and areas of sea ice are masked due to noisy orographic effects348

introduced by regridding of the G5NR and lack of SMSP observations. The global ef-349

fect of considering rain contamination is minor, which is expected due to the slight re-350

duction in the count of ingested SMSP observations. A slight weakening of beneficial SMSP351

impacts are found in the extratropics for the RAINCONT case, indicated by the light352

yellow areas in Figure 3c, on the order of 1-2% difference versus Control RTMSE. Some353

limited areas of greater difference in the Arctic Ocean are due to the removal of obser-354

vations along the coastlines of Greenland, Svalbard, and Franz Josef Land.355

The subtropics feature some regions where the SMSP impact is more beneficial in356

the RAINCONT case, indicated by the light blue areas in Figure 3c. The subtropics are357

regions where subsidence dominates, with less convection and heavy precipitation, so rel-358

atively few SMSP observations would be expected to experience rain contamination in359

these areas. These regions of improved impacts are likely the result of the use of the 50360

km footprint, which is close to the resolution used by the DAS, resulting in less repre-361

sentativeness error in the simulated observations for the RAINCONT case compared to362

the point-interpolated observations in the NOCONT case. Any small-scale anomalies in363
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Figure 3. Comparison of RTMSE surface pressure analysis error impacts for the month of

September for the case where rain contamination is considered versus the case where rain con-

tamination is ignored. a) Fractional difference in RTMSE for the NOCONT case. b) as in a) but

for the case in which rain contamination is included. c) Difference in fractional impact between

the RAINCONT and NOCONT (note different color scale).
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surface pressure can have an effect as of noise or observation error from the perspective364

of the DAS.365

3.1.2 Tropical Cyclones366

While the global effects of rain contamination on SMSP observations are small, larger367

effects can be expected in the vicinity of specific phenomena such as tropical cyclones368

and baroclinic lows. Several overpasses of tropical cyclones by the simulated SMSP in-369

strument are considered to evaluate how rain contamination affects the SMSP impact.370

Figure 4 illustrates four case studies where the SMSP swath overpasses a tropical371

cyclone, with the NOCONT case in the left column and the RAINCONT case in the right372

column. The location of the SMSP observations are indicated by black dots, with SMSP373

observations removed by quality control as magenta stars. Black contours show the back-374

ground surface pressure error field, with solid contours indicating that the background375

cyclone pressure is too high compared to the NR. Dipoles of solid and dashed line anoma-376

lies indicate that the background tropical cyclone is displaced compared to the true lo-377

cation. Color shading indicates the analysis increment due to the ingestion of SMSP data.378

The first case study example occurs on 03 September at 0600 UTC, where the back-379

ground field has a tropical cyclone that is too weak compared to the NR and displaced380

slightly to the southwest, having a significant positive pressure error. The SMSP swath381

passes directly over the tropical cyclone. In the NOCONT case, one SMSP observation382

is rejected near the center of the tropical cyclone, where the observation innovation (O-383

B) of the observation exceeds the quality control criteria even though the observation384

is accurate. The analysis increment in the NOCONT case is generally aligned with the385

background error field, and causes the pressure to be reduced and the storm to be strength-386

ened but the cyclone location is not appreciably shifted. In the RAINCONT case, a sub-387

stantial number of SMSP observations are contaminated by rain in the vicinity of the388

tropical cyclone, however the overall structure of the analysis increment due to the SMSP389

is quite similar to the NOCONT case, just with weaker magnitude.390

The second overpass example occurs on 08 September 1800 UTC, with a direct pass391

over a tropical cyclone that is displaced to the northwest of the true location, indicated392

by the positive-negative dipole in the background surface pressure error field. In the NO-393

CONT case, two SMSP observations are omitted by quality control due to large O-B near394

the center of the tropical cyclone. While the increment acts to correct the background395

error on the northwest side of the cyclone, there is not a dipole structure to the incre-396

ment and the cyclone shifts only very slightly to the southeast. The relatively long hor-397

izontal length scale of the increments compared to the error structure, along with the398

exclusion of some SMSP observations near the storm center result in this lopsided in-399

crement. In the RAINCONT case, more SMSP observations near the true cyclone lo-400

cation are excluded, and the positive increment on the northwest side is actually stronger401

than in the NOCONT case as the influence of these observations is removed.402

In a third example, the SMSP sideswipes a tropical cyclone on 18 September 0600403

UTC. Here, the background cyclone is weaker than the NR cyclone and shifted slightly404

to the south, with an area of positive background error centered over the tropical cyclone.405

In the NOCONT case, the increment due to the SMSP observations is significant in mag-406

nitude and nearly colocated with the background error field despite the fact that the over-407

pass only partially crosses over the cyclone, and misses the storm center entirely. The408

cyclone is strengthened but not shifted in location. However in the RAINCONT case,409

the majority of observations in the vicinity of the cyclone are contaminated by rain, and410

the increment reflects an area of too-low background surface pressure well to the north411

of the cyclone. The net effect of the SMSP observations in the RAINCONT case acts412

to slightly weaken the tropical cyclone413
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Figure 4. Four tropical cyclone overpass case studies, showing the effects of rain contam-

ination of observations. Solid (dashed) black contours indicate the positive (negative) surface

pressure error of the Control analysis state at 2 hPa contour intervals. Colored shading indicates

the surface pressure (hPa) analysis increment caused solely by the inclusion of SMSP data. Black

dots indicate SMSP observations ingested by the DAS. Magenta stars indicate SMSP observa-

tions removed by quality control.
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In the fourth and final example, the background tropical cyclone is slightly weak414

and slightly displaced to the south of the NR cyclone. In the NOCONT case, the SMSP415

directly overpasses the cyclone and none of the observations are excluded by quality con-416

trol due to the smaller magnitude of the O-B. The SMSP increments are centered over417

the background error and act to strengthen the tropical cyclone but do not shift the cen-418

ter of the cyclone. In the RAINCONT case, contaminated observations occur away from419

the center of the cyclone, resulting in modestly weaker increments from the SMSP ob-420

servations compared to the NOCONT case.421

These four examples were selected to illustrate the range of SMSP impact charac-422

teristics for tropical cyclones. The resulting impacts are very mixed, depending on specifics423

of the existing inaccuracies of the tropical cycle representation in the background, the424

coverage of the tropical cyclone by the SMSP overpass, and the distribution of rain. Due425

to the length scales used by the DAS for analysis increments, even dense coverage of a426

tropical cyclone by SMSP observations would not yield a highly structured increment427

or correction to the tropical cyclone surface pressure field. This type of mixed result, par-428

ticularly in the presence of strong convection, can be expected to occur for other types429

of strong, localized surface pressure anomalies, such as baroclinic lows. As DAS tech-430

niques improve, and model resolution increases, SMSP observations might be able to pro-431

vide better corrections for tropical cyclones and other smaller-scale pressure phenom-432

ena.433

3.2 Observation Errors434

As the SMSP is a new technology, the instrument error characteristics are not well435

understood. It is hoped that the SMSP would have on the order of 1-2 hPa standard de-436

viation accuracy for retrieved surface pressure, corresponding to 0.1-0.2% of the mea-437

surement. From the perspective of the DAS, observation error consists of more than just438

the instrument error, also including representativeness error and observation operator439

error. The DAS uses an estimate of the total observation error as an assigned weight-440

ing function that determines the relative contribution of a particular observation in com-441

parison to observations from other instruments and to the background model field. Smaller442

assigned observation error estimates tend to result in larger observation impacts, but es-443

timations that do not correctly align with the true observation error will tend to weaken444

impacts, or even result in degradation of the analysis state.445

In order to understand the accuracy requirements for an SMSP instrument, a se-446

ries of twenty standalone cases were performed in which simulated random uncorrelated447

observation error is added to the simulated SMSP observations. Four different magni-448

tudes of simulated errors were added: no error, 1 hPa, 2 hPa, and 4 hPa standard de-449

viation random error. These four SMSP datasets are referred to as NOERR, 1-ERR, 2-450

ERR, and 4-ERR respectively. A small amount of intrinsic error is present in the NO-451

ERR dataset, largely due to representativeness error between the 7-km NR and the ap-452

proximately 50 km DAS. However, the use of the 50 km footprint for the simulated SMSP453

observations causes this representativeness error to be small, although some error is in-454

troduced due to the use of temporal interpolation. Five different magnitudes of DAS-455

assumed error are tested for each level of added simulated SMSP error: 0.5 hPa, 1 hPa,456

2 hPa, 4 hPa, and 6 hPa standard deviation SMSP error. The higher the error assumed457

by the DAS, the weaker the weighting of the observational data when generating an anal-458

ysis. A one-month period for July is run in standalone mode for each of the twenty cases.459

Figure 5 shows the normalized area averaged global marine surface pressure RTMSE460

compared to Control for each case as a function of the GSI assigned SMSP error mag-461

nitude. The solid line with stars illustrates the NOERR cases, with decreasing SMSP462

impacts as the GSI assigned error increases, i.e. as the SMSP observations are deweighted463

by the DAS. The curve for the NOERR case is nearly linear, and can be extrapolated464
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Figure 5. Comparison of the role of assigned GSI error weighting with the role of actual

simulated observation error on the impact of SMSP observations on the marine surface pressure

analysis. Y-axis, fractional change to areal averaged global marine surface pressure RTMSE

compared to the OSSE Control and normalized by the Control. Abscissa, assigned observation

error standard deviation for the SMSP assumed by the GSI, hPa. Solid line with stars, NOERR

case. Dashed line with circles, 1-ERR case. Dotted line with triangles, 2-ERR case. Dash-dot

line with squares, 4-ERR case. Red star indicates the configuration used in the orbit comparison

experiments.

to the intersection with the y-axis, estimating that the total information content of the465

SMSP observations would ideally yield a 6% reduction (improvement) in the global ma-466

rine surface pressure analysis error. The linear form of the NOERR curve indicates that467

the representativeness error of the simulated SMSP observations is small - likely below468

0.5 hPa. The red star indicates the scenario that was used for the orbital configuration469

and rain contamination experiments. If the NOERR case were extrapolated out to larger470

assigned GSI errors, it is expected that the curve would asymptote to zero but would471

not change signs.472

The 1-ERR, 2-ERR, and 4-ERR curves in Figure 5 demonstrate the expected be-473

havior in which the optimal use of the SMSP observations occurs when the assigned GSI474

error matches the actual SMSP observation error. The peak SMSP impact for 1-ERR475

occurs for GSI assigned error of 1 hPa magnitude, the peak for 2-ERR at GSI assigned476

error of 2 hPa magnitude, and the peak for 4-ERR occurs at GSI assigned error of 4 hPa.477

For GSI assigned error greater than the added simulated error magnitudes, the behav-478

ior is similar to that seen in the NOERR case, with a gradual lessening of SMSP impacts.479

However when the SMSP is overweighted, with larger magnitude of added simulated SMSP480

error compared to the assigned GSI error, there is a steep drop-off in SMSP impacts as481

the GSI assigned error is decreased below the actual SMSP observation error magnitude.482
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For the 4-ERR case, the SMSP observations begin to degrade the analysis for GSI weight-483

ing below 2 hPa.484

3.3 Orbital Configurations485

Four different orbital configurations for an SMSP are tested, as depicted in Fig-486

ure 2. In the SWATH configuration, the orbit is based on ATMS, with a scan width of487

250 km and observation spacing of approximately 50 km. Three combinations of a con-488

stellation of ‘small-sat’ type orbits with a non-scanning instrument are tested, with one,489

two or four orbiting platforms (1-ORBIT, 2-ORBIT, and 4-ORBIT cases). In all four490

cases, 50 km footprints are used for the simulated observations, and rain contamination491

is also included. A three-month period of full-cycling mode is used from July-September,492

with 5-day long forecasts initialized at 0000 UTC each day.493

Simulated SMSP observation errors were not added to the SMSP observations in494

these experiments, although the GSI weighting assumed SMSP errors of 2.0 hPa stan-495

dard deviation. The configuration used is designated by the red star in Figure 5. For GSI496

assigned SMSP error of 2 hPa, the difference in net impact between the NOERR case497

and the 2-ERR case is relatively small, indicating that the orbital configuration exper-498

iments that do not include simulated observation error should be representative of the499

performance of a more realistic SMSP that includes errors on the order of 1-2 hPa stan-500

dard deviation. Doubling the SMSP error to 4 hPa would result in the analysis impacts501

being approximately halved, but the SMSP would still provide beneficial impacts. The502

difference between 1 hPa and 2 hPa SMSP simulated observation error is on the order503

of 20% change in SMSP analysis impact for a GSI-assigned weighting of 2 hPa.504

The impacts from the orbital configuration tests should be considered as a reason-505

able maximum potential impact that would be somewhat decreased depending on the506

magnitude and characteristics of the actual observation error. Due to the uncertainty507

in the performance characteristics of the SMSP instrument, particularly in terms of po-508

tential error correlations, this approach in conjunction with the error sensitivity stud-509

ies in Section 3.2 was chosen in order to evaluate the full range of possible observation510

impacts.511

3.3.1 Analysis Impacts512

The impact of the SMSP observations for each orbital configuration can be calcu-513

lated by comparing each case against the OSSE Control, using the NR for verification514

when calculating analysis and forecast errors. Figure 6 shows the three-month difference515

in RTMSE for the analysis surface pressure field for each case compared to Control, nor-516

malized by the Control analysis error. Negative values indicate a reduction in the anal-517

ysis error when SMSP observations are included.518

For the non-scanning SMSP configurations, increasing the number of orbital plat-519

forms results in greater beneficial impact of the SMSP observations. The most benefi-520

cial impacts are seen for the 4-ORBIT case compared to the other three orbital config-521

urations, as illustrated in Figure 7b-d for impact comparisons of each non-scanning case522

to the SWATH case. The SWATH case has roughly similar magnitude impact as the 2-523

ORBIT case, with regional variations - greater beneficial impacts are noted near the Arc-524

tic Ocean in the SWATH case, but weaker beneficial impacts are seen over much of the525

Southern Ocean.526

The spatial pattern of the SMSP impacts on the analysis surface pressure error is527

affected by the orbital geometry, regional atmospheric dynamics and physics, and the528

availability of other observing types. The Control RTMSE analysis surface pressure er-529

ror is shown in Figure 7a, with greatest error in the Southern Ocean and along the Antarc-530

tic sea ice edge, with local regions of increased error in the south Atlantic, near the ITCZ531
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Figure 6. Fractional change to surface pressure analysis RTMSE compared to Control

RTMSE (SMSP-Control)/Control, July-September. a) 250 km scan SWATH; b) non-scanning

1-ORBIT; c) non-scanning 2-ORBIT; d) non-scanning 4-ORBIT. Negative values indicate a

reduction in error when SMSP observations are ingested.

in the Pacific, in the Arctic Ocean, and in regions of tropical cyclone activity such as the532

central Atlantic and east Pacific. Large beneficial impacts are seen in the Southern Ocean533

for all four orbital configurations, reflecting the large Control analysis errors available534

to correct, the lack of in-situ data in this region, and the relatively good coverage by the535

polar orbiting SMSP. Whereas in the tropics, where pressure gradients are weak, the Con-536

trol analysis error is low and the SMSP orbital coverage is relatively sparse, resulting in537

only slight impacts of the SMSP observations.538

Some areas of apparent degradation (yellow coloring in Figure 6) are noted that539

were not observed in the previously discussed standalone experiments (Figure 3a,b). This540

degradation is caused by feedbacks between the model physics that occur during the for-541

ward integration between cycle times in the full cycling experiments. Due to the dry mass542

constraint implemented in the data assimilation system, if surface pressures are adjusted543

in one location, small changes to surface pressure will be induced globally in order to re-544

tain the total atmosphere dry mass. In regions where the atmosphere is convectively or545

dynamically unstable, such as moist areas of the deep tropics, these small adjustments546

can cause convective processes to initiate, and a delayed response that results in a de-547

graded background surface pressure state at the next cycle time can occur. This response548

does not occur in the standalone experiments because there is no forward integration of549

the model, and the background state is not changed as a result of the SMSP observa-550

tions. This type of response has been noted for other data types (Privé et al., 2022).551
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Figure 7. a) RTMSE Control surface pressure analysis error, hPa. b,c,d) Fractional change

to surface pressure analysis RTMSE compared to Control RTMSE (SMSP-Control)/Control,

July-September. b) Difference SWATH and non-scanning 1-ORBIT; c) Difference SWATH and

non-scanning 2-ORBIT; d) Difference SWATH and non-scanning 4-ORBIT.

3.3.2 Forecast Impacts552

Forecast impacts are calculated by comparing forecast errors for the SMSP exper-553

iments to the Control case, using once-daily 120 hour forecasts initialized at 0000 UTC554

over the three month experiment period. Figure 8 shows the SMSP impacts on RAMSE555

temperature forecast error as a fraction of Control forecast error for the four different556

orbital configurations separated into three regions.557

As with the analysis impacts, the greatest SMSP forecast impacts are seen in the558

SHEX region for all orbital configurations. The 4-ORBIT case has the most beneficial559

impacts for the SHEX region, with improvements persisting for the first three days of560

the forecast period through the depth of the troposphere. The SWATH configuration has561

the second most beneficial impacts in the SHEX region, followed by the 2-ORBIT and562

1-ORBIT cases, although beneficial impacts are found in all cases for the first two days563

in the lower troposphere. A striking feature in the extratropics most particularly for the564

1-ORBIT case, and to a lesser extent for other cases, is the development of forecast degra-565

dation throughout the depth of the troposphere after approximately 72 hours and de-566

spite initial improvement.567

In the NHEX region, weak beneficial impacts are found for all cases below 800 hPa568

in the first day of the forecast, with impacts that persist slightly longer into the forecast569
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Figure 8. Fractional change to temperature forecast error compared to Control RAMSE when

SMSP observations are included, normalized by Control RAMSE. Stippling indicates significance

at the 90% level. a,b,c) SWATH; d,e,f) non-scanning 1-ORBIT; g,h,i) non-scanning 2-ORBIT;

j,k,l) non-scanning 4-ORBIT. Left column, 20N-90N; center column, 20S-90S; right column,

20S-20N.

period for the SWATH case than for the non-scanning cases. In the Tropics, beneficial570

impacts are seen below 800 hPa and above 400 hPa, persisting for as long as 3-4 days571

in the SWATH and 4-ORBIT cases, but with mid-tropospheric degradation of the tem-572

perature forecast. This pattern of layers of improvement and degradation can be indica-573

tive of convective feedbacks in moist regions, where small changes to the analysis state574

set off deep convection that results in vertical redistribution of energy. Differences in the575

NR convective scheme and the forecast model convective scheme can result in layers of576

temperature changes that persist for several days into the forecast period.577

Figure 9 shows SMSP impact on the specific humidity forecast, similar to Figure578

8. Humidity impacts are somewhat weaker than those seen for temperatures, and ben-579
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eficial impacts of the SMSP instrument are primarily seen in the lower troposphere dur-580

ing the short term forecast period. The most beneficial humidity impacts are seen for581

the 4-ORBIT case in the SHEX region, where the greatest temperature forecast impacts582

were also found. Humidity is not directly observed by the SMSP instrument, and is only583

indirectly affected through mechanisms such as changes to the temperature fields, ad-584

vection, and convective processes. It is thus not surprising that the humidity impacts585

are not as strong as the temperature impacts for SMSP data.586
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Figure 9. Fractional change to specific humidity forecast error compared to Control RAMSE

when SMSP observations are included, normalized by Control RAMSE. Stippling indicates sig-

nificance at the 90% level. a,b,c) SWATH; d,e,f) non-scanning 1-ORBIT; g,h,i) non-scanning

2-ORBIT; j,k,l) non-scanning 4-ORBIT. Left column, 20N-90N; center column, 20S-90S; right

column, 20S-20N.

The SMSP impacts on zonal wind forecast skill are shown in Figure 10. The wind587

impacts are similar to those found for temperature in the southern hemisphere extra-588

tropics, with beneficial impacts extending to 24-48 hours, although the wind impacts do589
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not show a maximum in impact magnitude near 900 hPa that is seen for temperature.590

In the Tropics and northern hemisphere extratropics, wind forecast impacts are mini-591

mal, which is not unexpected due to the weak analysis impacts in those regions.592
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Figure 10. Fractional change to zonal wind forecast error compared to Control RAMSE when

SMSP observations are included, normalized by Control RAMSE. Stippling indicates significance

at the 90% level. a,b,c) SWATH; d,e,f) non-scanning 1-ORBIT; g,h,i) non-scanning 2-ORBIT;

j,k,l) non-scanning 4-ORBIT. Left column, 20N-90N; center column, 20S-90S; right column,

20S-20N.

3.3.3 FSOI593

Relative observation impacts of different data types on the 24-hour forecast skill594

are calculated using the FSOI tool, with total global wet energy error used as the norm.595

Figure 11 compares the FSOI for the four experiments, with the top bar for the SMSP596

instrument. Observations in three different regions are compared, using three months597

of forecasts at the 0000 UTC cycle time for the calculations.598
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Figure 11. FSOI estimates of observation impact on the 24-hour forecast error norm for total

wet energy, units J/kg. Note that the figures are semi-log. Left column, 20N-90N; center column,

20S-90S; right column, 20S-20N.

In the NHEX region, SMSP impacts are small but roughly on par with or slightly599

greater than the combined buoys, ships, and moored platform (SFC Marine) data. The600

4-ORBIT case and the SWATH case have the largest impacts in the NHEX region, with601

more than twice the impact of ships and buoys in this area. The 1-ORBIT and 2-ORBIT602

cases have net impact similar to that of ships and buoys. Many of the conventional ma-603

rine surface observation types in the NHEX region are moored platforms clustered along604

the coast, with relatively few observations in open ocean. In the Tropics, SMSP obser-605

vations have minimal impact, similar to the conventional surface marine data. This aligns606

with the analysis and forecast impact results that show mixed to neutral SMSP impacts607

in the Tropics.608

The largest SMSP impacts are seen in the SHEX region, which is expected based609

on the analysis and forecast impacts previously shown. The greatest SMSP impact in610

this region is found for the 4-ORBIT case, followed by the SWATH and 2-ORBIT cases.611

In this area, the SMSP impacts are much larger than the other surface marine types, and612

are on par with rawinsondes (RAOB), aircraft, and some radiance types such as AIRS613

and IASI. For the non-scanning constellation cases, the FSOI impact is not a linear func-614

tion of the number of orbits. In the SHEX region, the 2-ORBIT case has slightly less615

than twice the impact as the 1-ORBIT case for SMSP, and the 4-ORBIT case has 40%616

greater impact than the 2-ORBIT case. This can be a sign of a certain degree of redun-617

dancy between the SMSP observations as additional non-scanning orbits are used.618

FSOI impacts are granular, with a particular impact assigned to each observation,619

and the net impacts shown in Figure 11 are summations of many individual observation620

impacts. A mean per-observation impact can also be illuminating, and is shown in Fig-621

ure 12. Per-observation impacts tend to favor instruments with relatively few observa-622

tions, and accordingly the SMSP observations have quite high per-observation impact623

in the NHEX and SHEX regions, ranking near the top particularly for the non-scanning624

orbits.625
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Figure 12. FSOI estimates of per-observation impact on the 24-hour forecast error norm for

total wet energy. Left column, 20N-90N; center column, 20S-90S; right column, 20S-20N.

In the NHEX region, the largest per-observation impacts include several conven-626

tional types such as rawinsondes, AMVs, and scatterometer winds, along with two of the627

allsky radiance types - AMSR2 and GMI. The non-scanning SMSP per-observation im-628

pacts are competitive with rawinsondes and AMSR2, while the SWATH SMSP per-observation629

impacts are weaker, with impacts on par with AMVs. The SWATH SMSP observations630

have a certain degree of redundancy with each other due to the proximity of observa-631

tions within the scan, accounting for the weakened per-observation impacts compared632

to non-scanning. Interestingly, ships, buoys, and other surface marine types have rela-633

tively small per-observation impact in the NHEX region, which may be due to the strong634

clustering of these data types along coastal areas, with relatively few observations in open635

ocean.636

In the SHEX region, the non-scanning SMSP observations have the greatest per-637

observation impact of any type. Other surface marine observations have the second great-638

est per-observation impact, in contrast to the NHEX region. The relative importance639

of marine surface observations in the SHEX region may be due to the lack of coastal moored640

marine surface stations in this area, with ships and drifting buoys dominating the ma-641

rine surface types. The SMSP SWATH per-observation impacts are similar in magni-642

tude to that of rawinsondes in this region.643

In the Tropics, the top ranked per-observation impacts are similar to those found644

in the NHEX region, however the SMSP per-obsevation impacts are much weaker than645

in NHEX. Other surface marine observations also have weak impacts in the tropics, and646

the SMSP observations are found to have roughly twice the magnitude of per-observation647

impact compared to ships and buoys. This may be due to the spatial distribution of SMSP648

being primarily over open ocean, while many of the ship routes and moored marine sur-649

face stations in the Tropics are near islands or close to continents.650

An example of the spatial distribution of FSOI impacts for the 0000 UTC cycle is651

shown in Figure 13 by binning SMSP impacts according to observation location using652

2◦ latitude/longitude areal bins. These impacts have a somewhat different distribution653

than that seen in Figure 6 for the analysis impacts. Some regions that show beneficial654
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Figure 13. Three month accumulated FSOI impacts for the SMSP instrument for the 0000

UTC forecast cycle, units J/kg. Negative values indicate a beneficial impact of the SMSP ob-

servation on the 24-hour forecast total wet energy error norm. a) 250 km scan SWATH; b)

non-scanning 1-ORBIT; c) non-scanning 2-ORBIT; d) non-scanning 4-ORBIT.

analysis impacts, such as the equatorial Atlantic Ocean off the coast of Africa, show degra-655

dation of the 24-hour forecast error norm. The region of the Southern Ocean just east656

of the southern tip of South America has relatively weak beneficial analysis impacts, but657

shows a stronger FSOI beneficial maximum, particularly for the 4-ORBIT case. The strong658

maximum in analysis impacts along the sea ice edge of Antarctica is not seen in the FSOI659

impacts. This implies that some of the background errors corrected by the SMSP ob-660

servations may revert quickly due to fast model processes, while in other areas the SMSP661

observations act to correct slower growing errors such as in regions of strong baroclin-662

icity.663

The analysis and forecast impacts have shown mixed results, particularly in the trop-664

ics and Northern Hemisphere extratropics. This is due in part to inhomogeneities in the665

quality of the background field and the availability of observations, as well as limitations666

in the ability of the DAS to fully make use of the SMSP data. One metric that can help667

to quantify the usefulness of observations is the fraction of observations having a ben-668

eficial impact. Previous work has found that most observing types have a fraction of ben-669

eficial observations in the range of 50-55% (Gelaro et al. (2010), Lorenc and Marriott670

(2014), Hotta et al. (2017), Necker et al. (2018), Privé, Errico, Todling, and Akkraoui671

(2021). FSOI can be used to directly calculate the fraction of beneficial observations for672

different data types. The fraction of beneficial SMSP observations globally is 57.2% for673

the 1-ORBIT case, 56.9% for the 2-ORBIT case, 56.2% for the 4-ORBIT case, and 54.8%674
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for the SWATH case. This compares favorably with the fraction of beneficial in situ ma-675

rine surface pressure observations of approximately 50%. Regionally, for the 4-ORBIT676

case, the fraction of beneficial SMSP observations is 58.5% in the SHEX region, 57.2%677

in the NHEX region, but only 52.5% in the Tropics. It is expected that the fraction of678

beneficial observations would decrease somewhat with the addition of simulated SMSP679

observation errors.680

4 Discussion and Summary681

Prior published OSSE studies of SMSP impacts (Privé, McLinden, et al., 2023) showed682

mixed results, with regions of improvement and of degradation, in large part due to is-683

sues associated with the use of a dry mass constraint by the incremental analysis update684

in the DAS. In the previous OSSE framework, there was a difference in the total atmo-685

spheric dry mass between the NR and the forecast model resulting in a surface bias of686

approximately 0.2 hPa at sea level. In combination with the dry mass constraint, cor-687

rections to the surface pressure under the SMSP swath lead to corresponding degrada-688

tions in surface pressure in poorly observed areas, as discussed in detail by Privé, McLin-689

den, et al. (2023). As a result, the SMSP impacts were fairly weak, especially for the 250690

km wide scan orbital configuration, with greatest beneficial impacts over the tropical Pa-691

cific and near the polar oceans, and areas of degradation in the southern Indian Ocean.692

In the updated OSSE, the dry mass constraint is still implemented, but the total693

atmospheric dry mass was adjusted in the quasi-operational NWP system and there is694

now a minimal bias compared to the NR dry mass. The SMSP impacts from the NO-695

RAIN case can be compared with the results shown in Privé, McLinden, et al. (2023)696

to illustrate the differences in impact in the previous OSSE version compared to the up-697

dated OSSE. The overall SMSP impact is much greater in the updated version, and the698

regions of greatest impact shift from the tropics to the extratropics, especially the poorly699

observed Southern Ocean and the Arctic Ocean. The tropical Pacific has weaker SMSP700

impacts in the updated OSSE due to the lack of surface pressure bias for the observa-701

tions to correct along with the weak surface pressure gradients seen near the equator and702

complications from convective feedbacks. The new results are expected to be more rep-703

resentative of potential real world SMSP impacts, particularly as the use of a dry mass704

constraint in the DAS is relatively uncommon. The results also agree with studies of real705

drifter buoy surface pressure impacts (Ingleby & Isaksen, 2018; Reynolds et al., 2023)706

that found the largest observation impacts over the extratropical oceans especially in re-707

gions with strong baroclinicity.708

In the previous OSSE, SMSP impacts in standalone mode were only 3% weaker than709

in full cycling mode, while in the updated OSSE, SMSP impacts in standalone mode are710

30% weaker. In the previous OSSE, the mass redistribution caused by the dry mass con-711

straint acted to adjust surface pressures far from the SMSP orbit, having the effect of712

erasing retained information from previous analysis cycles. In the updated OSSE, this713

mass redistribution is much reduced, and the SMSP information can be retained in sub-714

sequent analysis cycles. The difference between the standalone and full cycling impacts715

indicates that at each cycle time, 70% of the SMSP impact is due to the observations716

from the current cycle, while 30% is retained from previous cycles. Assuming exponen-717

tial decay of observation impact with six-hour cycles, this implies a global half-life of SMSP718

information in the cycling of approximately four hours.719

Case studies of SMSP overpasses of tropical cyclones help to both illustrate local-720

ized effects of rain contamination as well as to show how the DAS uses the SMSP ob-721

servations. The SMSP observations are best able to correct errors in the strength of the722

tropical cyclone, such as decreasing the analysis surface pressure to strengthen the sur-723

face low. Correcting a displaced tropical cyclone appears to be more challenging - in this724

case, the error field will consist of a dipole structure of adjacent regions of negative and725
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positive error. Due to the horizontal length scale of the analysis increments associated726

with the SMSP observations, small-scale error features can be hard to correct. For trop-727

ical cyclones and also baroclinic lows, where precipitation can preferentially contaminate728

the SMSP observations over one section of the error dipole, the net effect of the SMSP729

observations may be simply to strengthen or weaken a displaced low rather than relo-730

cating the low in the correct direction. This behavior is not specific to SMSP data, but731

is intrinsic to how the DAS functions.732

The role of SMSP observation error has been explored over a range of instrument733

accuracy levels. This can provide guidance for instrument design in determining target734

accuracies and whether design tradeoffs that would increase or decrease the observation735

accuracy are worthwhile. These tests show that if simulated SMSP observation errors736

are added to the simulated SMSP data in the expected range of 1-2 hPa accuracy, the737

SMSP impact would only modestly decrease compared to the impacts calculated with-738

out considering observation errors. The results also show that if the instrument were to739

have worse than expected performance, with accuracy of only 4-6 hPa, the SMSP ob-740

servations would still have beneficial impact on NWP.741

One aspect of observation error that was not addressed in these experiments was742

the effect of correlated observation errors. The DAS currently assumes that most observ-743

ing types have uncorrelated observation errors, although this is an area of active research744

and advancement. Correlated observation errors tend to be treated by the DAS as if the745

errors were a true observation signal, and are not filtered or removed as easily as uncor-746

related observation errors. The method that is often used to handle data types that have747

correlated errors is to de-weight the observations by assigning larger estimated obser-748

vation error. For example, an SMSP instrument with 1 hPa standard deviation error that749

is significantly spatially correlated might be assigned an error level of 2 hPa in the GSI.750

The results of these experiments show that such a de-weighting would tend to incur a751

moderate reduction in SMSP impacts. The correlated errors would be expected to de-752

grade the SMSP impacts somewhat in addition to the reduction in impact due to deweight-753

ing, although the extent of this would depend upon the character and magnitude of the754

correlations. Previous OSSE experiments comparing observation impacts with uncor-755

related versus partially correlated errors (Privé, Errico, & McCarty, 2021) found that756

analysis and forecast impacts were significantly weaker in the presence of correlated ob-757

servation errors.758

For current instrument design and measurement concept, DAR return signals and759

retrievals are assumed to be independent. Correlated instrument errors for real data will760

be addressed through instrument calibration including calibration and comparison with761

in situ measurements. Also, rigorous calibration processes will be applied to DAR mea-762

surements, the expectation is that biases should be small and significantly less than ran-763

dom errors. Some bias correction may be needed for direct assimilation methods as the764

DAR observations use V-band spectra that are commonly bias corrected, and because765

a moist radiometer is required to calculate the total surface air pressure.766

Comparison of the different orbital configurations found that the most beneficial767

impacts overall occurred for the 4-ORBIT constellation, with the SWATH case having768

the second most beneficial impacts. The 1-ORBIT case has extratropical SMSP anal-769

ysis impacts that are approximately 40% of the magnitude of the 4-ORBIT case, and770

the 2-ORBIT case has analysis impacts that are approximately 70% of the magnitude771

of the 4-ORBIT case. However, there is a larger difference in between the constellation772

cases for the forecast impacts, with impacts in the 4-ORBIT case persisting twice as long773

into the forecast in the SHEX region as the 2-ORBIT case, and with minimal impacts774

in the 1-ORBIT case. While the 2-ORBIT and SWATH case have similar analysis im-775

pacts, the SWATH case performs better in terms of the forecast impacts. These results776

indicate that the spatial distribution of SMSP observations plays an important role in777

determining how well the SMSP information is retained into the forward model integra-778
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tion. Although a 3-satellite non-scanning constellation was not tested, these results yield779

the expectation that such a constellation would outperform the SWATH case in terms780

of observation impact for the analyses and forecasts. Importantly, a scanning instrument781

is not necessary to achieve significant SMSP impacts, and a constellation of non-scanning782

satellites has competitive performance compared to a single scanning instrument.783

The comparative results for the 2-ORBIT and SWATH cases illustrate that changes784

to the analysis impact do not necessarily infer changes to the forecast impact. This lim-785

its somewhat the use of the standalone analysis impact cases when attempting to esti-786

mate the effects of SMSP observation error on forecast impacts. The analysis and fore-787

cast impacts seen for the orbital configuration cases should be considered as an upper788

limit for a best case scenario. Correlations in the SMSP errors may differently affect the789

SWATH and non-scanning impacts, depending on the structure and characteristics of790

the correlations.791

Some delayed forecast degradation is observed in the extratropics after initial fore-792

cast improvements, especially for the 1-ORBIT case. It is not clear what the exact mech-793

anism is, however the delayed response along with the weakening of degradation with794

increased quantities of SMSP observations may point to an indirect cause. If making any795

adjustments to the surface pressure field results in non-local surface pressure adjustments796

due to the dry mass constraint, these adjustments could tend to produce forecast degra-797

dation due to dynamical or physical processes. When relatively few SMSP observations798

are available, the direct impacts of the SMSP are weaker and relatively brief, revealing799

this degradation after 2-3 days. When more SMSP observations are available, the ben-800

eficial direct SMSP impacts may mask or overwhelm any indirect effects entirely or at801

least for a longer period.802

The FSOI tool allows observation impacts of the SMSP instrument to be put into803

context with the global observing network. While for the Tropics region, SMSP impacts804

are on par with the combined impact of conventional marine surface types, the SMSP805

outperforms conventional marine surface observations in the extratropics. The SMSP806

observations are especially impactful in the southern hemisphere extratropics, where they807

outperform not only the conventional surface marine data, but also a number of radi-808

ance instruments. These strong regional impacts are likely due to a combination of fac-809

tors including the sparsity of in-situ observations, the large areal fraction of ocean, and810

also the seasonality. Winter seasons in the extratropics feature strong surface pressure811

gradients and baroclinic lows, where surface pressure observations may have particularly812

valuable input.813

In these experiments, SMSP observations have been omitted over sea ice because814

the reflectivity of sea ice at the V-band frequencies used by the radar is not well under-815

stood. It is possible that some SMSP measurements may be available over sea ice. As816

the magnitude of analysis errors of surface pressure over the Arctic and Antarctic sea817

ice regions are large (1-2 hPa RMSE) compared to over open ocean (generally below 1818

hPa RMSE), any SMSP observations over these areas may have especially large, ben-819

eficial impacts. More detailed studies are needed to determine the possible performance820

of the DAR instrument over ice surfaces.821

These experiments have explored the potential value of SMSP observations in the822

context of the current global observing network. Ongoing OSSE studies are planned to823

evaluate the use of an orbit with 65◦ inclination to provide better coverage of the mid-824

latitudes. Future work should include the development of an observation operator to fully825

simulate the DAR observations, and integration of such an operator into the DAS in prepa-826

ration for the use of real SMSP data. OSSE experiments could be performed to exam-827

ine the effects of SMSP observation correlations. SMSP performance could also be ex-828

plored using a baseline global observing network that represents expected future changes829

to the spaceborne and in situ observational suite.830
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5 Open Research831

The full GEOS-5 Nature Run (Global Modeling and Assimilation Office, NASA,832

2014) is available for download from a portal at https://gmao.gsfc.nasa.gov/global833

mesoscale/7km-G5NR/834

The codes used to generate simulated observations (R. Errico, 2023) are available835

on zenodo at https://doi.org/10.5281/zenodo.11387384836

The GEOS/GSI version used for the experiment runs (NASA/GMAO, 2022) is avail-837

able on zenodo at https://doi.org/10.5281/zenodo.11387002838
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Privé, N. C., Errico, R. M., & McCarty, W. (2021). The importance of simu-927

lated errors in observing system simulation experiments. Tellus A, 73 , 1–117.928

(doi:10.1080/16000870.2021.1886795)929

Privé, N. C., Errico, R. M., Todling, R., & Akkraoui, A. E. (2021). Evaluation of930

adjoint-based observation impacts as a function of forecast length using an931

observing system simulation experiment. Quart. J. Roy. Meteor. Soc., 147 ,932

121–138. (doi: 10.1002/qj.3909)933
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