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Abstract. The Microwave Barometric Radar and Sounder (MBARS) is a new airborne instrument developed to demonstrate

the remote sensing capability of atmospheric sea level pressure (SLP) using a combination of a differential absorption radar

(DAR) and a microwave radiometer. The MBARS radar is a near-nadir pointing DAR that operates on the upper side of the

V-band oxygen absorption feature, with channels around 65.5, 67.75, and 70 GHz. MBARS recently flew a series of test flights

and a science flight on the NASA high-altitude ER-2 aircraft. This paper describes the scientific motivation for the development5

of MBARS as well as the system hardware, aircraft integration, recent flight activities, and retrieval results. Data from recent

flights are presented, showing successful SLP retrievals consistent with science requirements and demonstrating potential for

spaceborne applications.

1 Introduction

Modern numerical weather prediction (NWP) models are critically dependent on globally observed meteorological data for10

their daily operations. These data are an essential part of NWP model initialization, assimilation, improvement, and validation.

Some meteorological fields such as temperature and humidity are generally well sampled by both in-situ and remote techniques

from surface, suborbital and orbital platforms. Others, such as atmospheric winds, are much less well sampled and are largely

indirectly observed through balance with temperature observations. Up until now, sea surface air pressure has only been mea-

sured by in situ instruments from ships, buoys, and ocean platforms. There is no operational remote sensing method available15

for this crucial atmospheric state variable. The spatial distribution of these in-situ instruments is far from uniform, with most

observations located near coastlines or along ship tracks. More than 70% of the global ocean is greater than 150 km away from

nearest in-situ surface pressure observations, with 25% even more than 500 km away (Privé et al., 2023). Some drifting buoys

do not report surface pressures and funding for the drifting buoys is limited (Centurioni et al., 2017). Furthermore, ship-based

pressure observations are subject to large errors depending on the type of vessel and the reporting method (Ingleby, 2010).20
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Surface air pressure is determined by the column total mass of the atmosphere (i.e., dry air plus moisture) and the Earth’s

gravity acceleration, and can have sharp gradients and subtle features. These pressure and pressure gradient fields are the pri-

mary driving force for atmospheric motions that transport mass, moisture and momentum (Holton and Hakim, 2013). NWP

models are critically dependent on accurate analyses of the pressure field. Surface pressure observations, mainly over land and

some from marine platforms, provide important information about three-dimensional (3D) atmospheric structures and impact25

on all other model variables including winds throughout the atmospheric volume in assimilation systems (Mass and Madaus,

2014). Studies found that without thousands of surface meteorological stations the 5-to-10-day weather forecasts relied upon

daily by the public and commerce would be considerably compromised (Radnóti et al., 2012; Ingleby and Isaksen, 2018).

Previous studies have demonstrated that proper knowledge of surface-level pressure can substantially improve hurricane fore-

casts (Barker et al., 2003, 2004; Xiao et al., 2000, 2009; Min et al., 2015a, b). Recent observing system simulation experiment30

(OSSE) studies (Privé et al., 2023, 2024) show that NWP models would adjust their modeled pressure fields with satellite-

based pressure retrievals as expected and would improve other critical forecasted thermodynamic and dynamic variables such

as temperature, humidity, and wind, particularly within the planetary boundary layer (PBL).

Filling the global sea level pressure (SLP) observation gap will provide weather forecast improvements. Recent studies in

remote sensing technologies of Differential Absorption Radar (DAR) provide a great potential to fill this SLP observation gap35

(Lin and Hu, 2005; Lawrence et al., 2011, 2012; Millán et al., 2016; Privé et al., 2023, 2024; Lin et al., 2021, 2023; Battaglia

et al., 2024; Lin et al., 2024). Space and airborne remote sensing systems can provide the needed dynamic observations to ad-

vance NWP predictions in global and regional scales and for special events such as hurricanes and other severe meteorological

systems.

DAR systems for SLP observations are designed to operate at atmospheric oxygen (O2) absorption bands for column O240

mass amount measurements. The DAR frequencies (or channels) are chosen to be spectrally close such that environmental

impacts such as atmospheric attenuation other than O2 and sea surface reflection are similar but the difference in O2 absorption

is substantial. Thus, when DAR power returns from the sea surface, the ratios of the channels are measured, and the effects

of environmental attenuation and surface reflection are significantly reduced. The differential loss due to atmospheric O2 is

dominant and can be obtained by the ratios of the DAR signals, which leads to the retrieval of column O2 mass amount. Since45

oxygen is well mixed in the atmosphere, the column dry air mass can be obtained from the measured O2 amounts. Additionally,

the atmospheric moisture amount is mainly determined by column water vapor with some contributions from cloud water and

rainwater in non- or light-rain weather conditions (rain rate < 1 mm hr−1). These moisture values have been well observed by

passive microwave, visible, and infrared remote sensing techniques for decades over oceans. Therefore, SLP can be obtained

from a combination of the DAR retrievals of dry air mass and the column water, dominantly by water vapor.50

The key requirement for the DAR instrumentation is the precision of the SLP retrieval. The standard errors in in-situ buoy

and ship observations are generally around 0.9 hPa and between 1.5 hPa and 3 hPa, respectively (Ingleby, 2010; Kent and

Berry, 2005). These in-situ SLP measurements have positive impacts on NWP models though data amount is limited (Ingleby

and Isaksen, 2018). Recent OSSE studies (Privé et al., 2023, 2024) also demonstrated the positive impact of high precision

(within 2 hPa) SLP retrievals from a notional spaceborne DAR on numerical weather prediction. Thus, a precision similar to55
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in-situ measurements of 2 hPa of SLP retrievals from DAR barometry is required. Since surface air pressure is about 1000

hPa, a 2 hPa standard error would be equivalent to about 0.2% precision. Though challenging, all system design, instrument

development and data processing aim at this target. Because of the high precision requirement of SLP retrievals, residual

spectral differences from environmental agents such as water vapor, cloud water, rain, and sea surface reflection in the ratio of

the power returns of the paired frequency channels would still influence SLP retrieval if only a single spectral pair were used.60

Thus, a third frequency channel equally spaced spectrally but having weaker O2 absorption is added. Because of the quasi-

linear characteristics of the non-O2 environmental agents in a narrow spectral width, this third channel is used to mitigate their

impacts on the SLP retrieval (Lin et al., 2024).

Based on this concept, NASA Goddard Space Flight Center (GSFC) and NASA Langley Research Center (LaRC) recently

developed an airborne sea surface barometry remote sensing instrument named the Microwave Barometric Radar and Sounder65

(MBARS) to demonstrate atmospheric pressure retrievals for future orbital and suborbital applications. The instrument has been

designed with a stable high-precision V-band (65.5 GHz to 70 GHz) DAR combined with a passive microwave radiometer. The

passive radiometer within a MBARS system is designed to measure atmospheric temperature profiles. It will support general

atmospheric thermal observations and enhance the DAR retrieval capability for vertical pressure profiling, which is beyond the

scope of this paper.70

The DAR subsystem of MBARS has been built and flown on the NASA high-altitude Earth-Research-2 (ER-2) aircraft.

An engineering test flight campaign based out of NASA Armstrong Flight Research Center (AFRC) was conducted during

the summer of 2024. MBARS also joined the fall 2024 airborne science campaign of the West-coast & Heartland Hyperspec-

tral Microwave Sensor Intensive Experiment (WH2yMSIE), also based out of AFRC. One dedicated flight was made during

WH2yMSIE to fly over a sea surface pressure gradient to demonstrate the retrieval. This article reports the approach of MBARS75

for SLP observation, system design of the radar, hardware development, flight experiments and their results, and the direction

of future efforts. Details in general DAR concepts, theoretical bases, retrieval algorithms, and scientific applications can be

found in previous publications (Lin and Hu, 2005; Lawrence et al., 2011, 2012; Min et al., 2015a, b; Privé et al., 2023, 2024;

Lin et al., 2023, 2024; Battaglia et al., 2024).

Section 2 introduces the basic science requirements for SLP retrievals, and lays out the approach of DAR pressure retrievals.80

Environmental impacts including sea surface reflection impacts on DAR measurements and retrievals are discussed. Section 3

discusses the DAR instrument design, system considerations, and basic performance of the sensor. Flight campaign test results

are presented in Sect. 4. The summaries of current work and future effort directions are provided in Sect. 5.

2 Measurement concept

The theoretical basis of SLP retrieval using DAR system is that environmental conditions, especially atmospheric O2, have85

significant impacts on radar signals. Previous work (Lin and Hu, 2005; Lawrence et al., 2011, 2012; Millán et al., 2016; Lin

et al., 2024) provided detailed studies about the theory. This paper focuses on the DAR concept that leads to MBARS system

design and hardware development. The basic relation between the radar signals and environments, as demonstrated in previous
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work, can be approximately expressed as

Pr(f) =
σ0(f)

(4πR)2
Pt(f)A(f)T 2(f) (1)90

where Pt(f) and Pr(f) are the radar transmitted and received signal powers respectively at frequency f . A(f) is the two-way

system gain constant, while σ0(f) is the wavelength-dependent sea surface normalized radar cross section (NRCS) and R is

the range from the radar to the surface. T (f) is the one-way atmospheric transmittance at the radar frequency, and will be

discussed in more detail below.

Many geophysical variables such as sea surface wind, sea surface water temperature, DAR pointing, incidence, and reflection95

angles, and sea surface water salinity play important roles in determining the reflectance and/or the NRCS of sea surface. The

variations of sea surface NRCS with these variables have been studied for long time. These studies provide theoretical and

observational basis of sea surface microwave reflection and their results are widely used in existing mono-static or bi-static

Earth-observing radar systems such as those at L, C, X, Ka, Ku, and W bands (Donelan and Pierson, 1987; Masuko et al., 1986;

Lin et al., 1999; Stiles and Yueh, 2002; Li et al., 2005; Contreras and Plant, 2006; Tanelli et al., 2008; Foti et al., 2015; Karaev100

et al., 2015; Hossan and Jones, 2021). Moreover, well measured NRCS values can be used in microwave sensor calibrations (Li

et al., 2005). However, it is only recently that sea surface reflection at the O2 absorption wavelengths of interest (i.e., V-band)

has been thoroughly studied (Lin et al., 2023). Key conclusions from the study include: 1) NRCS varies approximately linearly

(in dB) with frequency at the considered narrow spectral range under the weather conditions studied; and 2) NRCS values drop

quickly with increasing incidence angle. The NRCS at 15o incidence angle could be reduced by as much as 10 dB or more105

compared to nadir viewing case, which is one of the crucial factors in system design for a scanning instrument.

T (f) can be expanded as

T (f) = exp(−(τO(f)+ τV (f)+ τc(f)+ τL(f)+ τr(f))/cosϕ) , (2)

where ϕ is the radar viewing angle relative to nadir and τm represents the absorption optical depth (AOD) of atmospheric agent

m (m = O2, vapor, dry air continuum, cloud liquid water, and rainwater or O, V, c, L, and r for short, respectively) at frequency110

f . Here, non-rain or light rain (rain rate less than 1 mm hr−1) weather conditions are considered. MBARS retrievals from

these weather conditions would provide significant weather forecast impacts (Privé et al., 2024). For moderate to heavy rain

cases, precipitation-sized large hydrometeors and their related large column total water contents could increase atmospheric

absorption and scattering considerably (Lin and Rossow, 1997) and reduce the DAR returns beyond what would be required to

retrieve SLP. Thus, these cases are not considered at this time.115

A ratio, γ of two spectrally close returns would be:

γ(f1,f2) =
C2Pr(f1)

C1Pr(f2)
=

C2Pt(f1)A(f1)σ
0(f1)T

2(f1)

C1Pt(f2)A(f2)σ0(f2)T 2(f2)
=

σ0(f1)T
2(f1)

σ0(f2)T 2(f2)
(3)

where C1 and C2 are calibration and normalization coefficients for radar power, antenna, system gain, etc., at frequency f1 and

f2 respectively. This equation indicates that the calibrated measured power returns of the DAR, or the σ0T 2 in this equation,
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can be considered as a measure of the attenuated radar cross section (ARCS, σa) that contains critical information about120

atmospheric absorption. Taking the logarithm of Eq. 3 and reorganizing its order leads to

∆1,2τO +∆1,2τV +∆1,2τc +∆1,2τL +∆1,2τr +
ln
(
σ0(f1)/σ

0(f2)
)

2
cosϕ

=− ln(γ(f1,f2))

2
cosϕ=− ln(σa(f1)/σa(f2))

2
cosϕ (4)

where ∆1,2τm represents the difference in AOD (or DAOD) between frequencies 1 and 2 for the agent m. As mentioned in

the introduction, the DAOD values except ∆τO would be small because of the spectral narrowness of f1 and f2. Considering125

the high precision (0.1% to 0.2%) requirement of SLP retrievals, these small DAOD values may still have some impacts on

the value in the left side of Eq. 4, which is hoped to be only for O2. To further mitigate these environmental impacts a third

frequency with an equal spectral space as the other two but having weaker O2 absorption is considered. In this case, the grand

ratio, G, of the two ratios of frequency pairs becomes

G=
γ(f1,f2)

γ(f2,f3)
=

σ0(f1)T
2(f1)σ

0(f3)T
2(f3)

(σ0(f2))
2
T 4(f2)

=
σa(f1)σa(f3)

(σa(f2))2
(5)130

which, similar to Eq. 3 gives

∆1,2τO −∆2,3τO +∆1,2τV −∆2,3τV +∆1,2τc −∆2,3τc +∆1,2τL −∆2,3τL +∆1,2τr −∆2,3τr

=−
ln(G)− ln

((
σ0
1σ

0
3

)
/
(
σ0
2

)2)

2
cosϕ=∆τ3C . (6)

Because of the even-spaced spectra of f1, f2, and f3, and near-linear impacts with frequency of these agents, all terms

including sea surface RCS, except ∆τO are cancelled to a negligible level as shown by Lin et al. (2024). That is,135

∆τO3C = τO1 + τO3 − 2τO2 =− ln(G)

2
cosϕ, (7)

or,

GdB = σa1dB +σa3dB − 2σa2dB =−20∆τO3C log10(e)

cosϕ
(8)

where ∆τO3C is the O2 DAOD of the three frequencies, while GdB is a common form of G in decibels (hereafter a variable

with subscript dB indicates decibels). The oxygen amount can be retrieved from the DAR DAOD measurements due to its140

direct relation with O2 AOD and DAOD, as showed previously (Lin and Hu, 2005; Lawrence et al., 2011, 2012; Millán et al.,

2016; Lin et al., 2024). Hereafter, this technique of O2 estimation is called the 3-channel approach. Thus, the partial column

dry air pressure for DAR path length is retrieved due to the well mixed O2 within dry atmosphere (Battaglia et al., 2024; Lin

et al., 2024). While the set of frequencies used for MBARS have equal spacing, a similar result can be derived for uneven

frequency spacing.145

The retrieval of partial-column dry air pressure, Pdp, using DAR systems is based on the direct comparison among the O2

DAOD measurement ∆τO3C_measured, modeled O2 DAOD value ∆τO3C_modeled and modeled partial column dry air pressure,
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Pdp_modeled. The latter two are obtained from meteorological profiles with temperature and humidity (T/q) observations or

those of NWP models. That is:

Pdp = Pdp_modeled
∆τO3C_measured

∆τO3C_modeled
. (9)150

SLP, then, is estimated from a combination of dry and moist air pressures:

SLP = Pdp +PZ +Pwp (10)

where PZ is the pressure at the instrument flight altitude as measured by onboard in-situ sensors. For orbital sensors, PZ = 0.

Pwp is the partial pressure introduced by atmospheric water along the path length which can be well observed using passive

microwave techniques. Equations 9 and 10 are the basic formulas that are used in the SLP retrievals.155

The relative SLP error of the DAR retrieval is dominantly decided by the partial column dry air pressure estimates or the

measured G of the DAR 3-channel approach. That is, from Eqs. 8 to 10 and for the simplified nadir viewing DAR, the GdB

standard error SE{GdB} would be 20SE{∆τO3C} log10(e) or 8.686SE{∆τO3C}. The standard error per hPa precision can

be estimated as:

SE{GdB}= 8.686

(
SE{∆τO3C}

∆τO3C

)
∆τO3C = 0.020 (dB hPa

−1
). (11)160

Since the value ∆τO3C is about 2.3 (Lin et al., 2024), the standard error of GdB measurements is required to be within 0.04

dB for the SLP retrieval requirement of 2 hPa (approximately 0.2%) given the choice of channels used for MBARS.

The natural phase interactions associated with a radar return from a uniformly distributed surface target cause the received

power to fall in an exponential distribution. As the power from many radar returns are averaged the distribution becomes normal

with a standard deviation of the estimated received signal power P̂r equal to the ratio of the total power including noise N and165

the square root of the number of independent samples Mi (Fukao et al., 2014),

SD{P̂r}=
Pr +N√

MI

. (12)

Therefore, to minimize the standard deviation of the measured signal power the number of independent samples must be

maximized while maintaining a sufficiently high signal-to-noise ratio (SNR).

Based on the first-order error propagation theory, the fractional standard deviation of the measured grand ratio Ĝ is approx-170

imately

SD[Ĝ]

G
=



(
SD[P̂r1]

Pr1

)2

+4

(
SD[P̂r2]

Pr2

)2

+

(
SD[P̂r3]

Pr3

)2



1
2

. (13)

In practice, the signal-to-noise ratio for channels 2 and 3 will be much higher than channel 1 due to the significant atmospheric

attenuation at 65.5 GHz. Substituting Eq. 12 into Eq. 13 and including only the first-order term of the SNR of channel 1 gives

an estimation of the overall fractional standard deviation of the grand ratio as a function of the SNR and number of independent175
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samples measured at the three frequencies,

SD[Ĝ]

G
≈
(

1

MI1
+

2

(SNR1)MI1
+

4

MI2
+

1

MI3

) 1
2

. (14)

The key then is maximizing the number of independent samples within the spatial resolution, particularly at channel 2, while

maintaining a sufficiently positive signal-to-noise ratio. In addition to this, the instrument must maintain stability sufficient to

prevent systematic drifts between the channels approaching the 0.04 dB target. The total number of independent samples to180

achieve 2 hPa SLP precision is on the order of 100,000 samples per channel.

3 Airborne instrument description

MBARS is a V-band (65.5-70 GHz) sensor initially developed to fly on the NASA high-altitude ER-2 aircraft in a wing-

mounted “superpod". The radio frequency (RF) transceiver and antenna subsystems are mounted in the unpressurized superpod

aft-body where the beam of the two-axis scanning antenna system points through an open window. The aft-body MBARS185

subsystems are shown in Fig. 1. The power distribution unit (PDU), radar digital unit (RDU), and the intermediate frequency

(IF) boxes are mounted on a horizontal rack in the pressurized superpod midbody. The system block diagram is shown in Fig.

2. This section describes the MBARS systems and the instrument’s installation on the ER-2 aircraft.

MBARS interfaces electrically with the ER-2 through the Experimenter’s Interface Panel (EIP). The system receives both

28 V direct current (DC) and three-phase 400 Hz 120 V alternating current (AC) power. The pilot has ultimate control over190

the radar through two interlock switches. The first interlock switch enables power to the radar system, and the second enables

transmit. An additional altitude switch prevents accidental radar transmission on the ground.

Control software within the RDU enables MBARS to run autonomously. Subsystems are powered sequentially with regular

autonomous fault checking. The RDU then commands transmit and antenna beam scanning when the radar is in a safe condition

and transmit has been enabled by the hardware interlocks. A remote radar operator may modify the radar state with commands195

issued through a terminal or socket interface. This autonomous operation is optimized to enable MBARS to operate without

significant input from the pilot or remote instrument operators.

To meet the measurement performance requirements discussed in Sect. 2, MBARS uses an extended frequency-diversity

waveform, a solid-state power amplifier (SSPA), and a 0.3 m lens antenna. A summary of the performance metrics of MBARS

is given in Table 1.200

The design in some ways exceeds the theoretical requirements for pressure retrievals. This design enables MBARS to be used

to test the effects of instrument performance on retrievals to validate the theoretical calculations. As an example, the narrow

cross-track scan and pitch control allow testing of the optimal incidence angle of ARCS measurements for SLP retrievals. This

flexibility also provides the ability to evaluate the system architecture for future spaceborne applications.
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Figure 1. (a) The NASA ER-2 with the location of MBARS in the aft-section of the superpod highlighted in red and the radar beam illustrated

in orange. Photograph by Carla Thomas, NASA. (b) The MBARS aft-body subsystems including the hermetic transceiver, lens antenna, and

scanning splash plate ready for installation.
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Figure 2. The MBARS block diagram includes subsystems located within the pressurized superpod mid-body of the ER-2 as well as the

unpressurized superpod aft-body.

Table 1. MBARS Performance Metrics

Parameter Instrument performance

Transmit frequency 65.5, 67.75, 70 GHz nominal

Transmitter power 5.9 W at 65.5 GHz

4.5 W at 67.75 GHz

1.6 W at 70 GHz

Receiver noise figure 9 dB

Pulse Repetition Interval (PRI) 420 µs

Pulses per PRI 4x 18 µs pulses near 65.5 GHz

7x 1.8 µs pulses near 67.75 GHz

4x 1.8 µs pulses near 70 GHz

25 µs, 3 MHz chirp near 70 GHz

# of frequency-diversity waveforms 4

Waveform repeat interval 1.68 ms

Antenna diameter/yype 0.3 m lens

Antenna 3 dB beamwidth 1 degree

Beam pointing control ±15o cross-track

±5o pitch compensation

Total instrument mass 119 kg

Total power (including heaters) 1670 W

3.1 Waveform design and frequency diversity205

The frequency-diversity waveform was a driving design consideration of MBARS. The precision to achieve 1-2 hPa pressure

retrievals requires a large number of independent samples. Samples may be decorrelated by varying the frequency (as with

frequency diversity) or moving the antenna (as with the forward motion of the aircraft). MBARS uses both techniques to

increase the number of independent samples.
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Figure 3. Time-domain illustration of the frequency-diversity waveform. Individual pulses are offset from the nominal channel frequencies

within 150 MHz bands. Four long (18 µs) pulses are transmitted near 65.5 GHz, followed by seven shorter (1.8 µs) pulses near 67.75 GHz.

Finally, four short pulses and a 25 µs chirp are transmitted near 70 GHz.

During each pulse repetition interval (PRI), MBARS transmits fifteen pulses and one chirp. First, four 18 µs pulses are210

transmitted near 65.5 GHz but at slightly offset frequencies. The relatively long pulse length and the associated narrow matched-

filter bandwidth enables the received ARCS measurements to have a sufficiently positive SNR of approximately 8 dB even with

the significant round-trip attenuation of oxygen at this frequency. Seven frequency-separated 1.8 µs pulses are then transmitted

near 67.75 GHz followed by four frequency-separated 1.8 µs pulses transmitted near 70 GHz. These narrower pulses still

provide sufficient SNR due to the reduced oxygen attenuation at 67.75 and 70 GHz. Finally, a 25 µs chirp with a 3 MHz215

bandwidth is transmitted near 70 GHz. This chirp is not directly used in atmospheric pressure retrievals but provides a vertical

profile of clouds and precipitation. The waveform is illustrated in time domain in Fig. 3.

After transmitting the fifteen pulses and single chirp the radar receives the echoes at all sixteen subchannels simultaneously.

The three main frequency channels (near 65.5, 67.75, and 70 GHz) are separated and downconverted using RF electronics

and the subchannels are separated using digital filtering and downconversion after sampling by the analog-to-digital converters220

(ADCs). Assuming the frequency separation of the subchannels is sufficient for full decorrelation, this single PRI provides

four independent samples of surface scatter around 65.5 and 70 GHz, and seven independent samples of surface scatter around

67.75 GHz.

The MBARS antenna is 0.3 m in diameter, so neglecting motion of the ocean surface, full decorrelation of repeated radar

pulses at a constant frequency will only occur when the radar has moved by a full 0.3 m perpendicularly to the beam. The225

MBARS antenna moves by approximately 8.4 cm in the along-track direction during a single 420 µs pulse repetition interval

(PRI) on the ER-2 with a ground speed of approximately 200 m s−1. As such, upon completion of a PRI the process repeats

with all pulses frequency-hopped to new subchannels (the chirp frequency remains constant). The instrument cycles through

four complete waveforms (sets of subchannels), repeating every 1.68 ms. During this 1.68 ms the aircraft has moved by

approximately 0.34 m, allowing reuse of subchannel frequencies without correlated surface backscatter.230

Within the three main frequency channels, frequency-diversity subchannels are separated by at least 4 MHz. Individual

pulses and the chirp are amplitude tapered with Hann windows at the waveform generator. The SSPA is then driven to compres-
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sion. The result is a pulse amplitude that is a compromise between maximizing transmitted power and obtaining subchannel-

subchannel isolation.

3.2 Instrument subsystems235

3.2.1 Antenna and scanner

The MBARS antenna aperture is a 0.3 m polystyrene lens. This antenna uses an internal wire-grid polarimetric reflector to

share the lens between two orthogonal feeds, one port for the V-band MBARS frequencies and a second feed for W-band near

94 GHz. While not used by MBARS, this second feed provides the possibility of sharing the antenna aperture with a second

radar such as the airborne NASA Cloud Radar System (CRS) (Walker McLinden et al., 2021). This antenna is visible in Fig. 1240

and is located in the unpressurized aft section of the superpod. The measured gain of the antenna is 44 dB at V-band.

A flat honeycomb splash plate mirror is used to redirect the beam from the lens antenna to near-nadir view angles through

an open port in the superpod. This splash plate is connected to a two-axis scanner, allowing 360o of motion in the cross-

track direction and ±5o of motion in the along-track direction. The along-track scanning is used to provide real-time pitch

compensation to allow the angle of the beam to be controlled through aircraft pitch variations. The cross-track control allows245

for beam scanning up to ±15o off-nadir, or for a controlled incidence angle even in the case of aircraft roll variation and wing

flex. The scanner is software-controlled by the radar command and data handling (C&DH) computer based on attitude data

from an onboard global positioning system (GPS) and inertial navigation system (INS) receiver.

3.2.2 Solid-state transceiver

The solid-state transceiver is located in the unpressurized aft section of the superpod, housed in a hermetic enclosure that250

maintains air pressure even at the approximately 20 km flight altitude of the ER-2. The transceiver is built with WR-15

waveguide electronics combined with some coaxial components. The simplified radio frequency (RF) block diagram is shown

in Fig. 4.

The transceiver is broadband, covering 65.5 to 70 GHz. The system inputs the frequency-diverse waveform at an intermediate

frequency (IF) of 10.3-14.8 GHz, and upconverts it to RF. The waveform at RF frequencies is then amplified by two broadband255

amplifiers followed by the SSPA. The Gallium Nitride (GaN) SSPA is optimized for transmit power at 65.5 GHz, with a

saturated power of 5.9 W. The transmitted power decreases at the higher transmit frequencies, with saturated power of 4.5

W at 67.75 GHz and 1.6 W at 70 GHz. The transmitter and waveform generator are tuned such that the SSPA is driven into

saturation for all pulses to maximize radar sensitivity.

Duplexing is achieved with a broadband waveguide circulator. Two pin diode switches protect the low-noise amplifier (LNA)260

from being damaged by excessive RF power during the transmit window. Received signals are amplified by a LNA and a

gain stage before being mixed back to 10.3-14.8 GHz. Mixing for both up-conversion and down-conversion is achieved with

balanced mixers. A single phase-locked oscillator (PLO) at 13.8 GHz drives a x4 multiplier for each mixer.
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Figure 4. The simplified transceiver RF block diagram showing the three internal calibration paths used to track variations in system gain

(discussed in more detail in Sect. 3.3).

Calibration is achieved with a set of three calibration paths controlled by pin-diode switches. These three paths are shown

in Fig. 4 and are discussed in more detail in Sect. 3.3. There are additional secondary calibration electronics including an265

electromechanical “baseball" waveguide switch, a detector diode, and a noise diode. This redundant approach to calibration

was selected due to the experimental nature of this instrument, so as to allow comparison of different calibration approaches. In

practice, only the primary calibration paths are used due to their superior performance, and the additional calibration electronics

are not shown in Fig. 4 for simplicity.

As the precision and calibration requirements are very stringent, particular care was made to maximize the linearity of the270

receiver. Attenuators set the gain such that the maximum power presented to any active component in the receiver chain is 20

dB below the one-decibel compression point (P1dB). The exceptions to this rule are the receiver amplifiers during transmit as

they are disabled by the following calibration-path pin switches.

3.2.3 Radar digital unit

Radar control and coordination occurs through a Linux-based single-board computer (SBC). This computer is networked to275

four field-programmable gate array (FPGA)-based radar processing modules, a system timing and control unit, and a GPS/INS

receiver through a gigabit-speed internal Ethernet network. The SBC also provides a separate Ethernet connection to the aircraft

network to enable remote radar operator control and near-real time visualization of radar data. It interfaces with the antenna

scanner system through RS-232 and onboard telemetry and relay systems through RS-485. All radar data are recorded onto

removable USB-based storage devices connected to the SBC.280
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Software running on the SBC provides autonomous system control. This software is designed to operate with or without

inputs from a radar operator. It powers radar systems and controls the radar beam scanner and transmitter based on instrument

telemetry, the status of an aircraft altitude interlock switch, and two control switches operated by the pilot. The instrument state

may be modified by a remote operator through socket-based commands.

The MBARS radar-control modules developed by Tomorrow.io provide waveform generation, digital receiving, and switch285

control. The radar system utilizes a waveform generator module, two digital receiver modules, and a switch-control module.

The waveform generator module includes a single digital-to-analog converter (DAC) and each digital receiver module includes

two analog-to-digital converter (ADC) and can process eight frequency-diverse subchannels simultaneously.

The waveform generator DAC operates at 2.4 GSPS. The frequency-diversity transmitted waveforms are generated within a

150 MHz bandwidth centered at 600 MHz. A pin diode switch is used to divide each waveform into the three radar channels290

and routes each channel to a separate up-conversion mixer. The waveform generator sequences through the four independent

waveforms, repeating each waveform every four pulse repetition intervals (PRI’s).

The radar system’s four ADCs also operate at 2.4 GSPS. The IF subsystem down-converts the three radar RF channels

simultaneously to be centered at 600 MHz, routing the 65.5 GHz channel and 67.75 GHz channel to one ADC each, and routing

the 70 GHz to two ADCs. The digital system digitally down-converts, filters, and decimates each of the sixteen subchannels.295

The channels are then passed through approximately matched filters (or a pulse compression filter for the chirp).

3.2.4 Intermediate frequency

The intermediate frequency (IF) subsystem upconverts the signal generated by the waveform generator (within a 150 MHz

band around 600 MHz) to the three intermediate bands provided to the transceiver subsystem (at 10.3 GHz, 12.55 GHz, and

14.8 GHz respectively). The upconversion to the three IF bands occurs sequentially during the waveform generation as the300

local oscillator and anti-aliasing filter is switched. While the subchannels are transmitted sequentially, they must be received

simultaneously so the received IF signal is split into three IF bands, filtered, and then further downconverted to 600 MHz in

parallel.

3.2.5 Flight-level pressure sensors

The MBARS DAR retrieval provides the contribution of dry air below the radar to the atmospheric surface pressure . As such,305

the air pressure at the flight level must be known independently. MBARS flies with two absolute pressure transducers each

with 0.2 hPa precision and stability. These transducers are connected to separate static pressure ports on the ER-2 aircraft and

provide the means to track the flight-level pressure.

At flight altitude during test flights these pressure sensors measured a mean flight-level pressure of 56.3 hPa with a standard

deviation of 1 hPa. The pressure reported by the two sensors differed by 1.1 hPa with a 0.04 hPa standard deviation. The310

calibration approach of MBARS is to use vicarious sources so the bias does not impact the retrieval. The low standard deviation

provides confidence that these sensors are sufficient to track flight-level pressure changes without driving overall retrieval

uncertainty.
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3.3 Calibration

Absolute calibration of MBARS to the accuracy required is infeasible using internal calibration methods, even with the three-315

path calibration strategy (see below). As such, an external calibration is required to provide absolute calibration. MBARS

absolute calibration is performed vicariously, using a known sea surface pressure (provided either by one or more buoy mea-

surements or model data from a stable high-pressure system when in situ measurements are not available). In this way MBARS

fundamentally tracks pressure changes from a reference rather than providing an absolute measurement during its flight exper-

iments. It is possible that the careful internal calibration and temperature monitoring could make MBARS sufficiently stable to320

keep the instrument operating at a predetermined condition and maintain absolute calibration between flights, but this has not

been attempted.

The MBARS transceiver was developed with redundant internal calibration strategies due to the extreme (<0.02 dB) sta-

bility requirements. The primary calibration approach is a three-path loopback in the RF transceiver. Secondary calibration

approaches include a single loopback path utilizing an electro-mechanical switch and the combination of a noise diode and325

detector diodes. Finally, the transceiver was designed to allow for external calibration including a nadir-pointing cold-sky

horn antenna and a blackbody absorber load, however these external calibration sources have not been implemented. Only the

primary three-path loopback has been used to-date due to its superior stability.

Loopback calibration takes advantage of the fact that the radar equation includes the product of the transmitted power, range

weighting function, and the receiver gain. As such, tracking of individual contributors is not required (see Eq. 3). With any330

loopback calibration the primary metrics of the calibration are stability of the calibration path and the ratio of the power of the

transmitted signal through the calibration path to any secondary paths caused by radiated or conducted leakage. The relative

phase of any leakage as compared to the desired calibration path cannot be assumed to be stable, so the presence of any leaked

power provides a variable error. For a typical atmospheric radar, the calibration path may be 30 dB stronger than any leakage,

resulting in a peak calibration offset of approximately ±0.3 dB. MBARS, with its stringent stability requirement has a designed335

signal-to-leakage ratio better than 53 dB, for a stability better than ±0.02 dB irrespective of potential relative phase changes in

the leakage path.

This stringent signal-to-leakage drove the design of the radar calibration paths. The maximum power of the signal through

the received calibration path is limited by the linearity of the receiver. Reducing the leakage through the calibration paths

requires not only lossy switches (impacting noise figure) but care with managing radiated and conducted emissions. To address340

these competing interests, the MBARS calibration is split into three paths, each with a more modest dynamic range than a

single-path design.

For the first calibration path (labelled as Calibration Path 1 in Fig. 4), a portion of the waveform during transmit is coupled

out after the SSPA and is switched into the receiver after the LNA and gain stage. Excluding the first two stages of receiver

amplification from this calibration path minimizes the susceptibility of the system to radiated or conducted leakage paths and345

allows for placement of some pin switches after the LNA, improving the system noise figure. This calibration loop tracks most
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system fluctuations in the transmit and receive paths but does not capture gain variations in the LNA or receiver protection

switches.

Two additional loopback paths are included to track gain fluctuations in the LNA and receiver protection switches. One

or more times per second, the waveform generator produces a second copy of the transmitted waveform during the nominal350

receive window. This waveform, rather than being sent to the SSPA, is coupled to the input of the LNA (Calibraiton Path 2)

with the receiver protection switches blocking the received signal from the antenna. Alternatively (Calibration Path 3), the

second waveform is looped back directly to the downconversion receiver mixer bypassing both the SSPA and LNA. The ratio

of the measured calibration signal from these two paths provides the mechanism for tracking LNA gain variations. Monitoring

these calibration paths while the SSPA is disabled minimizes the presence of leakage signals (improving the ratio of calibration355

power to leakage). These loopback paths are exercised during the nominal receiving window between transmitted pulses to

avoid interrupting the duty cycle of the SSPA, as the resulting thermal drift may cause calibration instability.

4 Airborne flight results

MBARS was deployed to NASA AFRC and installed into the NASA ER-2 aircraft for evaluation of its DAR system perfor-

mance, SLP observational capability and future space flight potential. An initial test flight campaign was conducted during360

the summer of 2024 for DAR engineering test. System stability and performance were evaluated. Later in the fall of 2024,

the MBARS joined the WH2yMSIE flight campaign and successfully collected DAR data with significant sea surface air pres-

sure variations. The open ocean off the west coast of California was the primary target for these MBARS flight experiments.

This section discusses MBARS performance and SLP retrievals under both uniform sea surface pressure and significant SLP

gradient conditions.365

Large oceanic areas off the west coast of California generally lack large atmospheric disturbances in the northern hemispheric

summer season. During the period of the engineering test flight campaign in the summer of 2024, the sea surfaces targeted were

generally quiet, which allowed the assessment of instrument stability and potential retrieval uncertainties. An example was the

17 July 2024 case. This same oceanic area, however, experienced more substantial weather variations during the fall of 2024.

Thus, SLP retrievals with MBARS measurements could be evaluated, such as for the case with a significant SLP gradient on370

13 November 2024. MBARS flight experiments were conducted for those two days. Figure 5 shows the flight tracks of those

two cases. To avoid land contamination and island impact, only MBARS measurements collected at least 10 km away from the

coastline and islands were used in data analysis and SLP retrieval.

A hardware issue within the networking subsystem of MBARS resulted in significant data loss (50-75%) during all flights,

particularly during the November 2024 case. While since corrected, this issue caused irregular gaps in the recorded backscatter375

signal of these cases. These gaps in data complicate the analysis and the ability to average beyond 10 seconds, and are the

cause of the irregularly spaced datapoints within the retrieval data shown here.

During the flight of 17 July 2024, the ER-2 repeated an extended flight track three times, as indicated in Fig. 5 (a), to evaluate

system stability and SLP retrieval uncertainties for a relatively uniform marine environment with SLP variability only about 0.4
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Figure 5. The flight track of MBARS on the ER-2 during the two dates used for radar and algorithm evaluation along with sea level pressures

(hPa) from the MERRA-2 reanalysis. (a) 17 July 2024. (b) 13 November 2024. The underlying map is MATLAB Basemap Data - bluegreen,

created using Natural Earth.

hPa. The MBARS instrument as a whole was very stable during the entire flight. Calibration subsystem tracked the variations380

of DAR individual components well. Figure 6 shows the relative precision changes of DAOD with averaging time. Different

color points represent different legs of the segment as indicated in the figure and the dashed line is the precision predicted by

Eq. 14. The precision improves with longer averaging. The standard deviation drops at a rate slightly slower than predicted for

the longer averaging periods, indicating some level of calibration instability or 1/f noise. The DAOD values obtained from

ARCS measurements of MBARS still reached the required 0.2% precision after 10 s integration for this stable meteorological385

condition case.

To retrieve SLP with MBARS ARCS measurements, an ancillary data of the Modern-Era Retrospective analysis for Research

and Applications, Version 2 (MERRA-2) reanalysis of the Goddard Earth Observing System Model version 5 (GEOS-5) from

the NASA Goddard Modeling and Assimilation Office (Gelaro et al., 2017) was used because of lack of observed atmospheric

meteorological state information for the flight campaigns. The MERRA-2 dataset provides the basic meteorological profiles390

for forward calculations of the modeled DAOD values in partial column dry air pressure retrieval (ref., Eq. 7 or Eq. 8). The

temperature sounder of MBARS has not been tested at this stage. The MBARS sounder measurements and temperature and

humidity observations from other sensors will be used in future retrievals, which would potentially improve MBARS SLP

observations. Additionally, there were no buoy or other in-situ data available near the tracks of the MBARS experimental

flights. MBARS SLP retrievals were compared to the MERRA-2 data. Analyzing MERRA-2 and buoy data along the west coast395
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Figure 6. The MBARS system is stable such that averaging of radar samples continues to reduce the standard deviation of the measurement

beyond ten seconds (corresponding to approximately 2 km flight distance) to achieve the required 0.2% uncertainty. The standard deviation

of the three flight legs are shown individually, along with the predicted standard deviation derived from Eq. 14.

near the flight field domain, a reasonably small standard error (STD) of 0.8 hPa was found, which was consistent with previous

studies (e.g., Ingleby, 2010). This indicates that NWP models such as GOES-5 can provide reasonably good SLP results near

coast areas where certain buoy and other in-situ observations are available for NWP models as pointed out by previous studies

(Whitaker et al., 2004; Dirren et al., 2007). Future scientific field campaigns with sufficient in-situ observations will provide

better retrieval validations.400

Furthermore, although the V-band O2 absorption model (Liebe et al., 1993) has been used in passive microwave temperature

profiling for decides and even in many DAR simulation studies (e.g., Lin et al. (2024) and references therein), this is the

first time that DAR measurements are used in quantitative precise SLP retrieval. Potentially both DAR measured signals and

the microwave radiative transfer model could have non-negligible absolute calibration errors for the extremely high accuracy

needs when relative errors less than 0.2% are required. Thus, another use of MERRA-2 data in SLP retrieval was for MBARS405

absolute calibration when observations of in-situ SLP and atmospheric meteorological state profile were not available. In this

study, MBARS DAOD measurements were directly compared to the modeled DAOD values for a very small amount of oceanic

data at the beginning of individual flights. Small, averaged differences between the two kinds of DAODs for individual flights

were found and removed from MBARS measured DAOD values, which was considered as a way to provide the absolute

calibration of MBARS measured DAODs. In the future, using actual buoy and in-situ surface SLP observations, along with410

observed atmospheric meteorological state profiles, advanced absolute calibrations of MBARS measurements and, potentially,

the microwave radiative transfer model are expected.

Figure 7 shows the SLP retrieval results of the three legs for 10 s averaged data. There are no clear trends for all three leg

retrievals. The standard error for the retrievals of all three legs combined is 1.64 hPa with individual legs varying from 1.48 to
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Figure 7. (a) The MBARS pressure retrievals using 10 s averaging over three flight legs (calibrated to MERRA-2 at the start of the first flight

leg) in the July 2024 high-pressure system case chosen for having minimal pressure variation. (b) The surface pressure difference between

the pressure retrievals and the MERRA-2 reanalysis over the three flight legs showing an RMS difference of less than 1.9 hPa for all three

flight legs.

1.75 hPa. The root mean square (RMS) errors are also small, just slightly larger than their corresponding STD values. These415

results provide a strong confidence in using MBARS for SLP retrieval.

The retrievals of the fall of 2024 case further exhibit the MBARS capability for SLP observations (Fig. 8). For this case, a

significant sea surface air pressure variability of about 7 hPa occurred, as shown in Fig. 5b and Fig. 8a. The ER-2 flew over a

the pressure gradient field. The MBARS 10 s SLP retrievals (Fig. 8a) were similar to the sea surface pressure values. The STD

and RMS errors of these 10 s averaged SLP retrievals are about 2.35 hPa and 2.40 hPa, respectively. As mentioned in Sect.420

2, the DAR system design targeted at 20 s averaging to achieve 2 hPa precision for SLP retrievals. Scaling by 1/
√
2 to the

current data obtained from a half-length of the needed averaging time period would achieve the required precision, illustrating

the advanced capability of the airborne MBARS system in SLP observations and providing a great potential of the MBARS

measurements to meet science requirements for future applications in improving NWP model forecasts.

5 Conclusions425

The MBARS instrument was developed as a stable and precise radar using a solid-state transceiver and frequency diversity

that flies on the NASA ER-2 high-altitude aircraft. Engineering test flights and one science flight during the WH2yMSIE field

campaign demonstrate a standard deviation of measured DAOD of less than 0.2% with 20 s integration. The retrieved sea-level
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Figure 8. (a) The MBARS pressure retrievals using 10 s averaging over the 7 hPa pressure gradient in the November 2024 case calibrated

to MERRA-2 at the start of the first flight leg. (b) The difference between the pressure retrievals and the MERRA-2 reanalysis showing am

RMS difference of 2.4 hPa.

pressure using 10 s averaging (rather than 20 s due to data loss and gaps in these initial flights) tracks the MERRA-2 reanalysis

model to 1.7 hPa RMS for the first flight and 2.4 hPa RMS for the second. The projected performance with 20 s averaging is430

within the target performance of 2 hPa precision.

Work is ongoing to integrate MBARS onto NASA’s new Boeing 777 airborne science platform and participation in the North

American Upstream Feature-Resolving and Tropopause Uncertainty Reconnaissance Experiment (NURTURE) scheduled for

early 2027. Based on the performance of MBARS on the ER-2, it will be configured to fly with a fixed antenna pointing near-

nadir rather than incorporating the scanning functionality. MBARS is expected to continue to fly on airborne science missions435

on the NASA Boeing 777 and ER-2 aircraft.

These MBARS flight results also point to the feasibility of global retrievals of atmospheric sea-level pressure from space.

Additional flights on NASA aircraft will allow systematic evaluation of retrieval performance at different pointing angles, SNR,

and frequency-diversity pulsing configurations. These results could be used to mature the technology readiness of a spaceborne

version of MBARS, informing decisions about instrument requirements.440

Data availability. MBARS data from the WH2yMSIE field campaign used in the November, 2024 case are available at the NASA/GSFC

High Altitude Radar (HAR) website, https://har.gsfc.nasa.gov.
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