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Abstract This paper describes improvements to geophysical retrievals from NASA's AdvancedMicrowave
Precipitation Radiometer (AMPR) during the Cloud, Aerosol and Monsoon Processes Philippines Experiment
(CAMP2Ex). The retrieved products are validated using independent data sets, and example applications in
addressing science questions about the maritime tropics are provided. Multi‐linear regression equations
previously developed to retrieve cloud liquid water path (CLW), total precipitable water vapor (WV), and 10‐m
wind speed (WS) from AMPR brightness temperatures in the midlatitudes were examined. Initial testing
revealed that the CLW methods required modification for the maritime tropics, likely due to the stark
environmental differences. MinorWS adjustments were also needed to account for the presence of a newAMPR
radome. Compared with numerical simulations, the updated CLW equation performed nearly an order of
magnitude better than its predecessor. Validating AMPR CLW with airborne polarimeter‐derived CLW
throughout CAMP2Ex yielded a median absolute deviation that is less than the predecessor CLW equation's
uncertainty and comparable to CLW precisions observed in past studies. In situ WV and WS validation using
dropsondes was promising, with mean deviations that are less than their target uncertainties. Correlating AMPR
CLW with polarimeter‐derived cloud‐top height (CTH) indicated an expected CLW ∝ CTH2 relation for
CTH < 4 km, but reduced CLW for CTH > 4 km may have been associated with cloud droplet removal via
accretion and/or mixed‐phase onset. These results demonstrate the power of airborne radiometer geophysical
retrievals as standalone metrics and the insight they provide when used alongside other data sets.

Plain Language Summary This study focused on retrieving quantitative cloud liquid water,
atmospheric water vapor, and near‐surface wind speeds over the ocean using an airborne microwave remote‐
sensing instrument from a 2019 NASA field campaign around the Philippines. After updating the cloud liquid
water method for the tropical marine environment, all three products were compared against retrievals from
other airborne instruments, and the resulting differences for each product were within targeted ranges.
Transformations of cloud water into rain and/or ice were also apparent. These results are important as they
indicate the potential utility of these retrieval methods in broader airborne and spaceborne studies, such as those
investigating the two‐way interactions between environmental conditions and convection along with their
associated local and larger‐scale impacts.

1. Introduction
Airborne geophysical retrievals yield critical insight into Earth's atmosphere processes and surface characteristics
and are often used to inform global satellite‐based analyses. The National Aeronautics and Space Administration
(NASA) Advanced Microwave Precipitation Radiometer (AMPR) has provided invaluable geophysical infor-
mation throughout 25+ airborne field campaigns. Horizontally (H) and vertically (V) polarized brightness
temperatures (Tb) can be deconvolved from mixed‐polarization Tb across AMPR's entire swath, enabling re-
trievals of geophysical parameters such as cloud liquid water path (CLW), total precipitable water vapor (WV),
and 10‐m wind speed (WS) over water surfaces (Amiot et al., 2021; hereafter “AM21”). With broad applications
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for scientific analyses and instrument validations across numerous past, present, and future airborne and
spaceborne missions, reliable AMPR‐based retrievals are essential.

AMPR participated in NASA's Cloud, Aerosol and Monsoon Processes Philippines Experiment (CAMP2Ex),
which focused on interactions between aerosols, radiation, and clouds in the maritime tropics (Reid et al., 2023).
NASA's P‐3B Orion (P‐3) aircraft conducted 19 research science flights (SFs) from Clark International Airport
during 20 August–10 October 2019, covering numerous geographical, synoptic, mesoscale, aerosol, and radiation
conditions (Reid et al., 2023). Locations of AMPR's CAMP2Ex retrievals are provided in (Figure S9 in Sup-
porting Information S1). Alongside AMPR, other P‐3 instruments important for this study include the Advanced
Vertical Atmospheric Profiling System (AVAPS) and Research Scanning Polarimeter (RSP).

Wilheit and Chang (1980), Wentz and Spencer (1998), and Hong and Shin (2013) retrieved geophysical pa-
rameters (e.g., CLW, WV, and WS) using emitted and scattered radiation properties at different microwave
frequencies (e.g., Wentz &Meissner, 2000), which compare favorably with simulations (e.g., Hwang et al., 2019;
Yeh et al., 1990; Zhou et al., 2013) and observations (e.g., Cecil & Biswas, 2017; McGrath & Hewison, 2001;
Wentz, 1997). Spencer et al. (1994), Hood et al. (2006), and Amiot (2023) applied these principles to AMPR,
while AM21 developed and tested multi‐linear regression equations for CLW, WV, and WS in the Olympic
Mountains Experiment and Radar Definition Experiment (OLYMPEX/RADEX; Houze et al., 2017). These re-
trievals can be powerful, but such methods are often necessarily tuned to a specific set of frequencies and may
only perform optimally under relatively limited conditions and/or climate regions. For example, methods
developed for the midlatitudes may not properly account for environmental differences when applied in the
tropics, necessitating retrieval updates (e.g., Wentz & Spencer, 1998).

Satellite‐retrieved cloud optical thickness (COT) and cloud‐top droplet effective radius can be used to derive
CLW assuming an adiabatic vertical profile of cloud droplet growth after cloud condensation nuclei are activated
near the non‐precipitating cloud base (Bennartz, 2007; Miller et al., 2016). This assumed profile implies that
cloud liquid water content scales linearly with cloud‐top height (CTH), and integration yields CLW ∝ CTH2.
However, some cloud processes (e.g., entrainment, evaporation, collision‐coalescence) are not fully represented
by these assumptions (Bennartz, 2007; Miller et al., 2016).

Though dependent on synoptic patterns and mesoscale features (e.g., cold pools), mean tropical maritime
background wind speeds are ∼6–8 m s− 1 (West & Smith, 2021) with a water‐vapor‐rich boundary layer
(e.g., Tompkins, 2001). Tropical environmental 0°C level is often ∼5 km AMSL (e.g., Fierro et al., 2012; Zipser
& LeMone, 1980), providing relatively deep warm‐phase clouds (e.g., Mülmenstädt et al., 2015). Cumulus‐type
clouds may have considerable CLW > 0.1 kg m− 2, though lower CLW values are most common (e.g., Acker-
man, 1959; Oh et al., 2018; O’Dell et al., 2008).

The purposes of this study are: (a) apply, update, and validate AMPR's geophysical retrievals in maritime tropical
environments; and (b) demonstrate the retrievals' scientific utility (e.g., to CAMP2Ex's science questions). In the
latter, we explore AMPR's tropical retrieval statistics along with cloud and precipitation processes inferred from
CLW retrievals. These results have broader applications and support for missions other than CAMP2Ex, including
past (for example, Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (Kummerow et al., 1998)),
present (for example, Global Precipitation Measurement (GPM) Microwave Imager (Skofronick‐Jackson
et al., 2017)), and future (for example, Atmosphere Observing System (AOS) mission (Atmosphere Observing
System, 2022)) platforms with similar frequencies.

Data and methods are provided in Section 2, with discussions of AMPR's updated retrievals in Section 3 and
example science applications in Section 4. Section 5 concludes with a summary and future work.

2. Materials and Methods
2.1. Data

All data (Aknan & Chen, 2020) were from CAMP2Ex SFs 05–19; AMPR was inoperable during SF 01, and some
AMPR gains and offsets were unoptimized in SFs 02–04 (Lang et al., 2021). AMPR scans cross‐track ±45° from
aircraft nadir, yielding mixed‐polarization Tb values at four central frequencies/channels: 10.7, 19.35, 37.1, and
85.5 GHz (Spencer et al., 1994) in 50 pixels per scan, wherein footprint resolution varies with aircraft altitude.
The AMPR‐retrieved Tb accuracy during CAMP

2Ex was approximately ±1 K (Spencer et al., 1994; AM21).
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Noted in Section 1, AMPR Tb can be deconvolved into pure H and V components (AM21). AMPR pixels were
masked for: (a) P‐3 pitch or roll magnitude ≥2°, (b) AMPR's nadir‐stare mode, (c) P‐3 GPS altitude <3 km, (d)
scans that included at least one pixel over land (though other AMPR retrievals are possible over land, such as ice
water path; McMurdie et al., 2022), and/or (e) precipitation present within the pixel. Explanations for these masks
are provided in Lang et al. (2021), but to summarize, excess pitch/roll magnitudes and nadir‐stare mode were
masked due to AMPR's retrieval regression coefficients being tied to Earth incidence angle and assuming level
flight (AM21). AMPR's cold calibration target is cooled using ambient air, leading to data quality issues in
warmer air below 3 kmAGL during CAMP2Ex. The retrievals herein are based on atmospheric properties over an
ocean background and become invalid over land and in precipitation. P‐3 altitude ranged from ∼3 to 7 km AGL
herein, yielding AMPR cross‐track footprint resolutions of ∼94–220 m.

Of the 154 AVAPS dropsondes from SFs 05–19 (Vömel et al., 2020), three were removed due to lack of cor-
responding AMPR data during their descent (e.g., repeated aircraft maneuvers), one (two) from SF 08 (SF 14).
Another seven were removed during quality control (e.g., unavailable near‐surface winds), leaving 144 drop-
sondes. Two‐Hz AVAPS pressure, temperature, relative humidity, and horizontal wind uncertainties are
±0.5 hPa, ±0.2°C, ±3%, and ±0.5 m s− 1, respectively (Freeman et al., 2020).

RSP (Cairns et al., 1999) measures I, Q, and U Stokes parameters at nine wavelengths in the visible and shortwave
infrared spectrums while scanning 105° along track. RSP's spatial resolution is ∼14 mrad or ∼10–100 m
depending on distance between aircraft and cloud top. Multi‐angle polarimetric data at ∼865‐nm wavelength are
used to infer cloud‐top effective radius and effective variance using the cloudbow approach (Alexandrov
et al., 2012). COT is inferred from nadir observations near 865 nm (Sinclair et al., 2021). CTH values in Section 4
are inferred using a multi‐angle parallax method and have an estimated accuracy within 500 m (Sinclair
et al., 2017).

2.2. Methods

AMPR's geophysical retrieval equation developments are detailed in AM21 and briefly overviewed herein.
Following Biswas et al. (2017), 523,176 globally distributed Global Data Assimilation System (GDAS;
NCEP, 2000) profiles were used to create a physical Tb data set, which was applied to the GPM Intercalibration
Working Group's oceanic radiative transfer model (Biswas et al., 2013) to simulate AMPR‐observed Tb in the
same scenes. This radiative transfer model incorporates climatological cloud heights (Wisler & Hollinger, 1977),
with additional details in Biswas et al. (2013). Since GPM has frequency overlap with AMPR, this model is well‐
suited for simulating AMPR's retrievals. In these formulations, WS and sea surface temperature (SST) were
randomly varied from 0 to 20 m s− 1 and 0–30°C, respectively, to decouple the ocean and atmosphere, and 0.5 K of
Gaussian noise associated with input Tbmeasurement error was introduced to maintain model stability. Using this
physical Tb data set, AMPR‐observed Tb was simulated every 0.2° Earth incidence angle between 0° and 50°. In
these simulations, Rosenkranz models for nitrogen, oxygen, water vapor, and cloud liquid water were used to
calculate atmospheric absorption coefficients (Liebe et al., 1991; Rosenkranz, 1993; Rosenkranz, 1998; AM21).
Multi‐linear regression was performed on the resulting data to produce the AM21 CLW, WV, and WS equation
forms. Numerous AMPR channels and formulations were examined in sensitivity tests for each parameter, and
residual errors (Mathworks, 2025) were analyzed to select the equation form with the lowest retrieval and
crosstalk errors for each parameter. Further, following AM21, AMPR Tbwere corrected for biases in observed Tb
compared to GDAS‐simulated Tb on a flight‐by‐flight basis for all analyses herein; these corrections are
exemplified in the bottom four rows of Figure 1.

Following their development, AM21's retrieval equations, displayed in Section 3 and compared with the updated
retrieval methods herein, were applied to AMPR's CAMP2Ex data; an example is provided in Figure 1's left
column. During the SF 09 segment in Figure 1, WV appears uniform with reasonable values for the maritime
tropics (that is, background of ∼50 kg m− 2; second row). Thus, AM21's WV retrieval methods were deemed
valuable for maritime tropical use, as were the underlying methods used to develop the equations as discussed in
the preceding paragraph. However, two issues are apparent in Figure 1's left column: 1) clear‐air CLW around
0.1 kg m− 2 (first row), and 2) cross‐track WS stripes (i.e., periodic WS variations across AMPR's swath; third
row), which are visible in clear air around 0311–0312 UTC. These features appeared throughout CAMP2Ex, and
it was concluded that the AM21 CLW retrieval equation would require updating while post‐retrieval smoothing of
AM21 WS artifacts would be necessary for CAMP2Ex; these retrieval modifications are presented in this paper.
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The aforementioned high clear‐air CLW likely resulted from high water vapor, while cross‐track stripe artifacts
were likely caused by AMPR's radome amplifying any cross‐track variations present in the retrieval equations.
Prior to CAMP2Ex, a new flat‐surface radome was custom built out of Rexolite (http://www.rexolite.com) by
ProSensing Inc. to be P‐3 compatible and optimized for AMPR's frequencies, which introduces an insertion loss
that varies with incidence angle and frequency (Lang et al., 2021). As discussed below and in Supporting In-
formation S1, WS stripes were smoothed by applying simple offsets to AM21's equation output while an entirely
new CLW equation was created and tested, after which bulk AMPR retrieval statistics were computed.

Once the final retrieval equation forms were selected and applied throughout CAMP2Ex, the results were vali-
dated with independent measurements. For comparisons with AMPR‐derived WV and WS, total precipitable
water and 10‐mWS were calculated from the 144 dropsondes using the equations from AMS (2019) and Uhlhorn
et al. (2007) referenced in AM21. AMPR‐retrieved WV and WS were averaged during each dropsonde descent's
entirety to reduce influences from noise and non‐precipitating clouds (AM21). Percentage (absolute) differences

Figure 1. Strip charts (i.e., top‐view time series) of Advanced Microwave Precipitation Radiometer (AMPR) data and retrievals from approximately 0308–0314 UTC
during science flight 09. From top to bottom, plots in each column are of: AMPR's CLW,WV, and wind speed (WS) retrievals and deconvolved H polarized Tb at 10.7,
19.35, 37.1, and 85.5 GHz. The left column presents retrievals from direct application of the AM21 equations, along with uncorrected Tb. The right column presents
updated CLW via Equation 2 and smoothedWS (Figure S10 in Supporting Information S1), along with corrected Tb. WV retrievals are the same in both columns. Nadir
is indicated by each black dotted line. AMPR's precipitation flag is demonstrated in the WS retrievals (right column) around 0313 UTC. Retrievals are masked in the 10
scan positions nearest swath edges due to residual radome effects, and retrievals are masked around 0310 UTC due to aircraft maneuvers.

Earth and Space Science 10.1029/2025EA004690

AMIOT ET AL. 4 of 14

http://www.rexolite.com


between AMPR‐derived and AVAPS‐calculated “truth” values were used to evaluate AMPR's WV (WS)
retrievals.

Validating AMPR's CLW retrievals with in situ observations proved more challenging; therefore, independent
CLW values were calculated using RSP data. For consistency in viewing angle and signal paths, only directly
downward‐pointing nadir data were used from both instruments. Following Bennartz (2007) and Miller
et al. (2016),

CLW (g m− 2) = 5 /9 · ρw · COT · re, (1)

where COT is cloud optical thickness (unitless), re is cloud‐top effective radius (m), and ρw is liquid water density
(g m− 3). Since cloud reflectance asymptotes at high optical thickness, any COT> 100 units was set to 100 units in
Equation 1 to constrain CLW (Platnick et al., 2017). The AMPR scan start time nearest each RSP scan start time
was determined and all concurrent AMPR and RSP CLW observations were used to calculate absolute deviations,
percentage deviations, and biases. Flight‐by‐flight breakdowns of all retrieval validations are provided in Sup-
porting Information S1.

3. AMPR's CAMP2Ex Geophysical Retrievals
This section presents statistical performances of AMPR's maritime tropical CLW, WV, and WS retrievals. We
begin with CLW development and preliminary testing against GDAS simulations before progressing to valida-
tions of each parameter using independent CAMP2Ex data. Additional details are in Supporting Information S1.

3.1. Cloud Liquid Water: Development

AM21's CLW equation yielded clear‐air CLW around 0.1–0.2 kg m− 2 throughout CAMP2Ex (e.g., upper‐left
panel in Figure 1), likely due to crosstalk error caused by its insufficient optimization to reject the microwave
signature of WV, especially >20 kg m− 2. To mitigate this, CLW's equation format was varied in sensitivity tests
(e.g., adding or removing elements and channels) and developing new multi‐linear regression coefficients from
the GDAS data set to separate atmospheric signal from surface signal, following AM21. In preliminary testing of
equation performance, simulated AMPR CLW was compared against GDAS‐output CLW, WV, WS, and SST
across the 523,176 profiles by evaluating error variance from each regression analysis (Mathworks, 2025).
Several “candidate” CLW equations were also compared with independent CAMP2Ex data (Supporting Infor-
mation S1). The goal was selecting an equation that: (a) minimized CLW retrieval and crosstalk errors, (b) yielded
uniform clear‐air CLW values, and (c) rarely produced negative values beyond the retrieval root‐mean‐square
deviation (RMSD).

The selected CLW retrieval equation was:

CLW(kg m− 2) = a0 + a1Tb19v + a2Tb19h + a3 ln(290 − Tb19v) + a4 ln(290 − Tb19h) + a5Tb37v + a6Tb37h

+ a7 ln(290 − Tb37v) + a8 ln(290 − Tb37h) + a9Tb85v + a10Tb85h + a11 ln(295 − Tb85v)

+ a12 ln(295 − Tb85h) + a13SST, (2)

where “a” terms are (unitless) regression coefficients for Earth incidence angle every 0.2° (see in Supporting
Information S1), Tbxxh,v represents Tb (K) at xx‐GHz frequency and H or V polarization, and SST is in K.
Applying Equation 2 to the same AMPR data yielded lower clear‐air CLW and much greater cross‐track uni-
formity; however, slight residual clear‐air CLW remained throughout each flight (see Figure S2 in Supporting
Information S1). To mitigate this, the average CLW across all “clear‐air” AMPR pixels was calculated for each
flight (see Figure S5 in Supporting Information S1), and this value was subtracted from CLW in every AMPR
pixel throughout the respective flight. “Clear air” was defined as any AMPR pixel wherein 85.5‐GHz Tb was less
than the average 85.5‐GHz Tb among all unmasked AMPR pixels during the flight, which would predominantly
reside in clear air. Negative CLW resulting from this mitigation was set to 0 kg m− 2, which impacts error statistics
discussed below. Other equations were examined during sensitivity testing (Supporting Information S1) but they:
(a) did not compare as favorably with GDAS as Equation 2, (b) had significant clear‐air cross‐track variability,
and/or (c) frequently yielded negative CLW outside the retrieval RMSD, as presented below.
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The use of Equation 2 improved AMPR's tropical CLW retrievals compared to the AM21 method via three main
differences: (a) 37.1‐GHz Tb; (b) linear equation elements; and (c) a background SST value. AMPR's 37.1‐GHz
channel is more (less) susceptible to attenuation compared to 19.35 (85.5) GHz, offering greater insight about the
CLW profile in a given water‐vapor‐rich tropical cloud. Linear equation elements appeared to improve retrievals,
possibly by helping establish general regression data trends (e.g., CLW increases associated with Tb increases)
despite the highly nonlinear relationship between Tb and CLW. In Equation 2, a single median SST from the
GDAS simulation and pixel nearest the middle of the SF was applied uniformly to all AMPR pixels throughout
the flight. This inclusion does not significantly influence retrieved values but provides a background to mitigate
cross‐track artifacts (AM21) and appeared to assist with scaling CLW retrievals to the maritime tropics. Sea
surface temperature differed by <2 K across SFs 05–19.

3.2. Cloud Liquid Water: Testing and Validation

Comparing CLW simulations (Equation 2) with GDAS values (Figure S4 in Supporting Information S1), mean
CLW retrieval and crosstalk errors were roughly 0 kg m− 2 across the ranges of geophysical values tested, with
most standard deviations <2.50 × 10− 2 kg m− 2. This indicates Equation 2's excellent performance across various
ocean‐surface and atmospheric conditions. RMSD of Equation 2's retrieval error was 1.94 × 10− 2 kg m− 2, nearly
an order of magnitude lower than in AM21 and similar to the RMSD in Wentz and Meissner (2000). Average
retrieval error was 1.90 × 10− 3 kg m− 2, and mean crosstalk errors with WV, WS, and SST were very low at
1.37 × 10− 2, 3.60 × 10− 3, and 4.79 × 10− 4 kg m− 2, respectively. Standard deviation of CLW‐WV crosstalk error
increased as WV increased, reaching approximately 2.50 × 10− 2 kg m− 2 for WV > 30 kg m− 2, while mean CLW‐
WV crosstalk error remained around 0 kg m− 2. Based on its excellent simulation performances, Equation 2 was
tested using CAMP2Ex AMPR data, wherein it yielded lower residual clear‐air CLW compared to the AM21
equation and cross‐track variation was significantly reduced (right column of Figure 1). However, as noted
previously, slight residual clear‐air CLW, typically<0.05 kg m− 2, required additional correction, which may have
been influenced by crosstalk errors (e.g., with WV).

Absolute deviations from comparing AMPR with RSP CLW were favorable with a median around
8.08 × 10− 2 kg m− 2, which is less than the GDAS RMSD in AM21. We focus on median values given their
insensitivity to outliers. Due to its fine 865‐nm wavelength, RSP's sensitivity to cloud droplets produces reliable
validation data for AMPR CLW. RSP percentage deviations and median biases were also low at 86.0% and
− 3.28 × 10− 2 kg m− 2, respectively. Only 12 of the 1,874 data points in the AMPR‐RSP comparative analysis
(Figure 2) had AMPR CLW > 1 kg m− 2, indicating very limited rain contamination in a statistically significant
data set for AMPR CLW error/deviation statistics. However, differences in instrument characteristics and
retrieval methods manifest in the moderate 0.42 correlation. AMPR‐RSP correlations were strongest for
CLW> 3.0 × 10− 2 kg m− 2, suggesting this might be a useful noise floor. The relatively coarse GDAS data used to
train AMPR's CLW retrievals may have lower sensitivity to smaller‐scale Tb variations captured in the finer‐scale
AMPR data, potentially enhancing errors. However, AMPR CLW retrieval performances discussed above and in
AM21 demonstrate their ability to capture smaller‐scale cloud features with relatively high accuracy when
compared with independent observations.

3.3. Water Vapor: Validation

AM21's WV retrieval method performed well against in situ observations (Figure 2). Overall mean difference
between AMPR‐ and AVAPS‐derived WV was 8.27%, which is less than the 10% target uncertainty (National
Academies of Sciences, Engineering, and Medicine (NASEM), 2018) despite AMPR occasionally yielding
higher WV than AVAPS. Flight‐averageWV differences were <10% for all but two SFs (Figure S7 in Supporting
Information S1). Cross‐track WV stripe artifacts (AM21) did not appear during CAMP2Ex (Figure 1). Therefore,
AMPR's WV retrieval equation was left unchanged from AM21:

WV(kg m− 2) = a0 + a1Tb10v + a2Tb10h + a3 ln(290 − Tb19v) + a4 ln(290 − Tb19h) + a5 ln(290 − Tb37v)

+ a6 ln(290 − Tb37h) + a7SST, (3)
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where each term follows Equation 2's definitions. The excellent agreement between Equation 3 and AVAPS is
interesting considering climatological differences between OLYMPEX/RADEX and CAMP2Ex. Excluding 85.5‐
GHz data from Equation 3 likely mitigated influences from water vapor differences between these regions, and
background GDAS SST may have assisted with scaling WV retrievals to the maritime tropics, as noted in
Section 3.1.

Figure 2. Top: two‐dimensional histogram (with logarithmic axes) comparing Advanced Microwave Precipitation Radiometer (AMPR) CLW with Research Scanning
Polarimeter (RSP) CLW for all unmasked coincident downward‐pointing nadir AMPR and RSP observations, with number of coincident observations (n) and Pearson
correlation coefficient (r) also displayed. Bottom: scatterplots of WV (left) and wind speed (WS) (right) retrieved using AMPR (x axes) and Advanced Vertical
Atmospheric Profiling System (y axes) data. Red dashed lines denote a one‐to‐one ratio. Blue dashed lines encompass the target maximum difference of ±10%
(±2 m s− 1) for WV (WS).
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3.4. Wind Speed: Testing and Validation

AMPR's WS retrievals required relatively minor updates for CAMP2Ex, which suggests that using linear, log-
arithmic, and exponential terms to model the nonlinear relationship between Tb andWS in AM21 was relevant for
wind‐induced effects on Tb in the tropics, in addition to background information provided by the SST term as
noted previously. AM21's WS equation provided excellent agreement with in situ observations, with a mean
AMPR‐AVAPS difference of 1.81 m s− 1 across SFs 05–19, which is less than the 2 m s− 1 target uncertainty (Ruf
et al., 2019; Wentz & Meissner, 2007):

WS(m s− 1) = a0 + a1 ln(285 − Tb10v) + a2 ln(285 − Tb10h) + a3T2b10v + a4T2b10h + a5 (Tb10vTb10h)

+ a6Tb19v + a7Tb19h + a8T2b19v + a9T2b19h + a10 (Tb19vTb19h) + a11Tb37v + a12Tb37h

+ a13T2b37v + a14T2b37h + a15 (Tb37vTb37h) + a16SST, (4)

where each term follows Equation 2's definitions. However, cross‐track stripe artifacts were present (Figure 1);
relatively consistent patterns indicate possible attribution to AMPR's radome and associated transmission loss
varying with incidence angle and frequency. To account for this, a medianWS offset was calculated for each scan
position throughout each SF (Figure S10 in Supporting Information S1). In these calculations, the difference
between WS in each pixel within an AMPR scan and the median WS from the same scan was calculated, and the
overall median of these differences throughout the SF was calculated for each scan position. Most offset mag-
nitudes were <0.5 m s− 1 apart from SF 18 which largely took place over/near land. These variations may also be
partially attributable to residual WS retrieval error and Tb variation in subsequent scan positions amplified by
squared functions in Equation 4. Cross‐track maxima and minima were at similar positions for all SFs in Figure
S10 in Supporting Information S1, exemplifying some cross‐track sensitivity of Equation 4 that were potentially
amplified by AMPR's radome; thus, Equation 4 may be applicable to other radiometers without adjustment.

After smoothing retrieved WS using the values in Figure S10 in Supporting Information S1, they were validated
using the 144 dropsondes. The adjustments slightly improved AMPR‐AVAPS WS differences, yielding a
CAMP2Ex‐average difference of 1.76 m s− 1. This indicates excellent agreement and is less than the 2 m s− 1 target
uncertainty. Flight‐average WS differences were <2 m s− 1 in 11 of 15 SFs (Figure S7 in Supporting Informa-
tion S1). It should be mentioned that AMPR tended to yield higher WS than AVAPS for wind speeds <∼5 m s− 1

and AMPR WS values <3.5 m s− 1 were not observed in the AMPR‐AVAPS comparison data set (Figure 2).
Increased uncertainty in AMPR WS at lower wind speeds matches AM21, largely due to minimal wind‐induced
surface emissivity increases (e.g., Wilheit & Chang, 1980). However, AMPR's overestimations ofWS under these
conditions are unexpected, since AM21 noted a general underestimation in AMPRWS for wind speeds<5 m s− 1.
SinceWS< 3.5 m s− 1 were observed during OLYMPEX/RADEX in AM21, it is possible that higher SSTs during
CAMP2Ex decreased the retrieval's sensitivity to WS < 3.5–5 m s− 1. Further examination of this trend is needed,
but it should be noted that AMPR agreed exceptionally well with AVAPS for WS > 3.5–5 m s− 1. This indicates
that AMPRWS retrievals are useful and reliable, especially when considering that mean maritime tropical surface
wind speeds are ∼6–8 m s− 1 (West & Smith, 2021) and many mesoscale processes (e.g., cold pools) further
increase WS locally.

4. Example Science Applications
This section focuses on applying AMPR's retrievals in preliminary CAMP2Ex science analyses. An overview of
AMPR's retrieval statistics is presented first and followed by discussion of AMPR CLW versus RSP‐
derived CTH.

4.1. Bulk AMPR Retrieval Statistics

Statistics for AMPR's retrievals are presented in Figure 3, wherein median CLW, WV, and WS values are shown
since slight residual Tb enhancements near precipitation affected mean values. The median and mode CLW were
around 0 kg m− 2 with a relatively smooth decrease in histogram frequency as CLW increased. The latter matches
expectations (Ackerman, 1959; Oh et al., 2018), while the mode and median around 0 kg m− 2 likely resulted from
prevalent clear‐air pixels and removal of negative CLW values as discussed in Section 3. Mean CLW outside of
precipitation‐flagged regions was 0.07 kgm− 2, which is within the range of values expected in themaritime tropics
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(Greenwald et al., 1995). Setting negative CLW to 0 kg m− 2 creates a slight positive bias in the statistics and may
contribute to residual calculated clear‐air CLWvalues noted in Supporting Information S1.A separate analysis (not
shown) of all unmasked AMPR pixels produced a histogram that was fairly evenly distributed about a near‐zero
mode of 1.94 × 10− 2 kg m− 2, which is within the CLW RMSD and indicates low bias in the CLW retrievals via
Equation 2. Minimum (maximum) mean CLW was 3.44 × 10− 3 kg m− 2 (0.223 kg m− 2) in SF 18 (SF 11).

The AMPR WV histogram mode and median were approximately 50 kg m− 2 and 49.7 kg m− 2, respectively,
which agree well with increased background WV expected in the maritime tropics compared to wintertime
midlatitudes. For example, in AM21, background WV was generally less than 20 kg m− 2. In contrast, most

Figure 3. Histograms of precipitation‐masked Advanced Microwave Precipitation Radiometer cloud liquid water path (top), water vapor (middle), and wind speed
(bottom) retrievals.
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CAMP2Ex WV observations were between 20 and 65 kg m− 2. Minimum (maximum) WV median was
42.6 kg m− 2 (62.7 kg m− 2) in SF 17 (SF 10). Finally, AMPR's median WS was 5.63 m s− 1 with a similar mode,
agreeing with the 6.12 m s− 1 mean WS around the central Pacific in West and Smith (2021). In Figure 3, WS
followed a relatively uniform distribution about the median except for a cluster around 8.25–10 m s− 1. Flight‐by‐
flight analyses (not shown) indicated that median WS for SFs 06 and 10 were around 8.5–9 m s− 1, likely due to
synoptic conditions during both flights and sampling of a large cold pool throughout SF 10. Most backgroundWS
values were 3–11 m s− 1. Minimum (maximum) WS median was 3.95 m s− 1 (8.77 m s− 1) in SF 18 (SF 10).

4.2. AMPR CLW With Respect to RSP CTH

This subsection details two analyses of AMPR‐retrieved CLW as a function of RSP‐derived CTH, one with
AMPR's precipitation masks applied and another without these masks. A common trend is present in both an-
alyses (Figure 4), where CLW generally increased in a manner roughly proportional to CTH2 for CTH < 4 km
AMSL. Given that liquid water content increases linearly with CTH (Miller et al., 2016), this CLW ∝ CTH2

relation follows expectations. However, once CTH passes 4 km AMSL, there is considerable clustering of data
points around lower CLW, especially in the precipitation‐masked scatterplot. AMPR's CLW retrieval tends to fail
in heavier precipitation due to higher Tb associated with enhanced emission yielding negative values in the natural
logarithm term(s) in the CLW regression equation, resulting in their masking as an undefined real value (AM21).
However, these retrievals provide CLW information just outside of the precipitation core where emission from
cloud and lighter precipitation is comparatively lower. As a result, the data in Figure 4 are primarily from cloud
water in both scatterplots. Thus, it is unexpected that data clustering would occur around lower CLW in asso-
ciation with high CTH.

One possible explanation is accretion and/or freezing onset in the mixed‐phase region. Once clouds grew deeper,
increased accretion efficiency would result in transition of liquid water from being entirely cloud water to a
mixture of cloud and rain water within the same column. Since AMPR CLW and RSP are not as sensitive to rain
water as cloud water, these products would not display the rain water portion well but would continue to capture
the cloud water portion during this transition. This would decrease CLW despite the increased CTH. Likewise,
freezing of lofted cloud droplets would transition liquid water to ice water, reducing CLW (all else being equal).
These ice processes become increasingly significant around 5 km AMSL, a common tropical freezing level
(Fierro et al., 2012; Zipser & LeMone, 1980). This is potentially important as it suggests that conversion of cloud
water to rain and/or ice water became significant in CAMP2Ex's maritime tropical environment once CTH
increased past ∼4 km AMSL. Cloud droplet effective radii (Figure 4) were not anomalously large in these ice‐
processes regions, which suggests minimal influence of any smaller ice hydrometeors (i.e., <30 μm) on CLW
retrievals via Equation 1; this further indicates the reliability of RSP CLW for validating AMPR CLW.

There were instances where stratocumulus cloud layers impacted RSP CTH–the mid‐level cloud layer was re-
ported as CTH, but the relatively shallow layer yielded comparatively low CLW. To address this, data (Figure 4)
were split into “low” and “high” COT groups using a threshold of 15 units (Fu et al., 2022). While several low‐
CLW/high‐CTH data points were associated with thin clouds, many were associated with optically thick clouds.
Therefore, the unexpected CLW decrease with increasing CTH persisted in some thicker clouds. However, spatial
matching of CLW‐CTH data pairs may have been affected by differences in AMPR (94–220 m) and RSP (∼10–
100 m) spatial resolutions. This is especially noteworthy when the P‐3 passed slightly to the side of a cloud, which
AMPR could have captured while RSP missed it. Additionally, slight AMPR‐RSP temporal offsets (e.g., ∼1 s in
corresponding downward‐pointing data) due to their scan durations may have led to some mismatched sampling.
Thus, further investigation into this relation, including other cloud patterns (e.g., multiple cloud layers) is
warranted.

5. Summary and Future Work
This paper demonstrated AMPR's geophysical retrieval capabilities in the maritime tropics and were uniquely
performed through AMPR's new custom radome. Applying retrieval methods previously developed for the
midlatitudes (AM21) indicated that AM21's WV method was suitable for the maritime tropics while WS stripe
artifacts and residual clear‐air CLW were present. To mitigate these, a new CLW equation was formulated, and
corrections were developed for CLW andWS. The new CLW equation agreed well with GDAS simulations, with
RMSD of 1.94× 10− 2 kg m− 2, mean retrieval error of 1.90× 10− 3 kg m− 2, and crosstalk errors withWV,WS, and
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SST of 1.37 × 10− 2, 3.60 × 10− 3, and 4.79 × 10− 4 kg m− 2, respectively. When applied to CAMP2Ex AMPR data,
the updated equation significantly reduced residual CLW and mitigated clear‐air cross‐track variations. AMPR's
CLW median absolute deviation was relatively low at 8.08 × 10− 2 kg m− 2 when validated with RSP‐derived
CLW, which is less than the AM21 CLW's theoretical uncertainty, with favorable percentage deviation and
median bias of 86.0% and − 3.28 × 10− 2 kg m− 2, respectively. RSP's sensitivity to cloud droplets combined with a
statistically significant sample and minimal precipitation contamination provide reliable indicators of AMPR's
CLW retrieval performances. The adjusted WS equation yielded 1.76 m s− 1 mean difference when compared
against 144 AVAPS dropsondes, which is less than the 2 m s− 1 target uncertainty. Similarly, AMPR's WV

Figure 4. Scatterplots of Advanced Microwave Precipitation Radiometer (AMPR) CLW (top row) and Research Scanning Polarimeter (RSP) cloud droplet effective
radius (bottom row) versus RSP cloud‐top height (CTH) (y axes) across all coincident data points with (left) and without (right) AMPR's precipitation flags applied.
Blue (green) data points in the top row represent those wherein RSP‐derived cloud optical thickness was ≤15 units (>15 units). RSP data are reported in 100‐m bins. A
representative red CLW ∝ CTH2 line is shown in each top‐row plot along with number of data points (n) and Pearson correlation coefficient (r). X‐axis ranges differ
between plots.
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retrievals differed from AVAPS‐derived values by 8.27% on average, which is less than the 10% target uncer-
tainty. AMPR's retrievals have broad applications across many past, present, and future airborne and spaceborne
missions, including TRMM, GPM, and AOS.

These retrievals were applied to CAMP2Ex science objectives via two analyses: (a) bulk AMPR retrieval sta-
tistics, and (b) correlating AMPR CLW with RSP CTH. Mean CLW, median WV, and median WS outside of
precipitation‐flagged regions were 0.07 kg m− 2, 49.7 kg m− 2, and 5.63 m s− 1, respectively, which follows ex-
pectations for the maritime tropics. Correlating AMPR CLW with RSP‐derived CTH yielded an expected
CLW ∝ CTH2 trend for CTH < 4 km AMSL. Once CTH increased past 4 km AMSL, CLW decreased
considerably, which may indicate accretion and/or mixed‐phase onset.

Future work will apply AMPR's retrievals to additional CAMP2Ex science questions. Incorporating modeling
data to fill observational gaps could be beneficial. Additional CLW validation (e.g., from airborne radar) could be
considered, and examining dropsonde profiles with simulated clouds may bolster CLW results. Other updates to
CLW retrieval methods, such as producing region‐specific equations and utilizing neural networks, may be
beneficial. Examining potential accretion/mixed‐phase identification in AMPR‐CLW/RSP‐CTH more closely
could provide useful verification of important processes in tropical convection. Developing AMPR retrievals for
other geophysical parameters (e.g., surface rain rate) applicable to numerous climate regions is possible, and
applying these techniques to other field campaigns will be important.
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