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Abstract. Accurate and continuous estimates of the thermo-
dynamic structure of the lower atmosphere are highly ben-
eficial to meteorological process understanding and its ap-
plications, such as weather forecasting. In this study, the
Tropospheric Remotely Observed Profiling via Optimal Es-
timation (TROPoe) physical retrieval is used to retrieve tem-
perature and humidity profiles from various combinations
of input data collected by passive and active remote sens-
ing instruments, in situ surface platforms, and numerical
weather prediction models. Among the employed instru-
ments are microwave radiometers (MWRs), infrared spec-
trometers (IRSs), radio acoustic sounding systems (RASSs),
ceilometers, and surface sensors. TROPoe uses brightness
temperatures and/or radiances from MWRs and IRSs, as well
as other observational inputs (virtual temperature from the
RASS, cloud-base height from the ceilometer, pressure, tem-
perature, and humidity from the surface sensors) in a physical
iterative retrieval approach. This starts from a climatologi-
cally reasonable profile of temperature and water vapor, with
the radiative transfer model iteratively adjusting the assumed
temperature and humidity profiles until the derived bright-
ness temperatures and radiances match those observed by
the MWR and/or IRS instruments within a specified uncer-
tainty, as well as within the uncertainties of the other obser-
vations, if used as input. In this study, due to the uniqueness
of the dataset that includes all the abovementioned sensors,
TROPoe is tested with different observational input combi-

nations, some of which also include information higher than
4 km above ground level (a.g.l.) from the operational Rapid
Refresh numerical weather prediction model. These tempera-
ture and humidity retrievals are assessed against independent
collocated radiosonde profiles under non-cloudy conditions
to assess the sensitivity of the TROPoe retrievals to different
input combinations.

1 Introduction

Knowing the thermodynamic structure of the atmosphere in
the lowest few kilometers is of great importance for many
studies including pollutant dispersion, severe weather, fire
weather, wind and solar energy generation, model verifica-
tion and evaluation, and atmospheric process understanding
in general. Over the years the most reliable information on
the thermodynamic state of the atmosphere has been derived
by radiosonde launches, with strengths in terms of accuracy
and vertical resolution and limitations in terms of temporal
and spatial availability, which are well known to the atmo-
spheric science community. During the most recent years, an
additional concern regarding the possibility of relying on ra-
diosonde launches for atmospheric studies has been added to
the rest: helium shortage. On 29 March 2022, the US Na-
tional Weather Service Headquarters in Silver Spring, MD,
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USA, issued the following statement: “Effective March 29
and until further notice, the National Weather Service is re-
ducing the frequency of weather balloon launches at several
upper air locations in the United States due to a global sup-
ply chain disruption of helium” (https://www.weather.gov/
bou/HeliumShortageandBalloonLaunches, last access: 1 July
2024).

Of course, radiosonde launches are not the only option
available to observe the thermodynamic state of the lower
part of the atmosphere. Several ground-based sensors (in-
cluding in situ or remote and active or passive sensors) are
currently available and operational in many geographical lo-
cations. In situ sensors only provide point measurements (ex-
cept for aircraft-based observations that can produce moder-
ately dense vertical profiles, although only sporadically in
time) but can be used as a great addition to the observations
obtained by ground-based remote sensors. Active and passive
sensors each have their strengths and limitations (Djalalova
et al., 2022; Turner and Löhnert, 2021), which will be further
detailed in the next section of this paper.

During fall 2021–winter 2022 (from the middle of Septem-
ber 2021 to the middle of January 2022) a series of in situ,
active, and passive ground-based remote sensors were de-
ployed at Platteville, Colorado (CO), in the United States
(lat: 40.18° N, long: 104.73° W, alt: 1503 m above ground
level, a.g.l.). Among these were two passive ground-based
microwave radiometers (MWRs; Radiometrics MP-3000A),
two passive ground-based infrared spectrometers (IRSs; At-
mospheric Sounder Spectrometer by Infrared Spectral Tech-
nology, ASSIST; LR Tech Assist-II), and an active ground-
based radio acoustic sounding system (RASS) associated
with a 449 MHz radar wind profiler (RWP). Also, surface
meteorological observations of atmospheric variables such
as pressure, temperature, moisture, wind speed and direction,
solar radiation, and precipitation were measured from a 10 m
SurfMet tower station. Two ceilometers were also deployed
at the site, but the dataset analyzed in this study mostly covers
non-cloudy conditions, so their observations are only used
for some discussion presented in the Appendix and relative
to days with cloudy conditions. Finally, a total of 15 Vaisala
RS-41 radiosonde launches were performed during the ob-
servational period to use for comparison. A photo of the ob-
servational site is presented in Fig. 1.

A physical retrieval iterative approach can be used to re-
trieve thermodynamic vertical profiles from passive sensors,
with the possibility of also including the information from
other instruments or from numerical weather prediction mod-
els. Other studies have compared MWR and IRS retrievals
(Turner and Löhnert, 2021; Turner and Blumberg, 2019;
Blumberg et al., 2015, and references therein) and some of
the results presented here align with the previous findings.
For example, we will show that the IRS clear-sky temper-
ature retrievals have more independent pieces of informa-
tion on both temperature and humidity profiles relative to the
MWR retrievals. The uniqueness of the Platteville dataset is

Figure 1. Photo of the instruments deployed at the Platteville,
CO, site during the Platteville field campaign. Photo credit: Laura
Bianco.

that it has collocated MWR, IRS, RASS, and surface sensors,
which were combined in different configurations. The aim is
to assess the sensitivity of the lower-atmospheric thermody-
namic physical retrievals to a variety of input combinations,
with the opportunity to assess the impact on the retrievals
of including the input from a numerical weather prediction
model.

2 Platteville dataset

2.1 Radiosonde observations

A total of 6 d with Vaisala RS-41 radiosonde launches are
available: 3 d were in fall 2021 (27 September, 28 Septem-
ber, 5 October 2021) and 3 were in winter 2022 (22 De-
cember 2021; 10 January, 12 January 2022). When possible,
the launches were scheduled at an interval of ∼ 3 h (e.g., at
approximately 7:00, 10:00, 13:00, and 16:00 LT) to capture
the daily evolution of the boundary layer development. To be
able to track the evolution of the convective boundary layer,
only clear-sky days were chosen for this study. To compare
with the retrieved thermodynamic profiles, each radiosonde
profile is interpolated to the vertical levels used in the physi-
cal retrieval iterative approach.

Information on the radiosonde launches, including temper-
ature, T , and mixing ratio, MR, measured at surface and at
around 5 km a.g.l., as well as precipitable water vapor, PWV,
computed as in Liu and Chen (2000), is summarized in Ta-
ble 1.

2.2 Ground-based remote sensors, MWR, IRS, and
RASS: strengths and weaknesses

MWRs and IRSs are passive sensors, with very sensitive re-
ceivers designed to measure the natural thermal emission
from the earth’s atmosphere. Microwave emissions in the wa-
ter vapor (22–30 GHz) and oxygen (51–59 GHz) absorption
bands can be used to retrieve vertical profiles of tempera-
ture and humidity from the MWR. The MWR used in this
study has 35 channels in total (21 in the 22–30 GHz band
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Table 1. Radiosonde launches available for this study (UTC = LT+6 in fall and LT+7 in winter).

Radio- Hour T at T at MR at MR at PWV
sonde no. Day (UTC) surf. (°C) 5 km a.g.l. (°C) surf. (g kg−1) 5 km a.g.l. (g kg−1) (mm)

1 27 Sep 2021 14:07 16.7 −13.6 4.3 0.7 12.6
2 17:11 26.9 −14 3.3 0.7 12.4
3 20:04 30.6 −13.7 3.5 0.6 13.1
4 23:15 30.3 −13.9 3.2 0.5 12.5

5 28 Sep 2021 13:34 14.2 −14.6 5.9 1.5 19.8
6 17:00 26 −13.8 5.5 0.9 18.1
7 20:09 27.7 −14.6 3.6 1.5 14.6
8 23:02 25.7 −15.1 4.1 1.6 16.5

9 5 Oct 2021 17:00 21 −11.7 3.7 0.2 12.2
10 20:00 27.1 −11 3.4 0.7 11.4

11 22 Dec 2021 20:17 15.5 −19.6 0.4 0 3.6

12 10 Jan 2022 18:02 3.1 −21.3 2.2 0.2 3.5
13 21:04 7.2 −20.9 2.8 0.2 3.4

14 12 Jan 2022 18:22 5.9 −18.8 3.2 0.6 8.3
15 21:08 13.4 −18.6 2.6 0.5 8.6

and 14 in the 51–59 GHz band). The MWR observed at the
zenith and at 19.8 and 160.2° elevation angles on both sides
of the zenith. We are aware that, when deployed in locations
with unobstructed views, the MWR’s oblique scans can be
performed down to 5° elevation angles and may provide bet-
ter profile accuracy in the lowest 0–1 km a.g.l. layer (Crewell
and Löhnert, 2007). Unfortunately, due to some obstructions,
we could not go lower than 19.8° elevation angles. Asso-
ciated noise levels were computed using the procedure de-
scribed in Djalalova et al. (2022) and are listed in Table 2,
averaged over the 3 d in fall (27–28 September and 5 Octo-
ber 2021 for the MWR deployed in fall 2021) and over the
3 d in winter (22 December 2021 and 10–12 January 2022
for the MWR deployed in winter 2022). Additionally, in or-
der to compute the MWR’s brightness temperature biases and
correct for them before retrieving the thermodynamic pro-
files, we used the method referred to as “TROPoe BC” in
Djalalova et al. (2022).

The IRS measures infrared radiance in the spectral range
from 500 cm−1 to approximately 3000–5000 cm−1 (depend-
ing on the system), with a spectral sampling of ∼ 0.5 cm−1

(Knuteson et al., 2004a, b). Spectral bands used for temper-
ature and humidity retrievals are chosen from those sensi-
tive to CO2 (to retrieve temperature) and H2O (to retrieve
water vapor). Spectral bands used for the IRS are 538–588,
612–618, 624–660, 674–713, 713–722, 860.1–864.0, 872.2–
877.5, and 898.2–905.4 cm−1.

Strengths of these passive instruments are their compact
design, the relatively high temporal resolution (of the or-
der of a few minutes or less for the IRS), and the fact that
they provide both temperature and moisture profile informa-
tion and liquid water path. Conversely, a weakness of both

the MWR and IRS is their rather coarse vertical resolution.
Thermodynamic profiles can be retrieved from the MWR and
IRS in both clear and cloudy conditions; however, because
clouds are markedly more opaque in the infrared than the
microwave, the IRS retrievals are more sensitive to errors in
cloud-base height (and thus require a collocated ceilometer
measurement) and provide little to no information above the
cloud (whereas the MWR retrievals provide some sensitivity
above the cloud). Furthermore, the accuracy of the MWR-
retrieved profiles is limited in the presence of rain (i.e., the re-
trievals often are satisfactory in light rain conditions as long
as the radome is not wet), while the IRS does not sample
the atmosphere in the presence of precipitation (a hatch at
the top of the instrument automatically closes to protect the
optics if rain is detected by the instrument’s surface sensor).
Finally, while the IRS is a self-calibrating instrument, one of
the weaknesses of the MWR is the need for nontrivial man-
ual calibrations (Küchler et al., 2016, and references within).
Prior to their use the MWRs were calibrated using an ex-
ternal liquid nitrogen target (Han and Westwater, 2000) and
thoroughly serviced (sensor cleaning, radome replacement,
etc.). One IRS and one MWR were moved to another field
campaign in mid-October 2021. These two units were used
for the 27–28 September and 5 October 2021 day runs and
the other IRS and MWR were used for the 22 December 2021
and 10–12 January 2022 day runs.

Thermodynamic profiles from passive instruments such as
MWRs and IRSs are often retrieved from multi-wavelength
brightness temperature or radiance observations using re-
gression methods (linear, quadratic approaches), artificial in-
telligence (neural networks), or physical iterative methods
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Table 2. MWR channels and relative noise levels.

MWR Noise levels Noise levels
Spectral channels (K) averaged (K) averaged
bands (GHz) over 3 d in fall over 3 d in winter

22 0.4191 0.2805
22.234 0.4417 0.2579

22.5 0.4485 0.2740
23 0.3708 0.2755

23.034 0.3870 0.2776
23.5 0.3937 0.2914

23.834 0.3418 0.2584
24 0.3476 0.2615

24.5 0.3343 0.2634
25 0.3219 0.2540

K band 25.5 0.2911 0.2962
26 0.3265 0.2573

26.234 0.2939 0.2428
26.5 0.2940 0.2494

27 0.3325 0.2252
27.5 0.3271 0.2166

28 0.3341 0.2093
28.5 0.3123 0.2095

29 0.2943 0.2714
29.5 0.3288 0.3966

30 0.3049 0.3216

51.248 0.4444 0.2475
51.76 0.3958 0.2835
52.28 0.4056 0.2572

52.804 0.4098 0.2612
53.336 0.3972 0.2742
53.848 0.4133 0.2871

V band 54.4 0.3863 0.3352
54.94 0.3698 0.3434

55.5 0.5030 0.3269
56.02 0.4478 0.3290
56.66 0.4066 0.3526

57.288 0.5614 0.4172
57.964 0.4835 0.3940
57.964 0.4506 0.4110

(Maahn et al., 2020). In this study, we use a physical iter-
ative approach.

Being an active instrument, the RASS is more accurate
and provides higher vertical resolution than passive instru-
ments (Bianco et al., 2017). It emits a longitudinal acous-
tic wave in the vertical, causing a local compression and
rarefaction of the ambient air. These density variations are
tracked by the RWP associated with it, providing measure-
ments of the speed of the propagating sound wave, which
is proportional to the virtual temperature, Tv (North et al.,
1973). Thus, RASSs are used to remotely measure vertical
profiles of virtual temperature in the boundary layer. For our
dataset, the minimum RASS measurement is at 212 m a.g.l.,
the maximum is at 2228 m a.g.l., and the vertical resolution
is 106 m. The weaknesses of this instrument are the typically

low temporal resolution (typically a 5 min averaged RASS
profile is measured once or twice per hour), the altitude cov-
erage limited to the lowest kilometers of the atmosphere (par-
ticularly in cooler and drier environments; May and Wilczak,
1993), and the fact that it only measures virtual tempera-
ture. Moreover, the maximum height reached by the RASS
is variable and limited by the advection of the propagating
sound wave out of the radar’s field of view (which can be
different at different times of the day, as horizontal winds
can have a strong diurnal cycle) and by sound attenuation (a
function of both radar frequency and atmospheric conditions
such as temperature and humidity; May and Wilczak, 1993).
For example, during 2 of the days with available radiosonde
measurements, the height coverage of the RASS was very
different around the radiosonde time, as shown in Fig. 2
(panels a and b for 10 and 12 January 2022, respectively).
The percentage of RASS data availability over the ±30 min
around all available radiosonde times is presented in Fig. 2c.
Above 1.5 km a.g.l. the RASS data availability drops quickly
to low values for this dataset, possibly due to the very dry
atmospheric conditions experienced over the time period an-
alyzed here.

2.3 10 m SurfMet tower

The surface meteorology instruments deployed on the 10 m
tower include a propeller-and-vane anemometer and ra-
diometer, as well as temperature, relative humidity, and baro-
metric pressure sensors at 2 m. These provide a measure of
a variety of quantities near the earth’s surface, such as mean
pressure, temperature, moisture, wind speed and direction,
downwelling solar radiation, and precipitation. The surface
observations of temperature, humidity (from a Campbell Sci-
entific model HMP45C temperature and relative humidity
probe), and pressure are used in this study to constrain the
retrieved thermodynamic profiles obtained by the physical
retrieval iterative approach closer to the surface.

2.4 Ceilometer

The ceilometer deployed at Platteville is a Vaisala CL31
model, able to measure the height of the cloud base, lever-
aging pulsed diode lidar technology and single-lens optics.
The CL31 is engineered to deliver accurate data on multiple
cloud layers even when conditions limit physical visibility.
The CL31 model detects three cloud layers simultaneously
to a range of 7.6 km.

2.5 The Rapid Refresh numerical weather prediction
model

Rapid Refresh (RAP) is the continental-scale, hourly-
updated assimilation and modeling system developed at the
Global System Laboratory (GSL) of the National Oceanic
and Atmospheric Administration (NOAA) and operational at
the National Center for Environmental Prediction (NCEP). It
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Figure 2. Panes (a) and (b) show a time–height cross section of virtual temperature as measured by the RASS for 10 and 12 January 2022,
respectively. Vertical dashed lines denote the radiosonde launch times. (c) Percentage of RASS data availability over ±30 min around all
available radiosonde times.

has a 13 km horizontal grid spacing (Benjamin et al., 2016).
Hourly thermodynamic vertical profile outputs of the opera-
tional RAP, extracted at the grid point closest to the location
of the Platteville site, are used in the current study as a con-
straint to the upper level of the atmosphere (above 4 km a.g.l.)
in some of the configurations of the physically retrieved iter-
ative approach described in Sect. 3.

While other studies (Hewison, 2007; Cimini et al., 2015;
Martinet et al., 2020) employ an alternative approach with
the NWP model used directly within the a priori profile, in
our study, we use the RAP as part of the observation vector.
The uncertainty profiles for the RAP temperature and water
vapor profiles are computed as the standard deviation over
the surrounding neighboring grid points in the model. We
additionally inflate the uncertainty of the RAP profiles by
a factor of 3 for water vapor, while 1.5 °C is added to the
temperature uncertainty to ensure that the retrieval has the
flexibility to consider the observations (if they diverge from
the NWP).

3 Physical retrieval iterative approach

A physical retrieval iterative approach can be used to retrieve
vertical profiles of thermodynamic properties from passive
sensors, such as MWRs and IRSs. Other inputs, such as in
situ surface observations, and other ground-based observa-
tions, such as RASS (Djalalova et al., 2022) or water va-
por differential absorption lidars (DIALs; Turner and Löh-
nert, 2021), can be included in a synergistic manner (Maahn
et al., 2020). In this study, the Tropospheric Remotely
Observed Profiling via Optimal Estimation (TROPoe) re-
trieval algorithm (formerly known as AERIoe; Turner and
Löhnert, 2014, 2021; Turner and Blumberg, 2019) is em-
ployed. TROPoe’s details are well presented in the refer-
ences listed, and additional modification and improvements
that will be employed in future studies are presented in Adler
et al. (2024). Its main characteristic is being an optimal-
estimation-based physical retrieval, initialized with a clima-
tologically reasonable profile of temperature and water va-
por. The mean state vector of the climatological estimates

Table 3. Configurations of observational and model inputs and their
reference numbers for TROPoe physical retrievals investigated in
the present study.

TROPoe configurations

MWR IRS MWR+IRS

Additional None no. 1 no. 5 no. 9
inputs RASS no. 2 no. 6 no. 10

RAP (> 4 km) no. 3 no. 7 no. 11
RASS+RAP no. 4 no. 8 no. 12
(> 4 km)

(prior) is a key component in the TROPoe framework, pro-
viding the level-to-level covariance needed to constrain the
retrieval to realistic solutions. For this study the prior is
calculated independently for each month of the year from
10 years of climatological radio sounding profiles in the Den-
ver, CO, area. The radiative transfer models, MonoRTM (for
the MWR; Clough et al., 2005) and LBLRTM (for the IRS;
Clough and Iacono, 1995; Clough et al., 2005), are iteratively
repeated until the computed radiances match those observed
by the MWR or IRS within the uncertainty of the observed
radiances (and the uncertainties of the RASS virtual temper-
atures if this is used as input) (Rodgers, 2000; Turner and
Löhnert, 2014; Cimini et al., 2018; Maahn et al., 2020).

Due to the different instruments available at the Platteville
site, TROPoe could be tested using different combinations
of inputs to evaluate their impact on the retrievals in terms of
information content, vertical resolution, and errors in temper-
ature and mixing ratio profiles. The total number of TROPoe
configurations tested is 12. The various TROPoe configu-
rations investigated in the present study and their reference
numbers are summarized in Table 3.

We note that since the RASS measures virtual tempera-
ture, when this is included as input, the virtual temperature is
computed at the end of each TROPoe iteration from the state
vector and compared to the RASS-measured virtual temper-
ature.
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All of the 12 TROPoe configurations also included in situ
measurements of temperature, pressure, and humidity col-
lected at the surface.

4 Results

In this section, the statistical performances of the various
TROPoe configuration runs are assessed compared to the ra-
diosonde launches available at the Platteville site. The time–
height cross sections of temperature derived by TROPoe in-
cluding the IRS and surface observations only (TROPoe con-
figuration no. 5) are presented for 28 September 2021 in
Fig. 3a. Radiosonde launch times are denoted by the verti-
cal dashed lines. The daily evolution of the temperature field
is characterized by a decrease from the previous afternoon
into the nighttime hours, the establishment of a temperature
inversion close to the surface during the nighttime hours (be-
tween ∼ 03:00–∼ 13:00 UTC), and then the erosion of the
temperature inversion starting at∼ 14:00 UTC due to the sur-
face being warmed by solar radiation. Sunrise for this day is
12:55 UTC. The establishment of the convective boundary
layer is then clearly visible during the daytime hours (start-
ing from ∼ 15:00 UTC).

A comparison of observed radiosonde and TROPoe-
retrieved profiles averaged ±30 min around the radiosonde
times is shown in the middle and bottom panels of Fig. 3
for temperature (panels b, c, d, and e) and mixing ratio (f,
g, h, and i), respectively. One of the advantages of TROPoe
is that it provides in output the error covariance of the so-
lution (Masiello et al., 2011). The square roots of the di-
agonal of this matrix provide the 1-σ uncertainty profiles
for temperature and humidity retrieved profiles (Turner and
Löhnert, 2014). The 1-σ uncertainty is represented with the
shaded red areas in panels (b–i). Another important output
of TROPoe is the averaging kernel matrix (Rodgers, 2000).
The rows of this matrix provide the smoothing functions that
could be applied to the radiosonde profiles when compared
to the TROPoe retrievals to minimize the fact that they have
much higher vertical resolution than the retrieved profiles
(Turner and Löhnert, 2014). While this would be appropri-
ate, for this study the retrieved profiles will be compared to
the unsmoothed radiosonde profiles because the averaging
kernel matrix is different for the different TROPoe configura-
tions and smoothing the radiosonde using different averaging
kernel matrices would not provide a meaningful evaluation of
the results.

The TROPoe profiles qualitatively match the radioson-
des well, although the retrieved TROPoe profiles can miss
some of the fine details in the surface temperature inver-
sion detected by the radiosondes in the early morning hours
(13:34 UTC).

In the next section an analysis of the impact of including
different inputs to the TROPoe approach in terms of degrees
of freedom for signal and vertical resolution at each level of

the retrievals will provide useful insights before performing
a quantitative statistical evaluation of the various thermody-
namic retrieval configurations.

4.1 Analysis of physical retrieval characteristics

TROPoe provides not only output of the thermodynamic re-
trieved profiles, but also useful information about the cal-
culated retrievals. The effective information content in any
set of the analyzed data is the degrees of freedom for signal
(DFSs; Cardinali et al., 2004). The cumulative DFS profile is
a measure of the number of independent pieces of informa-
tion in the observations below the specified height (therefore,
by definition, increases with height) and is also a TROPoe
output. The DFSs are, of course, dependent on the inputs
used in TROPoe. Figure 4 presents the cumulative DFSs as a
function of height for each of the 12 TROPoe configurations
tested in this study for temperature (panel a) and mixing ratio
(panel b). Note that the vertical grid used in TROPoe is not
uniform, with more frequent levels closer to the surface.

TROPoe configurations only including the passive instru-
ments are presented with solid lines (configuration no. 1,
MWR in red; configuration no. 5, IRS in blue; configura-
tion no. 9, MWR+IRS in cyan). In Fig. 4a it is noticeable
how the cumulative DFS for temperature for TROPoe con-
figuration no. 1 is overall less than that of TROPoe con-
figuration no. 5. For example, at 2 km a.g.l., the cumulative
DFS for configuration no. 1 is equal to 3, while for con-
figuration no. 5 it is larger than 4. TROPoe configuration
no. 9 only has slightly larger values for cumulative DFS for
temperature compared to configuration no. 5, meaning that
combining the MWR and IRS only adds a little bit of infor-
mation to the IRS-only retrievals for these clear-sky cases.
The TROPoe configurations including both the passive in-
struments and the RASS are presented with the dashed lines
with open squares (configuration no. 2, MWR+RASS in
red; configuration no. 6, IRS+RASS in blue; configuration
no. 10, MWR+IRS+RASS in cyan). In these runs, the re-
spective cumulative DFS for temperature increases substan-
tially compared to the corresponding runs that do not include
the RASS (configuration nos. 1, 4, and 9, respectively). The
impact of the RASS inclusion starts showing up from the
height of the first RASS measurement (212 m a.g.l.). It is
noticeable how above 3 km a.g.l. the cumulative DFSs stay
pretty much constant for configuration nos. 1, 2, 4, 5, 9,
and 10, which means that above that height any additional
information content is negligible. However, this is not the
case when the RAP model is included in the TROPoe runs
above 4 km a.g.l. The cumulative DFSs including both the
passive instruments and the RAP are presented with the dot-
ted lines with asterisks (configuration no. 3, MWR+RAP in
red; configuration no. 7, IRS+RAP in blue; configuration
no. 11, MWR+IRS+RAP in cyan). While the inclusion of
the RAP in the passive-instrument-only runs basically does
not have an impact on cumulative DFS below 4 km a.g.l., it
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Figure 3. (a) Time–height cross section of retrieved temperature for 28 September 2021 by the TROPoe run including the IRS and surface
observations only. Vertical dashed lines denote the radiosonde launch times. Panels (b)–(e) show temperature profiles as retrieved by the
TROPoe run including the IRS and surface observations only (red) compared with radiosonde temperature observed profiles (black) at 13:34,
17:00, 20:09, and 23:02 UTC, respectively. Shaded areas indicate the 1-σ uncertainty in the retrieved profiles. The bottom panels (f)–(i) are
the same as in the middle panels, but for the mixing ratio.

Figure 4. (a) Cumulative DFSs for temperature as a function of
height for each of the 12 TROPoe configurations. (b) Same as for
(a), but for mixing ratio.

is clearly important at this height and higher in the atmo-
sphere, where an increase in cumulative DFS for tempera-
ture is visible compared to the corresponding configurations
that do not include the RAP (configuration nos. 1, 5, and
9, respectively). Finally, when the RASS, the RAP, and the
passive instruments are included in the TROPoe runs, the
cumulative DFSs are presented with the dash-dotted lines
(configuration no. 4, MWR+RASS+RAP in red; configura-
tion no. 8, IRS+RASS +RAP in blue; configuration no. 12,

MWR+IRS+RASS+RAP in cyan). In these cases, the cu-
mulative DFSs for temperature are impacted by the inclusion
of the RASS in the lower part of the atmosphere (from 212 m
to around 2 km a.g.l.) and by the inclusion of the RAP in the
upper part of the atmosphere (from 4 km a.g.l. and higher in
the atmosphere), providing the highest values of cumulative
DFS for all respective configurations that do not include both
RASS and RAP. For example, configuration no. 1 (MWR
only) has around 3.5 cumulative DFS for temperature at
5 km a.g.l., while configuration no. 4 (MWR+RASS+RAP)
has almost 6 cumulative DFS at the same height (a similar
impact is found when comparing configuration no. 5, IRS
only, to configuration no. 8, IRS+RASS+RAP, and compar-
ing configuration no. 9, MWR+IRS, to configuration no. 12,
MWR+IRS+RASS+RAP).

Figure 4b shows the cumulative DFS for mixing ratio for
the various TROPoe configurations. When using the passive
instruments only as input in TROPoe, configuration no. 1
again has overall smaller cumulative DFS values than that
of TROPoe configuration nos. 5 and 9. For example, at
3 km a.g.l., the cumulative DFS for configuration no. 1 is
equal to approximately 2, while for configuration no. 5 the
cumulative DFS is approximately 2.5 and for configuration
no. 9 approximately 3. The TROPoe configurations including
both the passive instruments and the RASS have similar val-
ues for the cumulative DFS for the mixing ratio compared to
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the respective runs not including the RASS. This is expected,
as virtual temperature observations from the RASS are dom-
inated by the ambient temperature (not moisture). Therefore,
similarly to what was found by Djalalova et al. (2022), the
RASS inclusion has little impact on the mixing ratio re-
trievals. On the contrary, when the RAP model is included in
the TROPoe runs starting at 4 km a.g.l., the cumulative DFSs
for mixing ratio including both the passive instruments and
the RAP (configuration no. 3, MWR+RAP dotted red line
with asterisks; configuration no. 7, IRS+RAP dotted blue
line with asterisks; configuration no. 11, MWR+IRS+RAP
dotted cyan line with asterisks) present larger values start-
ing at 4 km a.g.l. and higher in the atmosphere. When the
RASS, the RAP, and the passive instruments are included in
the TROPoe runs (configuration nos. 4, 8, and 12), the cu-
mulative DFSs for mixing ratio are presented with the dash-
dotted lines and are very similar to the corresponding con-
figuration runs with no RASS (configuration nos. 3, 7, and
11, respectively). Finally, we note that the cumulative DFSs
for the TROPoe configurations that include both the passive
MWR and IRS (cyan lines) are not very different compared
to those only including the IRS (blue lines), except for the cu-
mulative DFS for the mixing ratio above 2 km a.g.l., where
the inclusion of the MWR in the TROPoe inputs results in
increasing values; for example at around 5 km the cumula-
tive DFS for mixing ratio for configuration no. 5 is approxi-
mately 3, increasing to 3.5 for configuration no. 9. However,
as mentioned before, the days included in this analysis are
exclusively clear-sky, so this result could be different in the
case of the presence of clouds.

As mentioned in the previous section, the rows of the aver-
aging kernel provide a measure of the retrieval smoothing as
a function of altitude, so the full width at half-maximum of
each averaging kernel row estimates the vertical resolution of
the retrieved solution at each vertical level (Maddy and Bar-
net, 2008; Merrelli and Turner, 2012). Figure 5 presents the
vertical resolution for each of the 12 TROPoe configurations
tested in this study as a function of the height for temperature
(panel a) and mixing ratio (panel b).

For temperature, the vertical resolution of configura-
tion no. 1 (MWR, solid red line) has the largest values
compared to the other configurations. Configuration no. 5
(IRS, solid blue line) has better (i.e., smaller) vertical res-
olution for temperature compared to configuration no. 1.
When including the RASS together with the passive in-
struments in the TROPoe inputs (dashed lines with open
squares: configuration no. 2, MWR+RASS in red; config-
uration no. 6, IRS+RASS in blue; configuration no. 10,
MWR+IRS+RASS in cyan), the impact of the RASS im-
proves (i.e., reduces) the vertical resolution values starting
from the first height of RASS measurements (212 m a.g.l.)
up to the maximum height where it provides measurements,
but it also improves resolution in the layer above, up to
3.5 km a.g.l. Above this height the RASS inclusion has no
impact. This agrees with Djalalova et al. (2022), where it was

Figure 5. (a) Vertical resolution of the retrieved temperature pro-
files as a function of the height for each of the 12 TROPoe configu-
rations. (b) Same as for (a), but for mixing ratio.

found that the inclusion of the RASS also improves the statis-
tics above the maximum RASS height.

When including both the RAP and the passive instru-
ments in the TROPoe runs (dotted lines with asterisks: con-
figuration no. 3, MWR+RAP in red; configuration no. 7,
IRS+RAP in blue; configuration no. 11, MWR+IRS+RAP
in cyan) the impact of the RAP substantially improves (i.e.,
reduces) the vertical resolution values for temperature start-
ing from 4 km and above in the atmosphere. For exam-
ple, configuration no. 5 (IRS only) has a vertical resolu-
tion for temperature equal to around 5 km at 4.5 km a.g.l.,
while configuration no. 7 (IRS+RAP) has a vertical resolu-
tion < 1 km at the same height (a similar, if not larger, im-
pact is found when comparing configuration no. 1, MWR
only, to configuration no. 3, MWR+RAP, and comparing
configuration no. 9, MWR+IRS, to configuration no. 11,
MWR+IRS+RAP). This is not surprising as at this height
most of the information content comes from the RAP. The
impact of the RAP on the vertical resolution for temper-
ature is still visible below 4 km a.g.l. in the TROPoe run
only including MWR as a passive instrument (configura-
tion no. 3, MWR+RAP, red dotted line with asterisks) but
is negligible below that height for the other TROPoe runs.
Finally, when including the RASS, the RAP, and the pas-
sive instruments in the TROPoe runs (dash-dotted lines:
configuration no. 4, MWR+RASS+RAP in red; configura-
tion no. 8, IRS+RASS+RAP in blue; configuration no. 12,
MWR+IRS+RASS+RAP in cyan) the vertical resolution
for temperature is improved by the inclusion of the RASS in
the lower part of the atmosphere and by the inclusion of the
RAP in the upper part of the atmosphere, providing the best
values of vertical resolution for temperature for all respective
configurations that do not include both RASS and RAP.

Figure 5b shows the vertical resolution for the mixing ratio
for the various TROPoe configurations. In this case there is
again no impact with the inclusion of the RASS in the vertical
resolution of the mixing ratio for the various TROPoe config-
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Figure 6. (a) Mean absolute error of the retrieved temperature pro-
files as a function of the height for each of the 12 TROPoe configu-
rations. (b) Same as for (a), but for mixing ratio.

urations, but there is a substantial impact (i.e., the improve-
ment of the vertical resolution) when including the RAP as
input to the TROPoe runs. In the case of the mixing ratio, the
best vertical resolution is obtained when using both passive
instruments and the RAP.

4.2 Statistical analysis of physical retrieval profiles up
to 5 km a.g.l. compared to radiosonde profiles

In this section, a quantitative statistical evaluation of the var-
ious thermodynamic retrieval configurations tested in this
study is provided up to 5 km a.g.l. The reason why this
value for the maximum height is chosen is because the 0–
5 km a.g.l. atmospheric layer includes the surface and the
boundary layer, as well as the 3.5–5.0 km transition layer
where both the RAP and the observations make some con-
tributions to the retrievals.

Figure 6 presents the mean absolute error (MAE) for each
of the 12 TROPoe configurations tested in this study relative
to the radiosonde observations as a function of the height for
temperature (panel a) and mixing ratio (panel b).

For temperature (Fig. 6a), the impact generated when in-
cluding the RASS reduces MAE in the lower part of the at-
mosphere. This impact is larger for the TROPoe configura-
tions including the MWR as the only passive instrument, as
the initial MAE for this configuration (configuration no. 1,
red solid line) is larger compared to the other configurations
in the 0–1 km a.g.l. atmospheric layer. This is consistent with
what was found in Bianco et al. (2017) that the MWR can
struggle to get the details of the surface temperature inver-
sions often observed at night or in early morning hours. For
configuration nos. 6 and 10 the inclusion of the RASS is nev-
ertheless still positive (i.e., the MAE is reduced). Also, for
configuration nos. 1, 2, and 10, it is again noticeable how
the inclusion of the RASS also improves the statistics above
the maximum RASS height, in agreement with Djalalova et
al. (2022) and with Figs. 4a and 5a. While the impact of the
RASS inclusion fades with height, the RAP inclusion pro-

vides a beneficial impact higher up in the atmosphere for
all configurations including it. Finally, when including both
the RASS and the RAP, the MAE of all configurations is
the best compared to the respective ones that do not include
them. It is also noticeable that the inclusion of both MWR
and IRS in the TROPoe inputs might not necessarily provide
better agreement with the radiosondes compared to the indi-
vidual passive instruments used as input alone. This might
be due to the fact that TROPoe will have to balance the in-
formation from the two passive instruments. Nevertheless,
the combination of the two passive instruments (configura-
tion no. 9) is still beneficial in the lower part of the atmo-
sphere (< 2 km a.g.l.), where the MWR tents to struggle to
identify the correct height and shape of inversions (configu-
ration no. 9 better than configuration no. 1). Additionally, the
inclusion of both passive instruments in the TROPoe inputs
might reveal a beneficial impact (see further discussion in the
Appendix) when cloudy conditions (over which radiosondes
are not available for this dataset) are analyzed.

For the mixing ratio (Fig. 6b), the impact of the RASS
is almost negligible, as already expected from the consider-
ations made in Sect. 4.1 and also in agreement with what
was found in Djalalova et al. (2022). The impact of the RAP
inclusion in the MAE of the mixing ratio is in general pos-
itive for all configurations around and above the height of
the RAP inclusion (4 km a.g.l.). Nevertheless, the inclusion
of the RAP generates a negative impact on the mixing ratio
MAE below that height for the TROPoe runs including the
MWR as the only passive instrument. The different impact
of the RAP inclusion in configuration no. 3 (MWR+RAP)
compared to that in configuration no. 7 (IRS+RAP) might
be due to the fact that the IRS has more information con-
tent in humidity than the MWR alone, so for configuration
no. 7 the retrievals below 4 km are better constrained by the
observation. For configuration no. 3, differences between the
NWP model and the observations above 4 km a.g.l. (NWP
model being drier than the MWR observations) might spread
(to counterbalance) in the lower part of the atmosphere.

In Fig. 7, the MAE and bias of temperature retrieved pro-
files compared to radiosondes (panels a and b, respectively)
are averaged over the lowest 3 and 5 km a.g.l. (dashed and
solid lines, respectively). The bias is computed as TROPoe
temperature retrievals minus radiosonde temperature pro-
files. These averages are weighted over the vertical heights
up to 3 and 5 km a.g.l. because, as mentioned above, the ver-
tical grid used in TROPoe is not uniform, with more frequent
levels closer to the surface. In this way equal height inter-
vals contribute equally to the MAE and bias. The average up
to 3 km a.g.l. will show the impact of the RASS inclusion in
the MAE and bias values more in a layer where the IRS and
MWR have most of their information (Fig. 4), while the av-
erage up to 5 km a.g.l. will show that of the RAP inclusion
more.

The MAE for temperature averaged over the lowest
5 km a.g.l. presents smaller values for configuration no. 5
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Figure 7. (a) Mean absolute error of the retrieved temperature
profiles averaged over the lower 3 km a.g.l. (dashed lines) and
5 km a.g.l. (solid lines) for each of the 12 TROPoe configurations.
(b) Same as for (a), but for bias (TROPoe minus radiosonde tem-
perature).

(IRS only) compared to configuration nos. 1 and 9 (MWR
and MRW+IRS). All three of these configurations show
some improvement with the inclusion of the RASS, but more
so by the inclusion of the RAP. The inclusion of both the
RASS and RAP shows similar values for MAE of tempera-
ture to the runs with the RAP only included with the passive
instruments. When averaging up to 3 km a.g.l. the values of
MAE for temperature of configuration nos. 1, 5, and 9 are
smaller than the averages up to 5 km, as in general the MAE
increases with height (Fig. 6a). When including the RASS
in the TROPoe runs the impact further decreases the MAE
averaged up to 3 km a.g.l. The RAP inclusion does not show
any impact on the temperature MAE when averaging over the
lowest 3 km a.g.l., as expected since the RAP is included only
at 4 km a.g.l. and higher in the atmosphere. Overall, the MAE
for temperature is relatively small (∼ 0.5 °C) for all TROPoe
configurations including the RASS, the RAP, and the passive
instruments.

For the biases in temperature, all TROPoe runs have
a slightly cold bias, which is improved (i.e., reduced) by
the inclusion of the RAP when averaging over the lowest
5 km a.g.l. and not impacted much by the inclusion of the
RASS (except for the inclusion of the RASS in TROPoe
runs using the MWR as the passive instrument). The inclu-
sion of the RAP has a slight impact on the temperature bias
when averaged over the lowest 3 km a.g.l. (making the bias
slightly colder). The bias is degraded for the configuration
IRS+MWR compared to that of the instruments used alone.
In all runs, the bias is smaller when averaging over the lowest
3 km a.g.l. instead of 5 km a.g.l.

Figure 8. Same as in Fig. 7, but for the mixing ratio.

In Fig. 8a and b, MAE and biases are computed for the
TROPoe-retrieved profiles of mixing ratio, again averaged
over the lowest 3 and 5 km a.g.l. (dashed and solid lines,
respectively). The MAE for the mixing ratio is relatively
small for all TROPoe configurations (< 0.5 g kg−1). As al-
ready noted from Fig. 6b, the effect of the inclusion of the
RAP in the TROPoe runs that only include the MWR as the
passive instrument slightly degrades the MAE for the mixing
ratio in the lower in the 5 km of the atmosphere and a little
more in the lowest 3 km, but it slightly improves the MAE
values for the TROPoe runs that only include the IRS as the
passive instrument when averaging in the lower 5 km of the
atmosphere.

Similarly to the impact on MAE, the RASS inclusion does
not show any impact on the mixing ratio bias, while the im-
pact of the RAP on the mixing ratio bias again slightly de-
grades it for the TROPoe runs that include the MWR in in-
put.

4.3 Statistical analysis of potential temperature lapse
rate

In many applications there is a need for information derived
from potential temperature profiles, for example to deter-
mine atmospheric stability and differentiate between stable
and unstable conditions. Passive instruments usually tend to
smooth the retrieved profiles due to their coarser vertical res-
olution (Solheim et al., 1998; Reehorst, 2001). Nevertheless,
Bianco et al. (2017) found good agreement (R2

= 0.91) in
the values of potential temperature lapse rates (d2/dz) de-
rived from MWRs compared to in situ observations, particu-
larly when the lapse rate is computed in the 50–300 m a.g.l.
layer. Similarly, Klein et al. (2015) found a value of R2

=

0.93 (in fall) and R2
= 0.98 (in summer) in the agreement
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between the ambient temperature lapse rates (dT/dz) derived
from an IRS compared to radiosonde observations when the
lapse rate was computed in the 10–100 m layer.

Here we investigate if and how the different combinations
impact the potential temperature lapse rate in comparison to
the radiosonde-derived ones. Figure 9 presents scatter plot
comparisons of potential temperature lapse rate over the 0–
318 m a.g.l. layer of the atmosphere from radiosondes and
TROPoe retrievals for all of the 12 TROPoe configurations
(panel a, including passive instruments only; panel b, includ-
ing passive instruments and RASS; panel c, including passive
instruments and RAP from 4 km a.g.l.; and panel d, including
passive instruments, RASS, and RAP from 4 km a.g.l.) and
corresponding best-fit lines.

When the potential temperature lapse rate is computed
over the 0–318 m a.g.l. layer of the atmosphere the agree-
ment in terms of the coefficient of determination between
the TROPoe configurations and the radiosondes is impacted
by the addition of the RASS to the inputs, particularly from
configuration no. 1 (MWR only, R2

= 0.9) to configura-
tion no. 2 (MWR+RASS, R2

= 0.98). This drastic improve-
ment over configuration no. 1 is mainly caused by an un-
derestimation of very stable lapse rates and an overestima-
tion of slightly unstable lapse rates by the MWR retrieval.
The coefficient of determination for potential temperature
lapse rate over the 0–318 m a.g.l. layer is higher for config-
uration no. 5 (IRS only, R2

= 0.97) compared to configu-
ration no. 1 (MWR only), also in terms of the best-fit line
(Fig. 9a). When including the RASS a small improvement
occurs from configuration no. 5 (IRS only, R2

= 0.97) to
configuration no. 6 (IRS+RASS, R2

= 0.98) and from con-
figuration no. 9 (MWR+IRS, R2

= 0.97) to configuration
no. 10 (MWR+IRS+RASS, R2

= 0.98). The inclusion of
the RAP does not impact the agreement between the TROPoe
configurations and the radiosondes (Fig. 9, panel c versus
panel a; Fig. 9, panel d versus panel b). The potential temper-
ature lapse rate was also computed over different layers of the
atmosphere, i.e., 0–95, 0–512, and 0–983 m a.g.l. Statistical
results of the comparisons relative to all layers of the atmo-
sphere considered are reported in Table 4. Very similar val-
ues are found for the coefficient of determination of ambient
temperature lapse rates. The impact of the RASS and RAP
addition to the TROPoe inputs does not change the potential
temperature lapse rate statistic over the 0–95 m a.g.l. layer (as
the first height of the RASS is above the 0–95 m a.g.l. and the
RAP inclusion happens well above all these selected layers)
or in the 0–983 m a.g.l. layer as the values of the coefficient
of determination are already very high, with not much room
for improvement. Clearly, the inclusion of the RASS is posi-
tive in the 0–318 m a.g.l. layer, and the results show that the
potential temperature lapse rates determined by the TROPoe
retrievals can be reliably used to determine the stability of
the atmosphere, basically for all the configurations.

Figure 9. One-to-one comparison of potential temperature lapse
rate over the 0–318 m a.g.l. layer of the atmosphere from radioson-
des (x axis) and TROPoe retrievals (y axis) for TROPoe configu-
ration nos. 1, 5, and 9 (a), TROPoe configuration nos. 2, 6, and 10
(b), TROPoe configuration nos. 3, 7, and 11 (c), and TROPoe con-
figuration nos. 4, 8, and 12 (d). Dashed lines are best-fit lines.

5 Conclusions

In this study, the Tropospheric Remotely Observed Profiling
via Optimal Estimation (TROPoe) physical retrieval is used
to retrieve temperature and humidity profiles from various
combinations of input data collected by passive (MWRs and
IRSs) and active (RASS) remote sensing instruments, in situ
surface platforms, and numerical weather prediction models
(RAP) at a measurement site located in Platteville, Colorado,
in the United States. TROPoe is tested with different obser-
vational input combinations and assessed against collocated
radiosonde profiles under non-cloudy conditions to identify
optimal combinations. Results show that in non-cloudy con-
ditions, when adding the RASS and RAP to the passive in-
struments in the TROPoe inputs, the statistical agreement
with radiosondes is in general improved. The RASS and RAP
have an impact over different layers of the atmosphere, as the
RASS is mostly available in the lower part of the atmosphere,
and the RAP is assimilated only higher than 4 km a.g.l. Nev-
ertheless, the improvement from the inclusion of both RASS
and RAP is noticeable in terms of cumulative degrees of free-
dom for signal (DFS), vertical resolution, mean absolute er-
ror, and bias for temperature and humidity profiles; the im-
pact of the RASS on humidity retrievals is negligible due
to the nature of RASS measurements. For temperature, in
agreement with Djalalova et al. (2022), it was found that the
inclusion of the RASS also improves the statistics above the
maximum available RASS height. For all TROPoe configu-
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Table 4. Statistical comparisons in terms of the coefficient of determination between potential temperature and ambient temperature lapse
rates for all 12 TROPoe configurations and radiosonde observations over different layers of the atmosphere.

R2

TROPoe d2/dz d2/dz d2/dz d2/dz
configuration 0–95 m a.g.l. 0–318 m a.g.l. 0–512 m a.g.l. 0–983 m a.g.l.

layer layer layer layer

no. 1 0.93 0.9 0.94 0.99
no. 2 0.93 0.98 0.99 0.98
no. 3 0.93 0.9 0.94 0.99
no. 4 0.93 0.98 0.99 0.98
no. 5 0.9 0.97 0.99 0.98
no. 6 0.89 0.98 0.99 0.98
no. 7 0.9 0.97 0.99 0.98
no. 8 0.89 0.98 0.99 0.99
no. 9 0.89 0.97 0.99 0.98
no. 10 0.89 0.98 0.99 0.98
no. 11 0.89 0.97 0.99 0.98
no. 12 0.89 0.98 0.99 0.99

rations including both the RASS and the RAP, the MAE for
temperature was found to be between ∼ 0.4–∼ 0.5 °C (when
averaged up to 3 and 5 km, respectively) and for the mixing
ratio ∼ 0.4 g kg−1 in the dry environment experienced in this
analysis. Results from this study also confirm that potential
temperature lapse rates computed using TROPoe retrievals
for any of the combinations can be used to assess the stabil-
ity of the atmosphere and that the inclusion of the RASS in
the TROPoe inputs can further improve the agreement with
radiosonde estimates of lapse rate. Although for this dataset
(clear-sky conditions) it is found that the inclusion of the
combined MWR and IRS observations in the TROPoe in-
puts did not necessarily provide better agreement with the
radiosondes compared to the configurations using the indi-
vidual passive instruments as input alone, we believe that this
might be different when cloudy conditions are analyzed. For
example, as mentioned above, since the IRS does not provide
information above thick clouds because clouds are opaque
to infrared transmission, we expect that the combination of
MWR and IRS will have a larger impact and be more bene-
ficial in cloudy conditions, not analyzed in this study, as in
that case the information retrieved by the MWR might sup-
plement the lack of information above the cloud layer from
the IRS (see further discussion in the Appendix).

The uniqueness of the Platteville, CO, dataset is in the
availability of collocated IRS, MWR, RASS, ceilometer, and
surface observations and RAP output. Nevertheless, the ra-
diosonde sample size available for this study is relatively
small and the days under analysis were clear-sky, so the re-
sults could be different in other climatological environments,
which will be investigated in our future studies. The instru-
ments deployed at the Platteville, CO, site were later moved
to other sites for other field campaigns, and the continua-
tion of the analysis presented here will include repeating the

investigation over different geographical location and atmo-
spheric conditions when radiosonde launches are available.

Appendix A

Due to the lack of radiosonde during cloudy conditions, it
is not possible to assess the performances of our different
TROPoe configurations in cloudy conditions. Nevertheless,
we recognize that even just looking at some of the TROPoe
outputs would provide insights into what benefits could be
derived by the combination of the passive instruments in the
presence of clouds.

The overall conditions over the time period of our analysis
were mostly clear skies. Nevertheless, we used the ceilome-
ter observations and found 2 days that revealed the presence
of clouds with corresponding relatively large values of liquid
water path (LWP). Specifically, these 2 days are 30 Septem-
ber 2021 and 9 January 2022.

In Fig. A1 the time series of cloud-base height from the
ceilometer (CBH, panels a and b) and liquid water path from
the microwave radiometer (LWP, panels c and d) are pre-
sented for 30 September 2021 and for 9 January 2022.

In panels (c) and (d), all values of LWP are plotted in red in
the time series, and values with LWP> 20 g kg−1 are colored
in blue.

For these 2 days we ran TROPoe using as input the MWR
only, the IRS only, and the combination of the MWR+IRS
(similarly to the runs presented in the main body of the pa-
per, in this exercise we also included in situ measurements
of temperature, pressure, and humidity collected at the sur-
face). These configurations were numbered in the main body
of the paper as configurations 1, 5, and 9, respectively. Al-
though we cannot assess which retrievals would agree bet-
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Figure A1. Time series of CBH from the ceilometer (a, b) and LWP from the microwave radiometer (c, d) for 30 September 3021 (a, c) and
for 9 January 2022 (b, d). In panels (c) and (d), all values of LWP are plotted in red in the time series, and values with LWP> 20 g kg−1 are
colored in blue.

Figure A2. Cumulative DFS for temperature (a) and mixing ratio
(b) as well as the vertical resolution for temperature (c) and mixing
ratio (d) of the retrieved TROPoe profiles as a function of height
for configuration nos. 1, 5, and 9 for the cloudy days 30 Septem-
ber 3021 and 9 January 2022 (dashed lines). The same variables for
the same configurations, but for the clear-sky days presented in the
main body of the paper, are plotted as solid lines for comparison.

ter with an independent observation (i.e., radiosonde), the
time–height cross sections of temperature and mixing ratio
for these TROPoe configuration runs (not shown) revealed
the impact of the clouds in the retrievals relative to configu-
ration no. 5 in particular, mostly in terms of time continuity
above the cloud-base height from previous profiles when we
go from a situation with clouds observed to clear-sky peri-
ods, clouds being detected at a higher altitude, or vice versa.
These discontinuities did not appear in the TROPoe retrievals
of configuration no. 1, which was expected as stated before,
as clouds are markedly opaquer in the infrared than the mi-
crowave and provide little to no information above the cloud
(whereas the MWR retrievals provide some sensitivity above
the cloud). Also, as speculated before, we noticed that the
retrievals of configuration no. 9 (not shown) seem to bene-
fit from the combination of MWR+IRS, as the information
retrieved by the MWR supplements the lack of information
above the cloud layer from the IRS. For configuration no. 9,
the time discontinuities above cloud-base height seen in the
retrievals for configuration no. 5 are not present anymore.

This seems promising for the combination of the MWR
and IRS in cloudy conditions.

For these 2 cloudy days, we averaged cumulative DFS
and vertical resolution for temperature and mixing ratio over
the time periods with observed clouds and corresponding
LWP> 20 g kg−1.

In Fig. A2, as dashed lines, these computed cumulative
DFSs as a function of height are in the upper panels for con-
figuration nos. 1, 5, and 9 (temperature in panel a and mixing
ratio in panel b), and as dashed lines the vertical resolution
as a function of height for configuration nos. 1, 5, and 9 is in
the lower panels (temperature in panel c and mixing ratio in
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panel d). In the same figure cumulative DFS and vertical res-
olutions obtained for the same configurations, but clear-sky
days presented in the main body of the paper, are replotted
for comparison as solid lines.

From Fig. A2a we notice that the cumulative DFSs for
temperature for no. 1 (MWR only, red dashed line) in cloudy
conditions do not show much difference from the profile of
configuration no. 1 obtained for clear-sky days (red solid
line). The cumulative DFSs for temperature in cloudy con-
ditions relative to configuration no. 5 (IRS only, blue dashed
line) do show a kink around 1 km a.g.l., most likely due to the
presence of clouds around that height. The cumulative DFSs
for temperature in cloudy conditions relative to configuration
no. 9 (IRS +MRW, cyan dashed line) show an increase with
respect to those of configurations no. 1 and no. 5. This in-
crease is larger than that of configuration no. 9 on clear-sky
days (cyan solid line, which showed little difference from
that of configuration no. 5, blue solid line), which supports
the speculation on the benefit that can be obtained by the
combination of MWR and IRS in cloudy conditions.

From Fig. A2b we notice that the cumulative DFS for
mixing ratio in cloudy conditions for no. 1 (MWR only,
red dashed line) again does not show much difference from
the profile of configuration no. 1 relative to clear-sky days
(MWR only, red solid line). The cumulative DFSs for mix-
ing ratio in cloudy conditions relative to configuration no. 5
(IRS only, blue dashed line) do show a large decrease com-
pared to the profile of configuration no. 5 for clear-sky days
(IRS only, blue solid line), most likely due to the presence
of clouds. However, the cumulative DFSs for mixing ratio
in cloudy conditions relative to configuration no. 9 (IRS +
MWR, cyan dashed line) show an increase with respect to
those of configuration no. 1 and no. 5 in the same cloudy
conditions. This increase again supports the speculation on
the benefit that can be obtained by the combination of MWR
and IRS in cloudy conditions.

From Fig. A2c we notice a similar profile in cloudy condi-
tions to that relative to clear-sky days for configuration no. 1
(MWR only, red dashed and solid lines, respectively) for the
vertical resolution of temperature but a degradation in ver-
tical resolution of temperature in cloudy conditions for the
TROPoe configuration no. 5 (IRS only, blue dashed line),
particularly in the lower part of the atmosphere, where clouds
were detected. Combining the MRW and IRS in the TROPoe
runs (configuration no. 9, cyan dashed line) results in an im-
provement of the vertical resolution of temperature in the
lower part of the atmosphere, particularly in cloudy condi-
tions, where the vertical resolution of configuration no. 5 was
degraded.

From Fig. A2d we notice a similar behavior in the pro-
files of vertical resolution of the mixing ratio, i.e., similar
to those obtained in clear-sky conditions for configuration
no. 1 (MWR only, red lines), a degradation of it for con-
figuration no. 5 (IRS only, blue lines) in the lower part of
the atmosphere, and a benefit obtained by the combination

of MWR and IRS in cloudy conditions (configuration no. 9,
cyan dashed lines).

Although this analysis is relative to only 2 cloudy days,
the results motivate us even more to investigate the benefit
of the combination of MWR and IRS during cloudy con-
ditions for other datasets. As mentioned in the Conclusions
section, the instruments deployed at the Platteville, CO, site
were later moved to other sites for other field campaigns, and
the analysis performed at Platteville will be continued when
radiosonde launches are available for comparison.
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DockerHub (https://hub.docker.com/r/davidturner53/tropoe/tags,
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