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Abstract. The hypothesis whether turbulence within the pas-
sive microwave sounders field of view can cause significant
biases in radiative transfer modeling at the 183 GHz water
vapor absorption band is tested. A novel method to calcu-
late the effects of turbulence in radiative transfer modeling is
presented. It is shown that the turbulent nature of water va-
por in the atmosphere can be a critical component of radia-
tive transfer modeling in this band. Radiative transfer simula-
tions are performed comparing a uniform field with a turbu-
lent one. These comparisons show frequency dependent bi-
ases which can be up to several kelvin in brightness tempera-
ture. These biases can match experimentally observed biases,
such as the ones reported in Brogniez et al. (2016). Our simu-
lations show that those biases could be explained as an effect
of high-intensity turbulence in the upper troposphere. These
high turbulence phenomena are common in clear air turbu-
lence, storm or cumulus cloud situations.

1 Introduction

Radiative transfer models (RTMs) are key tools in the mi-
crowave and infrared atmospheric remote sensing of the at-
mosphere. They are used to model the radiances at the top of
the atmosphere as measured from satellites. The main inputs
to the RTMs are atmospheric profiles of temperature, water

vapor and trace gases, as well as surface properties, such as
surface temperature and emissivity. The RTM simulate the
absorption and emission of the molecular constituents of the
atmosphere in a layer-by-layer approach. Their accuracy de-
pends on the accuracy to which the spectral properties of the
molecular absorption/emission lines are known, as well as
the quality and vertical resolution of the vertical profiles of
temperature, pressure and concentration of absorbing gases.
By applying inversion techniques to these RTMs, such as
Optimal Estimation (Rodgers, 2000), the physical parame-
ters of the atmosphere can be obtained from radiances ob-
served from satellites. These inversion techniques are com-
monly used in retrieval processes, where atmospheric prop-
erties are directly estimated from the measurements. They
are also used in Numerical Weather Prediction (NWP) mod-
els, where measured radiances are assimilated as corrections
to forecasts to form what are best estimates of the atmo-
sphere, known as analyses. RTMs are, therefore, elements
that bridge the gap between measured satellite radiances and
atmospheric physical parameters such as profiles of temper-
ature and water vapor concentration.

Although RTMs have achieved a high degree of accuracy,
there is often, in practice, a systematic mismatch between
what is observed and what is calculated from the RTMs.
Their cause is varied and can range from an incorrect or
incomplete implementation of the radiative transfer model
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setup, to uncalibrated instrumental effects or deviations in
their nominal performance. These systematic mismatches are
usually solved, in practice, by determining, for a particular
satellite instrument, an offset or bias between measured and
calculated radiances. This bias is then later corrected for re-
trievals and NWP assimilation systems. This practical fix is
far from perfect, since deviations between systems are cor-
rected with a simple bias or offset, when the reality can be
more complex, depending on the underlying physical princi-
ples behind these systematic mismatches. For example, if a
satellite system is deviating from its nominal behavior, ide-
ally, the physical principles behind it should be sought for
and corrected. If, on the other hand, radiative transfer is not
modeled properly, the missing physical pieces should be put
in place such that satellite measurements and RTM calculated
radiances are consistent.

One of such mismatches occur in the 183 GHz water va-
por absorption band, which has been noted by Clain et al.
(2015) and Moradi et al. (2015). To discuss this effect, a
“Joint workshop on uncertainties at 183 GHz” (Brogniez et
al., 2015) was convened to discuss biases observed between
measurements at 183 GHz and calculations using different
RTMs plus either radiosondes or short range forecasts from
NWP systems. The results were reflected in a paper pub-
lished one year later (Brogniez et al., 2016). The values of
the differences between observed and calculated brightness
temperatures between the SAPHIR Megha-Tropiques instru-
ment vs. Météo France NWP profiles plus the RTTOV v11
RTM are reproduced here as blue dots in Fig. 4. For further
information and more results, with data from other instru-
ments and other NWP models, please refer to Brogniez et al.
(2016).

The potential causes behind these biases can be varied.
Many plausible hypothesis could be formulated, such as
poorly modeled gas absorption, effect of clouds, etc. In this
paper we will discuss whether these significant detected bi-
ases can be caused by turbulence effects in the atmosphere.
The rationale behind this hypothesis is based on the fact that
radiative transfer is an extremely non-linear process. It is
then possible that the average of the radiances at the top of
the atmosphere, obtained from several neighboring different
atmospheric columns, are not necessarily equal to the radi-
ance computed from the average of all atmospheric columns.
Which in turn, implies that radiances coming from a tur-
bulent medium within the field of view of the instrument
may be different from the radiances originating in a uniform
medium.

Turbulence is a well known phenomena occurring in the
atmosphere. Its spatial properties are commonly measured
from the ground using in situ or remote sensing instru-
ments. Turbulence in the troposphere is measured using sonic
anemometers on meteorological towers (Champagne et al.,
1977), hot wire anemometers suspended on tethered lifting
systems (Frehlich et al., 2006), wind profiling radars (Hock-
ing, 1985), passive microwave sounding (Kadygrov et al.,

2003), Doppler wind lidar (see review from Sathe and Mann,
2013 and references therein), elastic backscatter lidar (e.g.,
Pal et al., 2010), ozone differential absorption lidar (Senff
et al., 1996), water vapor differential absorption lidar (e.g.,
Senff et al., 1994; Kiemle et al., 1997; Wulfmeyer, 1999;
Lenschow et al., 2000), and water vapor Raman lidar (e.g.,
Wulfmeyer et al., 2010; Turner et al., 2014; Behrendt et al.,
2015). Individual sonde measurements have also proved to be
a suitable instrument to measure turbulence (Thorpe, 1977;
Wilson et al., 2011).

In the stratosphere, the measure of turbulence is tightly
linked to the measure of gravity waves, since they share sim-
ilar time and spatial scales. Detection of turbulence or gravity
waves is usually made with remote sensing instruments. One
of them is the satellite based microwave limb sounder (MLS;
Waters et al., 2006) with which gravity waves can be detected
(e.g., McLandress et al., 2000; Jiang et al., 2004). Passive mi-
crowave sounders on board of polar orbiting satellites have
also been used to detect gravity waves (e.g., Eckermann and
Wu, 2006). Airglow measurements can also be used to de-
tect gravity waves, either using ground-based measurements
(e.g., Sedlak et al., 2016) or space-borne ones (e.g., Yue et
al., 2014). Infrared hyperspectral sounders such as AIRS and
IASI have also proven to be useful for the measurement of
gravity waves (Hoffmann et al., 2014).

The effect of turbulence in the modeling of the propaga-
tion of light in the atmosphere is taken into consideration in
certain fields of astronomy and communication, where differ-
ent effects of scintillation are studied. Studies of this sort are
abundant in the literature (e.g., Leroy et al., 1979; Lencioni
et al., 1981). Although high variability effects in the atmo-
sphere are taken into account when looking for gravity waves
in the stratosphere (e.g., Eckermann and Wu, 2006), they are
often neglected in operational radiative transfer modeling for
passive microwave sounders. The main reason for this is that
operational radiative transfer models need to be fast and any
saving in the already relatively heavy computation time is
welcomed. Therefore, phenomena that do not, at first sight,
seem to be needed are excluded. One such example is the ef-
fect in radiative transfer modeling of atmospheric turbulence
within the field of view of microwave or infrared instruments.
In this paper, an attempt to evaluate its significance in the ra-
diative transfer modeling of the microwave 183 GHz band is
shown. It will be shown that this effect can be quite important
in some situations. The intensity of turbulence can vary sev-
eral orders of magnitude within the troposphere. The typical
values that will be used in this paper will be taken from Chen
(1974), in particular, its Fig. 2. Typical values in the low tro-
posphere are usually in the range between 1 and 10 cm2 s−3.
Close to the tropopause, values vary greatly spanning from
10−3 to 104 cm2 s−3 (Chen, 1974). The latter huge values oc-
cur in clear air turbulence, severe storm or cumulus cloud sit-
uations. It should be noted that in some particular cases, tur-
bulence intensity could be outside of these limits and could
well exceed the maximum values that are stated there.
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In Sect. 2 a quantitative estimation of turbulence is made
from measurements from dual sequential radiosondes. Sec-
tion 3 shows how to calculate the effects of turbulence in ra-
diative transfer modeling. In the discussion section, Sect. 4,
its effect in the top of the atmosphere radiances is calculated
and comparisons are made with the observed biases (Brog-
niez et al., 2016). In the conclusions section a summary of
the results is made.

2 Turbulence from radiosondes

In this section, an estimation of the order of magnitude of at-
mospheric turbulent variables is performed. Parameters such
as turbulent energy dissipation rates, turbulence length scales
and turbulent atmospheric parameter variance are determined
from sonde measurements. The main objective is to estimate
the order of magnitude of these parameters, and, by the use of
an RTM, an estimate of the order of magnitude of turbulent
effects in microwave brightness temperature can be made.

The analysis of radiosonde data for its comparison with
satellite measurements has shown that temperature and wa-
ter vapor have a spatial behavior that is difficult to determine
from just one radiosonde measurement (Calbet et al., 2017).
More than one measurement is needed to resolve the small
scale variability of the atmosphere, such as launching two
consecutive sondes (Calbet et al., 2011, 2017). Another al-
ternative is to make a spatial average of the measurements
(Buehler et al., 2004) or to have a low spatial variability
(Bobryshev et al., 2018) to have consistency between ra-
diosonde and satellite measurements. The reason behind this
is that spatial and temporal scales for water vapor are ex-
tremely small, as shown, for example, by Carbajal-Henken
et al. (2015). This kind of behavior is typical of turbulent
systems, such as the atmosphere.

Structure functions are tools that are often used in turbu-
lence measurement, which are closely related to spatial auto-
correlation functions. To effectively determine and quantify
the turbulent nature of the atmosphere, the structure func-
tion of temperature and water vapor was determined. This
was done with radiosonde data coming from the EUMET-
SAT MetOp campaigns which took place in 2007 and 2008
at Lindenberg and Sodankylä. In these campaigns, two con-
secutive radiosondes were launched from the same site with
50 min time difference. From now on, they will be referred
here as sequential sondes. From Lindenberg and Sodankylä
266 and 359 sonde pairs were launched, respectively, making
a total of 625 sonde pairs. The instrument payload analyzed
here are the conventional RS92 radiosondes. For more de-
tails of this campaign and its instrumentation we refer the
reader to Calbet et al. (2011). The data was later processed
by GRUAN (Dirksen et al., 2014), which, among other ad-
vantages, greatly removes the humidity measurement dry bi-
ases usually present in RS92 measurements at the high tro-
posphere (Miloshevich et al., 2009).
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Figure 1. Temperature and water vapor structure function.

The computed structure functions for temperature and wa-
ter vapor are shown in Fig. 1. In the case of the tempera-
ture field, differences at the same pressure levels between the
sequential sondes were calculated. To this difference, an ef-
fective distance was assigned. This effective distance is the
real spatial distance between sequential sondes plus the time
difference multiplied by the wind speed measured by the ra-
diosondes at that level. The average of the square of this tem-
perature difference is then calculated for different effective
distance bins. The same analysis was performed for water
vapor, but in this case, using the difference in water vapor
partial pressure, e, divided by the average of the two water
vapor partial pressures from the sequential sondes. In order
to achieve a significant sample size, the results for all ra-
diosonde pressure levels have been combined. The resulting
total number of data pairs, coming from the 625 sequential
sonde pairs, is 658 217. Results are shown in Fig. 1.

The typical behavior for turbulence, as measured in the
laboratory, is observed in the structure function plots (Fig. 1).
For very small scales, which are not observable in these se-
quential sonde measurements, it constitutes what is known
as the dissipation range (delineated by blue arrows in the fig-
ure). As the scale is enlarged, the inertial range is seen (red
arrows). This range spans from very small scales to approx-
imately 6 km. A decrease in the structure function is usually
observed at larger scales, where forcings are induced, which
constitutes the energy injection range (green arrows in the
figure). Finally, at very large scales, the synoptic differences
are observed (magenta arrows).

Within the inertial range, the structure function typically
exhibits a power law behavior with a two third exponent fol-
lowing Kolmogorov’s theory of turbulence (Frisch, 1995).
The two-thirds law from Kolmogorov states that

〈(δv(l))2〉 = Cε2/3l2/3, (1)
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where v is a parameter measured in the fluid, C is a universal
dimensionless constant, which needs to be determined from
experimental data, and l is the distance between the points
where the parameter difference is determined. The mean en-
ergy dissipation rate per unit mass, ε, effectively constitutes
a measure of the intensity of turbulence. The measurements
from sequential sondes, within the inertial range, follow this
law remarkably well. The measured slopes are 0.84± 0.14
and 0.78±0.18 for temperature and water vapor, respectively.
These values are consistent with the theoretical one of two
thirds.

To determine the constants in the above equation, the four-
fifths law from Kolmogorov’s theory (Frisch, 1995) is needed

〈(δv‖(l))
3
〉 = −

4
5
εl, (2)

where v‖ is the velocity in the direction of the flow. This
quantity can be estimated from the radiosonde measurements
by using the uwind component. This relationship is shown in
Fig. 2. A value of ε = 5.2 cm2 s−3 fits well within the inertial
range. This is typical of the lower troposphere, with values
usually between 1 and 10 cm2 s−3 (Chen, 1974).

3 Radiative transfer modeling

We can now try to answer the question whether turbulence
can have a significant effect on the RTM calculations. In this
section, the radiance originating from a single profile will be
compared to the one generated from this same profile per-
turbed by turbulence.

The turbulent perturbation from a single profile will be cal-
culated by means of averaging a Taylor expansion of the ra-
diances over the inertial range within the field of view of the
instrument. The humidity variable used in this Taylor expan-
sion will be the same as the one used in the structure function
plot, Fig. 1. To simplify the notation, this variable will be de-
fined as δR ≡ δe/e. The full Taylor expansion would then
read,

〈δB〉 ≈
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where we have made the important assumption that the cor-
relation between different levels is 0, i.e.,

〈δBiδBj 〉 = 〈δTiδBj 〉 = 〈δTiδTj 〉 = 0 if i 6= j. (4)
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Figure 2. Third order longitudinal structure function for u.

As will be shown later in Sect. 4 and Figs. 4 and 5, the
terms in Eq. (3) involving the temperature are negligible,
leaving the simplified solution,

〈δB〉 ≈

All Levels∑
i=1

dB
dRi
〈δRi〉+

1
2

d2B

dR2
i

〈(δRi)
2
〉. (5)

The first (linear) term in this equation is proportional to the
Jacobian. This result indicates that given a deviation of the
mean humidity field of 0, the mean deviation in brightness
temperature is directly proportional to the second derivative
of the brightness temperature with respect to humidity.

It is now possible, by means of Eq. (5), to estimate in prac-
tice the magnitude of the brightness temperature deviations.
Note that the average in this equation is taken over the com-
plete field of view of the instrument, typically 10 km at nadir
for SAPHIR. The value of fluctuations in humidity, 〈(δRi)2〉,
will vary within the field of view (inertial range in Fig. 1) and
with turbulence intensity (ε in Eq. 1). To simplify, an approx-
imate average is taken for the humidity fluctuations as a func-
tion of turbulence intensity. A value of 〈(δRi)2〉 = 0.05 is
adopted for a turbulence intensity of ε = 5 cm2 s−3, both pa-
rameters approximated from the values obtained from sonde
measurements as in Figs. 1 and 2. For other turbulence in-
tensities, humidity fluctuations are scaled following Eq. (1),
expressing ε in units of cm−2 s−3,

〈(δRi)
2
〉 ≈ 0.05 (ε/5.0)2/3. (6)

The same arguments can also be applied to the temperature
field fluctuations, in which case, the full Taylor expansion
equation should be used (Eq. 3).

A single profile is chosen from a typical tropical location
at Manus island and it is extracted from ECMWF analyses.
The reason to choose a tropical profile is because high tur-
bulence in the high troposphere seems to be more likely to
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Figure 3. Temperature and humidity profiles, as dew point temper-
ature, used in this paper. Highlighted are the regions denoted as “Hi
Tropo” and “Lo Tropo” in Fig. 4. Jacobians, dB/dR, and second
derivatives, d2B/dR2, of brightness temperature vs. humidity for
a few close to SAPHIR channels are also plotted. Precise frequen-
cies are: 183.50 GHz≈S1 channel, 186.10 GHz≈S3 channel and
194.30 GHz≈S6 channel.

happen in these regions. The profile has 50 levels from the
lowest level at 1010 hPa to the highest one at 5× 10−3 hPa.
Figure 3 illustrates the lower levels of the profile, the Jaco-
bians and the second derivatives for a few close to SAPHIR
frequencies. Satellite zenith angle is fixed to 60◦. Deriva-
tives of the brightness temperature are calculated by finite
differences using the AM 9.2 radiative transfer model (Paine,
2016). Final results of the brightness temperature differences
are shown in Fig. 4.

4 Discussion

4.1 Simulations

Simulations comparing radiances with turbulence vs. radi-
ances without them are shown in Fig. 4. Results show differ-
ences in brightness temperatures when locating turbulence in
different layers in the troposphere, with various turbulent in-
tensities and with varying perturbations in temperature and
humidity. Several interesting features can be observed as fol-
lows.

– When only turbulent perturbations in temperature are
considered, 〈(δTi)2〉 6= 0, the results in brightness tem-
perature difference are very small and nearly negligible
(dashed blue line). In this case, the full Taylor expansion
formula is needed (Eq. 3).

– With low turbulent intensities in humidity, ε =

5 cm2 s−3, located in the high troposphere, between 170

Figure 4. Brightness temperature deviations calculated for different
levels in the troposphere (as shown in Fig. 3), various turbulence
intensities, ε in cm2 s−3, and adjusted offsets in temperature and
humidity. Blue dots are values of observed minus calculated bright-
ness temperatures between the SAPHIR Megha-Tropiques instru-
ment vs. Météo France NWP profiles plus the RTTOV v11 RTM
(from Brogniez et al., 2016).

and 370 hPa, and with an offset in humidity of δR =
3× 10−3 (magenta line) the effects are positive in fre-
quencies near the center of the 183 GHz line and neg-
ative further away. The brightness temperature differ-
ences are of only a few tenths of a kelvin.

– With higher turbulent intensities in humidity, ε =
10 cm2 s−3, located in the high troposphere (green line)
results are slightly higher than in the previous case.

– With the highest observed turbulent intensities in the
low troposphere, ε = 10 cm2 s−3, and locating the hu-
midity turbulent simulations in the low troposphere, be-
tween 480 and 1010 hPa, and with an offset in humid-
ity of δR = 10−2 (orange line) the biases show a differ-
ent behavior, they are negative in frequencies near the
center of the 183 GHz line and positive further away.
The brightness temperature differences are of only a few
tenths of a kelvin.

– Locating the turbulence in the high troposphere and fit-
ting the parameters to follow the observed data (blue
dots) the results are ε = 1200 cm2 s−3, δT =−1 K and
δR = 0.18 (red line). The brightness temperature differ-
ences are of the order of a few kelvin. The simulations
fit very well the observed data. Also, offsets in temper-
ature and humidity are necessary. This offset is positive
and is quite high, meaning that the average value of hu-
midity in nature is actually higher than in the spatially
uniform model.
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– With the highest observed turbulent intensities in the
high troposphere, ε = 104 cm2 s−3, and locating the tur-
bulence in the same high troposphere, the brightness
temperature differences are up to several tens of kelvin
(black line).

4.2 Behavior of the different terms

The orders of magnitude and the behavior of the various
terms in both Taylor expansions (Eqs. 3 and 5) will be an-
alyzed here. The cross-correlation term in humidity and tem-
perature in Eq. (3) is not directly described in Kolmogorov’s
theory of turbulence, and, therefore, it is not easy to esti-
mate. Since we are only interested, at this stage, in estimating
the order of magnitude, the gross assumption that the cross-
correlation is equal to the product of both variations can be
made,

〈δTiδRi〉 ∼ 〈δTi〉〈δRi〉. (7)

Results are shown in Fig. 5. The following features can be
observed.

– Using the full Taylor expansion (Eq. 3) if only an offset
in temperature is introduced (orange line), the bright-
ness temperature is displaced with hardly any frequency
dependence.

– Using the full Taylor expansion (Eq. 3) if only a humid-
ity offset is introduced (blue line), the brightness tem-
perature is displaced, but there are also differences of a
few kelvin which depend on the frequency.

– Placing high values of turbulence in the high tropo-
sphere and no perturbations in temperature or humidity,
the effects of turbulence can be clearly seen (green line).
It generates an overall positive displacement in bright-
ness temperature of several kelvin and it is very strongly
dependant on the frequency. The full Taylor expansion
formula has been used here (Eq. 3).

– To shift this curve down in order to fit the observed data
(blue dots), an offset is required. This can be achieved
with a temperature or a humidity bias (red line). In this
paper, both have been utilized (δT =−1 K, δR = 0.18),
but any other appropriate combination of offsets would
also fit the data. An offset in humidity partially com-
pensates the turbulence effect, as can be seen from the
differences between the red and the green line. The full
Taylor expansion formula has been used here (Eq. 3).

– To verify that the temperature terms from Eq. (3) are
negligible, the same parameters as in the red line are
used to plot the reduced Taylor expansion from Eq. (5)
(black line). Due to their small difference, the black and
red curve are nearly indistinguishable. The black line in
this plot is identical to the red line from Fig. 4.

Figure 5. Same as Fig. 4, but setting parameters to analyze the be-
havior of the different terms in the Taylor expansions from Eqs. (3)
and (5). The full Taylor expansion (Eq. 3) is used to calculate all the
lines in this plot except for the black line, which uses the reduced
Taylor expansion from Eq. (5).

– Finally, as a simple test to check whether temperature
and humidity offsets would fit the observed data by
themselves, without any turbulence effect, the purple
curve is shown. This curve comes close to the observed
data (blue dots), but with unreasonable values of tem-
perature and humidity offsets (δT =−8 K, δR =−0.8).

5 Conclusions

Effects of turbulence in radiative transfer modeling stems
from the fact that the process is highly non-linear. In other
words, the average of the radiances coming from different
atmospheric columns located within an instrument field of
view can potentially be different from the radiance obtained
using the average of all the atmospheric columns. Effects of
turbulence in temperature fields seem to have a low impact in
the radiative transfer modeling (dashed blue line of Fig. 4).
Humidity turbulent effects seem to significantly affect the ra-
diance biases by as much as several kelvin.

Turbulence simulations can match observed biases as sum-
marized by Brogniez et al. (2016). Biases are positive close
to the center of the absorption band and negative at the wings.
To achieve this match, turbulence has to be of high inten-
sity and located in the high troposphere (red line in Fig. 4).
These high turbulence phenomena usually occur in places
with clear air turbulence, regular or severe storms and cu-
mulus clouds (Chen, 1974).

Turbulence simulations placed at the low troposphere cre-
ate biases which have an opposite behavior as to the ones
originating at the high troposphere. In other words, negative
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in the center of the absorption band and positive at the wings
(orange line in Fig. 4).

Note that the calculations presented here have been made
with just one atmospheric profile and one satellite zenith an-
gle since the sole purpose of the exercise is to test whether
the turbulence effect hypothesis can plausibly explain the ob-
served biases. Biases shown in more general studies, such as
Brogniez et al. (2016), are usually the result of an average
of many different cases at different locations. To verify pre-
cisely that these biases do originate from turbulence effects,
many different cases at different locations should be analyzed
to finally calculate a global bias, which can then be compared
with the measured ones. Turbulence effects will also depend
strongly on each scene analyzed. Furthermore, in this paper,
turbulence properties have been measured with radiosondes
at mid-latitudes (Sodankylä and Lindenberg) and this is be-
ing extrapolated to other regions by only changing the turbu-
lence intensity (mean energy dissipation rate per unit mass,
ε). A more local measurement of turbulence would better
characterize the scenes under scrutiny.

Bobryshev et al. (2018) have also tried to reconcile the
biases found between microwave satellite instruments and
sonde measurements plus radiative transfer modeling. By
correcting dry biases from sonde measurements and select-
ing fields of view which are unaffected by clouds and are spa-
tially homogeneous they achieved agreement between satel-
lite observations and sonde measurements. They are, in prac-
tice, selecting scenes with low turbulence such that its effects
in radiative transfer modeling are not significant. These re-
sults are therefore consistent with the ones presented in this
paper.

In summary, turbulence within the field of view of mi-
crowave instruments seems to have a significant effect in
the modeling of radiative transfer, which, if ignored can give
rise to significant biases up to several kelvin in the 183 GHz
band. These biases are frequency dependant. To confirm this
hypothesis, more precise and further modeling and its cor-
responding comparisons with measurements at different fre-
quencies in the microwave and the infrared, in this latter case,
under clear sky conditions, would be needed. Coincident tur-
bulence measurements of the atmosphere might also be nec-
essary to solve the problem.

Another, additional conclusion that can be envisaged from
these results is that when comparing atmospheric profiles
with sondes for precise calibration or validation either a tur-
bulent term should be added in the uncertainty budget or dual
sequential radiosondes should be used. This will be the sub-
ject of a future paper.

Data availability. GRUAN radiosonde data has been used in this
study. Please visit https://www.gruan.org/data/data-products/gdp/
rs92-gdp-2/ (Sommer et al., 2012) for more details and data access.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. We wish to thank Scott Paine for useful
discussions regarding his RTM: AM 9.2 (Paine, 2016).

Edited by: Tanvir Islam
Reviewed by: two anonymous referees

References

Behrendt, A., Wulfmeyer, V., Hammann, E., Muppa, S. K., and Pal,
S.: Profiles of second- to fourth-order moments of turbulent tem-
perature fluctuations in the convective boundary layer: first mea-
surements with rotational Raman lidar, Atmos. Chem. Phys., 15,
5485–5500, https://doi.org/10.5194/acp-15-5485-2015, 2015.

Bobryshev, O., Buehler, S. A., John, V. O., Brath, M., and Brog-
niez, H.: Is There Really a Closure Gap Between 183.31-GHz
Satellite Passive Microwave and In Situ Radiosonde Water Va-
por Measurements?, IEEE T. Geosci. Remote, 56, 2904–2910,
https://doi.org/10.1109/TGRS.2017.2786548, 2018.

Brogniez, H., English, S., and Mahfouf, J. F.: Joint Workshop on
uncertainties at 183 GHz; 29–30 June 2015, available at: https://
hal.archives-ouvertes.fr/hal-01213862/document (last access: 19
November 2018), 2015.

Brogniez, H., English, S., Mahfouf, J.-F., Behrendt, A., Berg,
W., Boukabara, S., Buehler, S. A., Chambon, P., Gambacorta,
A., Geer, A., Ingram, W., Kursinski, E. R., Matricardi, M.,
Odintsova, T. A., Payne, V. H., Thorne, P. W., Tretyakov, M. Yu.,
and Wang, J.: A review of sources of systematic errors and un-
certainties in observations and simulations at 183 GHz, Atmos.
Meas. Tech., 9, 2207–2221, https://doi.org/10.5194/amt-9-2207-
2016, 2016.

Buehler, S. A., Kuvatov, M., John, V. O., Leiterer, U., and Dier,
H.: Comparison of Microwave Satellite Humidity Data and Ra-
diosonde Profiles: A Case Study, J. Geophys. Res., 109, D13103,
https://doi.org/10.1029/2004JD004605, 2004.

Calbet, X., Kivi, R., Tjemkes, S., Montagner, F., and Stuhlmann, R.:
Matching radiative transfer models and radiosonde data from the
EPS/Metop Sodankylä campaign to IASI measurements, Atmos.
Meas. Tech., 4, 1177–1189, https://doi.org/10.5194/amt-4-1177-
2011, 2011.

Calbet, X., Peinado-Galan, N., Rípodas, P., Trent, T., Dirksen,
R., and Sommer, M.: Consistency between GRUAN sondes,
LBLRTM and IASI, Atmos. Meas. Tech., 10, 2323–2335,
https://doi.org/10.5194/amt-10-2323-2017, 2017.

Carbajal-Henken, C. K., Diedrich, H., Preusker, R., and Fischer, J.:
MERIS full-resolution total column water vapor: Observing hor-
izontal convective rolls, Geophys. Res. Lett., 42, 10074–10081,
https://doi.org/10.1002/2015GL066650, 2015.

Champagne, F., Friehe, C., LaRue, J., and Wynagaard, J.: Flux mea-
surements, flux estimation techniques, and fine-scale turbulence
measurements in the unstable surface layer over land, J. Atmos.
Sci., 34, 515–530, 1977.

Chen, W. Y.: Energy dissipation rates of free atmospheric turbu-
lence, J. Atmos. Sci., 31, 2222–2225, 1974.

www.atmos-meas-tech.net/11/6409/2018/ Atmos. Meas. Tech., 11, 6409–6417, 2018

https://www.gruan.org/data/data-products/gdp/rs92-gdp-2/
https://www.gruan.org/data/data-products/gdp/rs92-gdp-2/
https://doi.org/10.5194/acp-15-5485-2015
https://doi.org/10.1109/TGRS.2017.2786548
https://hal.archives-ouvertes.fr/hal-01213862/document
https://hal.archives-ouvertes.fr/hal-01213862/document
https://doi.org/10.5194/amt-9-2207-2016
https://doi.org/10.5194/amt-9-2207-2016
https://doi.org/10.1029/2004JD004605
https://doi.org/10.5194/amt-4-1177-2011
https://doi.org/10.5194/amt-4-1177-2011
https://doi.org/10.5194/amt-10-2323-2017
https://doi.org/10.1002/2015GL066650


6416 X. Calbet et al.: Turbulence and 183 GHz biases

Clain, G., Brogniez, H., Payne, V. H., John, V. O., and Luo, M.: An
assessment of SAPHIR calibration using quality tropical sound-
ings, J. Atmos. Ocean. Tech., 32, 61–78, 2015.

Dirksen, R. J., Sommer, M., Immler, F. J., Hurst, D. F., Kivi, R., and
Vömel, H.: Reference quality upper-air measurements: GRUAN
data processing for the Vaisala RS92 radiosonde, Atmos. Meas.
Tech., 7, 4463–4490, https://doi.org/10.5194/amt-7-4463-2014,
2014.

Eckermann, S. D. and Wu, D. L.: Imaging gravity waves in lower
stratospheric AMSU-A radiances, Part 1: Simple forward model,
Atmos. Chem. Phys., 6, 3325–3341, https://doi.org/10.5194/acp-
6-3325-2006, 2006.

Frehlich, R., Meillier, Y., Jensen, M. L., Balsley, B., and Sharman,
R.: Measurements of boundary layer profiles in an urban envi-
ronment, J. Appl. Meteorol. Clim., 45, 821–837, 2006.

Frisch, U.: Turbulence: the legacy of A. N. Kolmogorov, Cambridge
University Press, Cambridge, UK, 1995.

Hocking, W. K.: Measurement of turbulent energy dissipation rates
in the middle atmosphere by radar techniques: A review, Radio
Sci., 20, 1403–1422, 1985.

Hoffmann, L., Alexander, M. J., Clerbaux, C., Grimsdell, A. W.,
Meyer, C. I., Rößler, T., and Tournier, B.: Intercomparison of
stratospheric gravity wave observations with AIRS and IASI, At-
mos. Meas. Tech., 7, 4517–4537, https://doi.org/10.5194/amt-7-
4517-2014, 2014.

Jiang, J. H., Eckermann, S. D., Wu, D. L., and Ma, J.: A
search for mountain waves in MLS stratospheric limb radi-
ances from the winter Northern Hemisphere: Data analysis and
global mountain wave modeling, J. Geophys. Res., 109, D03107,
https://doi.org/10.1029/2003JD003974, 2004.

Kadygrov, E. N., Shur, G. N., and Viazankin, A. S.: Investigation of
atmospheric boundary layer temperature, turbulence, and wind
parameters on the basis of passive microwave remote sensing,
Radio Sci., 38, 8048, https://doi.org/10.1029/2002RS002647,
2003.

Kiemle, C., Ehret, G., Giez, A., Davis, K. J., Lenschow, D. H., and
Oncley, S. P.: Estimation of boundary layer humidity fluxes and
statistics from airborne differential absorption lidar (DIAL), J.
Geophys. Res., 102, 29189–29203, 1997.

Lencioni, D. E., Bicknell, W. E., Mooney, D. L,. and Scouler, W.
J.: Airborne measurements of infrared atmospheric radiance and
sky noise, Proc. SPIE, 280, 77–88, 1981.

Lenschow, D. H., Wulfmeyer, V., and Senff, C.: Measuring second
through fourth-order moments in noisy data, J. Atmos. Ocean.
Tech., 17, 1330–1347, 2000.

Leroy, M., Celnikier, L. M., and Léna P.: Infrared astronomy data as
a means of probing stratospheric turbulence, Infrared Phys., 19,
523–531, 1979.

McLandress, C., Alexander, M. J., and Wu, D. L.: Microwave Limb
Sounder observations of gravity waves in the stratosphere: A
climatology and interpretation, J. Geophys. Res., 105, 11947–
11967, https://doi.org/10.1029/2000JD900097, 2000.

Miloshevich, L. M., Vömel, H., Whiteman, D., and Leblanc,
T.: Accuracy assessment and correction of Vaisala RS92 ra-
diosonde water vapor measurements, J. Geophys. Res.-Atmos.,
114, D11305, https://doi.org/10.1029/2008JD011565, 2009.

Moradi, I., Ferraro, R. R., Eriksson, P., and Weng, F.: Intercalibra-
tion and validation of observations from ATMS and SAPHIR

microwave sounders, IEEE T. Geosci. Remote, 53, 5915–5925,
2015.

Paine, S.: SMA Technical Memo No. 152 rev. 9.0, available
at: https://www.cfa.harvard.edu/sma/memos/ (last access: 19
November 2018), 2016.

Pal, S., Behrendt, A., and Wulfmeyer, V.: Elastic-backscatter-lidar-
based characterization of the convective boundary layer and in-
vestigation of related statistics, Ann. Geophys., 28, 825–847,
https://doi.org/10.5194/angeo-28-825-2010, 2010.

Rodgers, C. D.: Inverse methods for atmospheric sounding. Theory
and practice, World Scientific, Singapore, 2000.

Sathe, A. and Mann, J.: A review of turbulence measurements using
ground-based wind lidars, Atmos. Meas. Tech., 6, 3147–3167,
https://doi.org/10.5194/amt-6-3147-2013, 2013.

Sedlak, R., Hannawald, P., Schmidt, C., Wüst, S., and Bittner, M.:
High-resolution observations of small-scale gravity waves and
turbulence features in the OH airglow layer, Atmos. Meas. Tech.,
9, 5955–5963, https://doi.org/10.5194/amt-9-5955-2016, 2016.

Senff, C. J., Bösenberg, J., and Peters, G.: Measurement of water
vapor flux profiles in the convective boundary layer with lidar
and Radar-RASS, J. Atmos. Ocean. Tech., 11, 85–93, 1994.

Senff, C. J., Bösenberg, J., Peters, G., and Schaberl, T.: Remote
sensing of turbulent ozone fluxes and the ozone budget in the
convective boundary layer with DIAL and radar-RASS: a case
study, Contrib. Atmos. Phys., 69, 161–176, 1996.

Sommer, M., Dirksen, R., and Immler, F.: RS92 GRUAN
Data Product Version 2 (RS92-GDP.2), GRUAN Lead Cen-
tre, https://doi.org/10.5676/GRUAN/RS92-GDP.2, available at:
https://www.gruan.org/data/data-products/gdp/rs92-gdp-2/ (last
access: 29 November 2018), 2012.

Thorpe, S. A.: Turbulence and mixing in a Scottish Lock, Philos. T.
Roy. Soc. Lond. A, 286, 125–181, 1977.

Turner, D. D., Ferrare, R. A., Wulfmeyer, V., and Scarino, A.
J.: Aircraft evaluation of ground-Based Raman lidar water va-
por turbulence profiles in convective mixed layers, J. Atmos.
Ocean. Tech., 31, 1078–1088, https://doi.org/10.1175/JTECH-
D-13-00075.1, 2014.

Waters, J. W., Froidevaux, L., Harwood, R. S., Jarnot, R. F., Pick-
ett, H. M., Read, W. G., Siegel, P. H., Cofield, R. E., Filipiak,
M. J., Flower, D. A., Holden, J. R., Lau, G. K., Livesey, N.
J., Manney, G. L., Pumphrey, H. C., Santee, M. L., Wu, D. L.,
Cuddy, D. T., Lay, R. R., Loo, M. S., Perun, V. S., Schwartz,
M. J., Stek, P. C., Thurstans, R. P., Boyles, M. A., Chandra, K.
M., Chavez, M. C., Gun-Shing, C., Chudasama, B. V., Dodge,
R., Fuller, R. A., Girard, M. A., Jiang, J. H., Yibo, J., Knosp,
B. W., LaBelle, R. C., Lam, J. C., Lee, K. A., Miller, D., Os-
wald, J. E., Patel, N. C., Pukala, D. M., Quintero, O., Scaff, D.
M., Van Snyder, W., Tope, M. C., Wagner, P. A., and Walch, M.
J.: The Earth observing system microwave limb sounder (EOS
MLS) on the aura Satellite, IEEE T. Geosci. Remote, 44, 1075–
1092, https://doi.org/10.1109/TGRS.2006.873771, 2006.

Wilson, R., Dalaudier, F., and Luce, H.: Can one detect small-
scale turbulence from standard meteorological radiosondes?, At-
mos. Meas. Tech., 4, 795–804, https://doi.org/10.5194/amt-4-
795-2011, 2011.

Wulfmeyer, V.: Investigations of humidity skewness and variance
profiles in the convective boundary layer and comparison of
the latter with large eddy simulation results, J. Atmos. Sci., 56,
1077–1087, 1999.

Atmos. Meas. Tech., 11, 6409–6417, 2018 www.atmos-meas-tech.net/11/6409/2018/

https://doi.org/10.5194/amt-7-4463-2014
https://doi.org/10.5194/acp-6-3325-2006
https://doi.org/10.5194/acp-6-3325-2006
https://doi.org/10.5194/amt-7-4517-2014
https://doi.org/10.5194/amt-7-4517-2014
https://doi.org/10.1029/2003JD003974
https://doi.org/10.1029/2002RS002647
https://doi.org/10.1029/2000JD900097
https://doi.org/10.1029/2008JD011565
https://www.cfa.harvard.edu/sma/memos/
https://doi.org/10.5194/angeo-28-825-2010
https://doi.org/10.5194/amt-6-3147-2013
https://doi.org/10.5194/amt-9-5955-2016
https://doi.org/10.5676/GRUAN/RS92-GDP.2
https://www.gruan.org/data/data-products/gdp/rs92-gdp-2/
https://doi.org/10.1175/JTECH-D-13-00075.1
https://doi.org/10.1175/JTECH-D-13-00075.1
https://doi.org/10.1109/TGRS.2006.873771
https://doi.org/10.5194/amt-4-795-2011
https://doi.org/10.5194/amt-4-795-2011


X. Calbet et al.: Turbulence and 183 GHz biases 6417

Wulfmeyer, V., Pal, S., Turner, D. D., and Wagner, E.: Can water
vapour Raman lidar resolve profiles of turbulent variables in the
convective boundary layer?, Bound.-Lay. Meteorol., 136, 253–
284, https://doi.org/10.1007/s10546-010-9494-z, 2010.

Yue, J., Miller, S. D., Hoffmann, L., and Straka, W. C.:
Stratospheric and mesospheric concentric gravity waves over
tropical cyclone Mahasen: Joint AIRS and VIIRS satel-
lite observations, J. Atmos. Sol.-Terr. Phy., 119, 83–90,
https://doi.org/10.1016/j.jastp.2014.07.003, 2014.

www.atmos-meas-tech.net/11/6409/2018/ Atmos. Meas. Tech., 11, 6409–6417, 2018

https://doi.org/10.1007/s10546-010-9494-z
https://doi.org/10.1016/j.jastp.2014.07.003

	Abstract
	Introduction
	Turbulence from radiosondes
	Radiative transfer modeling
	Discussion
	Simulations
	Behavior of the different terms

	Conclusions
	Data availability
	Competing interests
	Acknowledgements
	References

