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Abstract

The atmospheric boundary layer (ABL) exhibit multilayered thermal structure especially
in polar atmosphere during extreme winters. These thermal inversions are originated
based on the combined forcing of local and large scale synoptic meteorology. At the
local scale the thermal inversion layer forms near the surface and plays a central role
in controlling the surface radiative cooling; however, depending upon the large scale
synoptic meteorological forcing, an upper level thermal inversion can also exist topping
the local ABL.

In this article a numerical methodology is developed to determine all-thermal inver-
sion layers present in a given temperature profile and deduce some of their thermody-
namic properties.

The algorithm extract from the temperature profile the most important temperature
variations defining thermal layers. This is accomplished by a linear interpolation func-
tion of variable length that minimizes an error function. The algorithm functionality is
demonstrated on actual radiosonde profiles to deduce all-present inversion layers with
an error fraction set independently.

1 Introduction

The atmospheric boundary layer (ABL) is the lowest part of the troposphere in per-
manent contact with the earth surface and respond to thermal and roughness surface
forcing in timescales of minutes to hours (Stull, 1988). Synoptic large scale meteo-
rological processes condition the ABL state by driving relatively rapid horizontal air
mass exchange such the case for example of cyclonic air mass advection (Fochesatto
et al., 2002) or simply by imposing on upper tropospheric levels an adiabatic compres-
sion through the formation of a high pressure anticyclone system (Byers and Starr,
1941; Bowling et al., 1968; Curry, 1983; Cassano et al., 2011). These large scale
synoptic processes constraint the temperature of the air mass in tropospheric levels
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without initial connection to the local surface temperature forming vertically localized
positive upward thermal gradients called Elevated Inversion (El) layers (Csanady, 1974;
Milionis and Davies, 1992, 2008; Mayfield and Fochesatto, 2013).

Although the ABL-timescale for surface response ranges from minutes to hours (Gar-
rat and Brost, 1981; Stull, 1988); the ABL response to synoptic forcing at local scale
initiated by the radiative and dynamic interaction in the presence of the Els can vary
from hours to several days depending on a number of factors related to topographic
conditions, temperature and wind distribution, thermal stratification and synoptic air
mass type (e.g., moist cyclone advection or dry anticyclone situations, Mayfield and
Fochesatto, 2013).

In polar atmospheres, the surface energy balance during winter is dominated by
surface radiative exchange (Shulsky and Wendler, 2007). This exchange occurs be-
tween a shallow layer close to the ground capped by the surface based inversion (SBI)
top height. The SBI also plays a thermalizing role in the surface cooling process by
promoting radiative equilibrium between surface long-wave emission and the air mass
radiative emission contained within the SBI layer depth (Malingowski et al., 2014). The
SBI is present normally under non-advective conditions over ice and snow covered
surfaces and is a common feature in continental places as well as in Arctic oceanic
and maritime environments (Overland and Guest, 1991; Bintanja et al., 2011). The
SBI formation and persistence is also strongly dependent on terrain morphology and
orientation (e.g., formation of cold pools Mahrt et al., 2001; Clements et al., 2003;
Whiteman and Zhong, 2008; Fochesatto et al., 2013). Of particular interest is the for-
mation and breakup of the SBI layer (Billelo, 1966; Hartman and Wendler, 2005) and
it's thermal regime across time as it forms (i.e., fast cooling at the formation process
followed by a growing depth phase) (Malingowski et al., 2014). In such cases what is
important is not only to be able to determine the inversion top height and its thermal
strength (or gradient) but also the existence of stratified levels (positive dT /dz) close to
the surface which are thermodynamic features controlling the sensible and latent heat
exchange rate (Raddatz et al., 2011a, b). In addition simultaneous determination and
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characterization of El layers and SBI has the potential to improve assessment on lo-
cal air pollution meteorology (Andre and Mahrt, 2005), improve forecasting of freezing
rain episodes (Robbins and Cortinas, 2002), determine heat exchanges in unconsoli-
dated sea-ice surfaces (Raddatz et al., 2013a, b) and potential impact on Arctic climate
(Bintanja et al., 2011).

The most widely used instrumentation to observe the ABL is in-situ temperature
determination by high resolution radiosondes. However the methodologies to ana-
lyze the radiosonde temperature profile, see for example (Seidel et al., 2010), still do
not account for complex embedded thermal structures of several types. Such an ex-
ample are winter high latitude temperature profiles in which the occurrence of com-
bined stratified, isothermal layers and inversion layers are normally found close to
the ground. On the other hand some authors have classified these layers as being
short-living structures and therefore discarded from their analysis (Kahl, 1990; Serreze
et al., 1992). However, it was recently demonstrated during the Winter Boundary-Layer
Experiment (Wi-BLEXx) (Fochesatto et al., 2013; Mayfield and Fochesatto, 2013; Malin-
gowski et al., 2014) that all mentioned thermal structures persist with some changes
through the day depending on environmental conditions.

Nonetheless, trying to detail more in-depth turbulent mixing processes in the ABL,
the observations demands instrumentation that can profile the atmosphere at higher
spatial and temporal resolution than what provides a radiosonde instrument. Thus ac-
tive remote sensing instruments gives a better description of the vertical structure and
dynamics of the ABL by means of for example Lidar (Light Detection And Ranging,
Fochesatto et al., 2001a, b; Fochesatto et al., 2004) and sodar (SOund Detection And
Ranging, Beyrich and Weill, 1993; Fochesatto et al., 2013). Particularly interesting is
the high temporal and spatial resolution at which lidars can describe the initiation of
convection close to the surface as well as simultaneously describe the dynamics of
El layers in this case also known as residual layer (Fochesatto et al., 2001a, b). Sim-
ilarly, insightful description of the turbulent and dynamic structure of the ABL when
shallow cold flows penetrate the stable ABL can be gained by using a sodar profilers
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(Fochesatto et al., 2013). Passive ground based remote sensors i.e., microwave ra-
diometers, based on background sky microwave radiation sensing are another option
to profile the ABL at ~ minute resolution (Cadeddu et al., 2002). Methodologies to de-
termine the ABL height using lidars are based on detecting the changes in the optical
backscattering top inversion level when the laser beam crosses the interface between
the air mass in the ABL and the free troposphere (Menut et al., 1999; Bianco and
Wilczak, 2002; Brooks, 2003; Lammert and Bosenberg, 2006). On the other hand de-
termining the ABL height using sodar becomes a little more complicated because the
observations give access to the temperature structure of turbulence C? profile that
changes depending upon the ABL phase, terrain and multilayer structured (Beyrich
and Weill, 1993).

Radiosonde determination of thermal inversion layers to study the Arctic Ocean
ABL has been done using function fitting on radiosonde in the Arctic Ocean (Serreze
et al.,, 1992). To determine the large scale climate signature in the SBI time-series
of polar regions Arctic and Antarctic (Seidel et al., 2010; Zhang and Seidel, 2011;
Zhang et al., 2011). In short term studies, Khal (1990) and Khal et al. (1992) have im-
plemented a methodology to explore the temperature profile and then applying some
constraints deduce the SBI top height. And, using similar methodologies trying to link
time-series of SBI top heights to large scale climate processes in continental Alaska
(Bourne et al., 2010).

In this article a mathematical procedure is described and its numerical implemen-
tation is documented to determine all-thermal layers presents on a given temperature
profile in the lower troposphere. Section 2 describes the mathematical procedure and
numerical implementation, Sect. 3 determine the calibration factors of the numerical
methodology, Sect. 4 applies the numerical procedure to routinely radiosonde observa-
tions and Sect. 5 gives a final assessment of the implemented numerical methodology.
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2 Methodology

A thermal inversion represents a region in the atmosphere defining a positive upward
temperature gradient % > 0, where, T is the temperature and z is the height. As de-
scribed in the introduction this positive upward temperature gradient can have two ori-
gins. The first one related to surface cooling i.e., surface net radiation loss, giving origin
to the formation of a SBI and, the second one is originated after synoptic large scale
processes i.e., upper level warming also known as El layers (Mayfield and Fochesatto,
2013). Under these conditions the temperature profile in the lower troposphere is ex-
pected to describe either a neutral thermal layer (no inversion present), isothermal
layers, presence of a surface based-inversion (SBI), development of stratified layers
within the SBI layer-depth, shallow inversion layers above the SBl-inversion top and
more complex situations in which upper level thermal inversions are also present with
base and top in the outflow ABL (Khal, 1990; Mayfield and Fochesatto, 2013). Figure 1
sketches the more relevant situations.

To deduce the total existing thermal layers composing the temperature profile a com-
putational routine was implemented to identify the heights and temperatures of the
base and top of stratified and inversion layers. In this case the temperature profile was
reduced to a mathematical expression based on a linear function calculated on the
basis of an iterative linear interpolation routine. The numerical routine is based on fit-
ting and refitting a piecewise linear interpolating function with variable length to define
layer-by-layer the temperature profile composition. An error quote controls the algo-
rithm convergence and is calculated based on the largest singular value ¢ by which
all thermal features in the temperature profile can be reproduced based on an error
difference preset in the routine. The numerical method actually reduces the number
of points presents in the original temperature profile. Therefore after applying the nu-
merical methodology the temperature profile now becames a data structure defining
thermodynamic characteristics of thermal layers found in the temperature profile. Fur-
ther on, exploring the data structure we can define essential features in the temperature
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profile such as: (1) height of an inversion layer as the layer in which the temperaturre
gradient turn positive upward to negative upward and (2) height of stratified layers as
the layer in which the temperature gradient experiences changes mantaining positive
sign.

Equation (1) indicates the mathematical formula describing the piecewise linear ap-
proximation of the temperature profile.

N-1
P(2)= D my-z+by (1)
k=1

where k represents each linear interval fitting and N is the total number of temperature
measurements. The sequence of linear fitting is executed by selecting two temperature
points at the time varying its length from the top-height to bottom-height maintaining
bottom fixed, until the linear piecewise function minimizes the error quote against the
temperature profile as indicated in Eq. (2).

€=|@2)-T(2) ()

here ¢ represents the mathematical norm or Euclidean distance between the linear
piecewise mathematical representation ¢(z) and the original temperature profile 7(z).
This way the temperature profile is assimilated to the series of sequentially fitted
linear intervals defining the temperature profile. It has to be noted that after the layer
(k) has been detected, the layer (k + 1) considers its lowermost point as being the top
of layer (k) and start over again “connecting” this point with the top-height point of the
temperature profile and, from there, descending in height until the ¢ value reaches the
preset threshold. This way the procedure continues until the entire temperature profile
has been scanned and assimilated to frames defined by piecewise linear functions.
Basically the number of piecewise linear functions (k) will be defined by the ultimate
number of temperature measurements composing the temperature profile (N), thus
max(k) = N — 1. However increasing flexibility in the error fraction (¢) will therefore re-
duce the max(k) reached. In such case the final approximation formula is expressed in
10565
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Eq. (3):
k=p

P(2)= D my-z+by (3)
k=1

where p is the total number of points from the original temperature profile that has been
retained by the fitting process.

Table 1 indicates a five-layer temperature structure in the ABL up to 1km height
based on six-point temperature simulation. The profile defines a stratified SBI with top
height at 250 m topped by an El at 670 m. Figure 2 illustrate the sequences in which
the algorithm operates to search and define each layer from 1 to 5. In this case we
retain all points in the temperature profile.

3 Convergence error

Since the ability of the algorithm to extract thermal layers depends upon the value
chosen for ¢ then it is reasonable to determine for example how that value changes
as function of temperature profile gradient d7/dz to be retrieved represented by an
amount of (°C/100 m) as the minimum temperature gradient threshold. To deduce the
calibration curve of ¢ as function of the thermal gradient threshold a simulation was
performed scanning values of ¢ from 0.1 to 10 as function of desired thermal gradients
thresholds from 0.1 to 15°C/100 m (Mayfeild and Fochesatto, 2013) . Once a threshold
d7 /dz is defined a maximum convergence value € can be selected to actually detect
the prescribed thermal layer.

Figure 3 illustrate the calibration curve of the thermal gradient threshold as function
of the preset error value ¢. This relationship can of course be determine in an ideal
scenario since a real temperature profile will manifest a diverse structure in which the
error will be dependent on the multiple thermal features present in the profile. Therefore
in this case a constant temperature vertical profile was assumed with a thermal gradient
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that was set at one prescribed height with variable thermal strength in (°C/100 m). The
strength of this thermal gradient was varied by intervals from 0.1 to 1.0 in steps of
0.1 then, from 1.0 to 10 in steps of 1.0 and for £ values from 0.1 to 10 in steps of
0.1. Thus the ability to find the thermal gradient was deduced at each thermal gradient
level as a function of ¢ and a number 1 to 4 of thermal layers present simultaneously.
The value found for € ensures detection of the proposed thermal gradient and all-those
larger presents simultaneously in the temperature profile.

As an example let’'s imagine we would like to detect thermal layers in a temperature
profile with a threshold of 4°C/100m then according to Fig. 3 the preset ¢ should
be 3.9 or less to ensure detection of the single thermal layer. But ¢ relaxes as the
number of calculated thermal layers present in the profile increases. For example ¢
can be less than 5.0 if two layers with the same gradient are present and less than
6.9 if three layers are present and less than 7.9 if four layers or more are present. On
the other hand, as the thermal gradient threshold decreases the values of ¢ needed
are smaller. Conversely, if the thermal gradient relaxes then ¢ is also seen to relax.
From Fig. 3 from this analysis it can be concluded that practically all thermal layers
are detected after 10°C/100 m with &€ = 10 or less. However it can be seen that single
layer detection imposes the more restricted condition in terms of . For example if the
desired thermal gradient threshold is 7°C/100m and the ¢ is set to values larger than
7.5; then a temperature profile having a single layer present will not be detected while
instead if the temperature profile is composed by two and more layers then that ¢ value
will be enough.

4 Numerical application

In this section the numerical method is applied to the restitution of thermal layers
from radiosonde data. In this case we used radiosonde data archives from the NOAA-
ESRL database for the Fairbanks International Airport WMO station code 70261. The
case of 15 January 2014 at 00:00UTC is examined here to illustrate the numerical
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methodology. Figure 4 illustrates the temperature profile below 5km, above ground
level. Table 2 summarizes all layer’s information extracted presetting € = 0.1 allowing
detecting 24 layers over 42 temperature points below 5 km.

From the analysis of detected layers one can initially search in the data structure the
changes in m,. Since m, > 0 will be assigned to positive upward dT /dz while negative
will indicate the opposite. The third case m, ~ 0 will be the case not very often found
but retrieved when sufficient resolution is present indicating isothermal layers. From the
analysis of the resulted data it can be deduced that the inversion layer defined when
m, changes from positive to negative, is assigned to be the SBI at 165 ma.g.l.; while on
the other hand any other inversion layer with base off the ground is called therefore EI.
In this particular case the methodology found two El's with base heights at 685 m and
1108 ma.g.l. A stratified layer was detected by the algorithm at 62m (5.2°C/100m)
within the SBI layer depth and similarly other stratified layers are present between the
SBI top height and the El layers as indicated in Table 2.

Furthermore, the algorithm performance was evaluated using the present case ex-
ample in term of the number of layers detected as function of the preset convergence
error ¢ and the final temperature retrieved error (%) as function of the preset ¢ value.
In this case the algorithm was executed in a loop varying ¢ in the interval from 0.1 to
1.0 in steps of 0.1 and from 1.0 to 15 in step of 0.5. The final temperature error was
computed based on the norm of the final temperature vector resampled in terms of the
original height vector. This explain why the actual preset ¢ value which applies to every
step in the fitting and re-fitting process is somewhat different to the final temperature
profile error after fitting all the thermal layers. Figure 5 depicts two curves indicating
the number of thermal layers retrieved and the final overall temperature error profile as
function of the ¢ preset value.

In order to summarize the application of this methodology and visualize the effects of
the final error over the reconstructed temperature profile; Fig. 6 illustrate the resampled
temperature profile in the case of four selected error levels.

10568

Jaded uoissnosiq | Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

(®
{o

AMTD
7,10559-10583, 2014

Methodology for
determining
multilayered
temperature

inversions

G. J. Fochesatto

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/10559/2014/amtd-7-10559-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/10559/2014/amtd-7-10559-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

It is clear that error = 0.1 % reproduces all layers shown in the original temperature
profile while by increasing the preset convergence factor ¢ = 0.1,1.0,5.5,10.5 the error
in the overall temperature retrieved profile increases and therefore the fine structure in
the temperature profile vanishes. This is very important to consider. For example, for
more than 10 % of error the entire ABL thermal structure disappears indicating just the
presence of the EI-1 below 1500 m.

5 Summary

A simple numerical iterative routine was developed to deduce all thermal layers com-
posing a given atmospheric temperature profile. The numerical routine converts the
temperature profile in a reduced data structure containing base and top heights as
well as thermal gradients allowing identification of most important air mass changes
accounting for SBI, SL, El and isothermals layers.

This methodology has been applied to the study of 10years. upper air data in the
interior of Alaska and to deduce the statistical significance of the presence of SBI and
multilevel Els. In addition, the application of this methodology allowed classification of
El layers by means of the dew point temperature gradient across the inversion layer
depth (Mayfield and Fochesatto, 2013).

The method was also applied to study the temporal evolution of SBIs using high
resolution GPS soundings during formation and breakup of SBI layers (Malingowski
et al., 2014).

The method does not introduce new temperature points it rather reduces the amount
of them according to the preset convergence value. However some degree of expertise
in meteorology is needed to read the output data-structure and clasify the detected
thermal layers.

Based on this methodology temporal series of inversion heights can be formed ana-
lyzing the data output structure and after applying a specific criteria extract a time se-
ries of a particular nature. For example, in Mayfield and Fochesatto (2013), the interest
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was to perform a statistical analysis of SBI and El-1 to -4 layers and classify them in
terms of their dew point temperature gradient across the inversion. For that purpose,
it was necessary to include the dew point temperature in the data-structure after read-
ing and processing the radiosonde data so that the retrieved El layer could have been
classified.

The relationship between threshold thermal gradient d7'/dz, the preset convergence
factor € and the overall final error between the resampled temperature profile and the
original temperature profile is difficult to establish. Section 3 deals with the relationship
between d7 /dz and ¢ for theoretical profiles (i.e., constant temperature profile with
controlled thermal inversions) to deduce this relationship. However the application of
this methodology to a real case produces an overall error in the resampled profile
that is different from the prescribed preset convergence factor ¢. This is important to
differentiate since ¢ applies internally as convergence factor to increase fidelity in the
temperature fitting over an Euclidean norm that is applied over a variable vector length
step by step. While, on the other hand, the overall error indicating how accurate the
resampled temperature profile reproduces the original profile accounts for the entire
profile at once.

The application of such methodology has numerous venues. For instance air pollu-
tion meteorology and pollutants transport processes that are strongly dependent of me-
teorological conditions nearby the emission source. In special at high latitudes where
the SBI layers and stratified-SBI shows a persistent presence during the winter in the
absence or under little diurnal cycle. The application of this methodology is not re-
stricted to low level layers exclusively since it has been demonstrated by Mayfield and
Fochesatto (2013) that El layers also plays an important role in the high latitude ABL
because of the dynamic radiative forcing that drives surface warming and pollutants re-
circulation. Another application is the evaluation of large scale synoptic meteorological
changes and its impact on high latitude environment. In this case it is important to con-
sider a methodology that can account for all thermal layers present in the temperature
profile over ocean, maritime and continental places. In order to be able to evaluate the
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impact of prescribed synoptic meteorological patterns over a specific area it is neces-
sary to retrieve simultaneously thermal layers affected by local scale and those domi-
nated by large scale atmospheric motion. Therefore evaluation of temporal series con-
taining this multilayered information could assist in improving our understanding of how
large scales feedbacks are introduced and affect the local environment. Since radiative
interaction between SBI and El layers is controlled by the vertical stratification then the
analysis of surface warming in high latitude continental and oceanic environments in
particular over sea-ice surfaces will be one future application of this methodology. Of
course data bases in which the method can be applied need to have sufficient vertical
resolution to pull level details close to the surface to be able to define the multilayered
structure.

The retrieval of stratified layers may results perhaps of no practical importance for
operational meteorological purposes but it is of course of importance in determination
of heating rates in studying the effect of inversion layers in surface—atmosphere inter-
action either on continental and in sea-ice surfaces. In terms of transient air pollution
process, the importance of stratified layers within the SBI, is on of the most important
limiting factor for turbulent diffusion for example during rush hours where high concen-
tration of particulate matter and noxious gases build up to dangerous levels in short
period of time.

The algorithm was proposed for radiosonde profiles but it can also process tempera-
ture outputs from microwave radiometers and large scale reanalysis databases as well
as climate outputs downscaled temperature profiles. Particularly interesting is the use
of this algorithm to climatological determination of the ABL layers SBI and El and their
connection to large scale synoptic meteorology.
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Layer 1 2 3 4 5 Units

T,z  —-20,100 -15250 -22,550 -17,670 -23,1000 (°C, m)
T,z -30,0 -20,100 -15,-22 -22,550 -17,670  (°C,m) Abstract
dT /dz 10 3.3 -2.3 4.2 1.8 (°C/100m)
Class strat strat SBI cold layer El
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Table 2. Results of application of the numerical routine to extract thermal layers from ra-
diosonde database NOAA-ESRL PAFA 70261 for 15 January 2014 at 00:00 UTC. In this case
€ =0.1. The temperature profile contain 42 points below 5 km height and the program detected
p = 24 layers. In the classification column SL (stratified layer), CL (cold layer), Sl (shallow in-
version), | (isothermal layer), FT (free troposphere). First column represents the layer number,
second column is the layer base height Z, (m), third column is the layer top height Z; (m),
fourth column is the temperature at Z,, fifth column is the temperature at Z,, sixth column is
the temperature gradient m, (°C/100 m), seventh column is the depth of the layer (m) and eight
column is the layer classification.

Layers  Z, Z Ty T, my Depth  Classification
(my (m) (C) (C) (C/100m) (m)
1 0 62 -181 -17.7 0.6 62 SL
2 62 165 -17.7 -123 5.2 103 SBI top
3 165 295 -123 -13.1 -0.6 130 CL
4 295 344 -131 -123 1.6 49 SL
5 344 419 -123 -125 -0.3 75 SI
6 419 589 -125 -941 2.0 170 SL
7 589 685 -9.1 -87 0.4 96 SL
8 685 925 -8.7 -105 -0.7 240 El-1
9 925 961 -10.5 -10.1 1.1 36 SL
10 961 988 -10.1 -89 4.4 27 SL
11 988 1015 -89 -7.9 3.7 27 SL
12 1015 1108 -79 -7.9 -0.0 93 IL
13 1108 1751 -79 -12.1 -0.6 643 El-2
14 1751 1973 -121 -12.7 -0.3 222 CL
15 1973 2034 -12.7 -125 0.3 61 SI
16 2034 2304 -125 -13.8 -0.5 270 FT
17 2304 2807 -13.8 -18.1 -0.8 503 FT
18 2807 3044 -18.1 -20.3 -0.9 237 FT
19 3044 3170 -20.3 -21.1 -0.6 126 FT
20 3170 3252 -21.1 -211 -0.0 82 FT
21 3252 3550 -21.1 -23.1 -0.7 298 FT
22 3550 3832 -23.1 -257 -0.9 282 FT
23 3832 4503 -25.7 -31.1 -0.8 671 FT
24 4503 4926 -31.1 -35.1 -0.9 423 FT
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Figure 1. lllustration of temperature profiles indicating different thermodynamics conditions (a)
no-inversion present; (b) presence of a SBI; (c) presence of a stratified (SL) SBI; (d) SBI strati-
fied in the presence of an El and (e) SBI stratified and multiple Els. Modified after Khal (1990).
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Figure 3. Preset error ¢ as function of the thermal gradient expressed in °C /100 m for detection
of single thermal layer (“"), two-layers (“0”), three-layers (“*”) and four-layers (“x”). The curves
were obtained considering d7/dz from 0.1 in step of 0.1 to 1 then from 1 to 10 in steps of 1

while the error was set to a vector array from 0.1 in step of 0.1 to 10.
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