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ABSTRACT 

The Haar wavelet covariance transform is applied to ground-based LIDAR backscatter 
profiles to provide high resolution local time series of planetary boundary layer (PBL) 
height. This method is used to produce a PBL height dataset at the USDA ARS Walnut 
Gulch Experimental Watershed (WGEW) in Tombstone, AZ over the 2017 summer North 
American monsoon season. The WGEW site has a long term record of hydrological and 
meteorological measurements in an arid environment with complex terrain and variable 
vegetation, which provides an interesting case to study of temporal and spatial variations 
of the convective PBL in such an environment, and their relationship to the development 
of summer air mass thunderstorms. PBL height is correlated with heat and moisture fluxes 
in the area, as well as precipitation rates and soil moisture, to help characterize the 
effects of recirculation of moisture over the course of the monsoon season on rainfall in 
the region. We find that the boundary layer tends toward lower heights of and later daily 
development over the course of the season, dropping around of 540 m on average by 
September. An analysis of dry-down times following active monsoon periods reveals a 
change of average PBL h of 220 m/day for the 3 days following significant rainfall, slowing 
to 80 m/day for the remaining 2 days before the lower atmosphere and surface dry out. 
Results are compared with a single slab boundary layer model based on surface sensible 
heat flux, and a strong linear correlation is found, especially earlier in the season, with an 
R2 of 0.992 for the month of June and an average R2 of 0.95 for the entire summer. 

  

1. Introduction 

  The planetary boundary layer, or mixed layer, is the lowest layer of the atmosphere, in 
contact with the Earth's surface, and so it is influenced by friction and turbulence which 
mixes dust and aerosols throughout this layer. An inversion at the top of the PBL traps the 
aerosols within it, so there is a greater concentration of particulates in the PBL than in the 
free atmosphere above. The higher reflectivity of this layer due to the particles suspended 
in it enables detection of the layer depth by remote sensing such as ground or space-
based lidar. The typical structure and evolution of the daytime PBL in SE Arizona is shown 
in Figure \ref{f1}. The height of the PBL grows and decays over the diurnal cycle from 
around 500m to 4000m in the U.S. desert southwest. The overnight breaking down of the 
boundary layer often leaves one or more residual layers, which are eventually overtaken 
and absorbed by the next day’s boundary layer development. 

  The North American Monsoon (NAM) is a seasonal rainfall event cycle that occurs over 
the desert southwest/great basin region of the U.S. and northern Mexico. The summer 
thunderstorms that the NAM generates can be extreme, high impact wind, rain and/or hail 
events, and they also constitute a significant portion of the annual rainfall in these 
regions, so understanding and forecasting these phenomena on both a daily and seasonal 
time scale is strongly motivated. The initiation of these air mass convective thunderstorms 
typically occurs near the top of the daytime (convective) PBL, and the process of storm 
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development is influenced by surface-atmosphere interactions such as latent/sensible heat 
and moisture fluxes. The height of the boundary layer (PBL h) and its relation to surface 
characteristics and fluxes is therefore an important metric for understanding and 
predicting monsoon rainfall. The seasonal progression of the monsoon includes a gradual 
moistening up of the ground and areal greening of vegetation, which also affect 
thunderstorm development over the course of the monsoon, and we endeavor to 
characterize these land-atmosphere processes and their relation to PBL h for the NAM. Of 
particular interest in this paper are dry-down periods which occur after periods of 
precipitation, and the subsequent evolution of boundary layer and surface flux changes.   

  Due to abrupt changes in meteorological variables of potential temperature θ, water 
vapor mixing ratio q, and horizontal wind velocity at the top of the boundary layer, PBL h 
can be objectively computed from radiosonde data by several methods, but these data are 
limited to times that the balloons are launched. In addition these balloons may drift 
horizontally to different locations each day during their ascent, and the radiosondes also 
measure only at discrete height intervals. Vertically continuous 2D atmospheric slice 
observations are available via airborne and space-based lidar or radar, but for cost and 
convenience a ground-based ceilometer solution often captures diurnal PBL h evolution at 
a specific location well, by detecting the sharp aerosol gradient at the boundary layer top. 
Several techniques have been explored for automatically determining PBLH from 
backscatter signals, including a simple negative gradient (Endlich et al. 1979), detection 
of regions of high variance (Martucci et al. 2010), 1D wavelet covariance transform (Davis 
et al. 2000) on a single column and 2D image edge detection (De Giuseppe 2012) 
performed on a time series of columns (as in Figure \ref{f4}). Hybrids of these and other 
methods have also been explored in the pursuit of an algorithm that performs well under 
varying conditions of sky and surface (Hicks et al. 2015). In recent years the discrete 
wavelet covariance transform (WCT) method has become widely used for its relative 
simplicity and effectiveness. The WCT is a variable dilation gradient analysis that picks out 
the sharp signal contrast that often delineates the PBL h in a lidar backscatter profile, as 
well as finer residual sub-layers that occur in the overnight and morning hours (Figure 
\ref{f1}).  

  We apply a WCT to lidar readings at the USDA-ARS Walnut Gulch Experimental 
Watershed (WGEW) near Tombstone, AZ from 2017 to 2019 in order to develop and 
analyze a desert PBL h data set. Latent and sensible heat and moisture fluxes and other 
meteorological variables are retrieved from three flux towers located at the site. The arid 
environment and complex terrain, comprised of mountainous regions as well as a desert 
riparian zone around Walnut Gulch (a usually dry wash) itself provide a unique 
opportunity for studying surface fluxes and monsoonal moisture recirculation and their 
relationship to boundary layer characteristics in the region during the NAM.  

  The source of the raw data is a Lufft CHM15K ceilometer, which uses lidar to emit short 
light pulses of 1064 nm wavelength and 1-5 ns duration, at 5-7 kHz up through a column 
of the atmosphere. The pulse energy is 7-9 µJ. Lidar is sensitive to the particulate loading 
of the atmosphere and so these waves are scattered back more strongly by dust and 
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aerosols than air molecules at 1064 nm, capturing a vertical backscatter profile from 
~200 m to 15 km at a resolution of 15 m, that reveals the structure of the boundary layer 
via the particles trapped within (Lufft 2015). The ceilometer reports backscatter values 
every 15 s and the internal data processing software of the CHM15K calculates up to two 
PBLH values using a wavelet algorithm presumably similar to ours described below, if less 
flexible. Up to three cloud base height (CBH) values are also determined internally and 
reported every 15 s.  

 

 

   

2. Study Site and Methods 

The Walnut Gulch Experimental Watershed is a USDA-ARS hydrological research site with 
a long history of data records going back to the 1960’s in some cases. The 148 km2 site is 
highly instrumented, with a network of rain gauges, soil moisture sensors and flumes for 
runoff measurement. Additionally located are multiple atmospheric instruments including 
3 Flux towers with temperature, humidity, wind speed, surface air pressure, and gas 
concentration sensors capable of deriving surface sensible and latent heat fluxes. Flux 
towers with instruments used in this study are located in the nearby Lucky Hills shrub 
area (1372 m), Kendall Grasslands (1531 m) and also at the lower end of the gulch flood 
plain (1225 m) (Scott 2004; Goodrich et al. 1994). 

  One day is analyzed at a time, and every 4th time step is evaluated. This reduces 
computational cost and produces nearly identical results as running every time step. A 
wavelet covariance transform (WCT) method is applied to the ceilometer readings to 
determine the PBL h for each time step. This method takes the product of a Haar wavelet 

Figure 1 – Some typical features of the PBL, as it evolves from an early 
fall morning through the afternoon. The drawing and labels are 
superimposed on an actual LIDAR backscatter time-height plot. 
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(Eq. \ref{eq2} and Figure \ref{f2}) and a ceilometer backscatter profile, integrated over 
the vertical range z of the profile for every specific height b. (Eq. \ref{eq1}). The choice 
of wavelet width a, or dilation, determines the scale of the backscatter gradient that is 
isolated by the WCT, and so the correct choice of dilation will ideally produce a peak at the 
height of the PBL, where a large signal gradient typically lies. Figure \ref{f3} illustrates 
the process of finding the PBL h for a single time step (left), along with some sample 
results of the WCT for that time step and for multiple dilations (right). The mean of all 
wavelet dilation results is in red at the right, and taking the mean of different 
combinations of wavelet scales can highlight the PBL h and also various secondary aerosol 
layers in the backscatter profile. 

 

                     

 

 

Figure 2 – The Haar wavelet 
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a) Pre and post data processing 

  To prepare the data for the WCT, a rolling mean smoothing is applied across 20 time 
steps (5 min) for each height. This removes some of the noise in the data, especially in 
the free atmosphere above the PBL h, making the algorithm more effective (Sup. Figure 
/ref{S1}). A similar smoothing may be applied to the final PBL h result of the algorithm. 
After the initial WCT is finished, a quality control (QC) routine similar to that performed in 
Compton et al. (2013) and other prior studies is applied to the results to correct outlier 
values. The QC process checks for discontinuities (>45m) between each PBL h value and 
the adjacent values on either side. If a gap exists then the WCT is run continuously with a 
reduced range of b that is between each previous value and the upper or lower limit of the 
backscatter profile, so that low outliers are progressively raised to within 150m of their 
neighbors, and high outliers are lowered. Up to 3 time steps on either side are checked for 
gaps. This allows correction of outlying values while still preserving PBL h information 
derived from the WCT (Figure /ref{f4}). In addition, the routine ‘looks ahead’ in cases of 
large discontinuities at the mean values of future time steps to gauge whether to pull the 
next value toward the current value, or start moving the current value toward the future 
one. This helps to draw a more continuous boundary layer, in cases where the algorithm 
would otherwise be jumping between several potential layers. 

  

Figure 3 – (left) The Haar wavelet applied to a backscatter profile. The result of the convolution is 
integrated over the vertical range of the signal for each height step b. (right) The WCT for 
different wavelet dilations. The larger dilations tend to reveal the overall PBL h, while the middle 
range picks up finer detail with possible residual layers. The smallest dilations are mostly 
uncorrelated noise, but the mean at the far right contains PBLH and also possible additional sub-
layer information. 
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b) Correction and improvement of automatic PBL detection 

  Beyond simple outlier correction, there is often a need for further 
adjustment/quantification of the wavelet transform results. The WCT does not perform 
well in situations where there is a lot of precipitation and/or clouds (Guiseppe et al. 2012). 
Other conditions that can interfere with the Lidar-based method are fog, high horizontal 
wind speed causing advection and/or removal of the aerosol marker and weak vertical 
advection leaving multiple residual layers, typically overnight (Hicks et al. 2013). Although 
completely automatic detection is the goal of using an algorithm like this, in some cases 
subjective inspection and/or correction must be performed on the results to develop a 
viable dataset for the summer 2019 period (Sup. Figure \ref{S3}, left). This is done by 
examining each daily WCT result image and using the tools described above, deciding if all 
or part of the result is to be rejected and/or corrected, then drawing the corrections in 
with a mouse or stylus and merging the new data into the results. The small sample size 
(one summer) makes this strategy viable here where it might not be with a larger 
dataset. In other cases it is simply not possible to even subjectively determine where the 
PBL should be, as the boundary layer is not even clearly physically defined in many such 
situations (Figure \ref{f5}) (Stull 1988). Several techniques are used here to avoid too 
much subjective correction of noisy results, and also to both quantify and to help inform 
the process of correcting results, when necessary. The use of these techniques helps keep 
the need for subjective correction to < 30% of the automatically determined daily results. 
An additional ~15% of the results must be discarded as suspect for too much noise. 

  A quality index (QI) is implemented as in de Haij (2006) to categorize results according 
to how pronounced the gradient is at the derived PBL h. The score is the difference of the 
mean backscatter signal from 225 m below to the result and the mean signal from 225 m 
above to the result. The score is categorized into 4 bins of ‘poor’, ‘fair’, ‘good’ and ‘clouds’, 
of which the first and last are of most interest here. The bin levels are set arbitrarily by 
trial and error, with large negative values representing ‘clouds’. The ‘poor’ (yellow) 

Figure 4 – The quality control routine detecting outlying values and pulling them in. The routine 
also tries to find a continuous, unbroken line. 
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readings can be used to locate areas in which the detected gradient is so weak as to cast 
doubt on the reading, which can inform the subjective removal of noise, for instance in 
the late morning PBL h ‘ramp up’ region of Figure \ref{f5}. Clouds present an interesting 
case, as afternoon convective clouds forming at the level of free convection (LCL) are a 
good indicator of the PBL h, and can accurately inform automatic detection as shown in 
Sup. Figure \ref{S3} (right). Our algorithm uses the lowest cloud base height (if detected 
by the ceilometer) in lieu of the WCT between the peak heating hours of 11AM and 6PM. 
Outside of those hours clouds are ignored for the purpose of boundary layer detection, as 
other cloud types such as debris clouds from earlier convection and thunderstorm anvils 
which overspread the region from distant storms, as well as precipitation are not 
indicative of PBL h, and will misinform the algorithm as in Figure \ref{f5}. Therefore, 
cloud base detection outside of the peak heating hours is not used for PBL h 
determination.  

  Another technique used in automatic determination and also subjective correction of 
results is that of a multi-layer morning hours WCT designed to help pick out a result from 
several residual overnight layers. After an initial boundary layer determination, a second 
and third iteration of the routine is performed within successively smaller ranges. An 
example of this is shown in Figure \ref{f6}, which also shows the use of a linear color 
scale to make visual inspection of multiple morning residual layers easier (right). 
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Figure 5 – Example of a backscatter image from a particularly ‘noisy’ day, along with 
the WCT algorithm’s attempt at finding the PBL h (black dots). The quality index 
evaluation of the same day is shown below.   

Figure 6 – Example of triple boundary layer detection before noon on June 6, 2019. The left 
image is the original PBL h detection shown in a linear color scale, and the right image shows 
the detection of multiple sub-layers in a linear color scale, which helps highlight the finer 
detail of the AM boundary layer structure. In this case the lowest detected layer is used as the 
PBL h. Also of note are the afternoon convective clouds aiding in boundary layer detection.  
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3. Results and Discussion 

a) General characterization of boundary layer at WGEW 

  Overall PBL h character results for summer 2019 are shown in Figure \ref{f7} and Table 
\ref{t1}. The morning mean from 7:00-9:00 local time meant to capture the overnight 
boundary layer low and afternoon mean from 16:00-18:00 capturing the daytime/evening 
high are shown. The morning low PBL h shows no clear trend while the afternoon values 
show a gradual decrease consistent with the decreasing sun angle and increasing surface 
moisture. Variance is significant, on the order of ~13% of the morning PBL h values in 
particular, which is consistent with a boundary layer that undergoes significant day to day 
and overnight changes due to monsoon cycles of precipitation, dryness and cloud cover, 
with synoptic and mesoscale variations of temperature and moisture also a factor. 

    A plot of hourly PHL h composites for each month of the Summer 2019 monsoon period 
(left) and also for the early and late halves of the season (right) is shown in Figure 
\ref{f8}. The shift downward and later in time of the curve from early to late monsoon is 
consistent with stronger surface sensible heat (SH) flux and an earlier sunrise time in the 
early summer, as well as increased surface moisture and latent heat (LH) flux in the latter 
part of the summer. The relationship between SH flux and PBL h is further explored later 
in this paper. 

 

 

 

Figure 7 - PBL h results for summer of 2019 for a 2 hour 
early morning mean (top) and a 2 hour late afternoon 
mean (bottom). A second order curve is fitted to show the 
declining afternoon trend, especially after mid-July. 
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Table 1 - PBL h means and standard deviations for summer months 

 June July August September Jun-Jul Aug-Sept 

Morning 
mean (m) 

1020  1160 995 1160 1090 1080 

Morning 
std. (m) 

108  131 155 151 120 143 

Afternoon 
mean (m) 

3340   3280   2945 2600 3310 2770 

Afternoon 
std. (m) 

85   159   198 137 152 172 

 

 

 

 

  We are comparing measured surface fluxes, soil moisture, precipitation, temperature 
and dew point from with our PBL h data set. The effects of these quantities on boundary 
layer dynamics are regional in nature, and a single point measurement of i.e. sensible 
heat flux does not suffice to describe the development of a continuous boundary layer. We 
endeavor to capture some of that regional character by using data from the 3 available 

Figure 8 - Composite hourly mean PBL h for the months of June, July, Aug and Sept. (left), and 
for the combined early (June, July) and late (Aug, Sept) monsoon periods. 
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flux towers in the area and also co-located rain and soil moisture gauges. In addition, the 
Lufft ceilometer is located separately from the 3 flux towers (all are within a 10 km 
radius), which adds a spatial differential to the readings that is further motivation to 
consider surface data from multiple points. Figure \ref{f9} give a comparison of latent 
heat flux from the 3 flux tower sites, with precipitation event totals measured at the sites 
for the entire summer. Of note is the scattered nature of monsoon convective 
precipitation which has some variation even within this 10 km radius. In subsequent 
results, the surface flux and other surface measurements that are presented will be a 
mean (excluding gaps) of the 3 locations, as shown in the bottom panel of Figure 
\ref{f9}.  

 

    

 

b) Dry down analysis 

  Over the course of the North American monsoon there are more active periods with 
numerous afternoon and evening thunderstorms, and sometimes overnight mesoscale 
convective systems, and less active periods where the surface and lower atmosphere has 

Figure 9 - Latent heat flux comparison of 3 flux tower sites at WGEW for the summer of 
2019. Rain event data from gauges located at each site is shown in black. The mean of 
all sites and all precip data is shown at bottom. 
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a chance to dry out (Adams et al., 1997). One way we can begin to observe and 
characterize the effects of increased soil moisture/greening on boundary layer dynamics 
over the course of the monsoon is to look at changes in surface fluxes and meteorological 
variables in relation to PBLH during dry down periods, that is times after active monsoon 
periods when the increased surface environmental and recirculating atmospheric moisture 
slowly returns to a baseline. Figure \ref{f10} shows a timeline of precipitation events over 
the course of the 2019 summer, with selected dry down periods marked in red. The 
‘baseline’ periods are shown in beige and are selected to be distant from any precipitation. 
These include one before the monsoon begins in June, and one toward the middle of the 
monsoon in August. We also look at the extended dry down period beginning at the end of 
September and running into November for a characterization of a more complete drying 
out of the surface and its effect on PBL h.  

 

   

  Figure \ref{11} shows the PBL h from ceilometer results for the 5 selected dry down 
periods (a), and for comparison the surface SH flux during the same time periods (b). 
Means of a 3 hour period around the high point of each day are plotted as black dots. 
Figure \ref{f12} shows the dry down period and baseline period results respectively, for 
PBL h and 5 surface variables: sensible heat flux, latent heat flux, surface temperature 
and dew point, and soil water content at 5 cm (SWC). The dry down periods are all five 
days starting with the day after significant precipitation (defined as single or multiday 
periods with 0.5 in or more of rain) has ended. If there was any additional precipitation 
during the dry down period, this is also noted in the soil water content plot (bottom). 
Additional figures for each other dry down periods can be found in the supplemental 
literature. Rainfall periods moisten the surface, increasing surface LH flux and reducing SH 
flux, which suppresses the growth of the convective boundary layer in subsequent days, 
easing as the surface and lower atmosphere dries out again. We find that the average 
mid-late afternoon (from 15:00-18:00) PBL h is suppressed from baseline by an average 
of 890 m, and increases by an average of 220 m/day through the first 3 days of the 
periods (Table 2), with a near total recovery by 6 days in nearly all cases. SH flux and 

Figure 10 - Timeline of precipitation events for summer 2019, with selected five day dry 
down periods (red) and dry baseline periods (beige) highlighted. Data from 3 rain 
gauges located near the three flux tower sites is included for an area-wide rainfall 
picture. 
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surface temperature also increase, and the LH flux and surface dew point decrease during 
these periods. Additional rainfall during the period temporarily reverses these trends. 
Horizontal advection of water vapor due to synoptic or mesoscale systems is another 
factor affecting boundary layer dynamics which can overrun the dry down signal. The 
effects of surface fluxes and the dry down process on PBL h are most present in conditions 
of low horizontal winds and moisture and/or temperature advection (Santanello et al. 
2005). Some of these effects, including heavy autumn rains preceding the dry down and 
possible advection of cooler air from a ‘transition period’ synoptic system moving through 
the region, may be present in the final (beginning September 26th) dry down period, 
acting to suppress the recovery of the mixed layer. 

  It is also of interest to observe the temporal shift of boundary layer development to 
changes in surface fluxes. There is a period each day from mid-morning to mid-afternoon, 
when boundary layer development “ramps up” quickly, and the time that this ramp up 
occurs is a more consistent metric than i.e. the time of maximum PBL h, which can be 

distorted by noise. A sigmoid (logistic) curve   can be fitted to each day’s 
boundary layer results using a nonlinear least squares fitting method that is part of 
Python’s scikit-learn library. The method returns a midpoint for the curve as well as a 
parameter k which describes the curve shape or ‘steepness’ (Figure \ref{15}). A clear 
seasonal trend toward later ramp-up times is indicated as the season progresses (Figure 
\ref{f13}), consistent with a later sunrise and lower sun angle. It would be of interest to 
try and separate the purely solar effects on the time shift from those of environmental 
moisture recirculation, but unfortunately the ramp-up time vs. dry-down period plot 
(Figure \ref{f16}) doesn’t show any clear trend within those periods. 

 

 

Table 2 - Dry down PBL h recovery rates 

 July 7- 
July 13 

Aug 11-
Aug 17 

Aug 24-
Aug 30 

Aug 30-
Sep 5 

Sep 26-
Oct 2 

Mean 

Initial drop  600 m  1200 m 1600 m  1100 m 1300 m 890 m 

Recovery 
over 5 days 

900 m  1200 m 900 m 1100 m 300 m 880 m 

Recovery 
first 3 days 

900 m   900 m  800 m 400 m 300 m 660 m 
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(b) 

Figure 11 - (a) PBL h for each of the five, 5 day dry down periods, with 2 completely dry baseline 
periods below for comparison. (b) Surface latent heat flux plots for the same periods. Additional 
precipitation that occurred during some of the dry down periods is also shown (blue lines). In 
addition, afternoon means (from 8 hours after sunrise to 2 hours after sunset) for each day of the 
5 dry down periods is added as black dots for both plots. 

(a) 
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Figure 12 - An example from the five dry down periods of PBL h and related variables: SH 
flux, LH flux, temp, dewpoint temperature and soil water content (left), and one baseline 
(completely dry) period of PBL h and related variables for comparison (right). 

Figure 13 - Summer 2019 ramp-up midpoint vs. 
date. 
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c) Surface sensible heat flux as a driver of boundary layer dynamics 

  We have co-located databases of mixed layer height and of surface fluxes, which can be 
related by boundary layer theory. We are mainly concerned with the daytime convective 
boundary layer (CBL), which is dominated by buoyant turbulence. The growth rate of the 
CB 𝜕𝜕ℎ/𝜕𝜕𝜕𝜕 can be described in terms of two basic processes: solar heating causes sensible 
heat (SH) flux at the surface �𝑤𝑤′𝜃𝜃′�𝑠𝑠, and entrainment at the top of the boundary layer h 
mixes relatively warm, dry air from the free atmosphere above into the layer via turbulent 
penetration which includes both buoyant and mechanical (shear) turbulences  �𝑤𝑤′𝜃𝜃′�ℎ. 
Therefore, heat fluxes into the CBL from both the top and bottom of the layer contribute 
to its daytime growth, but the more complex entrainment flux can be parameterized as a 
constant fraction of the surface SH flux [�𝑤𝑤′𝜃𝜃′�ℎ = -β �𝑤𝑤′𝜃𝜃′�𝑠𝑠] by neglecting the mechanical 
contribution to the turbulence. 

We start with a simple mixed layer model from Tennekes 1973: 

       

with Δ𝜃𝜃ℎ being the jump of potential temperature across the top of the CBL, 𝑤𝑤ℎ as the 
mean vertical velocity at h and γ as the potential temperature lapse rate above the top of 
the CBL (assumed here to be constant). We can set 𝑤𝑤ℎ = 0 because the term is used here 
to describe subsidence across the top boundary which is typically a synoptic scale 
phenomenon that is much smaller than 𝜕𝜕ℎ/𝜕𝜕𝜕𝜕 for the daytime CBL (Yi et al. 2001). 
Substituting the linear relationship of surface and mixed layer top heat fluxes above, and 
also substituting  �𝑤𝑤′𝜃𝜃′�ℎ = −Δ𝜃𝜃ℎ(𝜕𝜕ℎ/𝜕𝜕𝜕𝜕 − 𝑤𝑤ℎ) as in Stull (1988) gives 

 

which, after setting 𝑤𝑤ℎ = 0 and substituting back the same two quantities as above, has 
the solution: 

 

and integrating with respect to time yields: 
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  Here finally is a relationship which shows that CBL height is proportional to the square 
root of the cumulative surface heat flux. The constants β and γ are unknown in this case, 

but the linear relationship between Γ = [∫  �𝑤𝑤′𝜃𝜃′�𝑠𝑠 𝑑𝑑𝜕𝜕′]𝑡𝑡
0

1/2
 and CBL h can be empirically 

determined as in Yi 2001. Sup. Figure \ref{S5} shows the fitted parameters to be ℎ =
43Γ + 209 with an 𝑅𝑅2 of 0.992 for a June composite mean boundary layer height using our 
surface flux from a tower and ceilometer derived PBL h data in this desert environment. 
Figures \ref{S5}, \ref{f14} and \ref{15} show that the boundary layer height data set we 
have developed is well supported by theory. Figure \ref{14} gives monthly PBL h hourly 
composites along with SH flux curves. Note that these panels show a less good linear fit 
than those in\ref{S5} because a longer time frame is analyzed, which includes regions 
outside of peak heating. The surface SH flux method of PBL h determination only works 
well within those hours, when the BL is encroaching on the free atmosphere above. 
Finally, Figure \ref{15} gives two examples of the PBL h as derived by SH flux, along with 
the fitted logistic curve from above, plotted on ceilometer backscatter profile time series. 
Note that the logistic curve requires a prior boundary layer height result as determined by 
the WCT algorithm, and is suited for analysis, while the SH flux method can help with PBL 
h determination itself.  

 

 

 

 

Figure 14 - Composite hourly mean PBL h with composite 
hourly cumulative surface SH flux for each summer month. 
Linear fit of square root of cumulative surface SH flux vs. PBL 
h is shown at inset. 
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4. Conclusions 

  Observations from ground based LIDAR such as ceilometers and from eddy 
covariance flux tower instruments such as sonic anemometers/gas analyzers can 
both be used to derive PBL h (a  previously reliant on satellite and/or aerial 
measurements), and the co-location of these instruments can be a valuable tool 
for cross validating results, understanding land-atmosphere coupling and cross 
validating results as well as validating high resolution modeling of boundary layer 
dynamics, to name but a few possible applications. Here we present a preliminary 
boundary layer analysis and characterization from a site with previous long term 
surface flux, soil and water flow instruments that has just recently begun 
ceilometer measurements as well, which along with its arid environment, complex 
terrain and summer monsoon makes WGEW a good case study. 

  Our main focus here is PBL h as determined from ceilometer backscatter profiles, 
analyzed using a WCT technique.  Looking at the summer North American 
monsoon season of 2019, we find that the mixed layer undergoes a general 
transition from greater afternoon heights and earlier initiation of growth in the first 
part of the season to lower heights and later development in the second part. This 
is especially true for the afternoon plateau of growth, which reaches an average of 
3310 m early in the season (June) and falls to an average of 2770 m toward the 
end (September). We also look at dry down periods that occur after significant 
thunderstorm rains, and see that a few days with rain suppresses boundary layer 
development by an average of 890 m on the following day, and that the PBL h 
takes 3-5 days to completely recover at a rate of 220 m/day for the first 3 days 
and a little slower thereafter.  

Figure 15 - 2 examples of both logistic curve fitting (purple line) and SH flux (blue dots) techniques 
for mixed layer height analysis. On the left is a clear day, free of noise and on the right is a day 
more typical of much of the monsoon in Arizona.  
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  A comparison of ceilometer derived PBL h was made with a simple slab model 
based estimate of mixed layer height which depends only on surface sensible heat 
flux. The two methods show good agreement (average R2 of 0.95) considering the 
uncertainty of the ceilometer method from noisy backscatter profiles on many 
days. All in all the ground based LIDAR method of mixed layer height 
determination is viable in this region during the monsoon season, with a caveat 
that several post processing and/or subjective correction steps may be required in 
active periods of convection. Techniques for locating the PBL h signal on noisy 
days include a QC outlier detection routine, using a quality index to assess the raw 
backscatter profiles and utilizing a multiple layer detection algorithm in the 
morning hours. From the author’s experience in working on this project, it seems 
apparent that machine learning techniques may be developed that will perform 
very well on the noisier data in the future for this type of analysis.  
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