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ABSTRACT
This study used 20 years of Oklahoma Mesonet data to investigate the changes of near-surface water vapor
mixing ratio qy during the afternoon to evening transition (AET). Similar to past studies, increases in qy
are found to occur near sunset. However, the location, magnitude, and timing of the qy maximum occurring during the AET are shown to be dependent on the seasonal growth and harvest of vegetation across
Oklahoma in the spring and summer months. Particularly, the late spring harvest of winter wheat grown in
Oklahoma appears to modify the relative contribution of local and nonlocal processes on qy. By analyzing
time series of qy during the AET, it is found that the likelihood of a presunset qy maximum is strongly
dependent upon vegetation, soil moisture, wind speed, and cloud cover. Analysis also reveals that the increase
in qy during the AET can increase the parcel conditional instability despite the surface cooling produced by
loss of insolation. Next to known changes in low-level wind shear, these changes in instability and moisture
demonstrate new ways the AET can modify the presence of the key ingredients relevant to explaining the
climatological increase in severe convective storm hazards around sunset.

1. Introduction
Land–atmosphere interactions operating on weather
and climate scales are known to influence convective
precipitation within the southern Great Plains (SGP)
(e.g., Basara and Crawford 2002; Santanello et al. 2009,
2011, 2013, 2015; Wei et al. 2008; Ferguson and Wood
2011; Ford et al. 2015a,b,c; Ruiz-Barradas and Nigam
2013). During these interactions, the exchange of mass
and energy between the land surface and atmosphere
may induce various feedbacks that enhance or suppress
deep, moist convection. The regional geography also
plays a role in influencing SGP precipitation. Multiple
studies of the Great Plains nocturnal low-level jet
(NLLJ; e.g., Blackadar 1957; Bonner 1968; Stensrud
1996) have shown that it has a geographic dependence
g
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(e.g., Holton 1967; Wexler 1961; Shapiro et al. 2016) and
facilitates nocturnal convection and heavy rain events
through water vapor transport and lifting (Means 1954;
Pitchford and London 1962; Maddox 1980, 1983; Cotton
et al. 1989; Stensrud 1996; Higgins et al. 1997; Arritt et al.
1997; Trier et al. 2006, 2014). Tied to this phenomenon
is the climatological increase in thunderstorm-related
hazards (e.g., precipitation, tornadoes) that begins in
the evening hours (Means 1944; Wallace 1975; Orville
1981; Balling 1985; Mead and Thompson 2011). Although this increase has in part been explained by an
increase low-level shear facilitated by the NLLJ
(Maddox 1993; Coffer and Parker 2015; Mead and
Thompson 2011; Bluestein et al. 2018), other hypotheses
regarding changes beginning during the afternoon and
evening to other ingredients such as lift or moisture
(Doswell et al. 1996) that may complement this knowledge remain largely unexplored. Collectively, these
studies suggest more knowledge is needed about the
planetary boundary layer (PBL) over the diurnal cycle
to help understand additional relationships between
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the land surface and deep, moist convection within
the SGP.
To first order, the PBL can be divided into the
convective or daytime boundary layers (CBL) and the
stable or nighttime boundary layers (SBL; Stull 1988).
The transition period between the CBL and SBL,
however, that denotes the decay of dry convective,
turbulent eddies can be divided even further into the
evening transition (Lothon et al. 2014), the early
evening transition (e.g., Mahrt 1981), the afternoon
transition (Lothon et al. 2014), and the afternoon to
evening transition (AET; Wingo and Knupp 2015).
The definitions of these time periods vary from using
astronomical sunset (Wingo and Knupp 2015) to
changepoints in the surface sensible heat flux to denote their start and end times (Lothon et al. 2014). In
this study, we focus on the AET: the 6-h period centered on local astronomical sunset. We use this definition as it helps normalize the observations taken
during the evening by considering general changes in
insolation and can facilitate comparisons across various past studies.
Regardless of the exact definition, investigators studying
this transitional period have identified that the near-surface
water vapor mixing ratio qy tends to increase, sometimes
at a very rapid rate (;0.1 g kg21 min21). Causes behind this
change can be conceptualized using a simplified water
vapor budget equation for flow following the ground:
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(1)

Here, the local tendency of qy can be described as a
function of the local source (evapotranspiration; first
term on the right-hand side) and a nonlocal source
(horizontal advection; terms 2 and 3 in parentheses). In
the local term, LE is the surface latent heat flux, h is the
height of the top of the PBL, r is the air density, and Ly is
the latent heat of vaporization. The evapotranspiration
in this paper is considered to be the contributions from
both evaporation off the surface and transpiration by
plants. In the nonlocal terms, u and y represent the zonal
and meridional wind components. The term Q indicates sources and sinks of water vapor caused by phase
changes. Overbars indicate the mean component from
Reynolds averaging. Note that we have assumed that
the drying of the PBL via entrainment is negligible
because we expect that mixing near the vertical gradient of water vapor at the top of the PBL will become
small as convectively generated eddies decay throughout the transitioning CBL.
Research aimed at understanding which terms contribute to the observed changes of qy during the AET
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can be traced back to Fitzjarrald and Lala (1989) and
Acevedo and Fitzjarrald (2001). In these papers, they
identified several rapid jumps in qy at observing sites
deployed across the Hudson Valley region within New
York State. These jumps were attributed to the rapid
decay of turbulence occurring soon after the surface
sensible heat flux became negative. An idealized largeeddy simulation described by Acevedo and Fitzjarrald
(2001) showed how this local contribution could develop
water vapor gradients along topographical variations
that could be advected later on in the transition. Outside
New York State, Busse and Knupp (2012) and Wingo
and Knupp (2015) documented similar qy changes in
northern Alabama. Using a dataset of 140 cases, Wingo
and Knupp (2015) demonstrated that the changes to
qy during the AET in northern Alabama are not
limited to a particular season. Their analysis was the
first long-term observational study to indicate these
changes and suggested that the observed jumps were
caused by evapotranspiration. To date however, only
Bonin et al. (2013) have focused on the AET in the
SGP, where they documented two cases of a rapid
qy increase using an uncrewed aerial vehicle (UAV).
An analysis of the UAV data suggested that similar
to the studies in the Hudson Valley and northern
Alabama, the SGP qy changes were due to evapotranspiration. In general, these studies indicate that
local contributions are important in generating the
changes of qy during the AET.
Studies of changes to near-surface water vapor
across Oklahoma during the AET tend to focus on a
reversal of the motion of the dryline, which is a sharp
moisture boundary found often in the SGP warm season
(Fujita 1970; Schaefer 1974; Bluestein et al. 1988, 1989;
American Meteorological Society 2019). This reversal
of motion suggests that moisture changes in the SGP
during the AET are driven by transport instead of
from a local source. This line of thought is reinforced
by debate as to whether or not retreating dryline motion may best be modeled as a density current (Parsons
et al. 1991; Crawford and Bluestein 1997). However,
detailed surface analyses indicate that drylines may
have multiple moisture gradients when retreating and
may exhibit ‘‘both continuous motion and redevelopment’’ (Hane et al. 2001, 2002; Hane 2004). These observations suggest that dryline behavior during the AET
cannot be explained by advection alone. When read
together, it appears possible that the studies showing localized AET moisture jumps and SGP dryline
motion could be unified to explore where these two
lines of inquiry overlap. Such work may reveal how
AET processes impact the mesoscale evolution of
drylines.
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FIG. 1. Monthly averages (March–August) during 2007 of the MODIS-derived NDVI for the SGP. The area between the two solid black
lines denotes the location of the WWB within Oklahoma from McPherson et al. (2004), which focused primarily on the changes within
Oklahoma. The black dashed lines indicate the boundaries of the analysis domain described in section 2 and seen in Fig. 2.

A starting point for exploring these two lines of inquiry may be to first consider where evapotranspiration plays a role in the spatial moisture distribution in
Oklahoma (e.g., Johnson and Hitchens 2018). One
such location highlighted by past studies is the Great
Plains winter wheat belt (WWB; e.g., Rabin et al.
1990). Winter wheat is typically sown in autumn and
harvested in late May or early June (Loveland et al.
1995; McPherson et al. 2004; Haugland and Crawford
2005; Bagley et al. 2017). These shifts in the land surface properties are easily monitored using the normalized difference vegetation index (NDVI) product
produced by satellite observations (Fig. 1). During
March and April, the winter wheat is a distinct band of
vegetation in Oklahoma. As the months progress, the
native grasslands surrounding the WWB grow. By the
beginning of June, the harvest of the winter wheat crop
can be seen by the drop in NDVI in the WWB region
relative to the surrounding areas. When combined with
past observations and studies, the evolution shown in
Fig. 1 appear to be representative of the location and
timing of seasonal changes to the Oklahoma land surface going back to at least the 1980s (e.g., Rabin et al.
1990; Loveland et al. 1995).
Studies of the influence the WWB has on the atmosphere can be traced back to the Preliminary Regional Experiment for STORM-Central (PRE-STORM,
where STORM is short for Storm-Scale Operational and
Research Meteorology; Markowski and Stensrud 1998).
During this experiment, a mesonetwork of surface

observations showed how the winter wheat harvest
was a clear factor in modifying the surface layer diurnal cycle. This result was revisited by McPherson
et al. (2004) and Haugland and Crawford (2005)
using Oklahoma Mesonet data. They too showed
that the WWB may cause large dewpoint and temperature anomalies relative to the surrounding vegetation
over the diurnal cycle. Further support to this hypothesis
was found using numerical weather prediction simulations that artificially removed WWB vegetation from
the land surface model (McPherson and Stensrud 2005).
Because these studies focused on the general impact the
WWB has over the diurnal cycle, they did not focus on
the changes occurring during the AET and therefore did
not discuss possible links to past AET-focused studies.

2. Study method and datasets
This study sought to explore the water vapor changes
occurring during the Oklahoma AET by better understanding its causes and implications. Three questions are
addressed:
1) What is the spatiotemporal evolution of qy in
Oklahoma during the AET?
2) What processes cause these changes in qy and what
environmental cues can be used to predict the likelihood of them?
3) How do these changes impact the conditional instability of near-surface parcels?
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To answer these questions, we use two decades of surface meteorological data combined with analysis strategies (sections 2b,c) structured around the methods
found in Acevedo and Fitzjarrald (2001), Wingo and
Knupp (2015), McPherson et al. (2004), and Haugland
and Crawford (2005).

a. The Oklahoma Mesonet
Data collected by the Oklahoma Mesonet (or simply
the Mesonet) are used to characterize the Oklahoma
near-surface AET. The Mesonet consists of 121 observing stations across Oklahoma and is managed by
Oklahoma State University, the University of Oklahoma,
and the Oklahoma Climatological Survey (Brock et al.
1995; McPherson et al. 2007). The qy was derived by
using measurements of temperature, relative humidity,
and pressure at each Mesonet station. To characterize
the environment, each site’s anemometer, downwellingshortwave pyranometer, and soil heat dissipation
sensors were used. The anemometer was used to
characterize the ambient wind speed, and the shortwave
pyranometer was used to characterize the cloud cover.
Last, the fractional water index (FWI) was derived from
the soil moisture sensor to approximate the magnitude
of evapotranspiration from the surface (Illston et al.
2008; Johnson and Hitchens 2018). FWI varies between
values of 0 (very dry) and 1 (very wet and soil is at field
capacity).
Only data collected in the meteorological spring and
summer months (March–August) between 1994 and
2014 were used. There were 3822 AET events during
this 20-yr period with at least 114 Mesonet sites operational per event. This dataset has around 600 AET cases
to analyze for each month considered. With the exception of the FWI measurements (taken every 30 min), the
temporal sampling rate of the Mesonet data is 5 min.
The data were reported in coordinated universal time
(UTC), but the time relative to astronomical sunset was
calculated using the PyEphem software code (Rhodes
2011; https://rhodesmill.org/pyephem/index.html) to better
compare with past studies. Satellite-based NDVI observations of Oklahoma provided by this study (e.g.,
Fig. 1) and past studies (e.g., Markowski and Stensrud
1998; McPherson et al. 2004) strongly indicate that the
evolution of vegetation across Oklahoma is consistent
across every year of this 20-yr dataset. By using a long
record of data with consistent land surface changes between March and August, the signal of the land surface’s
influence on the AET could be extracted.
To characterize the cloud cover of each Mesonet
time series, the difference between the observed downwelling shortwave flux and the expected radiation
computed for a cloud-free sky was analyzed. To calculate
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the expected radiation, a simple model outlined in Stull
(1988) from Zhang and Anthes (1982) was used. Using
our algorithm, each time series was classified as having
clear sky, scattered clouds, or overcast clouds. For each
month, subjective thresholds were used to detect these
categories by analyzing the difference between the
AET-daytime (3 h prior to sunset) observed and theoretical downwelling shortwave flux of 3000 randomly
chosen time series. For each time series, the average
differences and the logarithm of the standard deviation
of the differences were calculated. When both the average differences and the variability of the differences
were low, the AET was considered to be cloud free. If
the variability was high but the average differences were
low, the AET tended to display scattered clouds. When
both the average difference and the variability were
high, the AET was considered to have overcast skies.
Comparisons with Geostationary Operational Environmental Satellite (GOES) visible imagery for several
cases suggested that this cloud-detection logic correctly
characterized the ambient cloud cover at the beginning
of each AET.

b. 2D-VAR
A two-dimensional variational analysis (2D-VAR)
program was run using a 12-km rectilinear grid (Fig. 2)
with the Oklahoma Mesonet data to produce surface
analyses every 5 min. The 2D-VAR algorithm was chosen
since it more accurately reproduces both scalar fields and
their spatial derivatives compared to other common objective analysis methods (Spencer et al. 2003; Spencer and
Gao 2004). The 2D-VAR minimizes a cost function that
compares the analysis and scalar observations and
derived gradient ‘‘observations.’’ While the scalar
observations used were from the Mesonet stations,
the gradient observations were calculated by performing a
Delaunay triangulation (Fig. 2) on the station observations, and by calculating the gradient at each triangle
centroid (Spencer and Doswell 2001). 2D-VAR uses
an additional tuning parameter C in the cost function,
which determines the relative weight between the
scalar and gradient observations when performing the
minimization. During the minimization process, a recursive filter spreads the adjustments made by each
observation to nearby grid points. The horizontal correlation scale for this filter was roughly 120 km (Purser
et al. 2003).
Prior to generating analyses on the Mesonet data,
2D-VAR was calibrated to maximize the accuracy of
the water vapor analyses. Similar to the calibration
method performed in Spencer and Gao (2004), simulated observations sampled from a truth grid were
analyzed using multiple runs of 2D-VAR, each with a
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FIG. 2. The 12-km 2D-VAR grid (red) relative to the scalar observations from the Oklahoma
Mesonet (black) and the gradient observations derived from those points (blue). Delaunay
triangulation was used to develop the individual triangles (outlined with black lines) used to
calculate the gradient observations.

different C value. Each run of 2D-VAR was then
compared with the truth grid to determine the C value
that best reproduces the original field. For this study,
90 randomly selected 20-km Rapid Update Cycle
(RUC; Benjamin et al. 2004) model output grids between April 2002 and October 2003 were used to
provide a wide variety of conditions for which to calibrate 2D-VAR. Each grid was interpolated to the 2DVAR 12-km grid, and temperature, relative humidity,
pressure, and wind observations similar to those taken
by the Oklahoma Mesonet sites were created using
bilinear interpolation.
Three variables (qy, =qy, and horizontal advection of
qy) were calculated from the 2D-VAR analyses and
truth grids in the calibration step (Fig. 3). During this
step, the accuracy of both the qv and the magnitude of
its horizontal gradient field (=qy, computed via finite
differencing from the qy field) were found to increase
as the 2D-VAR C parameter increases (Figs. 3a,b).
For these two fields, 2D-VAR runs using a C greater
than or equal to 1010 best reproduced the truth fields.
Horizontal water vapor advection was then calculated
by using the horizontal gradient of qy and horizontal components of u and y from 2D-VAR analyses of
Mesonet observations. When horizontal q y advection
is considered, there is a clear range of values for
which the analysis errors are minimized (1010–1012)
(Fig. 3c). Because of the error characteristics of the
three fields considered in Fig. 3, the C parameter was

set to 1010 when running 2D-VAR on the observed
Mesonet data.

c. AET extrema analysis
The changes during the AET were also examined
by analyzing Oklahoma Mesonet data to better understand the times when maxima in the near-surface
water vapor, conditional instability, and virtual temperature occur. As our dataset only provides surface
properties, changes in conditional instability are
inferred by analyzing changes in equivalent potential temperature ue calculated from the surface data
(Bolton 1980). Each time series was temporally interpolated to a 5-min grid centered on local sunset.
Each interpolated time series of the AET from the
Oklahoma Mesonet were grouped into the three
land surface regions relative to the WWB used in
McPherson et al. (2004). These regions are called the
west WWB (W-WWB), the WWB, and the east WWB
(E-WWB) (Fig. 4).
These three regions represent three distinct land
surface types that undergo seasonal shifts in land surface
properties each year. These groups span across a climatological west–east soil moisture gradient that has
been the subject of several land–atmosphere coupling
studies in the SGP (Illston et al. 2004; Ford et al.
2015a,b,c; Basara and Christian 2018; Wakefield et al.
2019; Basara et al. 2019). In comparison with the other
two groups, the W-WWB region has the highest elevation
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FIG. 3. Results from the calibration of the 2D-VAR algorithm discussed in section 3. Plots
indicate the 1-sigma standard deviation of the error for all grid points for (a) qy, (b) the
magnitude of the gradient of qy, and (c) the horizontal qy advection. The thick, green solid line
indicates the median statistic while the thinner green lines indicate the 25–75th percentiles.

and the lowest climatological soil moisture values. The
WWB region lies in a region of lower elevation and is
wetter with seasonal crops. Irrigation is not used to help
grow the crops within the WWB. The E-WWB region is
typically wetter than the W-WWB. This region represents the lowest elevation and primarily hosts vegetation
that is native to the area.
The Mesonet time series were used to develop probability density functions (PDF) describing at what time a
variable (e.g., qy) for each region most likely reaches its
maximum value. Because each land surface group contains
several thousand AET cases, the following resampling procedure of the AET time series was used to generate confidence intervals of the PDFs. For each land surface group,

500 AET time series were randomly drawn 1000 times
with replacement. For each of the 500 samples, the PDF
was estimated using the SciPy software Gaussian kernel
density estimator (Jones et al. 2001), which uses Scott’s
rule to determine the bandwidth of the estimator (Scott
2015). From the 1000 PDFs, the mean PDF and 2-sigma
uncertainties were calculated to assess whether the 95%
confidence intervals between the different land surface
groups overlap. When testing for the sensitivity to these
probabilities to environmental conditions, the 1000 PDFs
were integrated over the 1.5 h prior to sunset to capture
how likely a maximum is reached in the presunset hours.
This method harnesses the vast Mesonet dataset to increase the statistical power in our analysis.
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FIG. 4. A map of Oklahoma showing the categorized Mesonet
sites relative to the WWB borders used in McPherson et al.
(2004) (solid black lines). W-WWB and E-WWB refer to the
sites west (blue) and east (red) of the WWB (green). In the
background is a coarse relief map at 0.258 spacing to illustrate
the geographical features discussed in the text. The box denoted by the dashed black line indicates the 2D-VAR analysis
domain.

3. Water vapor changes during the AET
Initial analysis of qy provided by 2D-VAR was used
to answer the first question regarding the spatiotemporal evolution of water vapor during the AET. The
data for each month were analyzed using analysis
methods outlined in sections 2b and 2c. Maps showing
the median change of qy relative to the value found at
the start of the AET were created for each month,
similar to the analysis method used in Wingo and
Knupp (2015) (Fig. 5). These maps were created with
the expectation that distinct changes would coincide
with the growth and harvest of WWB vegetation
(Fig. 1).
Several similarities exist between the trends in Fig. 5
and the results of the Wingo and Knupp (2015) study.
First, the magnitude of the changes in qy that occur
during the AET tend to be larger in the summer (June–
August) than the spring (March–May) (Fig. 5, from
top row to bottom row). In our data, the magnitude of
the qy changes increases from month to month and in
particular along the WWB in the spring months. Second, the start times of the qy increase between the two
studies are similar—both begin approximately 1.5 h
prior to sunset. Third, the increase in qy persists after
sunset in both studies; however, our data show that this
only occurs in the summer months. Last, the qy changes
we find are on the same order of magnitude (1 g kg21)
as those found in Wingo and Knupp (2015) as well as
Bonin et al. 2013.
Unique to this study is that the qy changes during the
AET can be linked to the land surface, and in particular
with the vegetation changes from month to month in
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Fig. 1. As mentioned previously, the increases seen in
Fig. 5 tended to be located within the WWB during the
presunset hours of the spring months. After the WWB
harvest, increases occur within the WWB, but they occur
primarily after sunset (see June). In the summer
months, the changes in qy are larger and are generally
concentrated east of the WWB where actively growing
vegetation is present per Fig. 1. In eastern-central
Oklahoma, an isolated maximum in qy develops during
the summertime AET (Fig. 5, June–August) in the
valley between the Ozark Plateau and Ouachita
Mountains (see Fig. 4). This topographical feature was
shown to be a favorable location for increases in qy by a
large-eddy simulation of the AET in Acevedo and
Fitzjarrald (2001).
Analysis of the PDFs illustrating the times a maximum value of qy is reached during the AET builds further confidence that the AET has as strong dependence
on the land surface properties. For March and April
(Fig. 6), the E-WWB and W-WWB have very similar
PDFs, and both climatologically have very little actively
growing vegetation (Fig. 1). In contrast, the WWB has
three peaks in the March and April PDFs, starting at the
beginning of the AET, the end of the AET, and about a
half hour prior to sunset. This final peak approximates
the likelihood of a presunset qy jump and is a key feature
that will be discussed more in the subsequent sections.
The probability of this feature increases as the months
progress between March and May within the WWB region. In May, the E-WWB PDF shifts from looking
similar to the W-WWB to the WWB. This shift coincides
with the growth of native vegetation in the E-WWB in
Fig. 1.
A shift of the WWB PDF occurs once the WWB is
harvested between May and June (Fig. 6) and further
indicates the AET’s dependence on the land surface.
Now, the WWB PDF appears similar to the W-WWB
PDF while the E-WWB stays consistent (June–August).
The probability of the presunset qy jump also increases
slightly for the E-WWB region between May and June.
For the summer months, the WWB and W-WWB PDFs
indicate that the likelihood of a maximum of qy increases
starting at roughly 1.5 h prior to sunset before ending at
the end of the AET, which is consistent with the persistent increases throughout the AET in these locations shown in Fig. 5. An important result is that the
uncertainty ranges generated by bootstrapping the
PDFs in Fig. 6 demonstrate that the distinct differences in the three regions and their shifts in behavior
do not appear by chance. The land surface dependency
shown by this analysis motivates the next section to
investigate the processes that facilitate qy changes
during the AET.
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FIG. 5. Median change in qy relative to the value measured at the start of the AET. Rows correspond to 2D-VAR data from the months March–
August, and columns refer to the time of the map in SRT. The two black lines indicate the outline of the WWB from McPherson et al. (2004).

4. AET qy processes and environmental
parameters
Given the results in section 3, the data were analyzed
in an attempt to understand the processes creating the
observed changes in qy. To do this, both the 2D-VAR
and maxima analysis datasets discussed in section 2 were
used along with the simplified water vapor mixing ratio
budget equation [Eq. (1)] to isolate the processes and
their dependencies.

a. WWB harvest impact on AET water vapor budget
Using the 2D-VAR dataset, the individual terms of
the simplified water vapor budget equation were estimated. The diabatic term [Q in Eq. (1)] was first found to
be relatively unimportant as the distribution of relative
humidity values from the 2D-VAR analyses tended to
only approach saturation near the end of the AET (not
shown). In fact, only about 10% of the cases showed
relative humidity values above 90% late in the AET.
Therefore, focus was shifted to calculating the other
terms. The term on the left-hand side of Eq. (1)—the
local rate of change of qy over time—was calculated

using centered finite differencing. Next, the horizontal
qy advection was calculated using the method outlined
in section 2b. Last, by subtracting the local tendency
term from the advection term a residual was computed
and may be considered to be an estimate of the local
contribution from evapotranspiration. Using this analysis, the 2D-VAR analyses reveal how the changes in
land surface properties affect which processes cause qy
to change during the AET.
In the month of May, immediately prior to the harvest
of the WWB, qy advection plays little to no role modifying qy during the AET. The qy advection values in May
are most often between 60.1 g kg21 h21 (Fig. 7, middle
row). The local tendency of qy is positive throughout the
western half of the state and depicts that an increase in
qy occurs during the AET, similar to Fig. 5. The largest
values of this term can be found within the bounds of the
WWB about 1 h before sunset (Fig. 7, top row). Because
advection is small, much of the qy changes are attributable to evapotranspiration, as seen by the residual term
(Fig. 7, bottom row). Additional evidence for this conclusion is that these increases occur within the WWB
during May, when the wheat has reached maturity.
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FIG. 6. Monthly bootstrapped PDFs indicating the time of the maximum qy during the AET relative to astronomical sunset. Blue indicates sites in the W-WWB category, green indicates the sites within the WWB, and red
shows the sites in the E-WWB category. The shaded regions indicate the 95% confidence intervals calculated with
the bootstrapping method.

Similar conclusions are found in maps created for April
and March (not shown), although the increases in qy
are weaker.
After the harvest, changes occur in how the local and
nonlocal processes contribute to qy changes. These
changes are illustrated best in maps for the month of July.
As was seen in Fig. 5, the increases in qy are stronger
during the AET in July than those found in May (top
rows, Figs. 7 and 8). These changes are strongest east of
the WWB (0.3–0.5 g kg21 h21) and occur during the hours

prior to sunset. However, early during the AET within
the WWB the local tendency of qy term appears close to
zero (top row). The advection and the residual terms have
sharp changes, particularly within the WWB. Between
1 and 2 h prior to sunset, the residual term (Fig. 8, bottom
row) undergoes a reversal from negative to positive within
the WWB, while the area east of the WWB remains
largely positive for much of the AET. Moist advection
on the order of 0.1–0.3 g kg21 h21 is also now present within
the WWB throughout the AET—a consequence of
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FIG. 7. Estimated median values from 2D-VAR using the water vapor tendency equation for May: (top) the tendency at each point of
the grid of qy, (middle) the horizontal advection of qy calculated from the 2D-VAR grid (the nonlocal contribution), and (bottom) an
estimate of the local contribution to qy by evapotranspiration, which is the residual taken by subtracting the top row from the middle row.

easterly winds and a moisture boundary that is oriented
north to south, much like a dryline (Fig. 8, middle row).
Based upon the zonal gradient in the residual term on
the eastern edge of the WWB [22 h sunset relative
time (SRT), bottom row], it appears that the advected
moisture gradient that develops along the WWB is a consequence of differential evapotranspiration during the

daytime. As this gradient is not seen in the preharvest
months, these differences in AET evolution appear to
be driven by the spatial contrasts in land surface properties brought on by the harvest of the WWB.
Reflection on the varying contributions between local
and nonlocal sources of qy lends to some additional
thoughts on the causes and behavior of AET qy. First, we

FIG. 8. As in Fig. 7, but for July.
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note that the increases observed in the summer months
were stronger than those in the spring—a similar result
was found in Wingo and Knupp (2015). However,
whereas Wingo and Knupp (2015) hypothesized that
nighttime increases in qy were due to evapotranspiration, we find that the increases in near-surface qy in
Oklahoma may be driven by qy advection and indicate
that the relative contributions from evapotranspiration
and advection throughout the AET may be very location
dependent. In fact, advection appears to better explain
some of the postsunset behavior of qy within the WWB
as its value is larger than the residual term (1 h SRT;
Fig. 8). One reason advection dominates may be that
downward momentum transfer from the NLLJ enhances
the near-surface transport. Another reason may be because the loss of insolation limits the contributions of
photosynthesis to evapotranspiration. However, some
plants such as wheat may continue to transpire even after
isolation has reached zero because they may not close
their stomata until long after sunset (Rawson and Clarke
1988). Future studies may need to perform a closer
analysis of plant transpiration behavior with respect to
insolation; this could also help to separate out the contributions from the soil versus plants to evapotranspiration during the AET, which our current dataset cannot
do. Broadly though, Fig. 8 hints that the loss of convectively generated turbulence during the AET leads
to the decoupling of an air mass in both the vertical and lateral directions. In our case, the horizontal
q y gradients developed by the daytime land surface
interactions start to become detached from their
source regions as mixing decreases and advection
becomes more important in the evolution of the
moisture field (from 22 to 21 h SRT; Fig. 8). Future
work will be required to continue to understand the
relative importance of local and nonlocal processes on
AET behavior.

b. Environmental controls on the presunset qy
maximum
It is apparent from the previous analyses that the
changes in water vapor occurring prior to sunset can be
quite substantial in magnitude and are linked to the land
surface properties. We now address the question: What
kind of environmental conditions increase the probability of a near-surface water vapor maxima occurring
prior to sunset? To better understand the relevant dependencies, the data were tested for sensitivities to soil
moisture, ambient wind speeds, and cloud cover. These
three variables may be thought of as possible inputs to
parameterize the contributions from evapotranspiration. For the soil moisture and AET wind speeds, the
average FWI from the 5 cm soil moisture probe and the
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wind speed during the 1.5 h prior to sunset were analyzed. For these two environmental variables, the dataset was divided based upon the FWI and wind speed. For
FWI, the median FWI value was used as the dividing
point to separate AETs as having wet or dry soil. This
FWI dividing value of (0.85) is useful in this analysis
as a majority of the vegetation in Oklahoma is known to
flourish when FWI is above 0.8 (Flanagan et al. 2017).
For wind speed, very slow (,2 m s21), slow (2–5 m s21),
and fast (.5 m s21) categories were used. For the cloud
cover variables, the dataset was divided into AETs with
clear skies, scattered clouds, and overcast conditions
using the logic discussed in section 2a. This analysis
strategy was used to test the sensitivity of a presunset qy
maximum to soil moisture, wind speed, and cloud cover.
Each of these controls may be considered to be a proxy
for the evapotranspiration term in Eq. (1).
These tests suggest that the likelihood of a presunset
qy maxima (cf. Fig. 6) is strongly dependent on the nearsurface wind speed (Figs. 9a–c). This dependency is most
evident in the WWB (Fig. 9b) and E-WWB (Fig. 9c)
regions and in particular in months when each location
has actively growing vegetation. For the WWB sites, the
sensitivity to wind speed is largest prior to the winter
wheat harvest. For the E-WWB, this sensitivity is present between April and July, with the largest probability
differences between AETs with fast and slow winds in
May and July. The sensitivities within these time periods
and locations are large; the probability differences between each group (even when considering the 95%
confidence intervals) are between 10% and 15%. Although the number of samples in the very slow categories are below the minimum number of samples for
bootstrapping, this fact does not affect our conclusions. In addition, a similar sensitivity of the presunset
jumps in qy to wind speed was also found in Acevedo
and Fitzjarrald (2001) using a simple two-level, onedimensional diurnal boundary layer model. With this
model, they concluded that faster wind speeds during
the AET prevents the decoupling of layers near the
surface. Their model analysis suggests that only by
decoupling the PBL can the contributions from evapotranspiration reach a magnitude large enough to replicate the presunset increase in the near-surface qy found
in observations. Using a multiyear dataset, our results
supplement the Acevedo and Fitzjarrald (2001) model by
demonstrating with observations that low wind speeds
increase the likelihood of a presunset qy maxima.
It is also apparent that, for all three regions and most
months, an increase in soil wetness also increases the
probability of a presunset water vapor maxima by 5%–10%
(Figs. 9d–f). For most months in the W-WWB (Fig. 9d)
and WWB regions (Fig. 9e), the 95% confidence intervals
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FIG. 9. Plots illustrating how the probability of a qy maxima prior to sunset is dependent upon (a)–(c) wind speed and (d)–(f) FWI, by
month and land-surface region. Solid lines depict the probability of the qy maximum occurring within 1.5 h prior to sunset. Each panel
indicates a WWB-relative region, and the x-axis indicates each month. In (a)–(c), blue indicates AETs for which the wind speed
is . 5 m s21, red indicates the wind speed is between 2 and 5 m s21, and green indicates the wind speed is , 2 m s21. In (d)–(f), blue
indicates the category where the FWI is . 0.85 (i.e., wet soil) and red indicates that FWI is , 0.85. Error bars indicate the 95% confidence
interval of those probabilities, computed by bootstrapping. The dashed lines indicate the number of samples available for bootstrapping,
and the horizontal solid gray line indicates the minimum number of samples for bootstrapping (500).

of the two soil wetness categories do not overlap. The
shifts in the probability of the presunset qy maxima
over time coincide with the growth of vegetation in the
E-WWB region (Fig. 9f) and the start of the harvest
along the WWB. These dependencies on soil moisture
and vegetation suggest that evapotranspiration is
an important factor leading to the presunset AET qy
maxima, as the likelihood of a presunset qy maxima
increases when the soil is relatively wet. Past studies
(e.g., Fitzjarrald and Lala 1989; Wingo and Knupp
2015) of the AET in other locations have also suggested that this process may be the primary cause
behind the increase in qy observed during the hours
prior to sunset. Combined with past work, our results
broadly suggest that evapotranspiration-driven AET
qy jumps may be a part of the coupling known that
exists between the land surface and atmosphere in the
SGP (Basara and Crawford 2002).
In a final test, the sensitivity of the AET qy maxima
to cloud cover was examined for only the WWB region
(Fig. 10). Figure 10 shows that the qy maxima PDFs
for AETs with clear and scattered cloud conditions are

nearly identical in May and June (shown to illustrate
the changes before and after the WWB harvest). For
both AETs with clear and scattered clouds, there is an
increase in the probability of a qy maximum beginning
1.5 h before sunset in the preharvest months and after
sunset in the postharvest months. However, when
the skies are overcast, the PDFs for the WV maximum are roughly uniform throughout the entire AET.
This behavior suggests that to obtain AETs with a qy
increase after 1.5 h SRT convective eddies driven
by insolation must be present during the daytime
AET hours. This fact illustrates that one of the key
requirements for observing the various processes of
the AET (e.g., qy increase, decrease in wind variance)
is that atmospheric turbulence generated convectively
must undergo a decay caused by reduced insolation. Although this occurs frequently at the end of
each day as a result of sunset, it may also occur in
other scenarios (e.g., a solar eclipse; Turner et al.
2018). In addition, another explanation may be that
the decrease in solar radiation decreases the surface
evapotranspiration.
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FIG. 10. WWB bootstrapped PDFs for (left) May and (right) June to indicate the likely time that the qy time series
reaches a maximum. This analysis is similar to that in Fig. 6; however, the data shown test the sensitivity to sky
cover. Here, pink indicates clear skies, orange indicates scattered skies, and green indicates overcast conditions. See
section 3 for information on the sky classification algorithm.

5. Implications on parcel instability and deep, moist
convection
The magnitude of the qy changes found within
Oklahoma Mesonet data during the AET suggested
that the processes facilitating the change in qy may
increase parcel instability despite the loss of solar
heating. This implication is important given the motivation to better understand the behavior of additional
ingredients relevant to deep, moist convection during
the AET (see section 1). Per the ingredients-based
method (Doswell et al. 1996), evidence showing an
increase in parcel buoyancy during the AET due to
changes in qy would identify this behavior as a new
process that may signal that storm updrafts should
intensify around sunset in the SGP. In this final section, evidence for a presunset maximum in instability
was sought by asking if a presunset maximum in equivalent potential temperature ue also exists.
It is apparent from the data that a maximum in ue
occurs most often at the beginning of the AET (Fig. 11).
Individual time series demonstrate that these maxima
are primarily because cooling of the surface layer occurs
steadily throughout the AET, which places a virtual
temperature maximum at the beginning of the AET (not
shown). However, as time progresses during the AET,
Fig. 11 shows the parcel ue does not always drop off
sharply. In fact, many of the individual Mesonet time
series (not shown) suggest that local maxima in ue may
occur 1.5 h prior to sunset and well after sunset. When
taken with Fig. 6, this result indicates that the rapid increases in qy during the AET may also increase the ue.
This result is notable as it demonstrates that qy jumps
during the AET can reverse the expected loss of the

conditional instability caused by the loss of insolation.
To our knowledge, this presunset maxima in ue during
the AET has not been documented in peer-reviewed
literature.
Furthermore, the relative probabilities of a maximum
of ue are linked to the land surface characteristics
(Fig. 11). For each month, WWB-relative locations that
have vegetation (indicated by the larger NDVI values in
Fig. 1) present exhibit a higher probability of a maximum in conditional instability in the hour and a half
preceding sunset. In March and April, the WWB exhibits higher probabilities than the E-WWB or WWWB categories. In May, there is an increase in the
probabilities of the E-WWB category, which is coincident with the growth of vegetation east of the WWB
(Fig. 1). After the harvest of the WWB, the E-WWB
sites display a higher likelihood of a presunset maximum in ue than the other sites (due to the reduction of
the probabilities of the WWB category). In addition,
a subtle relationship between the land surface and ue
also appears after sunset in the postharvest months.
While small, it appears that the W-WWB and WWB
regions exhibit a slightly larger likelihood than the EWWB region of a ue maximum after sunset. This increase
in instability is due to the increases in near-surface water
vapor that persist after sunset, as was seen in the previous section.

6. Conclusions
By using a 20-yr dataset of Oklahoma Mesonet observations, this study addressed three questions toward
understanding the processes and behavior of water
vapor changes during the AET in Oklahoma. These
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FIG. 11. Similar to Fig. 10, but showing the bootstrapped PDFs indicating the time of maximum ue (a proxy for
conditional instability).

questions sought to document rapid increases in water
vapor qy occurring during the AET as similar behavior
has been documented outside the SGP. By doing so,
this study attempted to build upon and synthesize
past research encompassing the AET and the SGP
discussed in section 1. Two methods were applied to
data collected by the Oklahoma Mesonet. In the first, a
2D-VAR algorithm was used to analyze the water vapor and wind field to a grid. In the second, PDFs were
generated using the Oklahoma Mesonet data to describe the times during the AET at which qy reaches a
global maximum.

Monthly analyses of this data revealed several findings about the processes and behavior of qy during
Oklahoma AETs. First, the increase in qy we show are
similar to those found in past studies in magnitude and
timing (e.g., Wingo and Knupp 2015). However, this
research shows that in the SGP qy behavior is strongly
influenced by changes in the land surface, and particularly the annual harvest of winter wheat that occurs
from late May through early June. Particularly, the
data show that when qy increases during the AET they
are most often found within the WWB. By calculating
qy advection from the 2D-VAR data, we attempted to
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estimate the local and nonlocal contributions to the
observed water vapor changes. During the months
when the winter wheat was still present in Oklahoma
(March–May), evidence shows that evapotranspiration is the dominant process within the WWB. After
the harvest (June–August), both advection and evapotranspiration facilitate the strong increases over the
WWB, while east of the WWB evapotranspiration
plays a primary role. The data suggest that advection
along the WWB is made possible because the spatial
changes in land surface properties (and therefore
surface fluxes) brought on by the harvest drive the
development of a moisture gradient along the WWB
during the daytime. Overall, the dependency on vegetation and vegetation boundaries in these datasets
suggest that both evapotranspiration and advection
may play important, although location dependent
roles in determining the changes of qy during the AET.
Future work will continue to investigate this concept
using additional tools.
Sensitivity tests were also performed to better understand the controls on the local contribution by
evapotranspiration. Independent variables that act as
proxies for the local contribution term were established (e.g., wind speed for mechanical mixing of
moisture). These tests revealed that the likelihood
of a maximum in qy during the presunset hours increases when skies are clear, wind speeds are low, and
soil moisture is high. Extensions of our study could
investigate sensitivities to wind direction, insolation,
or recent precipitation and may benefit from an improved detection method to explore potential moisture–
AET feedbacks (Sastre et al. 2015). Although our
method revealed important consequences and sensitivities of the changes occurring, its focus on
global extrema within the AET may mask smalleramplitude features, such as time series with multiple jumps in q y. Improved time series analysis and
new insights regarding the AET may be revealed by
more sophisticated change detection methods such
as L1-trend filtering (Kim et al. 2009). This strategy could
better quantify the distribution of individual events that
occur during the AET that impact water vapor.
Last, a presunset local maximum in conditional instability caused by the AET qy increase was found. This
maximum does not appear to have been identified in
past studies. This feature demonstrates that despite the
falling near-surface temperatures occurring throughout
the AET, a qy increase can counteract the expected loss
of buoyancy caused by reduced surface heating during
sunset. Next to known environmental increases in lowlevel shear (e.g., Maddox 1993), the increases in the
moisture and instability ingredients (Doswell et al. 1996)
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found demonstrate that AET processes can create
other physically significant signals that suggest an
increase in the likelihood of deep, moist convection
and its related hazards. This notion motivates new
questions on the influence of these other environmental changes on deep, moist convection during
the AET. Future work studying direct and indirect
storm–environment interactions should help also to
clarify how and when these various AET processes
that modify these different convective ingredients
(e.g., shear, moisture) contribute to observed changes
in storm behavior (see ‘‘6 o’clock magic’’; Maddox
1993; Bosart and Bluestein 2008; Bluestein 2015).
Until then, the agricultural dependency found in this
study may at least help forecasters to better anticipate locations where qy may increase during the AET
(and therefore instability changes) that are known to
be associated with nocturnal tornadoes in the central
United States (Mead and Thompson 2011). Taken
together with past papers on the influence that agriculture has on deep, moist convection (e.g., Carleton
et al. 2001, 2008a,b), this study motivates an intriguing line of questioning as to how much regional
farming practices in the SGP contribute to the observed increase in thunderstorm hazards during the
evening hours.
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