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Ensemble-Averaging Resolves Rapid Atmospheric Response to the 2017 Total Solar Eclipse
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Rapid changes in solar radiative forcing influence heat, scalar and momentum fluxes and thereby shift the trajectory of near-surface atmospheric transitions. Surface fluxes are difficult to obtain during atmospheric transitions by either bulk or eddy-covariance methods because both techniques assume quasi-stationarity in an atmospheric state and require sufficiently long blocks of data, typically on the order of 10–30 min, to obtain statistically significant results. These computational requirements limit the temporal resolution of atmospheric processes that researchers can examine using traditional measurement techniques. In this paper, we present a novel observational approach to calculate surface fluxes at sub-minute temporal resolutions. High-frequency data from a horizontal, log-spaced array of nine time-synchronized ultrasonic anemometers were used to perform spatial-temporal ensemble averaging and to obtain eddy-covariance turbulence fluxes at unprecedented time resolutions. The 2017 Great American Solar Eclipse event provided a “natural experiment” to test the ensemble-observation and averaging approach. A total eclipse is energetically well-constrained and, unlike day/night transitions, is a perturbation that quickly transitions from and back to a state of significant solar forcing, providing an ideal scenario for testing the space-timescales required for surface flux calculations. Additionally, two Doppler lidars and a vertically-oriented Distributed Temperature Sensing (DTS) system provided measurements to characterize near-surface atmospheric conditions. Results show that the ensemble-averaged sensible heat fluxes converged at timescales as short as 15 s. Additional analyses show that the timescale of the connection between the surface and the atmosphere is more rapid than previous measurements have been capable of showing and is on the order of 10 min or less. This experiment demonstrates that ensemble-flux measurements are capable of resolving fluctuations in surface fluxes during rapid atmospheric transitions.
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INTRODUCTION

Solar eclipses are a natural experiment (Harrison and Hanna, 2016) for which the land and atmosphere responses to changes in insolation, which are more rapid than during the morning and evening transitions, can be investigated (Antonia et al., 1979; Eaton et al., 1997; Foken et al., 2001). Past studies have shown that a solar eclipse is associated with a number of dynamic and thermodynamic atmospheric responses that result from the rapid interruption of insolation. First, the near-surface air temperature decreases. The magnitude of this temperature change and time-lag between the minimum solar radiation and the local minimum temperature is site- and event-dependent (e.g., on latitude, surface characteristics, synoptic forcing, cloud coverage, and time-of-day and duration of totality of the eclipse event), with an observed temperature drop of 1.5–10°C (Stewart and Rouse, 1974; Anderson and Keefer, 1975; Aplin and Harrison, 2003; Aplin et al., 2016; Eugster et al., 2017), and with 15–20 min lags (Antonia et al., 1979; Aplin et al., 2016). Similar near-surface thermal responses were also simulated by McInerney et al. (2018). Second, the atmospheric pressure decreases due to the eclipse cyclone (Clayton, 1901; Eugster et al., 2017) in response to the rapid atmospheric cooling in the eclipse umbra. Pressure changes of 0.26–2.0 hPa have been observed (Anderson and Keefer, 1975; Aplin and Harrison, 2003; Eckermann et al., 2007; Aplin et al., 2016). Third, the near-surface wind speed and direction may also be influenced by the eclipse cyclone. Typical observations exhibit a reduced near-surface wind speed during or lagging totality (e.g., Foken et al., 2001; Founda et al., 2007; Ratnam et al., 2010; Schulz et al., 2017) and a counterclockwise rotation shift (Gray and Harrison, 2016). Other wind phenomena, including an “eclipse wind,” or sudden increase in wind speed before or after an eclipse, have also been observed (Kimball and Fergusson, 1919; Eaton et al., 1997). Fourth, eclipse-induced gravity waves can produce periodic pressure fluctuations near the ground on the order of 0.001–0.1 hPa (Chimonas and Hines, 1970; Goodwin and Hobson, 1978; Goodwin, 1983; Eckermann et al., 2007; Zirker, 2016). Fifth, turbulent kinetic energy (TKE) and friction velocity diminish. For example, Anfossi et al. (2004) found that the TKE decay rate during a total solar eclipse follows a power-law relation with respect to dimensionless time.

Rapid changes in land-atmospheric interactions, including the components of the surface energy budget, also accompany a solar eclipse. Sensible and latent heat fluxes are attenuated because the available energy from incoming solar radiation decreases (Antonia et al., 1979; Eaton et al., 1997; Foken et al., 2001; Kastendeuch et al., 2016). The sensible heat flux diminishes dramatically and may reverse signs (Raman et al., 1990; Foken et al., 2001; Schulz et al., 2017; Turner et al., 2018). Atmospheric stability can therefore switch from unstable to stable and back to unstable in a matter of minutes, depending on the time of day that the eclipse occurs. A review of the observed meteorological responses to 44 partial or total solar eclipses is presented in Aplin et al. (2016).

Measurements of many (but not all) atmospheric quantities can be made on sufficiently fast timescales to adequately resolve their rate of change in response to rapidly evolving radiative forcing, which can be on the order of seconds or a few minutes during an eclipse. However, turbulence quantities, e.g., TKE, fluxes of heat, mass and momentum, require temporal integration (usually 10–30 min averages). Since turbulent transport is inherently a multi-scale phenomenon, point measurements require this temporal integration to sample a sufficient number of eddies to calculate statistically relevant observations and adequately quantify fluxes and other Reynolds-averaged turbulence quantities (Stull, 1988; Lee et al., 2005; Aubinet et al., 2012). The non-stationarity associated with rapid changes in surface forcing during an eclipse may therefore prohibit sufficiently long time-averaging blocks. For example, Foken et al. (2001) and Schulz et al. (2017) measured turbulent fluxes with 5-min temporal averaging, the highest resolution we could find in the literature. However, even this temporal resolution is insufficient to capture the evolution of the land-atmospheric interaction throughout a total solar eclipse, while it also under-samples flux contributions of turbulence characterized by relatively longer time and larger length scales. To circumvent these practical shortcomings of traditional eddy-covariance techniques, we developed a novel spatial-temporal method to capture land surface fluxes during non-stationary events, wherein large-scale fluctuations are captured via the spatial extent of a log-spaced array of nine ultrasonic anemometers, and the small-scale turbulent fluctuations are captured with a rapid (20 Hz) sampling rate.

The new method for rapid surface flux measurements increases the temporal resolution of surface flux measurements by an order of magnitude. Light detection and ranging (lidar) and Distributed Temperature Sensing (DTS) measurements are also used to capture detailed vertical profiles of wind speed, wind direction and temperature, respectively. This effort seeks to understand the rapid quasi-equilibrium and disequilibrium of land-atmospheric interactions which may help us to understand the physics associated with more common solar radiation interruptions (e.g., cloud overpass and evening and morning transitions).

MATERIALS AND METHODS

Field Experiment Site

We conducted a short-term field experiment within the eclipse path of totality near Corvallis, OR (44.57 N, 123.27 W) to investigate the near-surface atmospheric response during the “Great American Eclipse” of 21 August 2017 and to test a new method for measuring turbulent surface fluxes during rapidly changing surface forcing. We collected data over two full 24-h periods including the day of and prior to the eclipse (20 to 21 August), and two partial days of data during 19 and 22 August. In addition, an energy budget station collected data over 13 days from 19 to 31 August, as a portion of a longer-term monitoring campaign. The local field site was an agricultural field of dry grain stubble with greater than 1 km of horizontal, flat (slope < 0.5%) and homogeneous fetch in the direction of the daytime wind sectors (Figure 1). The site is located on the west edge of the Willamette Valley, at 74 m elevation, with foothills (90 m elevation) located 2.5 km to the west, and the Oregon Coast Range mountains beginning approximately 15 km west of the site. For the duration of the key eclipse measurement period, 20 to 21 August, the site experienced clear-sky conditions and prevailing winds from the NNE, as are common during summer, and fair-weather conditions at the site. The array was located and oriented based on 2002 to 2010 weather records obtained from a permanent weather station 2 km from the site. Additional topographic and vegetation maps, and wind roses of the 10 years wind records are available in the project meta-data. The last significant rainfall was on 10 to 11 June, although weekly irrigation occurred in adjacent fields (which are outside the daytime measurement fetch of the sensor array).
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FIGURE 1. Map and diagram of the experimental layout showing the positions of the instrumentation. The array covered an area of 0.6 ha.



Horizontal Array for Rapid Flux Measurements

A distributed horizontal instrument array containing nine stations with 10 ultrasonic anemometers and four Paroscientific 216B pressure sensors measured fluctuating 3-D wind components [u, v, and w (m s–1)], pressure [P(hPa)], and temperature [T(°C)]. Precision in ensemble-averaged parameters was maximized by deploying cross-calibrated, identical instruments when measuring a given environmental variable. For example, the 3-D wind components were measured with nine Young 81000 VRE ultrasonic anemometers mounted at the tops of 3-m-tall guy-wired masts (labeled as TOWER in Figure 2) in the logarithmically-spaced pattern shown in Figures 1, 2. The tenth ultrasonic anemometer is a component of an IRGASON (Campbell Scientific) mounted on Tower A1 at 1.56 m a.g.l. and is not used in the analysis herein.
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FIGURE 2. Schematic of the 3-D measurement domain showing (A) a north facing view of the DTS tower, (B) the vertical extent of the domain as a virtual tower with ZephIR300 measurements in blue (circle symbol) and WindCube v2 heights in red (square symbol), (C) the horizontal domain showing the logarithmic spacing of the sonic array, and (D) a photograph of Tower A1.



Young 81000 VRE ultrasonic anemometers are omni-directional and have a 1 cm s–1 resolution and 5 cm s–1 accuracy at wind speeds below 30 m s–1. For convenience, we refer to these nine ultrasonic anemometers as the “sonic array.” After deploying the sonic array, we utilized a custom-built laser alignment tool to align each ultrasonic anemometer to a reference marker placed 50 m due north of each mast’s position. This process was used to ensure that all ultrasonic anemometers were horizontally-level and aligned to the same northerly reference direction. The masts’ positions and the directional alignment target positions were established with an RTK (real-time kinematic) GPS with <3 cm precision. Four Campbell Scientific CR3000 data loggers, located at A1, B1, C1, and D1 (Figures 1, 2), acquired sonic array data at 20 Hz for the entire array and stored the data on flash cards through a Campbell Scientific NL115 ethernet/compact flash module mounted on each logger. Referring to Figures 1, 2, individual ultrasonic anemometers in the experiment array were named after their respective logger designation such that logger A collected data from sonics A1 and A2, logger B collected data from sonics B1 and B2, logger C collected data from sonics C1 and C2 and logger D collected data from sonics D1, D2, and D3.

Each data logger was paired with a dedicated Garmin GPS antenna (Model GPS16x-HVS) that, in concert with software embedded in the logger program, time synchronized the four loggers through GPS signals. The GPS16x-HVS has a 10 μs time accuracy, five times faster than the time between turbulence observations at the 20 Hz sampling rate. The logger was programmed to acquire GPS data and adjust logger clocks at 1 Hz, as recommended by the manufacturer’s data sheet. Two 36 Ah deep cycle batteries were paired with each logger to power the array stations over the observation period encompassing the eclipse.

A Vaisala HMP155 humidity and temperature probe mounted in a passive radiation shield at 2.5 m nominal height was mounted on each mast in the sonic array. HMP155 thermo-hygrometers have an approximate 20 s response time but were oversampled at 20 Hz and data were averaged in post-processing. Each thermo-hygrometer shared the name of the ultrasonic anemometer on a given mast, and thermo-hygrometer data were logged to the respectively-named logger; e.g., thermo-hygrometer A1 was paired with ultrasonic anemometers A1 and data were collected on logger A. These temperature and humidity sensors were calibrated before the experiment deployment by co-locating the instruments and acquiring environmental data over a 24-h period during conditions with a range of temperatures exceeding the temperature range encountered during the eclipse. Linear calibrations yielded R2 no less than 0.991 for temperature and no less than 0.90 for humidity.

High-frequency pressure changes in the horizontal plane were captured with shielded Paroscientific 216B pressure sensors mounted on towers A1, B1, and C1 at 3-m nominal height and data were recorded at 20 Hz on data loggers A, B and C, respectively. The pressure shields are designed to minimize the influence of dynamic pressure effects on pressure measurements. The minimal spacing of at least 25 m between pressure sensors was sufficiently distant such that one can discriminate a pressure wave traveling at the speed of sound with a 20 Hz sampling rate. Model 216B pressure sensors are configured to measure pressures in the range 800–1100 hPa with 0.03 Pa precision. Post-experiment, we cross-calibrated the pressure sensors by co-locating them on a lab bench and acquiring atmospheric pressure changes over several days. From these data, we derived linear calibrations between the reference sensor and the remaining sensors with R2 no less than 0.996.

Turbulent Flux Averaging

Sensible heat fluxes, H, were calculated from the sonic array with two approaches. First, the sensible heat flux was calculated from each 3-D ultrasonic anemometer independently on a 20-min averaging interval. This 20 to 30 min time-averaging protocol has become standard eddy-covariance practice for idealized, i.e., quasi-stationary and horizontally homogeneous, conditions (Lee et al., 2005; Aubinet et al., 2012). Second, the flux was computed on several shorter time intervals, as short as 15 s, using the synchronized and aligned sonic array. Data from all nine anemometers, within the same time interval, were composited together. Mean velocities and temperatures were calculated in space and time from this composite. The individual, space-time-ensemble (“STE,” hereafter) mean was then subtracted from all nine locations to create a spatial-temporal fluctuating quantity: [image: image], where the double prime distinguishes the space-time fluctuations, the overbar represents time averaging, the bracket represents spatial averaging, T is the sonic temperature and [image: image] is the position vector for the relative locations of anemometers in the array. Vertical wind velocity (w) perturbations were calculated in an identical manner. Rapid sensible heat fluxes are then calculated accordingly as [image: image], where ρ = 1.2 kg m–3 and cp = 1000 J kg–1 K–1 are the density and specific heat capacity of air, respectively.

Surface Energy Budget Sensors

Located 100 m to the west of the sonic array (Figure 1), an additional 6 m tall tower was instrumented as a joint eddy-covariance and energy budget station for a longer-term field campaign that overlapped the eclipse experiment. Data used for the analyses herein include radiative and ground heat fluxes. Net radiation was measured with a Hukseflux NR01 four-component net radiometer mounted at 3.41 m a.g.l. on the energy budget station. A ground heat flux sensor (Hukseflux HFP01) was installed at 5 cm depth at the station, and a post-processed calibration was calculated for in situ conditions from 1 week (post-experiment) of temperature data collected at 5 and 30 cm depths using Decagon GS3 soil temperature/water content sensors. These sensors were sampled at 1-s intervals, with 1-min averages recorded with a Campbell Scientific CR1000 data logger, which was synchronized with GPS and cell clocks daily to within 1 s of GPS time.

Lidar

A Doppler wind lidar is a remote sensing instrument that measures the wind field. Horizontal and vertical wind speed and wind direction are derived by measuring the backscattered laser beams along a conical, upward facing scan. A set of assumptions about the state of the atmosphere, e.g., horizontal homogeneity in the flow field, are invoked in these calculations. Specific details regarding the lidar-derived wind velocity calculations and the associated assumptions are described extensively in Newsom et al. (2015), Newman et al. (2016), and Choukulkar et al. (2017).

Two vertical-profiling Doppler lidar systems were deployed to observe the wind field response to the eclipse. The first was the WindCube v2 (Leosphere, Orsay, France), a pulsed Doppler lidar that emits regularly spaced emissions of infrared light for a specified pulse length to measure the radial wind speed. During operation, five beams are emitted, four in the cardinal directions (cone half-angle = 28°) and one pointed vertically, at a rate of approximately 4 s to make a complete conical scan. Twelve user-programmable heights within a 40 to 200 m a.g.l. range are available, and each range gate is 20 m in length (i.e., the probe depth). Accuracy for the WindCube v2 is ±0.1 m s–1 for wind speed and 1.5° for wind direction in flat, homogeneous terrain (Cariou, 2011).

A ZephIR300 (ZephIR Ltd., North Ledbury, United Kingdom) was also deployed to cover other heights of interest, particularly those closer to the ground surface. The ZephIR300 is a coherent continuous-wave lidar capable of measuring the wind field from 10 to 300 m a.g.l. at 10 user-programmed range gates. In contrast to the WindCube v2, the probe depth is not constant, and increases with increasing height above ground level. Probe depth ranges from 1.4 at 10 m a.g.l. to 15.4 at 100 m a.g.l. The ZephIR300 completes a conical scan pattern (1 scan per second per range gate, 50 measurements per scan, cone half-angle = 30°) to compute the radial velocity at each height. Reported accuracy for the ZephIR300 in flat, homogenous terrain is ±0.5% for wind speed and ±0.5° for wind direction (Slinger and Harris, 2012).

These two lidar instruments were used to create a virtual meteorological tower reaching a height of 300 m with 24 heights measured from 10 to 300 m, spaced unevenly such that higher resolution was obtained closer to the surface (see Figure 2B). In addition to the 10 programmable heights, the ZephIR300 has a surface meteorological station capable of measuring wind speed and direction at 1 m and a base height taken at 38 m.

A cross-validation was completed for the two lidar systems at a flat, open field on the Lawrence Livermore National Laboratory (LLNL) campus prior to deployment. During calibration the lidars were deployed alongside a 52-m tall meteorological tower for 28 days. The LLNL calibration tower was equipped with wind vanes (Met One 020C, Met One Instruments, Inc., Grants Pass, OR, United States) and cup anemometers (Met One 010C) at three heights, 10, 23, and 52 m. Very good agreement between measurements of both lidars and the LLNL meteorological tower was found for both wind speed and direction, with R2 values ranging from 0.977 (z = 10 m) to 0.999 (z = 100 m) for wind speed and 0.90 (z = 10 m) to 0.999 (z = 100 m) for wind direction.

Distributed Temperature Sensing

High-resolution profiles of the thermal surface layer were obtained with Distributed Temperature Sensing (DTS). DTS systems observe changes in the temperature-dependent Raman scattering of laser light within a fiber-optic cable to resolve the temperature along the cable at high spatial and temporal resolution (12.5 cm in space and 1 s in time). Reviews of the measurement principle can be found in Dakin et al. (1985), Kurashima et al. (1990), Williams et al. (2000), Selker J.S. et al. (2006), Selker J. et al. (2006) and Tyler et al. (2009). The DTS measurement technique has recently been adapted to atmospheric research applications. The flexibility of the fiber-optic system allows for multiple deployment geometries that can be used to observe targeted phenomenon. For example, Higgins et al. (2018) suspended a fiber-optic cable from an unmanned aircraft system (UAS) to observe the morning transition. Thomas et al. (2012) and Zeeman et al. (2015) created quasi three-dimensional arrays of fiber to observe near surface motions in the stable surface layer. Krause et al. (2013) measured the thermal patterns within a forest canopy. Sayde et al. (2015) observed rapid changes in wind speed and temperature across a shallow gully.

An approximately 100-m long section of fiber-optic cable was deployed for the solar eclipse experiment. The fiber was interrogated with an ULTIMATM unit (Silixa, Elstree, United Kingdom), which has a sampling resolution of 12.5 cm along the fiber-optic cable, a measurement time resolution of 1 s, and temperature resolution is 0.1°C. The fiber-optic cable was installed such that it passed through two calibration baths before ascending and descending a 15-m tall tower and returning through the initial calibration baths. The fiber-optic cable had a 50 μm glass fiber core surrounded with Kevlar and an outer protective layer of white plastic (outer diameter 0.9 mm). One calibration bath was maintained as an ice and water slurry, the other was kept at ambient temperature. Each water bath was insulated inside a cooler and agitated with aquarium bubblers to reduce thermal stratification. The temperature within each water bath was measured with a platinum thermocouple and an RBRsolo (RBR Ltd., Ottowa, ON, Canada). DTS temperature measurements were calibrated against the reference bath temperatures for each 1-s measurement interval.

RESULTS AND DISCUSSION

The 2017 total solar eclipse was observed at a field site along the path of totality in Corvallis, Oregon. The center of maximum totality at the field site was observed on August 21 at 10:17:39 (PDT). The site experienced clear sky conditions for a 48-h period starting the day prior to the eclipse, 20 August 2017, and continuing through the eclipse and into the following evening, 21 August 2017. Smoke from forest fires to the northeast descended upon the area on 22 August 2017, ending the clear sky period.

Time series obtained from the sensor array showing the 2-min STE mean pressure, temperature, and wind speed at 3 m through the clear sky period are presented in Figure 3. Pressure (Figure 3A) was relatively constant throughout the eclipse, though there was a 0.2 hPa decrease in pressure, at the lower limit but consistent with previous observations during an eclipse. We see no evidence of post-eclipse pressure waves observed in other studies (e.g., Goodwin, 1983; Aplin et al., 2016; Zirker, 2016). Temperature measurements (Figure 3B) are consistent between the HMP155 array and the DTS measurements at 3 m elevation. A temperature anomaly of approximately 3°C was observed during the eclipse, consistent with prior observations detailed in section “Introduction.” The observed near-surface temperature anomaly was greater than 79.7% of eclipse observations found in the literature (Table 3, Eugster et al., 2017). During the 2-h interval spanning the eclipse, ground temperature measured with an Apogee infrared radiometer decreased by 10°C before totality and increased by 14°C afterward (not shown). This 12°C-hr–1 temperature swing exceeds the sunrise heating rate of 2.8°C-hr–1 and sunset 3.4°C-hr–1 cooling rate for 2-h time intervals spanning sunrise and sunset during the same day. The 3-m wind speed (Figure 3C) diminished after totality, consistent with previous eclipse measurements (see section “Introduction”) and is characterized by a total change in near-surface wind speed of approximately 2 m s–1.


[image: image]

FIGURE 3. Time series of the 2-min STE mean pressure (A), temperature (B) and wind speed (C) at 3 m elevation through the observation period from the sensor array, and the 2-min mean DTS temperature at the 3-m (a.g.l.) fiber-optic range gate. Sunrise occurred at 06:22 and sunset at 20:08 local time.



A detailed tableau of the near-surface DTS-temperature profile evolution through the eclipse is presented in Figure 4. The near-surface region initially cools faster creating a stable thermal inversion at the surface just prior to totality. After totality, the land surface begins to warm again, and an unstable stratification is reestablished. The eclipse-induced temperature anomaly extends upward through the near-surface measurement region. The peak of the thermal anomaly lags totality and diminishes in magnitude as the height above the land surface increases.


[image: image]

FIGURE 4. DTS temperature measurements at 1-s time- and 12.5-cm vertical-space-resolution throughout the eclipse depicting the evolution of the near-surface boundary layer.



The eclipse produced changes in wind flow similar to the observed temperature profile in Figure 4. The lidar data show two important trends: 1) a slacking of the wind speed after totality, reaching a maximum decrease of 2.5 m s–1, and 2) changes in wind speed differ in magnitude and timing according to height, which creates strong wind shear post-totality (Figures 5, 6). The decrease in wind speed was only observed from the surface up to 140 m, as flow above 220 m appears to be fully decoupled from the very-near-surface layer below, as hypothesized by Foken et al. (2001) and observed by Schulz et al. (2017). Below 220 m, the magnitude of the wind speed decrease ranged from 2.5 m s–1 at 10 m to 1 m s–1 at 160 m. Unfortunately, the exact height of this decoupling is uncertain due to missing wind speeds from 150 to 200 m caused by a poor signal to noise ratio from the WindCube v2 lidar. Observations in wind direction (not shown) indicate a strong backing of the wind, or counterclockwise rotation below 50 m. A greater than 40° wind shift was observed at 1 m height between 10:30 and 10:40 PST, approximately 15 min lagging totality. This is slightly stronger than the 20°counterclockwise shift observed during the 20 March 2015 solar eclipse over the British Isles (Gray and Harrison, 2016), however, the United Kingdom observation site was only within 85% totality. The counterclockwise rotation shift has been attributed to rapid eclipse-induced cooling analogous to the formation of the transient wind regime at sunset (Gray and Harrison, 2016).


[image: image]

FIGURE 5. Time trace of horizontal wind speed from 1 to 300 m measured by lidar. The data show significant shear following the eclipse which is most pronounced between 30 and 140 m. Note that due to lidar start up errors, the ZephIR300 did not start collecting data until just prior to totality.



To look more closely at the timing and magnitude of the wind response to totality, a subset of the data is plotted in Figure 6. This figure shows that the eclipse-induced decrease in wind speed lasts longer for the heights closest to the surface. High wind shear is apparent for nearly 20 min starting 10 min after totality and a weaker period of shear is apparent 5 min after totality.


[image: image]

FIGURE 6. A subset of the lidar data illustrating the time lag between totality, the decrease in wind speed, and maximum shear. (A) Data collected at 50 m including the 1 Hz and 1-min averages of wind speed. (B) 1-min averages for all heights between 50 and 140 m.



Time series of sensible heat fluxes, calculated with standard 20-min time averaging (for individual ultrasonic anemometers), 20-min STE averaging periods and with “rapid” STE averaging (1 or 2-min), are presented in Figure 7A.


[image: image]

FIGURE 7. Comparisons between the sensible heat fluxes calculated with the STE averaging over periods of (A) 20 min and 2 min along with the 20-min range from the sonic array; (B) Sensible flux calculated for 20 min and 1 min periods, with ±1 standard deviations of 1 min flux time series (shaded), and the downwelling shortwave (SW) radiation; and (C) 20 min and 1 min sensible flux at 2 h period centered on totality.



In Figure 7, the thick, blue, dashed line shows the 20-min STE mean of the sensible heat fluxes. The cyan shading behind the time trace in Figure 7A is the range between the maximum and minimum of the nine individual 20-min time-averaged flux measurements within that interval. The thin, red line is the “rapid” sensible heat flux calculated from the STE averaging approach, outlined in the previous section, at either 2-min (Figure 7A) or 1-min (Figures 7B,C) time blocks. Throughout the eclipse experiment, the majority of the rapid STE sensible heat flux measurements are within the min-max interval of the nine individual, slow (20-min) flux measurements. Note that times of major disagreement (i.e., a large range in the 20-min sensible heat fluxes) occur at night under stable conditions. These discrepancies occur when a highly-localized cold air mass penetrates only a portion or the array, leading to large spatial gradients (not shown), and corresponding to large negative heat fluxes. These fluxes are not a result of turbulent motions but rather sub-meso motions of the non-equilibrium stable boundary layer (Mahrt, 2010) that are not typically distinguishable with longer (20-min) time averaging and standard eddy-covariance methods (Mahrt, 2009).

The rapid STE flux approach (Figures 7B,C) also has a stronger response to the very rapid changes occurring around peak totality (at the local minimum in downwelling shortwave radiation in Figures 7B,C, noted by a vertical line in Figure 7C). This is expected and illustrates that the rapid STE approach is capable of capturing fluctuations in the surface exchanges that are not resolvable with the standard implementation of eddy-covariance over 20-min averaging periods. A zoomed-in image of the sensible heat flux behavior through the eclipse is presented in Figure 7C. At totality, the flux rapidly decreased to a minimum of −30 W m–2. Following totality, the sensible heat flux magnitude increased exponentially to neutral stratification (H = 0) over a span of approximately 20 min (the approximate time-averaging scale for most eddy-covariance measurements), and then entered a new recovery phase. The 20-min STE averaged flux measurements do capture a small negative sensible heat flux at the time of totality, but do not reveal the behavioral evolution of rapid decline and recovery nor the full flux magnitude (underestimating it by about 20 W m–2).

Bias is a major concern for any turbulent flux measurements over relatively short averaging periods as the tendency of a rapid approach would be to not capture contributions of larger-scale motions to the overall land-surface flux. If these larger-scale motions were not captured, the fluxes calculated by the new rapid-STE approach would have a systematic bias or underestimation of the full flux magnitude as calculated by standard methods with longer time averages. The difference between the mean of the nine independent flux measurements and the flux estimated with the rapid spatial-temporal approach is quantified in Figure 8A. The STE fluxes calculated on 20-min averaging times are linearly interpolated so that they can be compared with the fast flux measurements. In all cases, the median bias is negative and less than 2 W m–2 in magnitude.


[image: image]

FIGURE 8. Quantitative comparisons of STE averaging times for (A) bias and (B) root-mean-square difference (RMSD).



The root mean squared difference (RMSD) between the mean of the nine independent flux measurements and the rapid STE approach is presented in Figure 8B. Here, the RMSD decreases as the fast flux averaging time interval increases. The horizontal reference line is the RMSD of the nine independently calculated 20-min flux measurements about their mean. The STE averaged RMSD crosses below this threshold at the 5-min averaging interval. Note that the RMSD between the 20-min flux and the rapid STE flux measurement does not necessarily represent error between methods.

Figure 9 presents an analysis we used to characterize how quickly the atmosphere responds to the eclipse perturbation. It shows the 1-min STE sensible heat flux response to rapidly changing insolation and the exponential recovery (Figure 9) from the most negative heat flux peak to the no net flux (H = 0 Wm–2) condition. The exponential recovery exhibits a time-constant of 0.146, corresponding to an e-folding time of 6.85 min. This order 10-min (or less) timescale characterizes how rapidly the atmosphere responds to the perturbation of available energy at the land surface.


[image: image]

FIGURE 9. The 1-min STE sensible heat flux response and recovery time scale analysis.



To reconcile this observed time response in the sensible heat flux with time response in available energy, i.e., the net radiation and ground heat flux (Rn - G), lagged cross-correlations were calculated between the two energy terms. The rapid fluctuation of each component was tabulated by subtracting the 20-min running average flux magnitude from the flux measured over 1-min periods (i.e., [image: image]), similar to a Reynold’s decomposition. Lagged cross-correlations were found between fluctuations in each component, at intervals of 1-min time lags up to a maximum of 6 h (360 lagged intervals), although we present results only for ±25-min lags (Figure 10).
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FIGURE 10. Cross-correlations between 1-min fluctuations in the source terms [(Rn - G)′] and turbulent heat flux (H′) (A) during sunlit periods (Rn > 5 W m–2), and (B) during dark periods (Rn < 5 W m–2). Dark periods include the time near totality, as well as nighttime periods. Blue lines indicate the approximate 95% confidence interval.



This cross-correlation analysis (Figure 10) shows that coupling is evident between the vector sum of net radiation and ground heat flux (Rn - G) and the 1-min STE heat flux determined array ensemble. Coupling between the available energy (Rn - G) and the turbulent flux can be conditionally differentiated by sunlit (Rn > 5 W m–2 in Figure 10A) and dark (Rn < 5 W m–2 in Figure 10B) periods (daytime and either nighttime or near totality, respectively). While incoming solar radiation is heating the surface (Rn > 5 W m–2 in Figure 10A), the concurrent instability is indicated by a cross-correlation that peaks at a 1-min lag, and rapidly drops off below the 95% confidence interval after 3-min of lag. During dark periods (Rn < 5 W m–2 in Figure 10B), when stable conditions dominate and there is no net source term for surface heating, positive correlations occur over a broader range of lag and are centered at negative but near-zero time lags. This may indicate that over short periods without solar forcing (primarily at night), small fluctuations in near-surface heat exchange are affected by temperature gradients induced by slow sub-meso scale motions, in addition to upwelling, long-wave radiative flux.

These correlations indicate that linkages across the energy pathways are measurable even over short time intervals. They also indicate that atmospheric response times are on the order of 10 min or less, which agrees with the exponential time-response analysis (Figure 9). In general, a lack of closure in the surface energy budget might be related to differences in time response for the various flux components, corresponding to the often-cited problem of advective flux divergence (Foken, 2008; Leuning et al., 2012).

CONCLUSION

We conducted a field experiment during the 2017 total solar eclipse in Corvallis, Oregon aimed at observing the near-surface atmospheric response to the rapid change in solar radiative forcing. We observed much of the expected eclipse-induced behavior in mean temperature, pressure and wind velocity (Figures 3–6). Specifically, rapid changes in air temperature, wind dynamics and surface flux dynamics were recorded. These temperature and wind measurements were consistent with previous surface station measurements. Compared to previous studies, we expanded the vertical extent of observations through the use of lidar and DTS techniques. Lidar measurements indicate a decoupling from the surface that resembles a smaller-scale nocturnal residual layer aloft with stable stratification and weak winds closer to the surface, which generate strong wind shear (Figures 4–6).

The eclipse provided a unique opportunity to develop and test new rapid methods for surface flux measurement during non-equilibrium events. These methods employed a turbulent flux sensor array, designed to measure both the small (short) and large (long) scales of turbulent fluctuations that contribute to the integrated surface heat flux. Given a sufficiently dense array, our results suggest that flux can be measured over periods shorter than 1 min. The new method presented was able to measure sensible heat fluxes with less than 2 W m–2 median bias for periods as short as 15 s. Our observations with this new technique indicate that the atmosphere responds rapidly to changes in the available energy at the land surface, and that these types of rapid fluctuations in sensible heat flux may be common and perhaps unobserved, particularly at night. We showed that resolving rapid changes in turbulent fluxes corroborate previous estimates of atmospheric response time. Finally, these rapid flux estimates facilitate cross-correlation analyses between linked energy pathways, such that time lags between key quantities (e.g., terms in the energy balance equation) can be investigated.

These independent analyses indicated that the atmosphere responds to rapid changes in surface forcing over a time scale of 10 min or less. The spatial-temporal-ensemble (STE) surface flux measurement technique could also be used to verify and test other rapid flux algorithms. The approach may also provide a means to link the flux response to relatively larger-scale atmospheric motions and events (e.g., sub-meso scale motions). This would provide a new basis for atmospheric scaling of non-stationary flux at the land surface.
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