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Abstract: We present a machine learning-based measure-correlate-predict approach that
predicts a multi-year time-series of optical turbulence strength (C,Z,) with high accuracy

(r =0.78 at 16 locations) based on a single year of in-situ C,% measurements and reanalysis
data. © 2024 The Author(s)

Quantifying optical turbulence strength (C2) at a site of interest to astronomy or free-space optical communica-
tion (FSOC) typically requires in-situ measurements [1] or mesoscale simulations [2]. Both approaches become
expensive or infeasible when C,2Z needs to be obtained for long periods, such as multiple years. We propose a ma-
chine learning-based measure-correlate-predict (ML-MCP) approach as a solution, which expands a single year
of measured C? to a multi-year C? time series. Our ML-MCP approach utilizes gradient boosting [3,4] (GB) mod-
els to correlate the 1-year observation of C2 data to concurrent and collocated ERAS reanalysis data. The ERAS
reanalysis is a global dataset from the European Centre for Medium-Range Weather Forecasts (ECMWF), pro-
viding hourly estimates of a wide range of atmospheric, land, and oceanic variables from 1950 to the present [5].
After the GB models are fitted, arbitrary periods of ERAS can be used as model inputs to obtain corresponding
predicted C? values. Note that such predictions are only valid for the location where the underlying observations
were collected.

For a comprehensive performance assessment of the ML-MCP approach, we utilize the 16 flux stations of
the New York State (NYS) Mesonet. These stations are placed across the state of New York and form a diverse
network with sites in flat, mountainous, maritime, and urban regions. At each station, C,% is obtained from high-
frequency temperature measurements using sonic anemometers at 9 m above ground. Five years (2018 — 2022) of
such single-level C2 observations with collocated and concurrent ERA5 data are available for each location. That
data is used to train five GB models per site in a round-robin fashion: each model is trained on one year of data
and evaluated on the remaining four years. This process is repeated five times until all years are used for training
once. We quantify the agreement between the observed and corresponding predicted log C,Z, time series of each
model employing the Pearson’s correlation coefficient r and the root-mean-squared error (RMSE) €.

These resulting r and € scores are presented in Fig. | in panels (a) and (b), respectively. The scores are similar
across years at a single location, i.e. column-wise, demonstrating that there is no strong dependency on the year
selected for training. That is encouraging for practical application as the similarity suggests that any available ob-
served year — potentially also archive data — is suitable for temporal extrapolation. The models trained for different
sites yield mostly similar performance with little spread around the mean values 7 = 0.78 and € = 0.42. Due to the
climatological diversity of the network, this low spread demonstrates that our ML-MCP method is applicable in
various topographic and meteorological settings. Two groups of climatologically similar sites (cf. grey brackets)
stand out due to their model scores forming the tails of the performance distributions: the coastal sites (left-most
group) perform above average, while the Champlain Valley sites (right-most group) perform lower than average.
The Brooklyn station (BLKN, coastal) and the Whitehall station (WHIT, Champlain Valley) are assessed as rep-
resentatives of their climatologies in more detail in Fig 2. Comparing the correlation plots (left) in panels (a) and
(b) reveals that the lower correlation values for WHIT are due to low C,% values being overestimated. BKLN does
not show this tendency. The overestimation is also visible in the six randomly selected 7-day windows (right)
where observed (black) and predicted (red) log,,C> are compared. Again, the WHIT predictions tend to miss the
low C,2Z conditions compared to the BKLN time series, thus resulting in larger errors and lower correlation. Since
WHIT’s climatological sister station, CHAZ, shows a similar behavior, we assume the trained models systemati-
cally miss some local processes. That is unsurprising because ERAS has a horizontal resolution of only ~ 30 km,
which could be too coarse to capture the relevant weather phenomena in a complex valley environment such as
the Champlain Valley. On the other hand, the coastal climate seems to be better represented in ERAS, leading to
consistently better C2 model performance at the three coastal sites.

Overall, our C,zl ML-MCP approach performs well and is shown to work reliably for various locations and with
different years of training data. Our work enables the accurate temporal extrapolation of an observed 1-year C2
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Fig. 1. Overview of ML-MCP performance for all sites. Columns represent stations grouped by
climatological similarity (grey brackets), and rows correspond to the year selected for training. The
scores in each cell — Pearson correlation coefficient » and root mean squared error € — reflect the
model’s performance on all other years that are not used for training. The histograms present the
overall distribution of the metrics.
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Fig. 2. Correlation plot (left) and time series plots (right) for sites with (a) highest and (b) lowest
performance. Time series plots show 16 randomly drawn samples of 7 consecutive days comparing
observed (black) and predicted (red) log;, C%.

time series to multiple years, which we believe is beneficial for a range of astronomy or FSOC applications.
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