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Abstract

Abstract — This work aims at creating a preliminary machine learning (ML) model
for correcting the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5
reanalysis stress-equivalent local wind biases, based on atmospheric and oceanic parameters.
Several errors in the ECMWF global output for near surface ocean winds have been reported
when validated against scatterometer observations. An existing approach for correcting these
biases (the so-called ERA* method) consists of scatterometer-based corrections accumulated
over a certain time window at each grid point, which allows to reduce local persistent biases.
This approach is sensitive to scatterometer sampling and, to collect a statistically significant
number of samples, assumes that such biases are static. This is not the case for errors due to
moist convection or the diurnal cycle. For operational purposes, the temporal window is lagged
with respect to the reanalysis forecast time and the time difference between scatterometer-based
correction (SC) and sample data collections can be ten days.

We propose a preliminary ML setup that looks for the functional relationship between
several oceanic and atmospheric variables that describe the persistent NWP errors as observed
in the NWP-scatterometer differences. This would allow to predict the biases of the stress-
equivalent wind forecasts and using the bias corrections in coupled weather or seasonal forecasts,
or to account for these in climate runs. Such variables are first identified as ECMWF model
parameters, such as stress-equivalent winds, their derivatives (curl and divergence), atmospheric
stability related parameters, i.e., sea-surface temperature (SST), air temperature (Ta), relative
humidity (rh), surface pressure (sp), as well as SST gradients and ocean currents. This work
evaluates the feasibility of such approach and provides an overview of possible implementations
of this regression.

Several ML algorithms are trained on a dataset that covers a period of 65 days and further
evaluated. These algorithms include two libraries based on Gradient Boosting Decision Trees
(GBDT), such as XGBoost and LightGBM, and feed-forward neural networks, implemented with
the sklearn library (MLP Regressor) and with the Tensorflow and Keras API.

The models are trained to reproduce the differences between collocated scatterometer
(ASCAT-A) and ERA5 U10S. The resulting models are further evaluated against a test dataset
that covers a period of 23 days posterior to the training period. The best performing models are
then further selected to generate the corrections for the entire ERA5 forecasts.

The corrected forecasts are then collocated with an independent scatterometer HSCAT-B
that has a local pass time that differs 3.5 hours from that of ASCAT-A. Globally, the best
performing model is a Tensorflow-based neural network with 4 hidden layers with 256, 128, 64,
32 neurons per layer, with dropout used for regularization. It shows a 5.54% of square error
reduction globally, and in particular up to 7.66% in the extra-tropics, compared to ERA5 (test
period). In the tropics and high latitudes, the error variance reduction is of 3.67% and 5.47%,
respectively. This neural network setup outperforms the ERA* product in the extra-tropics and
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high latitudes, although not in the tropics.

This work demonstrates that it is possible to reduce ERA5 local biases by using only NWP
variables as model inputs, which makes this approach promising for operational setup purposes.

Key words — scatterometer-based corrections, ERA5 biases, Machine Learning, Ocean
forcing
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Acronyms

ADAM adaptive moment estimation.

API application programming interface.

ASCAT Advanced Scatterometer.

AWDP The ASCAT Wind Data Processor.

BUFR Binary Universal Form for the Representation of meteorological data.

CDO Climate Data Operator.

CMEMS Copernicus Marine Service.

CNN Convolutional Neural Network.

CPU central processing unit.

DL Deep Learning.

DNN Deep Neural Network.

ECMWF European Centre for Medium-Range Weather Forecasts.

EO Earth Observation.

ERA5 ECMWF Reanalysis v5.

EUMETSAT European Organization for the Exploitation of Meteorological Satellites.

FNN Feed-forward Neural Network.

GBDT Gradient Boosting Decision Trees.

GMF Geophysical Model Function.

GPU graphics processing unit.

GRIB General Regularly distributed Information in Binary form.

HSCAT-B Haiyang-2B scatterometer.

HY-2B Haiyang-2B.

ICM Institute of Marine Sciences.
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Acronyms

IFS Integrated Forecasting System.

KNMI Royal Netherlands Meteorological Institute.

LightGBM Light Gradient Boosting Machine.

LST local solar overpass time.

MABL Marine Atmospheric Boundary Layer.

MARS Meteorological Archival and Retrieval System.

MetOp Meteorological Operational satellite.

ML Machine Learning.

MLP Multi-layer Perceptron.

MSE Mean Squared Error.

NetCDF Network Common Data Form.

NRT near real time.

NSOAS National Satellite Ocean Application Service.

NWP Numerical Weather Prediction.

OSCAT2 OceanSat Scatterometer.

OSI-SAF Ocean and Sea Ice Satellite Application Facility.

PenWP Pencil beam Wind Processor.

ReLU rectified linear unit.

rh relative humidity.

RMSE Root Mean Square Error.

RMSProp root mean squared propagation.

SC scatterometer-based corrections.

ScatSat-1 Scatterometer Satellite-1.

SDG stochastic gradient descent.

SGD stochastic gradient descent.

sp surface pressure.

SST sea surface temperature.

SVR Support Vector Regression.
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Acronyms

Ta air temperature.

U10S stress-equivalent winds.

UAM Universidad Autónoma de Madrid.

VRMS Vector Root Mean Square difference.

WOC World Ocean Circulation.

XGBoost Extreme Gradient Boosting.
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1
Introduction

Scatterometer-derived sea surface winds have been assimilated into the European Centre
for Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting System (IFS) for more
than two decades. Scatterometers are radar (active microwave) instruments that measure the sea
surface roughness, i.e., the microwave energy scattered from the ocean surface gravity-capillary
waves, which are induced by the local wind. When the same ocean area is measured from three
or more different look angles, it is possible to determine the wind speed and direction at the
ocean surface through the numerical inversion of the Geophysical Model Function (GMF), i.e.
the empirical relationship between the backscatter and the sea-surface wind vector [1].

Scatterometer winds are successfully assimilated in NWP after thinning them. Nevertheless,
the assimilation of the Advanced Scatterometer (ASCAT onboard MetOp series) wind data into
the IFS can be further improved, such as by using scatterometer wind products after spatial
aggregation (so-called superobbing), applying flow-dependent errors, or refining the quality
control [2]. Unfortunately, as reported by Belmonte and Stoffelen [3] and Trindade et al. [4], the
Numerical Weather Prediction (NWP) wind output shows relatively large and persistent local
biases over the ocean, which ideally should be corrected before data assimilation. Furthermore,
biases need to be corrected since they mostly represent unresolved geophysical processes by NWP
models.

A particularly relevant problem in NWP is the stability-dependent errors in the boundary
layer formulation [5]. For example, as pointed out in [6, 7], in the ECMWF model formulation,
momentum mixing seems too strong in the stable and neutral boundary layer and too weak under
unstable conditions. Stress-equivalent ECMWF winds under stable conditions are thought to be
too strong, under unstable conditions too weak, and this shows up as a residual wind speed bias
when compared to scatterometer winds. Moreover, a lack of NWP cross-isobaric flow has been
reported [6, 8], i.e., NWP wind directions are biased with respect to the observed winds with
opposite sign in the Southern and the Northern Hemispheres, particularly in neutral and stable
stratification.

Scatterometer-based corrections (SC) of the mentioned systematic and persistent effects
present in the ECMWF ERA-Interim [4] and ERA5 [9] reanalyses output have been developed.
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CHAPTER 1. INTRODUCTION

The method consists of accumulating the mean differences between scatterometer and model
wind data over long enough periods of time to reduce sampling errors and well correct persistent
NWP biases.

With this approach, scatterometer-based corrections (SC), using accurate, unbiased, high
spatial resolution ocean vector winds from several scatterometers, i.e., the C-band Advanced
Scatterometer (ASCAT) on board MetOp satellites and several Ku-band scatterometers such
as the OSCAT2 scatterometer on board SCATSat-1, are developed. The NWP-corrected wind
output by SC, the so-called ERA*, outperforms NWP (ERAi, ERA5) when compared against
independent scatterometer data ( [4], [10], [9]). In particular, a SC based on a 3-day time window
of a combination of the 3 ASCATs (A, B, and C) and OSCAT2 leads to an overall 9% reduction
of error variance in ERA*, with respect to that of ERA5.

A main extension of the above method, would be to attribute the biases to local processes or
conditions, such that corrections may be computed for forecasts too. This is relevant to weather
forecasting, seasonal forecasting and climate predictions, particularly when made with coupled
atmosphere and ocean models. Furthermore, such attribution would aid research into improved
parameterization of processes in the models. Finally, in case of only one scatterometer, a longer
sampling period is needed to compute accurate local biases, while these will be somewhat less
representative of the verification time where the corrections are applied. If the model marine
boundary layer process errors were attributed by deep learning methods, then more representative
and hence accurate local model errors may be computed and applied in data assimilation or
coupling.

Deep learning methods [11] are currently being used to generate sea level forecasts, driven
partly with direct sea level observations [12] or to provide better estimates of relevant variable
fields [13, 14] which can be used to force numerical models. These methods are fast and
numerically cheaper than data assimilation and have already been demonstrated to allow reliable
reconstructions of sparse satellite measurements of sea surface temperature and sea level anomaly
[13,14].

We aim at a preliminary machine learning (ML) model set up, which uses scatterometer and
ECMWF forecast fields of stress-equivalent winds (U10S) and derivatives (divergence and curl),
atmospheric stability related parameters, i.e., sea-surface temperature (SST), air temperature
(Ta), relative humidity (rh), surface pressure (sp), as well as SST gradients and ocean currents, to
predict the SC, and correct for the mentioned NWP errors. This is particularly relevant for both
atmospheric (e.g., NWP data assimilation) and oceanic (improved wind forcing) applications.

Several non-linear regression models are evaluated to find the relationship between these
atmospheric (stability) and oceanic (SST gradients and currents) parameters and the SC, in order
to optimize the correction of the NWP output errors. The atmospheric stability parameters are
retrieved from the ERA5 reanalysis dataset [15], while the dataset for the currents is obtained
through the Copernicus Marine Service (CMEMS). The regression does model the SC derived
from geolocated differences between ASCAT-A scatterometer and ERA5 stress-equivalent winds.
The evaluated models include ensemble algorithms based on Gradient Boosting Decision Trees
(GBDT), such as XGBoost [16, 17] and LightGBM [18]. Another type of model implemented is
based on Multi-layer Perceptron (MLP) neural network [19].

The NWP output is corrected using the range of selected models and the performance is then
first assessed against the test dataset, i.e., against the same ASCAT-A scatterometer, and finally
against an independent scatterometer, i.e., HSCAT-B, whose sun-synchronous orbit samples the
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CHAPTER 1. INTRODUCTION

ocean surface at a different local solar time of the day than that of ASCAT-A.

In this work, we compare the performance of preliminary models trained on a small dataset
(less than 3 months of data) to choose the optimal approach, which will be further sophisticated
and trained over several years of data during the second part of this study.
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2
State of Art

This chapter gives an overview of the applications of machine learning algorithms in Earth
observation and remote sensing, as well as introduces the problem of ERA5 biases and the
previous attempts to mitigate them. The section about scatterometer observations gives a brief
description of the instrument that is used as ground truth for this work, to estimate the ERA5
biases.

2.1 Machine learning applied to Earth Observation

In the last decades, the amount of meteorological and Earth Observation (EO) data has been
growing at an exponential rate, e.g., the growth rate of the ECMWF Meteorological Archival
and Retrieval System (MARS) is about 45% per year [20]. In particular, satellite acquisitions,
which provide imagery and measurements from various types of sensors, contribute the most to
the mentioned data growth.

Due to the rising volumes of data, data-driven solutions have become more and more
important in Earth Sciences, including weather forecasting and climate change studies. Machine
Learning (ML) algorithms are becoming more extensively used for satellite image processing
(segmentation [21] and object detection [22]), bias correction [23] and cross-calibration, time
series prediction [12] and filling of the observational gaps [14].

2.2 Persistent biases in ECMWF ocean wind forcing output

Global Numerical Weather Prediction (NWP) model sea-surface wind output is commonly
used to force ocean models for their time and space continuity. One of the most commonly used
NWP models is the ECMWF reanalysis ERA5.

Several issues with global NWP output, and ERA5 in particular, have been reported [9].

Proposal and evaluation of the machine learning models for correcting ERA5 U10S
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CHAPTER 2. STATE OF ART

Figure 2.1: Differences between ASCAT-A/B/C and collocated ERA5 U10S for the zonal (a)
and the meridional (b) wind components, accumulated over a 30-day temporal window centred
on February 15th 2019 around 09 UTC. The colours represent the differences in m/s (see colour
scale). Adopted from [9].
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Belmonte et al. [3] reports large scale circulation errors for ERA5, such as excessive mean model
westerlies in the middle latitudes that are connected with insufficient mean model meridional
(poleward) flow between 30 and 60◦ in both hemispheres.

Sandu et al. [24] analyse the causes of wind direction biases of the ECMWF Integrated
Forecasting System, which is considered one of the most prominent systematic errors in the near-
surface weather forecasts. They bring up the already known issue of the forecasted surface wind
direction being generally veered (rotated clockwise) with respect to observations in the Northern
Hemisphere (NH) both over land and over the oceans, while in the Southern Hemisphere (SH)
it is backed (rotated anticlockwise) with respect to observations.

Belmonte et al. [3] show that the local wind errors in ERA5 reanalysis are reduced by 20%
as compared to the previous ERA-Interim version, while still present. The causes of the most
common biases were summarized in [25]:

1. Air-sea interaction parameterization errors, e.g., the link between SST and wind gradients;

2. Marine Atmospheric Boundary Layer (MABL) closure, particularly the neutral and stable
MABL;

3. Representation of mesoscale phenomena, such as moist convection [26];

4. Mesoscale dissipation of 3D turbulence; NWP model dynamical closure;

5. Ocean currents, particularly for the zonal (equatorial) component.

As a result numerical weather prediction can miss relevant ocean-atmosphere interactions at
both the large scales and the oceanic mesoscale. These persistent errors result in systematic
differences between scatterometer and NWP sea surface winds. These differences are referred to
as persisting local biases, and can be seen when scatterometer and model winds are collocated [9].
Figure 2.1 represents an example of persistent local wind biases globally for the zonal (a) and
the meridional (b) components, accumulated over 30 days (February 2019).

2.3 Scatterometer observations

Historically, the main part of the weather observations was collected over land and in
highly populated areas. Wind data over the oceans mostly came from ships that normally
follow established routes and avoid extreme weather. Another available source of continuous
in-situ ocean observations are buoys that carry meteorological stations but their geographical
distribution is highly sparse and uneven.

Over the last decades, remote sensing is being used to provide meteorological information
over the global ocean, in particular with the use of various instruments on board satellites.

There are two types of sea-surface-wind remote-sensing instruments: passive and active
microwave sensors [27]. The passive sensors measure the electromagnetic radiation coming from
the Earth surface and the atmosphere and several meteorological parameters can be obtained
from such measurements, including winds [1]. Passive microwave sensors (radiometers) measure
the wind speed over the ocean by analysing the power spectrum of the electromagnetic radiation
that is emitted by the wind roughened surface [28]. The surface roughness depends on the near
surface stress-equivalent wind speed [29].

Proposal and evaluation of the machine learning models for correcting ERA5 U10S
as a function of atmospheric and oceanic conditions
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CHAPTER 2. STATE OF ART

Figure 2.2: Schematic representation of the scatterometer acquisitions over the ocean surface.
Adopted from [31].

The active microwave sensors (radars) emit electromagnetic radiation towards the Earth and
measure the properties of the received back-scattered signal. Scatterometers measure the power
returned from ocean surface roughness elements by Bragg resonance (figure 2.2). At the e.m.
wavelength of the radar (5 cm for ASCAT) and incidence angle (ranging 25-65◦ for ASCAT),
the backscatter radiation mostly comes from the gravity-capillary waves that are in equilibrium
with the local wind stress. The measured backscatter depends on the magnitude of the stress
magnitude and the direction relative to the radar beam [1,30].

The stress-equivalent wind dataset that is used in this work is obtained from the
European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) Ocean
and Sea Ice Satellite Application Facility (OSI-SAF) ASCAT-A coastal wind product.
Advanced Scatterometer (ASCAT) is one of the instruments carried on-board the EUMETSAT
Meteorological Operational satellite (MetOp) polar satellites. Metop-A, the first in a series of
three satellites, was launched on 19 October 2006 [34] and decommissioned in November 2021.

Figure 2.3 represents the swath geometry of the ASCAT scatterometer and the position of two

8 Master Thesis



CHAPTER 2. STATE OF ART

Figure 2.3: ASCAT-A swath geometry. Adopted from [32,33]

sets of three antennas (45 degrees forward, sideways, and 45 degrees backwards with respect to
flight direction) that are used to generate radar beams. The beams illuminate two approximately
550 km-wide swaths on both sides of the satellite ground track, separated by about 700 km. The
measurements are operationally available with two grid sizes, i.e., 12.5 km (the so-called coastal)
and 25 km [34]. The instrument operates at C-band frequency (5.255 GHz), which makes it
rather insensitive to rain as compared to Ku-band instruments [23,26].

2.4 ERA*

A data series correcting for local, persistent NWP stress-equivalent wind biases was produced
in the framework of the World Ocean Circulation (WOC) project, which led to the generation of
the so-called ERA* dataset [35], for the period 2010-2020. The ERA* product aims to correct
persistent errors of ERA5 reanalysis with the use of the varying scatterometer constellation over
time [4, 9].

The rationale of the method is that when the scatterometer wind data are accumulated
over certain periods of time, it is possible to overcome sampling errors and maintain some of
the scatterometers most beneficial features, i.e., those related to relatively small-scale ocean
processes, such as wind-SST interaction and ocean-current relative winds, and furthermore,
correct for the other small- and large-scale NWP parameterization and dynamical errors.

The correction is based on the temporally-averaged difference between scatterometer (uSCAT
10s )

and ERA5 stress-equivalent wind components (uERA5
10s ), at grid point (i,j) and time sample (t),

as described in equation 2.1 (same for the meridional component v) [9].

SC(i, j, tf ) =
1

M

M∑
t=1

(uSKATk
10s (i, j, t)− uERA5

10s (i, j, t)) (2.1)

As such, for each tf and fixed temporal window configuration (N), the collocated
scatterometer/ERA5 fields within tf ± N/2 days are collected and the corresponding
scatterometer/ERA5 differences averaged at each grid point. This leads to the generation
of hourly (at each tf ) SC U10S fields for a predefined time window (N) and combination of
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Figure 2.4: Mean error variance reduction (in percentage, with respect to that of ERA5) of the
selected ERA* 15-day configurations against independent scatterometer data for global, tropical,
extra-tropical, and high-latitude regions. Adopted from [9]

scatterometers (k).

Finally, the scatterometer corrections for the zonal and the meridional components,
SC(i, j, tf ), are added to the ERA5 U10S forecasts, as shown in equation 2.2.

uERA∗
10s (i, j, tf ) = uERA5

10s (i, j, tf ) + SC(i, j, tf ) (2.2)

ERA* outperforms NWP, and ERA5 in particular, when compared against independent
scatterometer data [4, 9, 10, 36]. For example, the scatterometer-based corrections (SC)
accumulated over a 3-day time window and a combination of 4 scatterometers, i.e., the Advanced
Scatterometers ASCAT-A, -B, and -C (onboard Metop satellite series) and the OSCAT2 (onboard
ScatSat-1), leads to an overall 9% reduction of the error variance in ERA*, with respect to that
of ERA5.

The default configuration of the dataset, however, is based on a 15-day time window (N15), as
it shows more stable behaviour for the 11-year dataset, accounting for the varying scatterometer
constellation and the many, relevant data gaps of some of the operating systems. For the periods
of reduced scatterometer sampling, the SC accumulated over shorter (e.g., 3-day) temporal
windows results in a degradation of performance compared to that of ERA5. For larger (e.g.,
15-day) temporal windows, when the constellation consists of 3 and more scatterometers and
data gaps are absent, the ERA* performance is similar to that of shorter temporal window
configurations. Figure 2.4 shows the reduction of ERA* error variance compared to that of
ERA5, using several independent scatterometers as reference. For example, in 2020 the error
variance reduction is 5.6% globally, 8.7% in the tropics, 3.3% in extra tropics and 3.8% in high
latitudes.

While ERA* aims at removing local NWP biases, it is not always effective in doing so. In
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particular, the effectiveness of the correction will strongly depend on scatterometer sampling
at each particular grid point, while weather-dependent biases are not grid point dependent.
A more functional relationship between atmospheric state variables, sea surface temperature
(SST), ocean currents, and scatterometer versus NWP differences might lead to more effective
SC and therefore improved NWP bias mitigation. More importantly, such correction may also
be exploited in weather, seasonal and climate forecasting applications to correct for model errors.

2.5 ML applied to NWP bias corrections

Over the last years, machine learning and in particular Deep Learning (DL) techniques are
often used to enhance NWP forecast accuracy. The most common models for NWP corrections
are being developed for temperature [37] and precipitation, including nowcasting [38].

Models for wind bias corrections are mostly done for land observations, where the ground
truth data comes from the meteorological observational stations and the correction depends on
the local terrain roughness.

In [39], Tang et al. propose an adaptation of the LightGBM model to correct the prediction of
temperature and wind from the ECMWF model. They use data from 18 observation stations in
the Hainan Province (China) to calculate the corrections. They introduce the spatial LightGBM
model that includes data from several neighbouring stations. In this work, the spatial LightGBM
outperforms the standard LightGBM, as well as Random Forest and Gradient Boosting Decision
Trees (GBDT).

Han et al. [40] propose a deep learning method called CU-net to correct the gridded forecasts
of four weather variables from the ECMWF IFS: 2-m temperature, 2-m relative humidity, 10-
m wind speed, and 10-m wind direction, with a forecast lead time of 24 h to 240 h in North
China. CU-Net stands for correction U-net, a CNN-based network architecture normally used
for image segmentation. In training, they use operational ECMWF IFS model as input and
ERA5 reanalysis as ground truth.

Chan et al. [41] use XGBoost to correct the biases in the intensity of tropical cyclones, which
is usually underestimated by the ECMWF forecasts. They demonstrate that their ML model is
able to reduce the errors in typhoon intensities, despite being highly dependent on the quality of
NWP predictors used for model input. Another consideration that they discuss concerns whether
XGBoost model predictions are suitable for extremely violent typhoons.

Park et al. [42] apply a DNN to calibrate ASCAT-based wind speed in the Korean Sea using
10 buoy stations. In this case, they used the ML approach not for NWP bias correction, but
for tuning the scatterometer 25-km footprint winds to the local buoys. They used wind speed,
direction, location, date and time of the day as input for the neural network and fitted the model
to the buoy-based wind speed. The DNN has 5 hidden layers with 256-128-64-32-16 nodes per
layer. The DNN-based calibration showes lower RMSE compared to linear and SVR regressions.

Another recent work [43], published by the NVIDIA research group, shows that it is possible
to substitute the ECMWF IFS with its underlying physics by FourCastNet (Fourier Forecasting
Neural Network), a DNN based on Adaptive Fourier Neural Operator (AFNO). They claim that
the trained model produces forecasts 45,000 times faster than the traditional NWP approach
with the forecast accuracy comparable to that of the current IFS.

Proposal and evaluation of the machine learning models for correcting ERA5 U10S
as a function of atmospheric and oceanic conditions
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2.6 SC generation for NWP using ML models

In this work, we aim to create a preliminary regression model that links ERA5 model winds
and atmospheric stability and oceanic related variables with ERA5 model biases for the zonal
and the meridional stress-equivalent wind components.

ERA5 U10S biases can be detected comparing the reanalysis data with the scatterometer
observations. In this work, we focus on the ASCAT-A dataset described in section 2.3. The
model data is collocated with the ASCAT-A data through temporal and spatial interpolation
and the corresponding differences are calculated. The resulting regression should be able to model
such differences between ERA5 and scatterometers in the absence of the observational data, only
by using other NWP model variables as input. The resulting ML model should represent the
functional relationship between the NWP atmospheric stability and oceanic related variables and
ERA5 local biases to improve ocean wind forcing predictions.

As compared to the first version of ERA*, which required accumulated scatterometer
observations over a period of several days, or even weeks, as well as centered time windows,
which makes it difficult to implement in the operational forecasting, the resulting model should
be able to predict the NWP biases to improve operational NWP ocean forcing forecasts.

This works focuses on testing of the feasibility of such approach. The models under evaluation
are trained only on a small set of data. We try different machine learning algorithms to check
which are the most suitable for the task to finally choose the one with the best performance and
most adequate for this specific goal (i.e., ocean forcing prediction improvement). The resulting
model will be further sophisticated and trained over a larger dataset of several years in the future.
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3
Datasets

This chapter describes the datasets that are being used in this work. The model data, such as
ERA5, currents and variables derived from them are used as the ML model input features. The
scatterometer data (we focus on ASCAT-A only in this work) is used to estimate the ML model
target (ERA5 biases). The last section introduces the independent scatterometer dataset that is
used for validation purposes.

3.1 ASCAT-A scatterometer data

The ASCAT-A scatterometer stress-equivalent wind data are used to determine the ERA5
biases, and are therefore used as the ML model target. The modelled output is the difference
between the scatterometer measurements and ERA5 stress-equivalent winds.

The OSI-SAF 12.5-km ASCAT-A scatterometer U10S data are available for the period
between January 2007 and November 2021. We use the period 02 January - 01 April 2020
data for training and initial evaluation of the model, while in the continuation of this project the
best performing model will be trained and evaluated over a much longer period of 5 years, i.e.,
2017-2021.

The scatterometer raw data are processed at Royal Netherlands Meteorological Institute
(KNMI) and provided on a Level-2 swath grid and then reprocessed at Institute of Marine
Sciences (ICM).

Figure 3.1 shows an example of ASCAT-A descending swaths for a given day. Stress equivalent
scatterometer winds are available both in cartesian (zonal and meridional or u and v components,
in m/s) and polar (wind speed in m/s and wind direction in degrees) coordinates, as shown in
Table 3.1.

Proposal and evaluation of the machine learning models for correcting ERA5 U10S
as a function of atmospheric and oceanic conditions
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Figure 3.1: ASCAT-A descending swaths for February 8th, 2020

3.2 ERA5 model data

The Numerical Weather Prediction (NWP) model data that is used as the input for the
regressions comes from ERA5 reanalysis dataset [44]. We choose ERA5 reanalysis instead of the
operational historical forecasts as it uses the same version of the atmospheric model for all the
years of the dataset, while the characteristics of the operational forecasts change from year to
year.

ERA5 reanalysis data has 2 analysis cycles, at 06 and 18 hours UTC. At the analysis time,
the model assimilates the observational data into the current state of the system and runs the
numerical model to generate the forecasts of the future state of the system. ERA5 generates
forecasts with hourly time resolution and only those forecasts ranging from +3h up to +18h
from the analysis cycle time are used. In case of overlapping forecasts from two different analysis
cycles, we use the closest ones for training. sea surface temperature (SST) data is available only
once per analysis cycle and is therefore provided twice per day.

ERA5 datasets have a 30-km grid and 1 hour temporal resolution. The datasets are available
for download through the ECMWF Meteorological Archival and Retrieval System (MARS).

The ASCAT-A and ERA5 variables used in the model are listed and briefly described in table
3.1.

Note that the ASCAT-A dataset includes collocated ERA5 U10S as background model wind,
which is used as wind reference for the processing and quality assurance. The collocated stress-
equivalent background wind is calculated from the ERA5 neutral 10-meter winds using an
equation 3.1, where ρair is the local air density and < ρair > is the average global air density
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taken as 1.225 kg/m3 [29].

U10S = U10N

√
ρair

< ρair >
(3.1)

3.3 Currents

The ocean surface currents dataset is obtained through Copernicus Marine Service (CMEMS)
[45], [46]. We use the daily means for model input to avoid additional noise in the data. Currents
are more persistent over time than winds or other atmospheric variables, and thus hourly changes
are less significant (besides tidal currents in the coastal zones that are not included in this study).

The original dataset includes surface currents at 0 and 5 m depths, but we only include
currents at 0 meter depth as they have more influence on the atmospheric conditions.

The dataset includes the zonal and the meridional velocities of the current (uo, vo in m/s)
at 1/4◦ regular grid.

Source Variable short name Variable long name Units
Common lat Latitude degree
Common lon Longitude degree
KNMI wind_speed ASCAT-A stress equivalent wind speed at

10 m
m s-1

KNMI wind_to_dir ASCAT-A wind direction at 10 m degree
KNMI eastward_wind ASCAT-A stress equivalent wind u com-

ponent at 10 m
m s-1

KNMI northward_wind ASCAT-A stress equivalent wind v com-
ponent at 10 m

m s-1

ERA5 se_model_speed Stress equivalent model wind speed at 10
m

m s-1

ERA5 model_wind_to_dir Model wind direction at 10 m degree
ERA5 se_eastward_model_wind Stress equivalent model wind u component

at 10 m
m s-1

ERA5 se_northward_model_wind Stress equivalent model wind v component
at 10 m

m s-1

ERA5 msl Mean sea level pressure Pa
ERA5 air_temperature Aire temperature K
ERA5 q Specific humidity kg kg-1
ERA5 sst Sea surface temperature K
CMEMS uo Eastward sea water velocity at 0 m m s-1
CMEMS vo Northward sea water velocity at 0 m m s-1

Table 3.1: Variables used in models and their origin

Proposal and evaluation of the machine learning models for correcting ERA5 U10S
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Variable short name Variable long name Units
se_model_wind_divergence Model divergence of stress equivalent wind at 10m s-1
se_model_wind_curl Model rotation of stress equivalent wind at 10m s-1
sst_dx SST zonal gradient K m-1
sst_dy SST meridional gradient K m-1
current_speed Sea water velocity at 0 m m s-1
cos_sst_grad Cosine between SST gradient vector and stress-

equivalent model wind
NA

cos_currents Cosine between sea current vector and stress-
equivalent model wind

NA

Table 3.2: Additional variables selected as possible ML model inputs

3.4 Wind derivatives and additional input variables

Several input features that may potentially improve ERA5 U10S output corrections are
calculated from some of the variables in the original datasets. The full list is represented in
the table 3.2.

Figure 3.2: Example of a flow with positive curl (a) and divergence (b). Image adopted from [47]

Based on the ERA5 stress-equivalent wind components, we calculate U10S vorticity (curl)
3.2 and divergence 3.3. The equations are adapted to the Cartesian coordinate system, where
the wind derivatives are calculated with respect to the x (zonal) and y (meridional) axes.

ζ = ∇× v⃗ =
∂v

∂x
− ∂u

∂y
(3.2)

δ = ∇ · v⃗ =
∂u

∂x
+

∂v

∂y
(3.3)

The vorticity characterizes the rotational movements or shear in the air, and in case of a two-
dimensional flow, the vorticity vector is a scalar rotational quantity perpendicular to the ground.
The vorticity is positive for counter-clockwise rotation (cyclonic in northern hemisphere and
anticyclonic in the southern hemisphere) [48]. The divergence of a vector field is positive when
it behaves as a source. When the flux is directed inward the divergence is negative and called
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convergence. Figure 3.2 illustrates idealized flows with positive wind vorticity (a) and divergence
(b).

Besides derivatives from the ERA5 U10S fields, we also include as input to the model the sea
surface temperature (SST) gradients. Xin Jin et al. in [49] show the existence of a statistical
relationship between surface wind stress and SST gradients. We thus calculate the corresponding
zonal and meridional gradients (i.e., sst_dx, sst_dy) and the cosine of the angle between the
SST gradient direction and the ERA5 stress-equivalent wind direction (cos_sst_gradient).

Finally, we derive two additional input features from the ocean currents dataset, i.e., the
surface sea velocity norm (current speed) and the cosine between the current vector and the
ERA5 stress-equivalent wind vector (cos_currents).

3.5 HSCAT-B dataset (validation)

We use the HSCAT-B scatterometer data for independent verification purposes (see
verification methodology description in section 5.4).

The HSCAT-B on board the HY-2B satellite has a local pass time that differs about 3.5 hours
from that of ASCAT-A. It passes over about 3.5 hours earlier or 8.5 hours later. The HSCAT-B is
a Ku-band (13.256 GHz) conically scanning scatterometer with two beams sweeping at incidence
angles of 41◦ (horizontally polarized) and 48◦ (vertically polarized) in swaths of 1350 and 1750
km, respectively [50].

The Chinese National Satellite Ocean Application Service (NSOAS) HSCAT-B data is
available at 25 km grid resolution and has been reprocessed with the EUMETSAT Numerical
Weather Prediction (NWP) SAF Pencil beam Wind Processor (PenWP) developed at KNMI,
exploiting improved QC in the newer PenWP version [51].

3.6 Preliminary data analysis

This section provides a detailed description of the dataset used for training. The training
dataset consists of 65 days of data, out of which only 5% randomly subsampled data points are
used to reduce its size. The period of the training data is 2 January - 6 March 2020.

Table 3.3 shows the statistics of the scatterometer corrections represented in components
(u_diff for zonal and v_diff for meridional) and model variables (i.e., atmospheric variables
and SST from ERA5 and ocean currents from CMEMS) that are used as input features. The
statistics were calculated on a global scale to understand the range of variables (for normalization
purposes, as required for regression with neural networks).

Globally, we can see that the ERA5 mean zonal U10S (u_diff) are slightly biased with respect
to scatterometer U10S, while the ERA5 meridional U10S does not show a significant bias. Note
also that the latter presents a somewhat larger standard deviation of the differences compared
to the former.

Figure 3.3 represents the distributions of scatterometer corrections for the training data
divided by regions, such as the tropics (between 30◦S - 30◦N), the extra-tropics (30◦N - 55◦N
and 30◦S - 55◦S) and the high latitudes (beyond 55◦N & 55◦S). Zonal U10S differences (u_diff)
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Training dataset, total count 6,262,033
Variable name mean std min 1% 99% max
u_diff -0.17 1.36 -23.95 -3.99 3.37 25.16
v_diff -0.02 1.46 -25.94 -3.89 3.92 21.92
se_eastward_model_wind 0.38 6.89 -24.38 -12.50 15.70 28.21
se_northward_model_wind -0.37 5.59 -27.60 -13.26 13.01 24.02
se_model_speed 8.10 3.65 0.03 1.32 18.07 33.16
model_wind_to_dir 182.5 97.6 0.0 8.3 351.5 359.9
se_model_wind_divergence -3.4E-07 1.8E-05 -5.0E-04 -6.2E-05 3.8E-05 2.9E-04
se_model_wind_curl 1.6E-07 3.0E-05 -5.4E-04 -9.1E-05 8.1E-05 7.4E-04
msl 1.0E+05 1.5E+03 9.3E+04 9.7E+04 1.0E+05 1.0E+05
air_temperature 287.2 10.5 242.7 265.9 301.7 306.2
q 0.009 0.006 0.000 0.001 0.019 0.024
sst 288.6 10.3 271.5 272.5 303.2 305.0
sst_dx 1.4E-07 1.0E-05 -4.0E-04 -2.8E-05 3.1E-05 4.2E-04
sst_dy 1.1E-06 1.3E-05 -6.5E-04 -3.5E-05 3.7E-05 5.0E-04
cos_sst_grad 0.51 0.58 -1.00 -0.99 1.00 1.00
uo 0.01 0.21 -4.16 -0.54 0.57 7.00
vo 0.00 0.16 -6.22 -0.43 0.42 5.01
current_speed 0.21 0.16 0.00 0.02 0.78 7.02
cos_currents 0.11 0.72 -1.00 -1.00 1.00 1.00

Table 3.3: Statistics for scatterometer corrections of zonal and meridional components (u_diff,
v_diff) and model inputs

Figure 3.3: Distributions of scatterometer corrections for training data for zonal (u) and
meridional (v) components in Tropics, Extra Tropics and High Latitudes.
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have the smallest standard deviation in the tropics, i.e., 1.25 m/s, while 1.34 m/s in the extra
tropics (1.56 m/s in Northern hemisphere and 1.23 in Southern) and 1.53 m/s at high latitudes
(1.82 m/s Northern and 1.41 Southern). In the extra-tropics and high latitudes, the errors are
generally larger in northern hemisphere, while in the tropics they are of similar magnitude in
both hemispheres. In the extra-tropics, the zonal differences are biased in both hemispheres,
while the mean differences are of -0.31 m/s.

The meridional U10S differences (v_diff) are biased in the tropics, -0.23 m/s in the northern
hemisphere and 0.21 m/s in the southern. The standard deviation of the differences is 1.45 m/s
in the tropics, 1.41 m/s in the extra-tropics (1.60 m/s and 1.31 m/s in the northern and southern
hemispheres, respectively), and 1.52 m/s in the high latitudes (1.85 m/s and 1.38 m/s in the
northern and southern hemispheres, respectively).

Figure 3.4 shows the spatial distribution of the mean scatterometer differences for zonal (top)
and meridional (bottom) components. To calculate the statistic, the binning was performed on
0.5 ◦ x 0.5 ◦ grid. The means are calculated over 65 day period at the beginning of 2020. We
can see the biases mentioned previously for zonal component (u) in extra-tropics (predominance
of blue color, best seen in southern hemisphere). The biases for the meridional component (v)
are also well seen in tropics.

If we compare this figure with 2.1 that represents mean accumulated scatterometer corrections
for February 2019, the spatial distribution of the biases is quite similar. If the NWP model errors
are seasonally dependent and repeat over years, it should be feasible to simulate this model errors
based on location and other NWP variables that can be used as input features.

Figure 3.5 represents Pearson correlation between NWP variables and scatterometer
corrections (globally). Some of the variables that are used as input features are highly correlated,
such as sea surface temperature (SST), surface air temperature and relative humidity (q). There
is a correlation between various variables and latitude, for example mean sea level pressure (msl),
surface air temperature, SST, humidity and zonal wind component (se_eastward_model_wind).
Current components (uo and vo) and model wind components (se_eastward_model_wind,
se_northward_model_wind) are also correlated as model winds are used in ocean forcing models.

The presence of highly correlated variables makes the input feature importance analysis more
difficult (section 6.3). As the weights get distributed between highly correlated variables, it is
hard to tell which of them have more influence on the model output.

Proposal and evaluation of the machine learning models for correcting ERA5 U10S
as a function of atmospheric and oceanic conditions

19



CHAPTER 3. DATASETS

Figure 3.4: Mean scatterometer corrections for training data for zonal (u) and meridional (v)
components binned in 0.5 ◦ x 0.5 ◦ grid.
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Figure 3.5: Correlations between scatterometer corrections (u_diff, v_diff) and model inputs
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4
ML models

This chapter provides an overview of the of the different ML algorithms that are trained and
evaluated to create preliminary regression models for generating ERA5 bias corrections. Section
4.1 gives a short introduction to supervised learning, regression models and terminology used
further in the chapter. Next section 4.2 describes general requirements for the algorithms to fit
the project purposes and sections 4.3 - 4.6 introduce ML algorithms that are further evaluated.

4.1 Common definitions

The regression model (predictor) is a function that describes the relationship between several
independent variables, or input features, and a dependent variable, further referred as target.

The models described below are part of the supervised machine learning algorithms that map
feature vectors (inputs) to labels (output), based on example input-output pairs [52]. The goal
of learning is to find a model and its corresponding parameters such that the resulting predictor
will perform well on unseen data [53].

There are three distinct algorithmic phases of machine learning algorithms [53]:

1. Training or parameter estimation

2. Hyperparameter tuning or model selection

3. Prediction or inference

The training or parameter estimation phase is when we adjust our predictive model based on
our objectives and the training data. In this case, we train non-probabilistic models and follow
the principal of maximum likelihood estimation to adjust the model parameters. The estimation
of model parameters (θ) is also referred to as fitting the model to the train data.

Proposal and evaluation of the machine learning models for correcting ERA5 U10S
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The loss function (ℓ(yn, f(xn; θ)) measures how well the model fits the training data by
computing a normalized difference between the model estimation and the target training data.
When training the model, the goal is to find a parameter vector that minimizes the average loss
(difference) on the set of the training samples (equation 4.1) [19,53].

θ̂ = argmin
θ

1

N

N∑
n=1

ℓ(yn, f(xn; θ)) (4.1)

The most commonly defined loss to measure the performance of the regression models is the
square loss function (4.2) that heavily penalizes in particular large residuals y − ŷ.

ℓ(yn, f(xn; θ) = (yn − f(xn; θ))
2 (4.2)

The difference when using the square loss function is equal to Mean Squared Error (MSE)
(4.3).

MSE =
1

N

N∑
n=1

(yn − f(xn; θ))
2 (4.3)

Different loss functions will typically lead to different outcomes, reflecting the expected error
distribution between model and reference data.

The model behaviour on the unseen data is simulated either with cross-validation or with
a separate evaluation dataset. To perform well on unseen data, there should be a balance
between fitting well on training data and still making generalized predictions that do not reduce
model performance on the new data. Different regularization techniques are used to avoid
overfitting, which allow the model to generalize well. Performing well also implies that the
sampling distribution of the training data should well represent the general distribution of unseen
data.

Commonly used regularization techniques include L1 (lasso) and L2 (ridge). In ridge
regularization, the objective loss function is a sum J(w) of mean squared error and a criterion
that expresses a preference for the weights that lead to smaller squared L2 norm (second term
in the equation 4.4), where λ controls the preference for smaller weights [54].

J(w) = MSE+λwTw (4.4)

When minimizing J(w), there is a trade-off between fitting the data and the weights being
small. This also puts weights on fewer features.

The L1 (lasso) regularization adds a penalizing term that is a sum of the absolute values of
the parameters w instead of the squared norm. If the regularization coefficient λ is sufficiently
large, some of the weights wj are driven to zero, leading to a sparse model [55].

During the training, the parameters are being adjusted to minimize the loss function.
The training process and the model structure are controlled by model hyperparameters,
that determine the values of the model parameters after the learning algorithm converges
[56]. Hyperparameter tuning, or hyperparameter optimization, is the process of finding the
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configuration of hyperparameters that results in the best model performance.

The hyperparameter tuning can be automatized using Grid Search, where the set of possible
hyperparameter values is selected and the algorithm trains a model on each possible combination
of these values. The algorithm returns the combination of hyperparameters that shows the best
performance for a defined metric on the evaluation subset. If the evaluation subset is not defined,
the cross-validation can be used to evaluate the models.

Random search is an alternative to grid search that is less computationally expensive when,
instead of the predefined grid, the hyperparameter values are being randomly sampled from
predefined distributions. It is not used in this work, however, as one of the hyperparameters is
the neural network structure, which cannot be sampled randomly.

Finally, prediction or inference phase is when we use a trained predictor on previously unseen
data, after the parameters of the model are fixed (trained) and the resulting predictor is applied
to new input data [53].

4.2 General requirements

To be able to model the corrections of a 2-D vector field, we should generate the U10S
corrections to both the zonal and the meridional components or, alternatively, the wind speed
and direction components. The regression should be able to produce 2 outputs that are
not independent. However, the difference characteristics of individual vector components are
generally close to normal, while the difference characteristics of speed and direction are skew
and not normal. The latter is not statistically compatible with using a squared loss difference
(MSE) [57,58].

Anyway, this 2-D vector field requirement leads to the selection of ML models with the
support of multi-output regression. In this work we focus on modelling ERA5 biases for both
the zonal (u) and the meridional (v) components, following the ERA* approach.

Another constraint for selecting the appropriate regression algorithms is the possibility to
build a model based on a large quantity of satellite and NWP data. One day of ASCAT-A data
in the original swath grid has more that 2 million points and slightly less when interpolated onto
a 0.125 degree regular grid. In this work, a reduced dataset is used, such that it can fit into
available RAM during the training. However, for the next training stage over a larger dataset,
the algorithm should support either custom batch generator or parallel computing libraries.

Incremental learning is also useful for the operational implementation of the model, as the
ECMWF model errors drift seasonally and the model can be updated with the latest data to
improve predictions. Note that ECMWF is changing model version twice per year, following
parallel testing, where the yearly biases remain rather constant up to now. So, some care is
needed in a near real time (NRT) implementation to follow ECMWF model changes, while
ERA5 changes should be rather gradual instead, given current experiences.

Most of the experiments are made for the algorithms based on Gradient Boosting Decision
Trees (GBDT), such as Extreme Gradient Boosting (XGBoost) [16], [17] and Light Gradient
Boosting Machine (LightGBM) [18], as well as for neural networks with 3-4 hidden layers
implemented with Multi-layer Perceptron (MLP) [59] from scikit-learn library and with a similar
Feed-forward Neural Network (FNN) with Keras and Tensorflow libraries [60].
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4.3 XGBoost

Extreme Gradient Boosting (XGBoost) [16, 17] is a scalable and distributed Gradient
Boosting Decision Trees (GBDT) library that belongs to the group of ensemble machine learning
algorithms based on decision trees.

Gradient boosting is based on improving a weak model by adding a number of other weak
models to generate a strong model [61]. The weak additive models are being targeted to minimize
the errors between the previous model output and the target function. The outcomes of each
added model represent the gradient of the error residuals with respect to the prediction. Figure
4.1 represents schematic diagram of gradient boosting. The resulting function F (x) is the sum
of the function f1(x) that is estimated using targets Y , while the consecutive functions fi(x) are
trained with the residuals as the model targets (Y − fi−1(x)).

Figure 4.1: Gradient boosting schematic diagram. Adopted from [62].

GBDTs iteratively train an ensemble of shallow decision trees, with each iteration using the
error residuals of the previous model to fit the next model. The final prediction is a weighted
sum of all the tree predictions.

The Extreme Gradient Boosting implementation of the gradient boosting offers parallel
building of trees instead of sequential which reduces the time required for training over large
sets of data. It also provides various options for regularization that are used to avoid overfitting.
XGBoost can be used both for classification and regression problems. Starting with version 1.6,
XGBoost has a native support of multi-output that is required for our model.

The library has many hyperparameters that can be tuned for better model performance.
We mainly tune the number of estimators and regularization parameters, such as alpha (L1
regularization term, see the description above) and gamma (minimum loss reduction required to
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make a further partition on a leaf node of the tree). We also add randomization of samples and
features used in the construction of the estimators by modifying the subsample (by randomly
sample the training data prior to growing trees) and the colsample_bytree (ratio of features used
in constructing each tree). The tuned hyperparameters are discussed in detail in section 5.2.

4.4 LightGBM

Figure 4.2: Level-wise (above) vs leaf-wise tree growth. Image adopted from [63].

The Light Gradient Boosting Machine (LightGBM) [18] is another popular gradient boosting
algorithm. Compared to XGBoost, LightGBM grows trees leaf-wise instead of level-wise (depth
of the tree) [63] (see figure 4.2).

The LightGBM regressor doesn’t have native support of multi-output, so we have to wrap it
into the MultiOutputRegressor or the RegressorChain models [64] provided by scikit-learn. The
resulting metrics are similar for both of the multi-output wrappers.

4.5 MLP Regressor

Figure 4.3: Multi-layer Perceptron with 2 outputs. Image adopted from [65].
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The Multi-layer Perceptron (MLP) regressor provided by the scikit-learn library is an
implementation of a fully-connected feed forward neural network (see image 4.3) that can learn
and approximate a non-linear function.

Multi-layer Perceptron consists of the input layer that contains neurons representing input
features, several hidden layers and an output layer. Each neuron of the hidden layer transforms
the values from the previous layer with a weighted linear summation, followed by a non-linear
activation function. There are several types of activation functions, we used the rectified linear
unit (ReLU): f(x) = max(0, x). The final output layer receives the values from the last hidden
layer and returns the resulting sum without applying any activation function (as compared to
classification tasks where a softmax or sigmoid activation function is applied) [66].

The training of the model is being done through a back-propagation algorithm by updating
the weights of the sums of the layer outputs. Back-propagation is used to compute the gradient
of a loss-function, which then is passed to a gradient-based optimization algorithm [19].

There are several types of solvers that optimize the gradient descent available in this library.
In this work, we use the stochastic gradient descent (SDG) with adaptive learning rate. Adaptive
learning keeps the learning rate constant to the initial learning rate, as long as the training loss
keeps decreasing; otherwise, it is divided by 5 [67].

The stochastic gradient descent minimizes empirical risk by following the gradient of the risk
evaluated on a random sample or a subset of data [68]. The MLP regressor implementation uses
mini batches that include 200 samples by default. It also implements the Nesterov momentum
that allows to move faster along the directions where the loss is changing slowly, and slowing
down along the directions where the gradient has suddenly changed [19].

The MLP regressor supports L2 regularization (ridge) that is used to avoid model overfitting.
The L2 regularization is penalizing weights that become too large in magnitude. In this
implementation the L2 regularization term is divided by the sample size when added to the
loss [67]. The library also supports online-learning using partial_fit that allows to update model
weights with new data. The MLP is sensitive to feature scaling [66] and requires normalization
of the datasets for training and for generation of the model output.

4.6 Feed-forward Neural Network with Tensorflow and Keras

The MLP regressor from scikit-learn library is easy to use. However, it doesn’t have GPU
support, fails during the training of larger models, and doesn’t have the flexibility of model
design as offered by Tensorflow and Keras. Keras is an application programming interface (API)
for Tensorflow infrastructure that provides a user interface for deep learning [60].

We build similar feed-forward neural networks with 3-4 hidden layers with Tensorflow and
Keras. However, instead of the L2 regularization term, this time we use Dropout layers between
the hidden layers. The Dropout layer randomly sets input units to 0 with certain probability
(rate) at each training step (weight update), which helps to prevent overfitting [60]. Figure 4.4
represents the differences between the fully-connected neural network (a) and the network after
the dropout has been applied (b). The weights are being updated only using the inputs that stay
active. In this work, the dropout rate is being estimated for each neural network configuration
through cross-validation.
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Figure 4.4: Fully-connected neural network (a) and the network after applying dropout (b).
Image adopted from [69].

We use the adaptive moment estimation (ADAM) optimizer and a learning rate scheduler
with exponential decay to reduce the learning rate at the end of the training epochs, and thus
to refine the gradient descent. The ADAM optimization method computes individual adaptive
learning rates for different parameters from the estimates of the first and the second moments of
the gradients [70].
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5
Methodology

This chapter explains the methodology and workflow that was used in this work. Section 5.1
explains the data preparation steps. Further sections 5.2 and 5.3 explain the search of optimal
hyperparameters and the training stage, while last section 5.4 describes the validation approach.

5.1 Data preparation

Due to the high volume of the scatterometer and model data, the pre-processing is an
important part of this project. The input files used in the resulting dataset come from different
sources and in various file formats, temporal and spatial resolutions, which requires collocation
of the datasets as well as spatial and temporal interpolation.

As the data preparation involves multiple steps and has a certain computational cost, it is
being done in a separate chain from the training and validation of the models. The pre-processing
for each day of data is being run in parallel on a HPC cluster and the outputs are stored, so that
the pre-processing step is done only once. The processed data is then accessed during training
and validation of the models.

5.1.1 Spatial interpolation

The collocation of the geo-referenced datasets involves aligning the data in space and time.
As all datasets are in different formats and/or on different spatial grids, the first step of the data
pre-processing is to interpolate them to the same grid.

As the target grid, we use the same as that of the first version of the ERA* product, i.e., a
1/8◦ regular grid. Table A.1 includes the regular grid definition for the NWP variables and the
half grid for calculation of the derivatives such as SST gradients, wind curl and divergence. The
half grid is defined so that the middle point of the gradient value has the same coordinates as
the target grid.
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The spatial interpolation is done with several software tools depending on the file format
and its source. The scatterometer datasets are provided in Binary Universal Form for the
Representation of meteorological data (BUFR) format in orbit files, which already include
spatially and temporally interpolated ERA5 U10S fields. During the processing, the orbit files
are concatenated in daily files and further processed with GenScat tools provided by KNMI
(most of which are part of the NWP-SAF AWDP software [71, 72]). Input scatterometer files
are first converted into NetCDF format at level 2 (L2) on a regular swath grid, and curl and
divergence are calculated for model and scatterometer winds. The full command line options
used in GenScat can be consulted in Appendix B.1.

Then, with the nc_L2_to_L3 (B.2) tool from the GenScat toolbox, we perform the spatial
interpolation of the L2 NetCDF files to the fixed, regular level3 (L3) grid described in A.1.

Finally, the ERA5 model parameters (other than U10S) and ocean currents model fields are
spatially interpolated to regular grid using the Climate Data Operator (CDO) tool [73].

5.1.2 Temporal interpolation

When all the datasets are on the same regular grid, we temporally interpolate them to
the scatterometer ground truth data. Scatterometer data are continuous in time, while NWP
model data are provided hourly (atmospheric data), and oceanic data twice-daily (SST and SST
gradients) or daily (currents).

As atmospheric data has hourly resolution, and can have large temporal variance (e.g., the
sea surface winds), we use three different forecast times to make the temporal interpolation,
one right before the scatterometer acquisition and two after. In case there are two forecast files
available for the same hour, we choose the one with the shortest forecast range, but making sure
that all three forecasts used in the interpolation originate from the same analysis cycle. To get
the interpolated value between three data points we use quadratic interpolation, as shown in the
equations 5.1 - 5.5:

t′ =
time− t2
t3 − t1

(5.1)

a = (v3 + v1 − 2v2)/2 (5.2)

b = (v3 − v1)/2 (5.3)

c = v2 (5.4)

vinterpolated = at′
2
+ bt′ + c (5.5)

where time corresponds to the scatterometer acquisition time, t1− t3 correspond to the three
mentioned NWP forecast times, v1 − v3 to the atmospheric variable to be interpolated at the
three different times, and vinterpolated to the final temporally interpolated value.

In case of SST data, we use the nearest available forecasts, as only two forecasts are available
at ERA5 analysis times (6am and 6pm). As a result, all data that is obtained before noon are
collocated with the 6am forecast, while afternoon data are collocated with the 6pm forecast.

The currents are collocated directly by reading the corresponding daily file, as the daily
currents average is centered at 12 UTC.
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The collocated files are first saved on a regular grid in NetCDF format (mainly to be able
to visualize the collocated data) and then converted into two-dimensional arrays (with python
numpy library) with features as columns. Longitude and latitude coordinates are added as
features as well. The arrays pass additional filtering of unrealistic values and are saved in pickle
format along with the list of feature names (used further for feature selection in model training).

5.1.3 Collocation of NWP data for output generation

To be able to validate the machine learning model performance against independent
scatterometer data, the model output should be generated in a similar format as the ERA5
forecasts. To do this, we need to collocate ERA5 atmospheric hourly forecasts with twice-daily
SST files and daily ocean velocity files, such that the NWP model biases can be computed with
the trained predictor model.

When the resulting corrections SC are calculated, the input NWP fields are available over
the whole ocean area, and not only over the scatterometer swaths, and the ML model output is
generated globally for each forecast time.

For this type of collocations no temporal interpolations are required, we just merge the
corresponding files of SST and currents with those of ERA5 atmospheric data as input to the
SC computation by the ML model.

5.1.4 Normalization

This step is omitted for decision tree ensembles such as XGBoost or LightGBM but necessary
for neural networks.

As some of the variables are angles in degree units, we’ve chosen the normalization in the
range [-1, 1] to be in line with sine and cosine used for these features. For example, we use sine
for the latitude normalization as the values are in the range [-90, 90] and both sine and cosine
for the longitude, as well as the wind direction, as they range from 0 up to 360 degrees.

Other non-circular variables are normalized using the minmax normalization with the
manually designed minimum and maximum values shown in table A.2. We analyse the
distributions of a sample dataset and define a common range of values for each variable (based on
analysis of maximum and minimum, as well as of 1 and 99 percentiles) and make them centered
at 0 for the variables with zonal and meridional components.

The targets were scaled linearly as well as other input features. In future work we will try
transformed target regressor [74] to see if non-linear transformations of the targets give any
added value to the model.

5.1.5 Sample size reduction

The 3-month dataset used in training occupies around 30GB of disk space and is split into
180 files (i.e., 2 files per day). This amount of data makes it difficult to train the ML models
without the use of parallel computing and implies the use of incremental training techniques.
However, LightGBM (with sckit-learn multi-output wrapper) incremental training over multiple
files instead of loading the entire dataset into the memory does not show good performance as
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compared to XGBoost (not shown), and as such we try a different approach by reducing the
dataset size.

To make the dataset more manageable for the model training, we perform downsampling by
randomly choosing 5% of the data, which results in about a 2GB dataset. This approach leads
to a more computationally efficient search for the optimal parameters of the first ML model
prototypes and a better performance. For the follow-up activities, we will seek ways of training
the tuned best performing model on a larger dataset.

5.2 Search for optimal hyperparameters

The dataset is split into train (02/01 - 06/03/2020), validation (07/03 - 09/03/2020) and
test (10/03 - 01/04/2020) periods. Test dataset represents 25% of total data by the end of the
period, while the validation files correspond to 3 days in the middle and the train dataset to the
beginning of the period.

The first approximation for the hyperparameters of the different ML models is done on a
small dataset that includes several days of data. For this task, we use GridSearch with cross
validation [75] from the scikit-learn library splitting data with TimeSeriesSplit [76].

5.2.1 XGBoost

The example of the hyperparameter search for XGBoost over a small subset of data can be
seen in the code listing 5.1.

Code 5.1: XGBoost grid search example
param = {

’ early_stopping_rounds ’ : [ True , Fa l se ] ,
’ boos t e r ’ : [ ’ gbt ree ’ ] ,
’ tree_method ’ : [ ’ h i s t ’ ] ,
’ n_estimators ’ : [ 1 0 0 , 500 , 1000 ] ,
’ min_child_weight ’ : [ . 5 , . 8 , 1 ] ,
’gamma ’ : [ 0 . 1 , 0 . 2 , 0 . 5 , 1 ] ,
’ subsample ’ : [ . 5 , 1 . 0 ] ,
’ co lsample_bytree ’ : [ 0 . 5 , 1 . 0 ] ,
’max_depth ’ : [ 5 , 10 , 2 0 ] ,
’ alpha ’ : [ 0 , 0 . 1 , 0 . 5 ]
}

We use the default gbtree booster with the histogram tree method. It is an approximated
solution that builds a gradient histogram for each node and iterates through the histogram
instead of through the entire dataset [77].

In this grid search, we determine the optimal number of estimators (n_estimators). This
is a first approximation on a smaller dataset. When training over the whole period, the models
with a larger number of estimators are being tested as well.

The min_child_weight parameter is the minimum sum of instance weights (hessian)
needed in a child. If the sum of instance weights of a resulting leaf node is lower than
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min_child_weight, then the partitioning stops. The larger the min_child_weight is, the more
conservative is the algorithm [17]. The models that are evaluated in the results section have this
parameter set to a default value 1.

The Gamma parameter defines the minimum loss reduction required to make a further
partition on a leaf node of the tree. The resulting model has this parameter set to 0.2.

Subsample is the ratio of the data that is randomly sampled during the training step. We
use the default uniform distribution sampling method. A subsample value of 1 means that no
random subsampling is done during the training and all the available data is used. The resulting
model has a subsampling value of 0.5.

Colsample_bytree is another randomization technique that is used to avoid overfitting. It
defines the subsample ratio of columns when constructing each tree. Subsampling occurs once
for every constructed tree. A ratio of 0.5 is chosen for the resulting model.

The max_depth parameter defines the maximum depth of the tree and its complexity. A
large max_depth value can lead to model overfitting. In our model, it is set to 10, while the
default value is 6.

Alpha is the L1 regularization term on model weights. The L1 and L2 regularization was
explained in the previous chapter 4. The bigger the regularization term is, the more conservative
is the model. This value is set to 0.2.

The learning rate is also adjusted, but mostly manually through training runs over the
whole training dataset. Learning rate is set to 0.01.

5.2.2 LightGBM

For LightGBM models, the following hyperparameters are tuned [78]:

• n_estimators defines the number of estimators of the model, similar to XGBoost.

• num_leaves is the maximum number of leaves in one tree, and controls the complexity
of the model.

• max_depth limits the max depth of the tree model.

• min_data_in_leaf defines the minimum number of data in one leaf, and depends on
the number of samples and the number of leaves.

• max_bin is the maximum number of bins that feature values will be bucketed in; reducing
this number can help to avoid overfitting.

• learning_rate is the learning rate of the model.

• lambda_l1 is the L1 regularization term.

• feature_fraction defines the fraction of the randomly selected subset of features on each
iteration (tree).

• num_iterations is the number of boosting iterations.

• bagging_freq is the frequency of bagging, used to perform bagging at every k iteration.
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• bagging_fraction randomly selects part of the data without resampling.

5.2.3 MLP Regressor

The MLP regressor hyperparameters are tuned in various grid searches, as well as through
many training attempts by observing the metrics on the validation dataset throughout the
training.

The code listing 5.2 shows one of the first grid searches that is done on a small subset of
data.

Code 5.2: MLP grid search example
r eg r = MLPRegressor ( )

param_grid = { ’ h idden_layer_s izes ’ : [ ( 5 0 , 25 , 10) , (50 , 25 , 25 , 10) ,
↪→ (100 , 50 , 25) , (100 , 50 , 25 , 5) ] ,

’ a c t i v a t i o n ’ : [ ’ r e l u ’ ] ,
’ a lpha ’ : [ 1 , 0 . 1 , 0 . 01 , 0 . 0 0 1 ] ,
’ s o l v e r ’ : [ ’adam ’ , ’ sgd ’ ] ,
’ verbose ’ : [ True ]

}

In this grid search, we choose the optimal layers configuration, as well as the alpha
regularization term (L2). We also try two different optimizers, stochastic gradient descent (SGD)
with Nesterov’s momentum and adaptive moment estimation (ADAM).

At first, the attempt was made to train the MLP Regressor on a non-reduced dataset using
partial fit and training it over a number of separate files. During this type of training, SGD
performed better than ADAM, and when training the final model on the reduced dataset, we
use SGD with the adaptive learning rate as well.

For the MLP Regressor, the grid search over the entire training dataset is performed (see code
listing 5.3). In this grid search, we compare the performance of different layer configurations, as
well as the regularization term alpha.

Code 5.3: MLP grid search example
params_fixed = { ’ a c t i v a t i o n ’ : ’ r e l u ’ ,

’ s o l v e r ’ : ’ sgd ’ ,
’ l e a rn ing_rate_in i t ’ : 0 . 03 ,
’ l ea rn ing_rate ’ : ’ adapt ive ’ ,
’ s h u f f l e ’ : True ,
’ max_iter ’ : 200 ,
’ verbose ’ : True ,
’ t o l ’ : 1e−5,
’ ear ly_stopping ’ : True
}

param_grid = { ’ h idden_layer_s izes ’ : [ ( 2 5 6 , 128 , 64) ,
(256 , 128 , 64 , 32) ,
(256 , 128 , 64 , 32 , 16) ,
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(512 , 256 , 128) ,
(512 , 256 , 128 , 64) ,
(512 , 256 , 128 , 64 , 32) ,
(512 , 256 , 128 , 64 , 32 , 16) ,
(1024 , 512 , 256) ,
(1024 , 512 , 256 , 32) ] ,

’ a lpha ’ : [ 0 . 0 0 5 , 0 . 0 0 1 ] ,
’ verbose ’ : [ True ]

}

5.2.4 KerasRegressor

A similar parameter search for a Tensorflow-based neural network with the use of the SciKeras
[79] is made, a library that allows the use of Tensorflow with SciKit-learn and GridSearch.

The grid search listed in 5.4 is an example of the hyperparameter search for a fixed layer
configuration.

Code 5.4: Grid search with KerasRegressor
param = {
param_grid = {

’ optimizer__learning_rate ’ : [ 1 e−4, 1e−5, 1e −6] ,
’ opt imize r ’ : [ ’adam ’ , ’ sgd ’ , ’ rmsprop ’ ] ,
’ model__hidden_layer_sizes ’ : [ ( 2 56 , 128 , 64 , 32) ] ,
’model__dropout ’ : [ 0 , 0 . 1 , 0 . 25 , 0 . 5 ] ,
’ batch_size ’ : [ 6 4 , 128 , 256 , 512 , 1024 ] ,
’ epochs ’ : [ 2 5 ]

}

t s cv = TimeSe r i e sSp l i t ( n_sp l i t s=2)
gr id_search = GridSearchCV (

reg , param_grid=param_grid , s c o r i ng = ’ neg_mean_squared_error ’ ,
↪→ cv = tscv , verbose = True

)

This search compares the performance of three optimisers, i.e., ADAM, SGD, and RMSProp.
Different learning rates are tested, including the rates for the Dropout layers. We also analyze if
the batch size is influencing the model performance. The Tensorflow model is trained using the
GPU cluster node and the batch size significantly change the time required for the training. For
the trained model with 4 hidden layers configuration and 256, 128, 64, 32 perceptrons per layer,
respectively, we use a batch size of 512, a dropout rate of 0.25 and a learning rate scheduler with
initial learning rate of 1e-4 and final learning rate of 1e-5.

5.3 Training

In this work, preliminary models are trained and evaluated, for which the training is only
done over 65 days of data.
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Initially, the model is trained on the full training data set. However, for the first prototype,
it was decided to train it only on 5% of the data, since the scatterometer data at this resolution
(12.5 km) is quite repetitive and neighbouring points normally have similar values. This way,
the time for the initial model tuning is substantially reduced.

Most of the models are trained on CPU, however the Tensorflow models have been trained
on a GPU cluster node, since the latter is computationally more intensive.

5.4 Validation approach

There are several validation steps for selecting the best performing ML models. As mentioned
previously, the validation is first performed over smaller datasets of 3 days, and the worst
performing models are then discarded at this step.

The main metric that is used for model selection is the Vector Root Mean Square Difference
(VRMSD or VRMS), where the differences are calculated for both the zonal and the meridional
U10S components (5.6). This metric is equivalent to Root Mean Square Error (RMSE), but
applied to zonal and meridional vector components.

V RMS =

√
1

N

∑
i

(uscati − umodel
i )2 + (vscati − vmodel

i )2 (5.6)

As we compare the ML model performance to that of the baseline ERA5 that we’re trying
to correct, another metric that is used is the relative error variance reduction (5.7).

Relative error variance reduction(%) =
V RMS2

ERA5 − V RMS2
model

V RMS2
ERA5

∗ 100 (5.7)

Validation on ASCAT-A test dataset

As mentioned in section 5.2, before training the models on the collocated ASCAT-A dataset,
we leave 25% of data at the end of the period (23 days) for test purposes. This set is not used
for tuning the hyperparameters, and is used to compare the model performances against each
other and against ERA5. At this validation step, we generate corrected U10S fields only for
data points that are collocated with ASCAT-A swaths without generating full forecasts, which
is done in the next section. The metrics are calculated for all available ASCAT-A swath points,
without performing any sample size reduction as we did previously to reduce the training time
of the models (described in 5.1.5).

At the first validation step, the model errors are calculated against ASCAT-A scatterometer
U10S, i.e., the same scatterometer instrument that is used as reference for the ML model
development. This is just a first step to check the rough performance of the models and the
validation is limited to the time of the ASCAT-A passes, i.e., the same time for which the
models are developed.
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Validation against an independent scatterometer

The HSCAT-B scatterometer on board the sun-synchronous Haiyang-2B (HY-2B) satellite
is used as an independent U10S source for model validation purposes. The local solar overpass
time (LST) of this satellite is separated from that by ASCAT-A by about 3.5 hours, which
enables an assessment of the ML model applicability at different times of day and at times
that were not used in the training. We note that HSCAT-B has slightly different accuracy
characteristics than ASCAT-A, due to instrument and retrieval noise, reduced spatial resolution
and rain contamination [80].

This step includes the application of ML-based SC to all used ERA5 global forecasts for
forecast time steps from +3h to +18h twice a day. For this, all the necessary ML model input
data is collocated with ERA5 forecasts as mentioned in 5.1.3 and, depending on the ML model,
the input data are normalized as described in 5.1.4 before inference.

Then, the collocated feature layers of 2-D data are being transformed into 2-D arrays with
features as columns and the model output is being generated. The model output is being
transformed again into regular 2-D grid and no output is performed over land or sea ice [Note
that the original ERA5 data is kept over land and sea ice, while the focus is on ocean forcing].
This way we have corrections only over open water, where the model actually has been trained.
When dealing with the ML models that require normalization, the output values are also rescaled
into their original range.

The model output is saved into NetCDF files that include the model zonal and meridional
U10S components, as well as the calculated corrections that are applied to ERA5. The zonal
and meridional U10S components are also saved in GRIB format as this is used as the NWP
input (background) by Pencil beam Wind Processor (PenWP) [81].

The PenWP tool is used for processing the Ku-band scatterometer data, such as HSCAT-B,
and is therefore used to perform the spatial and temporal interpolations of the background (i.e.,
either ERA5 or the different ML model output) to the scatterometer data. The spatial and
temporal interpolations to the L2 scatterometer acquisitions are described in sections 5.1.1 and
5.1.2. An example of the PenWP run can be found in B.3.

Finally, the VRMS (equation 5.6) of collocated ERA5 / ML model output with respect to
HSCAT-B U10S data is computed per day. The ERA5 and ML model output performances are
compared for a period of 3 months, i.e., February and April 2020, to assess the performance for
both training, validation and test periods.
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6
Results and discussion

This chapter shows the inter-comparison of the preliminary regression models that are trained and
evaluated over a small subset of 3 months of data. The model that shows the best performance
in terms of error variance reduction, computational effort for training and inference, as well as
the possibility to adapt it to a larger training dataset is then selected for future developments.

6.1 Validation on ASCAT-A test dataset

As mentioned in section 5.4, the first validation step is done over the 25% of the ASCAT-A
3-months dataset, i.e., the test subset. The test subset includes ASCAT-A collocations between
10/03/2020 and 01/04/2020. The validation is done for the original data collocated with ASCAT-
A, and not the randomly-sampled 5% reduced data set that was used in the training. Each day
of the period has two files corresponding to ascending and descending ASCAT-A orbits for that
day. The metrics provided for the training period also refer to the complete orbit files, and not to
the reduced training subset. The main metric that is used for comparison is the VRMS defined
in the equation 5.6.

Table 6.1 shows the VRMS scores of ERA5 and the different ML models evaluated, for the
training, validation and test periods. The first row shows the ERA5 VRMS scores (benchmark)
that we are trying to reduce with the different ML models. Two LightGBM models with 500
and 1000 estimators (LGB500 and LGB1000) were evaluated. The models were wrapped into
Multioutput Regressor to predict at the same time zonal and meridional differences. For XGBoost
regressor we compare 3 configurations XGB500, XGB1500 and XGB2000 with 500, 1500 and 2000
estimators, respectively. Two configurations of MLP Regressor models are evaluated, one has 3
hidden layers with 256 - 128 - 32 perceptrons per layer, the other 4 hidden layers with 256 - 128 -
64 - 32 perceptrons. The latter configuration is repeated with Tensorflow library (TF 256 128 64
32 Dr 0.25), but instead of L2 regularization we implement Dropout layers between the hidden
layers with the Dropout rate of 0.25. We also test a larger model with 512 256 128 64 hidden
layer sizes and a higher dropout rate of 0.4. The last row N represents the number of samples
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VRMS Training Validation Test
ERA5 2.0061 2.0158 1.9916
LGB500 1.9065 1.9216 1.9021
LGB1000 1.9638 1.9678 1.9485
XGB500 1.8627 1.9068 1.8890
XGB1500 1.8219 1.8994 1.8833
XGB2000 1.8096 1.8989 1.8830
MLP 256 128 32 1.8953 1.9095 1.8924
MLP 256 128 64 32 1.8929 1.9089 1.8912
TF 256 128 64 32 Dr 0.25 1.8630 1.9032 1.8838
TF 512 256 128 64 Dr 0.4 1.8531 1.9019 1.8833
N 125,241,930 5,744,099 43,524,815

Table 6.1: VRMS difference between collocated ERA5 / ML models and ASCAT-A U10S, for
training, validation and test datasets for different model configurations. The first row shows the
baseline ERA5 metrics. N corresponds to the number of samples in each subset.

used in each subset.

The models that are highlighted in bold are selected because of its initial performance and
then tested in the second validation stage by generating the full forecast outputs and collocating
them with independent scatterometer HSCAT-B U10S (see sections 5.4 for methodology and 6.2
for results). The detailed configurations of the selected models are shown in Appendix C.1 for
XGBoost, C.2 for MLP regressor and C.3 for Tensorflow feed-forward network.

Figure 6.1: VRMS difference between collocated ERA5 / ML models and ASCAT-A U10S on
the test dataset. The ERA5 VRMS values (benchmark) are plotted in green. The ML models
plotted in red are the ones selected for the second verification step with full forecast generation
and validation against HSCAT-B.
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Square error reduction, % Training Validation Test
LGB500 9.7 9.1 8.8
LGB1000 4.2 4.7 4.3
XGB500 13.8 10.5 10.0
XGB1500 17.5 11.2 10.6
XGB2000 18.6 11.3 10.6
MLP 256 128 32 10.7 10.3 9.7
MLP 256 128 64 32 11.0 10.3 9.8
TF 256 128 64 32 Dr 0.25 13.8 10.9 10.5
TF 512 256 128 64 Dr 0.4 14.7 11.0 10.6

Table 6.2: Mean error variance reduction of the different ML models with respect to ERA5, for
the training, validation and test subsets.

Figure 6.1 is a graphical representation of the metrics shown in table 6.1 but for the test
subset only. The ERA5 VRMS scores (benchmark) are highlighted in green, while the scores
for the ML models selected for the second validation step against independent HSCAT-B are
marked in red. Generally, the ML models show similar metrics on the test dataset, except for
the LightGBM model, whose performance is probably affected by the lack of native multi-output
support and the use of an additional wrapper. For the second stage of the verification, we select,
on the basis of performance and computational efficiency, one configuration per library, except
for the LightGBM.

The XGBoost with 1500 estimators shows better performance than smaller models with
500 estimators, however it doesn’t improve much on the reduced training dataset when more
estimators are added (see table 6.1). The computational time for output generation, however,
is significantly longer than for the other models. When run on a CPU cluster for final forecast
generation, the XGBoost is the slowest model, compared to the MLP regressor and Tensorflow
implementations.

The MLP regressor with 4 hidden layers shows slightly better performance than the one with 3
layers and smaller number of perceptrons, while the Tensorflow implementation of 4 hidden layers
with resp. 256, 128, 64 and 32 neurons and dropout layers shows better performance, similar
to that of XGBoost with 1500 estimators. A larger model with subsequently 512, 256, 128 and
64 neurons per layer does not show much improvement while more computationally expensive
during both training and inference. When run on a CPU cluster, the MLP regressor generates
output faster than the Tensorflow models, however the latter provide much more flexibility in
possible model architectures and training approaches.

Table 6.2 and figure 6.2 show the relative error variance reduction of the different ML models
as compared to ERA5 (see Equation 5.7). It is clear that the XGBoost models significantly
better adjust to the training data set than the neural networks. At the same time, the Tensorflow
implementations with dropout better fit the training data set than the MLP regressor with L2
normalization.

Figure 6.3 shows the quantiles of the distribution of relative error variance reduction
calculated for separate files of the test subset. As mentioned previously, each day has 2
files corresponding to ascending and descending ASCAT-A passes. The XGBoost with 1,500
estimators shows similar mean performance than the Tensorflow models but with more variation.
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Figure 6.2: Mean error variance reduction of the different ML models with respect to ERA5, for
the training, validation and test data sets.

Figure 6.3: Distribution of daily error variance reduction of the different ML models with respect
to ERA5, for the ASCAT-A test dataset.
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6.2 Generation of complete forecasts and validation against
HSCAT-B

The second validation step includes the generation of full NWP corrected forecasts and their
collocation with independent HSCAT-B scatterometer data (see section 5.4). The forecasts are
generated for the period 01/02/2020 - 29/04/2020, including the period 01/02/2020 - 06/03/2020,
which is part of the period that is used for training, and the period 06/03/2020 - 09/03/2020 used
for hyperparameter tuning. The period 10/03/2020 - 29/04/2020 is used as test dataset. At this
step, a larger period is being validated compared to the test period verified against ASCAT-A,
which only includes March data. This is done to verify how the model performance degrades
with time, as it is trained for only a small contiguous subset of data.

Table 6.3 shows the overall VRMS scores for the three selected models (see section 5.4) against
HSCAT-B U10S, for the training, validation and test periods. Besides the global statistics, we
also assess the performance of the models in the tropics (between 30◦S - 30◦N), extra-tropics
(30◦N - 55◦N and 30◦S - 55◦S) and high latitudes (> 55◦N & 55◦S). The ERA5 metrics represent
the benchmark for the developed regression models.

Table 6.4 shows the mean error variance reduction for the different ML models with respect
to ERA5 (in %), for the training, validation, and test periods, while figure 6.4 shows the same,
but only for the test period. Generally, on the test dataset, the Tensorflow model shows the best
performance, with an error variance reduction of up to 5.54% globally, which is comparable to
the performance of the first version of the ERA* N15 metrics for the same period (4.8%). In this
case, however, we are dealing with a functional relationship between atmospheric and oceanic
variables and NWP U10S corrections, trained on scatterometer data. It should further be taken
into account that the preliminary ML models are trained on only a very small data set of 65
days, that was furthermore sub-sampled to reduce the training time, where training on a larger
data set should significantly improve the model performance.

In the tropics, all 3 ML models show similar performance. However, the largest differences are
observed in the extra tropics, where the best performing model reaches 7.66% of error variance
reduction compared to ERA5, while for the ERA* 15-day baseline configuration (ERA* N15)
the reduction is only about 3.66%. At high latitudes, the Tensorflow model also shows better
performance than the XGBoost and the MLP regressor models, with 5.47% of error variance
reduction, that again outperforms the 3.36% reduction of the ERA* N15 configuration).

Figure 6.5 shows the mean error variance reduction of the different ML models for the training
period. As expected, the reduction is significantly higher than that for the testing period.

The application of the ML generated corrections for the training period can be useful for
correcting biases in reanalysis data sets, that provide forecasts in the past, or for weather, seasonal
and climate forecasts in the future. They are useful for climate studies as there are many gaps
in the observational data over the ocean. The corrections generated by the models can also be
used for past forecasts, including periods when scatterometer observations were ingested in the
ML model for training. For the training period, we are able to reduce the variance up to 9.22%
globally, 9.61% in the Tropics, 10.23% in the extra Tropics and 7.08% (Tensorlfow) or 8.37%
(XGBoost) at high latitudes.

Figure 6.6 represents the error variance reduction of the different ML models with respect to
ERA5, for every day of the testing period and the global ocean, while figure 6.7 shows the same,
but for the extra-Tropics only, i.e., where the ML models show the best performance. The goal
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VRMS Train Validation Test Train Validation Test
Global Extra Tropics

ERA5 1.624 1.644 1.631 1.588 1.554 1.601
XGB1500 1.550 1.601 1.594 1.520 1.497 1.556
MLP 256_128_64_32 1.570 1.607 1.595 1.528 1.500 1.557
TF 256_128_64_32 1.547 1.590 1.585 1.505 1.477 1.538
N 26,137,168 2,322,781 36,921,180 9,622,053 869,584 13,948,660

Tropics High Latitudes
ERA5 1.566 1.613 1.546 1.808 1.877 1.891
XGB1500 1.489 1.569 1.518 1.731 1.858 1.849
MLP 256_128_64_32 1.514 1.576 1.518 1.762 1.865 1.851
TF 256_128_64_32 1.489 1.564 1.518 1.743 1.849 1.838
N 11,458,334 1,020,372 16,586,660 5,056,781 432,825 6,385,860

Table 6.3: VRMS difference of ERA5 / ML models and HSCAT-B U10S, for the training,
validation and test periods, for the global ocean, the tropics, the extra tropics, and the high
latitudes.

Variance reduction, % Train Validation Test Train Validation Test
Global Extra Tropics

XGB1500 8.91 5.18 4.50 8.48 7.23 5.53
MLP 256_128_64_32 6.48 4.56 4.42 7.45 6.92 5.43
TF 256_128_64_32 9.22 6.50 5.54 10.23 9.75 7.66

Tropics High Latitudes
XGB1500 9.59 5.38 3.65 8.37 2.01 4.33
MLP 256_128_64_32 6.50 4.56 3.66 5.03 1.31 4.16
TF 256_128_64_32 9.61 5.96 3.67 7.08 2.99 5.47

Table 6.4: Same as 6.3, but showing the mean error variance reduction of the different ML models
with respect to ERA5 (in %).

Figure 6.4: Mean error variance reduction of the different ML models with respect to ERA5 for
the test period and the different ocean regions.
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Figure 6.5: Same as Figure 6.4 but for the train period.

Figure 6.6: Daily evolution of the error variance reduction of the different ML models with
respect to ERA5, for the testing period over the global ocean.

Figure 6.7: Same as figure 6.6 but for the extra tropics
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is to analyze whether there is a model performance degradation with time, beyond the training
period. Indeed, a certain degradation is seen, especially for the XGBoost and MLP regressor
models, while the Tensorflow model still shows noticeable improvement at the end of the test
period. Note also that the Tensorflow model outperforms the ERA* N15 up to more than one
month beyond our reduced training data set, and for the extra-Tropics almost until the end of
the testing period. If the model is trained on a larger data set, this degradation effect may] be
much smaller. Nevertheless, when used in operational mode, the ML model should be regularly
updated to minimize potential drifts in performance.

6.3 Feature importance

While the Tensorflow model generally shows better performance than the MLP regressor
and XGBoost models, decision tree ensembles can provide information about the input feature
importance. Figure 6.8 shows the feature importance after training the XGBoost regressor
with 2000 estimators. This information can be used to interpret the model and to reduce its
dimensionality, by removing the features with less importance. In this work, the ML models
have been trained with all the available input features. However, in a subsequent study the ML
model performance will be assessed after the elimination of the less important features.

Figure 6.8 shows that the feature with the most weight is the latitude, followed by the
ERA5 wind direction and the meridional wind component. The longitude is also an important
feature, which tells us that the model takes into account the position of the generated correction
and the orientation of the wind field. From the atmospheric stability related variables, the
XGBoost shows slightly higher importance for the relative humidity q, followed by the sea surface
temperature (SST) and the zonal component of surface currents (uo). The following two features
are wind related, such as the the wind curl and the zonal wind component. Similar importance
is assigned to the surface air temperature, followed by air pressure (msl).

Figure 6.8: Feature importance in the XGBoost model with 2000 estimators
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The wind speed has less importance than the wind direction or the wind components which
means that the correction depends more on the wind direction than its intensity. This is in line
with the physical closure problem in the Marine Atmospheric Boundary Layer (MABL) quoted
earlier [8]. On the other hand, it is more difficult to understand how deficient physical processes
depend on latitude or longitude, other than due to coincidental occurrence, i.e., without direct
physical cause. It is interesting to relate the ERA5 biases to their physical causes, which might
also be further elaborated in future ML models.
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7
Conclusions and Future Work

In this work, we demonstrate the feasibility of reducing ERA5 stress-equivalent wind biases
with machine learning (ML) techniques that use both atmospheric and oceanic data as the
regression input and observations from the scatterometer constellation as learning data set.

The obtained preliminary ML models, which are trained on only a small dataset of 2 months
and 10 days, show a reduction of error variance with respect to ERA5 U10S which is globally
comparable to that of the ERA* N15 baseline product (figure 6.6) and significantly better in the
extra-Tropics (figure 6.7) for the 1.5 month period following the training period. When validating
the models against the independent HSCAT-B scatterometer, a 5.5% error variance reduction is
achieved globally for the test data set, and up to 7.66% in the extra-Tropics.

When we generate full global forecasts for the training period, the error variance reduction
is up to 9.61% globally and up to 10.23% in the extra-Tropics. The generation of hourly global
predictions for the periods used in the training (where the ML model "sees" only about 14 1100-
km wide swaths per day) can be used for correcting the ERA5 reanalysis data-set, similar to what
has been done for the ERA* N15 baseline product, but with significantly better performance.
The metrics for the test data set also show the ML model potential for operational use.

During the second validation step, we compare three ML models with similar performance,
but implemented with three different ML libraries. The Tensorflow model shows a slightly better
performance on the test dataset than the other two. As such, this model is selected for future
developments in the OSI SAF follow-on project since the Tensorflow library is much more flexible
than the MLP regressor implementation. To train the model over a 100 - 200 times larger data
set than the one used in this preliminary study, we need the ability to design a custom training
process and the possibility to train the model on a GPU cluster node. The XGBoost also has
GPU support and can be trained over large datasets using Dask parallel computing. However,
the models with a large number of estimators are much slower at generating the forecasts after
the model has been successfully trained, compared to the neural networks.

In the OSI SAF follow-on project, we plan to train the neural network over several years of
data which will require the creation of a custom training procedure, while the computational
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effort for training will be considerable. As part of future work, to reduce the training time and
model complexity, we will perform a study of input feature elimination, as some of the features
have less weight than others (see section 6.3).

While the small 2 GB training data set did not allow ML model performance improvement,
when adding more hidden layers or perceptrons per layer, and required implementation of
regularization techniques to avoid overfitting, one might need to augment the complexity of
the model, when trained on a considerably larger data set.

In section 6.3 the feature importance of the preliminary ML model is introduced, which was
possible to estimate only with the XGBoost model. If we use a feed-forward neural network
with an elevated number of parameters (weights), while training the final model over the entire
data set, a sensitivity study will be required for interpreting the model, as generally the fully-
connected neural networks are treated as black-box solutions and additional effort is required to
understand how certain input features influence the final output.

In this work, we try the simplest feed-forward neural networks and calculate the derivatives
such as gradients, wind curl and divergence which are also used as inputs. An alternative is to
further develop the Convolutional Neural Network (CNN) model, in which the derivatives are
calculated by the neural network itself and over larger areas. This will also allow to create spatial
dependencies with surrounding points, which may give a better representation of the underlying
physical dynamics of the system, as well as possible reduction of noise in the ML model output.
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A
Additional Tables

Target grid Half grid
Number of points longitude 2880 2880
Number of points latitude 1440 1440
First longitude coordinate 0.0625 0
Longitude increment 0.125 0.125
First latitude value -89.9375 -90
Latitude increment 0.125 0.125

Table A.1: Target regular grid and half grid definitions
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APPENDIX A. ADDITIONAL TABLES

Variable type min max
lon sincos NA NA
lat sin NA NA
eastward_wind minmax -20 20
northward_wind minmax -20 20
se_model_wind_divergence minmax -2.00E-04 2.00E-04
se_model_wind_curl minmax -2.00E-04 2.00E-04
se_model_speed minmax 0 25
model_wind_to_dir sincos NA NA
se_eastward_model_wind minmax -20 20
se_northward_model_wind minmax -20 20
msl minmax 9.50E+04 1.05E+05
air_temperature minmax 250 310
q minmax 0 0.02
sst minmax 270 305
uo minmax -1.5 1.5
vo minmax -1.5 1.5
sst_dx minmax -3.00E-04 3.00E-04
sst_dy minmax -3.00E-04 3.00E-04
current_speed minmax 0 3
cos_sst_grad copy
cos_currents copy

Table A.2: Normalization of values
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B
Software used in data preprocessing

Code B.1: Bufr2XmlNc run
genscat / t o o l s /bufr2xmlnc/Bufr2XmlNc a s c a t_ fu l l d ay_ f i l e . bufr

↪→ output_f i l e
−−add_wind_div_rot
−−add_asc_desc_flag
−−adapt_to_cf_namelist
−−s e l e c t_date DATE
−−add_uv_components
−−get_modelwind_from_grib
−−g r i b f i l e NWP_concatenated_file
−−do_dens i ty_correct ion

Code B.2: nc_l2_to_l3 run
genscat / t o o l s /nc_l2_to_l3/nc_L2_to_L3 L2_input_fi le

↪→ L3_acending_output_file L3_descending_output_fi le
↪→ l 2_to_l3_modi f i ca t ions_f i l e DATE

Code B.3: penwp run
penwp/ execs /penwp_run −f i nput_bu f f e r_ f i l e −nwpfl

↪→ f i l e_ l i s t_o f_nwp_forecas t s −noinv −noamb −ve rbo s i t y 1
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C
Configurations of models

Code C.1: XGBoost parameters
xgboost_params = {

’ early_stopping_rounds ’ : False ,
’ boos te r ’ : ’ gbt ree ’ ,
’ tree_method ’ : ’ h i s t ’ ,
’ n_estimators ’ : 1500 ,
’ min_child_weight ’ : 1 ,
’gamma ’ : 0 . 2 ,
’ subsample ’ : . 5 ,
’ co lsample_bytree ’ : 0 . 5 ,
’max_depth ’ : 10 ,
’ alpha ’ : 0 . 2 ,
’ l ea rn ing_rate ’ : 0 . 01 ,
’ o b j e c t i v e ’ : ’ reg : squarede r ro r ’ ,
’ v e rbo s i t y ’ : 2
}

Code C.2: MLP regressor parameters
mlp_params = { ’ a c t i v a t i o n ’ : ’ r e l u ’ ,

’ alpha ’ : 0 . 005 ,
’ h idden_layer_sizes ’ : (256 , 128 , 64 , 32) ,
’ s o l v e r ’ : ’ sgd ’ ,
’ l e a rn ing_rate_in i t ’ : 0 . 01 ,
’ l ea rn ing_rate ’ : ’ adapt ive ’ ,
’ s h u f f l e ’ : True ,
’ max_iter ’ : 500 ,
’ verbose ’ : True ,
’ t o l ’ : 1e−5,
’ ear ly_stopping ’ : True
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APPENDIX C. CONFIGURATIONS OF MODELS

}

Code C.3: Tensorflow parameters
def get_reg ( input_size , h idden_layer_sizes , dropout ) :

model = keras . models . S equent i a l ( )
model . add ( keras . l a y e r s . Input ( shape=( input_size , ) ) )
for hidden_layer_size in hidden_layer_sizes :

model . add ( keras . l a y e r s . Dense ( hidden_layer_size , a c t i v a t i o n="
↪→ r e l u " ) )

model . add ( keras . l a y e r s . Dropout ( dropout ) )
model . add ( keras . l a y e r s . Dense (2 ) )
return model

epochs = 200
t r a i n_s i z e = tra in_input . shape [ 0 ]
i n i t i a l_ l e a r n i n g_ra t e = 1e−4
f i na l_ l ea rn ing_ra t e = 1e−5

learning_rate_decay_factor = ( f i na l_ l ea rn ing_ra t e /
↪→ i n i t i a l_ l e a r n i n g_ra t e ) ∗∗(1/ epochs )

steps_per_epoch = int ( t r a i n_s i z e / batch_size )

l r_schedu le = t f . ke ras . op t im i z e r s . s chedu l e s . ExponentialDecay (
i n i t i a l_ l e a r n i n g_ra t e=in i t i a l_ l e a rn i ng_ra t e ,
decay_steps=steps_per_epoch ,
decay_rate=learning_rate_decay_factor ,
s t a i r c a s e=True )

model = get_reg ( input_s ize=tra in_input . shape [ 1 ] , h idden_layer_sizes =
↪→ (256 , 128 , 64 , 32) , dropout =0.25)

c a l l b a c k s = [ t f . ke ras . c a l l b a ck s . Ear lyStopping ( monitor = ’ va l_los s ’ ,
↪→ pat i ence = 30 , verbose = 1) ,

t f . ke ras . c a l l b a c k s . ModelCheckpoint ( f i l e p a t h=model_out +
↪→ ’ model . { epoch :02d}−{va l_los s : . 4 f } . h5 ’ ) ,

t f . ke ras . c a l l b a c k s . TensorBoard ( log_dir=model_out + ’ l o g s
↪→ ’ ) ]

adam = t f . keras . op t im i z e r s .Adam( l ea rn ing_rate=lr_schedu le )

model . compile ( opt imize r = adam ,
l o s s=’ mean_squared_error ’ ,
met r i c s =[ ’ mean_squared_error ’ , ’ mean_absolute_error ’ ] ,
)

h i s t o r y = model . f i t ( train_input , # input data
t ra in_target ,
batch_size=batch_size ,
epochs=epochs ,
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APPENDIX C. CONFIGURATIONS OF MODELS

ca l l b a ck s = ca l l back s ,
va l idat ion_data = ( val id_input , va l id_targe t ) ,
s h u f f l e=True ,
va l idat ion_batch_s ize =1024 ,

)

Proposal and evaluation of the machine learning models for correcting ERA5 U10S
as a function of atmospheric and oceanic conditions
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