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Introduction

Greenhouse gases (GHGs), such as CO,, CH, and CO, are key drivers of climate change. Accurate long-term forecasts of their concentrations
are essential for monitoring trends and informing evidence-based policy decisions. This study uses ICOS data to evaluate the ablility of advanced
ML/DL time series models to predict daily GHG levels up to one year ahead across diverse climates and land covers.

* Koppen: / MethOdS \
- o Study sites: CO, CO2, CH4 ICOS Atmospheric Stations (BIR, CBW, GAT, HEL, HPB,
* Cfa HTM, IPR, JFJ, JUE, KIT, KRE, LIN, LMP, LUT, NOR, OPE, OXK, PAL, PRS, PUI, PUY,
.BIS RGL, SAC, SMR, SNO, SSL, STE, SVB, TOH, TRN, UTO, WAO, ZEP, ZSF) from
; «ET different sampling heights where available.
£, ESA WorldCover: Data: ICOS data on CO, CO2, and CH4 ATC and ATC NRT Growing Time Series.
p o :Ei:lf_up Land Cover & Clima Evaluation: ESA WorldCover 2022, Kdppen classification
RIS * Cropland Preprocessing: Interpolation, IQR-based outlier elimination, Min-Max
¥ .:-;O . :fﬂgisssz"n”jmhen normalization.
%k « Tree Cover (Evergreen) Models: Three state-of-the-art time series specialized ML/DL algorithms
v Tree Cover (D(?ciduous) (Prophet, TiDE’ N_HiTS)_
2 :gneoewcover e \jrecasting: Daily mean predictions for 365 days ahead. /
Evaluation: MAE, RMSE, MAPE, Bias.
Fig. 1. Distribution of ICOS Atmospheric Study Sites Across Europe
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Model Comparison
* Prophet performs best overall for CO, and CH,.
* N-HiTS outperforms others specifically for CH,. TiDE -
Forecast Difficulty by Gas
* CH; and CO, are easier to predict (median MAPE =1.3% and =1%).
 COis harder due to unexpected spikes (likely human activity or non-seasonal
events). N-HITS -
Climate & Land Cover Effects
 Harder to predict:
Cfa climates and Deciduous Tree Cover - likely due to fewer ICOS stations
and noisier IPR data.
* Easier to predict:
BSh & ET climates, Bare, Moss & Lichen, and Snow (except for CHs) - fewer
factors affecting gas levels. T A0
Built-Up & Cropland areas introduce complexity due to human/industrial Prophet - 2303 17.05 1618 18.39
influence.
Trend Detection
Models capture long-term CO, trends almost perfectly.
Most errors come from unpredictable peaks/noise.

Prophet performs poorly in high-variability settings but excels with Fig. 2. Median MAPE for 1-year daily forecasts of CO; (a-b), CH, (c—d), and CO
moderate/low noise (e—f) using N-HITS, Prophet, and TiDE. Panels a, c, e: grouped by climate zone.

Panels b, d, f: grouped by land cover.
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Fig. 3. 1-year daily forecasts of a) CO,, b) CH,, and c) CO using N-HiTS, TiDE, and Prophet, compared against actual observations at the
Norunda (NOR) station.

Conclusions
Advanced time series models like Prophet and N-HiTS enable highly accurate long-term forecasts for CO, and CH4 (median MAPE =1%), while
CO remains harder to predict due to irregular human-driven spikes. Forecast performance varies with climate and land cover: models
perform better in less populated or simpler ecosystems, and worse in urban or mixed-use areas. Despite short-term variability, long-term CO,
trends are consistently well captured. These findings demonstrate the strong potential of ML/DL forecasting tools to support climate
monitoring and inform mitigation strategies.
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