How noise in temperature translates to growth
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Noise in sea surface temperature

A typical sea surface temperature signal consists of a trend, seasonal cycle
and noise. To get at the noise term the deterministic signal has to first be
removed. We accomplish this with the following expression:

T(t)=(T)+ kt+ Asin(2nt/P + ), (1)

where (') is the mean, k is the trend, A is the amplitude of the seasonal cy-
cle, P 1s the annual period and ¢ 1s the phase. Below 1s a map of the standard
deviation of noise 1n SST after the deterministic signal had been removed.
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Figure 1: A map of standard deviation in sea surface temperature (SST) noise from ERAS reanalysis data from the Copernicus Cli-
mate Data Store. At each point the mean, the trend and the seasonal cycle are removed by fitting (1) to the time series. Subsequently,
a Gaussian distribution is fitted onto the remaining anomalies signal. The standard deviation of this fit is presented as a global map
and 1s a measure of noise in the SST signal at each location.

Thermal performance function and noise

A recently published universal thermal performance function 1s of the fol-
lowing mathematical form (Arnoldi et al., 2025):

1 -1 1T -1
T) =, °V (1 ° 2
u(T') = pum exp <TC—TO> ( TC_T) (2)

where 1, 1s the optimal performance temperature, '/ .. 1s the critical tempera-
ture at which performance drops to zero and ., 1s the maximal growth rate
at optimal temperature (Figure 2). Now, assume that temperature 1s a nor-
mally distributed random variable with mean (7") and standard deviation o.
With such a temperature distribution the average growth rate 1s given as:

((T)) r-%, o V[ IzL_ __o
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(3)

By comparing the averaged growth function (3) to the original one (2) inter-
esting conclusions can be drawn. After setting the condition that the aver-
aged growth rate equals the instantaneous growth rate:

p(T) = (u(T)) (4)

we arrive at the fragility temperature threshold:

= | (/T = TP) exp (0/AT. = Ty)*)
Ty =1T,+ (T.—Tp) |1 exp (02/2(T, — Tp)2) — 1

(5)

This 1s the maximum temperature for which growth 1s antifragile. For tem-
perature higher than 7' the effect of noise becomes detrimental for produc-
tion and production becomes fragile. Subsequently, due to fragility, the tem-
perature at which growth goes to zero becomes smaller by AT", given by:

AT = . (6)
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Figure 2: Plot of the universal thermal performance function (2) given in blue and its average (3) given in orange. The average is
calculated by assuming a normally distributed noise around a fixed temperature. The thermal performance function has a maximum
at the optimal temperature 7, and goes to zero at the critical temperature 7.. Upon averaging the optimal temperature and the critical
temperature both shift to lower temperatures. The change AT’ in the critical temperature can be expressed analytically (6).

A simple stochastic growth model

The relevance of noise 1n the thermal performance function becomes evident
when used 1in a growth model for mixed layer phytoplankton biomass 5;:

o ~m|B, 7)

pra [M(Tt)
where in this context u(7}) is a temperature dependent growth rate, with
1; being the mixed layer temperature and m being the loss rate. Let
the temporal evolution of mixed layer temperature be given by the Orn-
stein—Uhlenbeck process:

AT, = \ [Te _ Tt} dt + o dW, (8)

where 1. 1s the equilibrium temperature, A is the mean reversion rate, o 1S
the noise intensity and W, 1s Brownian motion (Wiener process). We have
done simulations with the following stochastic model for temperature and
coupled it to the growth equation. Sample results are shown below.
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Figure 3: Example simulations of phytoplankton biomass with a simple growth model in which the growth rate is forced with a
seasonally varying temperature (black curve in top panel) and seasonally varying temperature with noise (red curve). The growth
rate without noise (black curve in middle panel) 1s bounded and leads to a stable seasonal cycle in biomass (black curve in bottom
panel). When the temperature with noise 1s used to calculate the growth rate (blue curve in second panel) the seasonal cycle gets
modified and can even exhibit long term trends due to antifragility (green curve). Grey curves in the bottom panel are sample paths
from several simulations.
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