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International migration is a complex human phenomenon with multi-faceted
determinants that make it difficult to identify precise mechanisms. In addition,
the lack of consistent high-resolution data poses another dimension of uncer-
tainty. Nevertheless, there is a need for self-consistent, dynamic models of in-
ternational migration, since climate change is considered to have an impact on
migration [1, 2] and well-founded projections are essential for developing adap-
tation and mitigation strategies. Here, we present a new model for international
migration forecasts that is based on discrete time stochastic evolution. This ap-
proach combines the strengths of proper population flow accounting in terms of
evolution equations while incorporating determinants of migration in stochastic
parameters. More precisely, we combine the deterministic element of evolution
equations with non-deterministic effects for those variables that are typically dif-
ficult to assess or to measure. Apart from direct migration flows between origin
and destination countries we discuss the effect of assimilation, transit migration
and return migration. Consequently, the model contains not only dynamics at
different time scales but also geographical, economic, demographic, social, and
political dependencies. As a proof of concept, we study model systems and
compare to the commonly used Gravity Model [3, 4] pointing at crucial differ-
ences between the two formalisms. The importance of time dynamics for future
projections is highlighted and possible pathways for including Climate Change
effects are presented.

International migration flows are influenced by a multitude of demographic,
economic, social, political, and environmental factors [5]. Investigating the ef-
fect of climate change on migration patterns over time requires models that can
account not only for climate change itself, but also for other important drivers of
migration which might themselves be altered by climate change, or might mod-
ulate climate effects on migration. Existing population-level models of interna-
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tional migration vary in the degree of determinism reflecting the assumptions
about the underlying migration mechanism. On the one side of the spectrum,
for instance, there are autoregressive models that are solely based on reported
data without assumed knowledge on dependencies of variables (e.g. Ref. [6, 7]).
On the other side, we find approaches that motivate a specific functional form
for equations predicting migration rates (e.g. Ref. [8]). While the latter meth-
ods are prone to introducing biases and are less flexible for future scenarios, the
purely data-driven models offer no easy interpretation of migration mechanisms.
In addition, the paucity of consistent, long-term and high-resolution migration
data poses another challenge for any modeling approach.

Here, we present a new model for international migration forecasts that
is based on discrete time stochastic evolution. This approach combines the
strengths of proper population flow accounting in terms of evolution equations
while incorporating determinants of migration in stochastic parameters. More
precisely, we combine the deterministic element of evolution equations with
stochastic effects for those variables that are typically difficult to assess or to
measure. Therefore, our approach offers a high degree of flexibility and allows
for further extensions with respect to the stochastic component.

Specifically, we describe the change in population of country i between time
steps tn+1 and tn by

Pi(tn+1)− Pi(tn)

=Pi(tn) · ci(tn) (1)

−Mi(tn) · (1 + ci(tn)) (2)

+

n−1∑
m=−∞

∑
l

(Rli(tn; tm) +Ali(tn; tm)) · (1 + c̃il(tn, tm)) , (3)

where the first contribution (1) accounts for death and birth rates ci in country i.
The second contribution in population change (2) is attributed to out-migration
Mi with the additional effect of ci. Lastly in (3), return migration Rli(tn; tm)
from people in country l back to country i, that were residing in l since tm, give
a positive change in population in country i. Additionally, we treat assimilation
Ali(tn; tm) from people of a diaspora of origin country l that were residing in i
since tm as another contribution. Both, return migration and assimilation, are
re-scaled by an interpolated population change rate c̃il(tn, tm) that respects the
residence time in the destination country. These additional flows ((2) and (3))
reflect different dynamics and are therefore treated separately in our model.
Note that the explicit dependency on tm introduces a different time scale to the
dynamics of the system.
In contrast to the deterministic evolution equation describing population, we
use a stochastic approach for migration and assimilation flows, i.e. we sample
these from probability distribution functions (pdf). The multi-variate depen-
dencies on these flows are incorporated in the parameters of the pdfs, e.g. mean,
variance, or scaling, which are determined by means of regression analysis.
Combining these two aspects in our population modelling we arrive at a self-
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consistent treatment of flows and population sizes. Moreover, the stochastic
modeling not only takes account of uncertainties in the reported migration data
but also assumed multi-variate dependencies on migration and assimilation flows
which makes it a powerful tool for future migration scenarios.
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