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Summary

Both the climate system of Earth and the biogeochemistry of the ocean are determined

by complex interactions. Despite the geographical separation of the upper troposphere

and the deep ocean from direct human impact, there is an increasing body of evidence

indicating that even these remote regions are subject to indirect in�uence from anthro-

pogenic interventions. Although the proposal to name the current geological epoch the

`Anthropocene' - the age of man - has not been o�cially accepted, the traces of human

activity can be detected throughout the entire Earth system.

On the one hand, these traces manifest themselves in physical interventions on the Earth's

surface itself, in soils, which have been greatly transformed by settlement, deforestation,

and the development of agriculture, in the watercourses and water surfaces that have been

shaped and altered by humans over the past millennia. On the other hand, anthropogenic

activities have directly in�uenced the Earth system by releasing various substances into

soils and waters, or emitting them into the atmosphere.

These activities have left many directly observable and quanti�able traces. However, sci-

enti�c research is increasingly revealing changes in parts of the Earth system that are

more distant from human activity. They cannot be clearly explained by linear correla-

tions. The best known example of an indirect e�ect is the ongoing climate change, which

is caused by the release of additional greenhouse gases through anthropogenic combustion

processes. Combustion takes place locally on the earth's surface. However, the gases, es-

pecially carbon dioxide and methane, are emitted into the atmosphere, where they spread

globally and change the radiation balance of the entire planet. The realisation that such

e�ects exist and can in some cases have a major impact has led to an increasing number

of open questions on the indirect e�ects the input of certain anthropogenic substances

can have on the Earth system.

This is the context for the present thesis. Three studies analyse regions that are only

indirectly a�ected by human activities. The �rst study focusses on the upper part of the

troposphere and examines the extent to which greenhouse gas emissions also a�ect the

distribution of humidity and, in particular, the extent of the dry zones in this region.

Upper tropospheric humidity (UTH) refers to the amount of water vapour present in the

upper troposphere, which is the lowest layer of the atmosphere and extends from roughly

6 kilometres above the surface near the poles up to 18 kilometres in the tropics. UTH is a

measure of the concentration of water vapour in this region, which is usually expressed as

a weighted mean of relative humidity. The dry regions, in particular, play a key role in the

global radiative budget. Estimates from modelling and satellite data have shown that the

upper tropospheric dry zones in the winter hemispheres are partly expanding poleward.

In the summer hemispheres, they tend to be less pronounced. In general, the increasing
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trends in upper tropospheric humidity are also in line with expectations in relation to the

feedback from water vapour.

The other two studies are dedicated to modelling nutrient inputs from rivers into the

global ocean. Earth system models are very useful to study processes, that can not dir-

ectly be observed, especially on a global scale. However, the resolution of coastal regions

in global models is often coarse, and the simulation of nutrient �ows between rivers and

oceans is often neglected. The two studies have therefore started by adding an additional

module for riverine nutrient export to the rivers to an existing Earth system model of

intermediate complexity. The �rst study investigates the impact of additional nitrogen in-

put through rivers on the biogeochemistry of the ocean. The results show, that feedbacks

in the marine nitrogen cycle limit the impact of additional nitrogen on global marine

productivity. In regions close to low-oxygen zones, these nutrient inputs can even lead

to a negative feedback, resulting in decreased biological production after a few simulated

millennia.

A follow-up study analyses the in�uence of phosphorus input, in addition to nitrogen,

on marine production. Again, the focus is on the interaction of various feedback loops.

However, in contrast to the �rst experiment, the addition of phosphorus from rivers to

the modelled ocean leads to increased primary production rates in both, coastal areas and

the open ocean. This result is signi�cant, because phosphorus is only naturally exported

into the ocean through weathering over geological timescales. However, since phosphorus

has become widely used as a fertilizer, there has been a notable increase in its input into

rivers and, consequently, the ocean. In regions close to low-oxygen zones, these nutrient

inputs can lead to a negative feedback in the nitrogen cycle, resulting in a subsequent

decrease in biological production after a few simulated millennia.

These three case studies demonstrate that feedback mechanisms play a central role in pro-

ducing non-linear and indirect e�ects on various components of the Earth system, which

extend beyond the immediate vicinity of the original disturbances. Additional carbon

dioxide from anthropogenic emissions can change the composition of the upper tropo-

sphere and lead to a partial expansion of the upper tropospheric dry zones, which in turn

in�uence the climate on the Earth's surface, eventually extending the arid regions in the

subtropical subsidence zones. Additional nutrient �uxes from rivers if exported to the

coastal and open oceans can not only lead to local eutrophication but also to unexpected

loss of marine productivity, especially in regions already stressed by low oxygen concen-

trations.

These case studies reveal complex interactions within the Earth system and indicate mech-

anisms and extent of the indirect in�uence of anthropogenic substances on it. However,

all three studies also reveal the limits of current observations and modelling capacities.
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The results presented in this thesis are therefore also a re�ection of the modelling capa-

cities to the time of the respective studies. In a rapidly changing world and expending

technical and computational possibilities, the results presented here must be seen in the

respective contexts. With new modelling capacities and higher resolution of models and

observations in time and space, the study of the upper tropospheric humidity and the

global ocean marine nutrient distributions could yield more and perhaps di�erent insights

than those presented here.
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Zusammenfassung

Komplexe Zusammenhänge bestimmen sowohl das Klimasystem der Erde als auch die

Biogeochemie des Ozeans. Obwohl die obere Troposphäre und der tiefe Ozean räumlich

weit entfernt vom direkten Wirken menschlicher Aktivitäten sind, gibt es eine zuneh-

mende Anzahl von Hinweisen darauf, dass auch diese entfernten Bereiche indirekt durch

anthropogene Eingri�e beein�usst werden. Auch wenn sich der Vorschlag, die gegenwär-

tige geologische Epoche in �Anthropozän� - das Zeitalter des Menschen - zu benennen

o�ziell nicht durchsetzen konnte, so lassen sich doch die Spuren des menschlichen Wir-

kens im gesamten Erdsystem erkennen.

Diese Spuren manifestieren sich einerseits in physischen Eingri�en auf der Erdober�äche

selbst, in den Böden, die durch die Urbarmachung durch den Menschen, durch Rodung

und Entwicklung der Landwirtschaft stark transformiert wurden, bis hin zu den Wasser-

läufen und Wasser�ächen, die durch die Menschen über die letzten Jahrtausende geformt

und verändert wurden. Andererseits haben anthropogene Aktivitäten durch den Eintrag

von unterschiedlichen Sto�en das Erdsystem direkt beein�usst, sei es durch die Abgabe

von Düngemitteln oder anderen Chemikalien in Böden und Gewässern oder auch durch

Emissionen in die Atmosphäre.

Diese Aktivitäten haben viele direkt sichtbare und messbare Spuren hinterlassen. Immer

häu�ger entdecken Wissenschaftler jedoch auch Veränderungen in Teilen des Erdsystems,

die weit entfernt von den Stätten menschlicher Aktivitäten sind. Sie lassen sich auch nicht

immer eindeutig über lineare Zusammenhänge erklären. Das bekannteste Beispiel für einen

indirekten E�ekt ist der gegenwärtig fortschreitende Klimawandel, dessen Ursache in der

Freisetzung zusätzlicher Treibhausgase durch anthropogene Verbrennungsprozesse liegt.

Die Verbrennung �ndet lokal begrenzt auf der Erdober�äche statt. Die Emission der Gase,

insbesondere von Kohlendioxid und Methan, erfolgt jedoch in die Atmosphäre, wo sie sich

global verbreiten und den Strahlungshaushalt des gesamten Planeten verändern. Die Er-

kenntnis, dass solche E�ekte existieren und zum Teil starke Auswirkungen haben können,

hat dazu geführt, dass immer häu�ger die Frage gestellt wird, welche indirekten E�ekte

der Eintrag bestimmter anthropogener Substanzen auf das Erdsystem haben kann.

In diesen Kontext ordnet sich auch diese Arbeit ein. In drei Studien werden Regionen

untersucht, die meistens nur indirekt durch menschliche Aktivitäten betro�en sind. Die

erste Studie befasst sich mit dem oberen Teil der Troposphäre und untersucht, inwie-

weit die Treibhausgasemissionen auch die Verteilung der Feuchtigkeit und insbesondere

die Ausdehnung der Trockenzonen in dieser Region beein�ussen. Die Luftfeuchtigkeit der

oberen Troposphäre (Upper Tropospheric Humidity, UTH) bezieht sich auf die Menge

an Wasserdampf im obersten Teil der untersten Schicht der Atmosphäre. Die Troposphä-

re erstreckt sich vom Boden aus bis zu etwa sechs Kilometern über der Ober�äche in
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Polnähe bis zu 18 Kilometern in den Tropen. UTH ist ein Maÿ für die Wasserdampf-

konzentration in dieser Region, das in der Regel als gewichteter Mittelwert der relativen

Luftfeuchtigkeit ausgedrückt wird. Vor allem die trockenen Regionen spielen hier eine

Schlüsselrolle im globalen Strahlungshaushalt. Schätzungen aus Modellrechnungen und

Satellitendaten haben gezeigt, dass sich die obertroposphärischen Trockenzonen auf den

Winterhalbkugeln teilweise polwärts ausdehnen. In den Sommerhemisphären sind sie ten-

denziell weniger stark ausgeprägt. Im Allgemeinen entsprechen die zunehmenden Trends

bei der Luftfeuchtigkeit in der oberen Troposphäre auch den Erwartungen im Zusammen-

hang mit der Wasserdampf-Rückkopplung.

Die beiden anderen Studien sind der Modellierung von Nährsto�einträgen durch die Flüsse

in den weltweiten Ozean gewidmet. Erdsystemmodelle sind hier sehr nützlich, um Pro-

zesse zu untersuchen, die nicht direkt beobachtet werden können, insbesondere solche auf

globaler Ebene. Allerdings ist die Au�ösung von Küstenregionen in globalen Modellen

oft grob, und die Simulation von Nährsto��üssen zwischen Flüssen und Ozeanen wird

oft vernachlässigt. In einem ersten Schritt wurde daher ein bestehendes Erdsystemmodell

mittlerer Komplexität um ein zusätzliches Modul für den Nährsto�export über die Flüsse

ergänzt. Die erste Studie geht der Frage nach, welchen Ein�uss zusätzliche Sticksto�e-

inträge über die Flüsse auf die Biogeochemie des Ozeans haben. Die Ergebnisse zeigen,

dass Rückkopplungen im marinen Sticksto�kreislauf die Auswirkungen von zusätzlichem

Sticksto� auf die globale marine Produktivität begrenzen. In Regionen nahe der sauer-

sto�armen Zonen können diese Nährsto�einträge sogar zu einer negativen Rückkopplung

führen, sodass die biologische Produktion hier nach einigen simulierten Jahrtausenden

abnimmt.

In einer Fortsetzung dieser Studie wird untersucht, welchen Ein�uss neben dem Sticksto�

der Eintrag von zusätzlichem Phosphor auf die marine Produktion hat. Auch hier wird das

Zusammenspiel von verschiedenen Rückkopplungen analysiert, doch im Gegensatz zu dem

ersten Experiment, führt die Zugabe von Phosphor aus Flüssen im modellierten Ozean

zu erhöhten Primärproduktionsraten, sowohl in den Küstengebieten als auch im o�enen

Ozean. Dieses Ergebnis ist nicht zuletzt deswegen relevant, weil Phosphor auf natürliche

Weise nur über geologische Zeiträume in den Ozean transportiert wird. Erst seitdem die

Menschen Phosphor als Düngemittel einsetzen, hat sich der Eintrag in die Flüsse und

auch die Zunahme von Phosphoreinträgen in den Ozean erhöht.

In den drei Studienfällen spielen Rückkopplungsmechanismen eine zentrale Rolle und füh-

ren zu nichtlinearen und indirekten Reaktionen in verschiedenen Komponenten des Erd-

systems, die über die unmittelbare Umgebung der ursprünglichen Störungen hinausgehen.

Zusätzliches Kohlendioxid aus anthropogenen Emissionen kann die Zusammensetzung der

oberen Troposphäre verändern und zu einer teilweisen Ausdehnung der oberen troposphä-
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rischen Trockenzonen führen, die wiederum das Klima an der Erdober�äche beein�ussen.

Zusätzliche Nährsto�einträge aus Flüssen können, wenn sie in die Küsten- und o�enen

Ozeane exportiert werden, nicht nur zu lokaler Eutrophierung, sondern auch zu einem un-

erwarteten Verlust an Meeresproduktivität führen, insbesondere in Regionen, die bereits

durch niedrige Sauersto�konzentrationen gestresst sind.

Diese Fallstudien zeigen komplexe Wechselwirkungen innerhalb des Erdsystems auf und

geben Hinweise auf Mechanismen und Ausmaÿ des indirekten Ein�usses anthropogener

Sto�e auf das Erdsystem. Alle drei Studien zeigen aber auch die Grenzen der derzeitigen

Beobachtungs- und Modellierungskapazitäten auf. Die in dieser Arbeit vorgestellten Er-

gebnisse sind daher auch ein Spiegelbild der Modellierungsmöglichkeiten zum Zeitpunkt

der jeweiligen Studie. In einer sich rasch verändernden Welt und den sich erweiternden

technischen und rechnerischen Möglichkeiten müssen die hier vorgestellten Ergebnisse im

jeweiligen Kontext gesehen werden. Mit neuen Modellierungskapazitäten und höherer Auf-

lösung von Modellen und Beobachtungen in Zeit und Raum könnte die Untersuchung der

oberen troposphärischen Feuchtigkeit und der globalen ozeanischen Nährsto�verteilungen

mehr und vielleicht auch andere Erkenntnisse bringen als die hier vorgestellten.
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1 Introduction

1.1 Motivation and outline

�L'homme est condamné à être libre�(Man is condemned to freedom) (Sartre, 1943)

This central tenet of existentialism gives people responsibility for their lives and their

actions; there is no escape from freedom. We cannot talk our way out of it, we actively

shape the planet, whether we like it or not.

Even though the term 'Anthropocene' has not yet been o�cially adopted, it nevertheless

captures the basic idea that humans are no longer a 'side note' in the current history of

the Earth. We are actively shaping our environment and are triggering changes that have

long since extended beyond our immediate surroundings. These changes a�ect all parts

of the Earth system: the biosphere, the atmosphere, the cryosphere, the water cycle and

the oceans. Some in�uences can be perceived directly, they can be seen, smelled and felt.

Others, however, are more subtle. Partly because they are not a direct consequence of

human activity, but rather the result of a chain reaction or feedback loop.

Understanding these indirect consequences of human actions highlights our responsibility

as humans. We should understand what we trigger through our activities, what we alter

and which changes may be irreversible.

Tipping points in the climate system are one aspect of this. Lenton et al. (2008) de�ne tip-

ping elements as those that can assume new states relatively rapidly if a critical threshold

value is exceeded or undershot. It is a minor additional disruption that results in the sys-

tem reaching a point of instability and tipping irreversibly. When exactly such a tipping

point is reached is often only recognised when it has already been exceeded. However,

such non-linear behaviour increases the responsibility that humans have for their actions:

it can be just a small additional change that sets something in motion that we can no

longer control. The sea ice in the Arctic is a tipping element that is often used as an

example (Wunderling et al., 2024). The light-coloured surface has a higher albedo, mean-

ing it re�ects solar radiation and cools the climate. The more sea ice melts due to the

warming of air and seawater, the smaller the bright surface becomes and the warming

is accelerated - a positive feedback e�ect. There is a danger that the ice will disappear

completely at least in summer and can no longer form anew. A new state - an ice-free

Arctic in summer - would then be reached.

A feedback is one of the mechanisms that can lead to indirect e�ects. But chain reactions

or see-saw e�ects also have consequences that are not directly attributable to the original

activity. However, a better understanding of these reaction chains is essential if we want

to better comprehend the impact of humans on the planet in its entirety. This is the

context for the present thesis. The aim of this work is to analyse speci�c areas that are
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only indirectly in�uenced by anthropogenic emissions. This includes in particular the

parts of the Earth system which have not been directly a�ected by human activities for

most of the time: the global ocean and the upper troposphere. Yet, recent observations

have shown that some physical and biogeochemical properties of these regions might be

in�uenced by anthropogenic emissions.

The advent of satellite technology has enabled the observation of not only the lower parts

of the troposphere, but also other levels of the atmosphere. Studies have shown that

water vapour is not equally distributed in the atmosphere and that di�erences in upper

tropospheric humidity (UTH) distribution can have an in�uence on surface climate. At

the same time, previous studies have shown that global atmospheric circulation is in�u-

enced by surface climate and climate change. One of the most important components

of the atmospheric circulation is the Hadley Cell. It plays a fundamental role in Earth's

climate because it transports energy (heat) polewards and moisture equatorwards. This

global-scale circulation consists of ascending air masses in the tropics and descending air

masses in the subtropics. In these regions, the subsidence zones of the Hadley Cell, UTH

is particularly low. With increasing climate change, scientists have observed a widening

of the Hadley Cell (Hudson et al., 2006; Hu and Fu, 2007). The question arose, how this

widening would a�ect the dry regions in the upper troposphere. Broadening or shift of

these dry regions could have important implications for the surface regions below. How-

ever, it is not well understood what the consequences of human-induced climate change

are on UTH distribution and especially on the upper tropospheric dry zones. The �rst

part of this thesis therefore concentrates on UTH and especially on the evolution of the

dry zones.

Another area of the Earth system apparently far away from direct in�uence of human

activities is the open and deeper ocean. For the longest part of human history, the ocean

has been a source of food and a means of transportation but mainly reduced to the shallow

coastal areas. The common belief was that the ocean was too vast and the open oceans too

deep to be in�uenced by anthropogenic activities. But new technological advances over

the past decades have made the oceans more accessible for anthropogenic activities and

also for observations and scienti�c studies. Recently, scientists found that almost no areas

have been left pristine and that more than 40 % of the world's oceans have been strongly

a�ected by human in�uence (Halpern et al., 2008). One way in which human activities

in�uence the global oceans is through the export of additional nutrients by rivers. These

nutrients in�uence coastal marine biology. However, it is not well known to what extent

the additional nutrients also impact the global oceans' biology. In the second part of this

thesis, two studies are included, which focus on marine biogeochemistry and the export

of the macronutrients nitrogen and phosphorus.
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Both regions, the upper part of the atmosphere and the open ocean, have long been

distant from the direct impact of human activities and beyond the reach of scienti�c

observation. It is only in recent decades that scientists have found in both regions that

human in�uence is higher than expected and started to study the impacts of anthropogenic

emissions on atmosphere and ocean. The following speci�c questions are therefore in the

centre of this thesis:

1. What in�uence has the anthropogenic emission of carbon dioxide on the upper

tropospheric humidity (UTH) distribution and especially on the dry zones?

2. What is the impact of additional macronutrients imported from global rivers into

the coastal and global oceans?

a) How does additional riverine nitrogen impact global marine biogeochemistry?

b) How does additional riverine phosphorus impact global marine biogeochem-

istry?

The �rst part of the thesis consists in a general introduction, focussing on the in�uence

of human activities on the Earth system. The �rst section addresses the concept of the

Anthropocene (Chapter 1.2). In the following sections, the focus lays on the tracks of

anthropogenic activities on Earth surface (Chapter 1.3), going into more detail concerning

soils (Section 1.3.1.), forests (Section 1.3.2.) and water courses (Section 1.3.3.). Chapter

1.4. gives a brief overview over anthropogenic input of substances into the Earth System,

�rst on land (Section 1.4.1.), than in the global oceans (Section 1.4.2.) and �nally in the

atmosphere (Section 1.4.3.). The �nal chapter of the general introduction describes the

way, feedback mechanisms play a role in the context of anthropogenic activities (Chapter

1.5.). A selection of relevant feedbacks in the context of this thesis are presented in

more detail: the water vapour feedback (Section 1.5.1.) and three di�erent categories of

feedbacks in the ocean (Section 1.5.2.).

Chapter 1.6. and Chapter 1.7. give an overview of the overarching research questions and

the author's contribution.

The �rst study (Chapter 2) concentrates on upper tropospheric dry zones, which are

located in the Hadley Cell's subtropic subsidence regions and study the evolution of

UTH in these regions in the context of climate change (Tivig et al., 2020). For this,

UTH is evaluated from satellite observations since 1979 and compared to UTH calculated

from model data of the Coupled Model Intercomparison Project Phase 5 (CMIP5). In

the model data, the upper tropospheric dry zones behave di�erently depending on the

seasons (Section 2.3.1.). These results are compared to observations from infrared and

microwave radiances (Section 2.3.2.) and discussed in the context of recent studies and
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of the question, how climate change impacts the global atmospheric circulation.

The second part of this thesis (Chapter 3 and 4) consists of two studies using a global

climate model of intermediate complexity with a new module for riverine nutrient export

to the coastal ocean. The �rst study focusses on nitrogen (N) export from rivers (Chapter

3). The study uses the Earth System Model of the University of Victoria (UVic) and

riverine nitrogen amounts estimated by the Global Nutrient Export from WaterSheds

2 (NEWS2). In a �rst section, the global distribution of modeled N is described and

compared to observations (Section 3.3.1.). It is assessed what role play in particular

feedbacks of the N cycle. Section 3.3.2. investigates the in�uence of riverine N on global

and regional marine primary production. The results are than compared to those from

the same study but with only regionally activated riverine N supply (Section 3.3.3.).

In the third study the results presented in Chapter 3 are compared to an additional

experiment, where rivers export not only N but also phosphorus (P) to the modelled

ocean (Chapter 4). Section 4.3.1. describes the P dynamics in the new model design for

di�erent simulations with N and P separately and combined, and with di�erent P burial

scenarios. In Section 4.3.2. the in�uence of P on oceanic N inventory is assessed as well

as the in�uence of N-cycle feedbacks. P cycling in relation to oxygen minimum zones

(OMZ) is analysed in section 4.3.3. and the in�uence of riverine nutrients on marine

primary production is assessed in Section 4.3.4.

A �nal conclusion is given in Chapter 5.
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1.2 The Anthropocene

It is widely accepted that humans have shaped the Earth for the last thousands to ten

thousands of years (ArchaeoGLOBE; Chure et al., 2022). Humans have directly altered

the Earth System by hunting, farming, forestry, mining, damming, and recently industry

and infrastructures, just to name a few activities.

Scientists have found, that the human footprint can be already found 8000 to 10.000 years

before present (Ruddiman, 2003; ArchaeoGLOBE).

Before the end of the last glaciation 10.000 years before today, between 5 and 10 million

people lived on Earth. With the end of the Pleistocene, the climate became more favour-

able for life and humans began to cultivate the land, while the favourable ecological zone

extended gradually to more and more regions of the world (Tellier, 2009).

From there on, humans started to settle down and began to domesticate plants and anim-

als. The Holocene probably started with a rapid population increase especially in China

and Europe (Gignoux et al., 2011; Ruddiman, 2003). After this, around 5500, the human

population grew only slowly, with many setbacks due to plagues and climate variability,

sometimes in�uenced by volcanic eruptions. Estimates for the global world population

around the year 1 AD lay between 170 and 400 million people (Cohen, 1998; Taagepera

and Nem£ok, 2023; Ritchie et al., 2023). Only long after the end of the Middle Ages did the

human population begin to grow from approximately 600 million in 1700 to the �rst billion

in 1805 (Ritchie et al., 2023). With increasing knowledge in hygiene and medicine, the

world's population began to grow exponentially after reaching the second billion in 1928,

to the 8 billion mark in 2023 (Ritchie et al. (2023),https://https://www.pops.int/

ourworldindata.org/population-growth , https://www.dsw.org/weltbevoelkerung/ ).

Hand in hand with this demographic evolution, agriculture became more extensive, as well

as other forms of land use. With the invention of the steam engine and the beginning

of industrialisation in the middle of the 18th century, humans shaped not only land and

shores, but started to alter the composition of water and atmosphere with the input of

substances like fertilizers and emissions of gases such as ozone (O3), methane (CH4) or

carbon dioxide (CO2).

Although the in�uence of anthropogenic activities was already visible in the �rst decades

of industrialization, only twenty years ago, Crutzen (2002, 2006) proposed the term 'An-

thropocene' as a new geological epoch replacing the Holocene, the warm period of the

past 10 to 12 millennia. The term 'Anthropocene' is a portmanteau word that includes

the old Greek terms for 'human' (ánthropos) and for 'new' (kainós) (Wikipedia, 2024).

The Anthropocene refers to the most recent period in Earth's history when human activ-

ities have a very important e�ect on biological, geological, and atmospheric processes on

Earth (Cambridge Dictionary). Although the new term has been widely accepted by the
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social and human sciences, geologist have debated during the last �fteen years, if the

Anthropocene should be o�cially de�ned as a new geological epoch (Waters et al., 2023).

The Anthropocene Working Group of the Subcommission on Quaternary Stratigraphy

recommended that the Anthropocene should be de�ned as an o�cial unit within the In-

ternational Chronostratigraphic Chart, and that the primary guide for the base should

be one of many stratigraphic signals around the mid-20th century (Anthropocene Work-

ing Group). However, a majority of geologist recently voted against the introduction of

the Anthropocene as new geological epoch (Nestler, 2024; Witze, 2024), arguing that the

de�nition of this epoch with a precise and recent starting date (around 1950) that had

been proposed would have been too narrow to encompass the whole impact of human

in�uence on the planet.

Another concept proposed to de�ne the Anthropocene as 'geological event' linked to a

scholarly framework congruent with other "disciplines engaging with human-environment

interaction" (Gibbard et al., 2022). The advantage of this alternative and less formal

de�nition is, that an event similar to other major transformative events in deeper geo-

logical time, like the Great Oxidation Event, is unfolding, transforming and intensifying

with time and not linked to an abrupt change (Gumsley et al., 2017; Walker et al., 2014).

Regardless of the debate within the community of geological scientists, anthropogenic

activities have undoubtedly changed the Earth system in many aspects. According to

estimates, humans have altered at least 50 % of the Earth's land surface, with a signi-

�cant increase over the last three centuries (Vitousek et al., 1997; IPCC, 2022). Human

activities transformed the Earth's environment, primarily through the conversion of nat-

ural ecosystems to agriculture, but more recently also through the construction of urban

infrastructure (Ramankutty and Foley, 1999). Many of these transformations are visible

and directly measurable.

1.3 Tracks of anthropogenic activities on Earth surface

Scientists distinguish between change in land cover and change in land use. Land use, in

the de�nition of the European Environment Agency EEA Glossary (EEA), is referred to as

" the socioeconomic description (functional dimension) of areas: areas used for residential,

industrial or commercial purposes, for farming or forestry, for recreational or conservation

purposes, etc.." . Land cover is de�ned as"a (bio)physical description of the earth's

surface. It is that which overlays or currently covers the ground." (EEA). Changes in

land cover mean the conversion or modi�cation of the physical properties of the land

(Lambin et al., 2001). While land cover can be observed even globally by Earth-observing

satellites, land use changes are more di�cult to determine and quantify, unless they result
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in physical land cover changes.

Several studies have been conducted on changes in land cover (and land use) in di�erent

regions of the world, encompassing all categories of surfaces (Afuye et al., 2024; Beillouin

et al., 2022), for example, soils in general, biome like forests but also water courses.

1.3.1 Soils

Soils have been widely transformed and degraded by humans during the last millennia

(Novák et al., 2020; Dudal, 2005; Lal, 2007). Since the emergence of the �rst settlements

and the expansion of soil cultivation, human activities have formed soils through agri-

culture, drainage and urbanization. Novák et al. (2020), for example, found that only

50.74 % of the European soil surface could be considered as natural or near-natural, 41.66

% of the surface was moderately transformed by human activities, while 4.43 % of the

soils were found to be strongly a�ected by anthropogenic activities. The main activities

inducing soil transformations are deforestation, drainage, soil sealing, construction, min-

ing, and agricultural cultivation (Novák et al., 2020). These interventions have obviously

changed the surface of the Earth (Dudal, 2005). But beside the obvious changes, soil

alterations also lead to indirect changes, in�uencing the behaviour of rain water (seeping

away or evaporating, depending on the surface), changes in albedo and therefore changes

in radiation budgets, or out-gassing of methane or other gases (e.g. Li et al., 2020; Lorenz

and Lal, 2009; Lal, 2007). Furthermore, humans have altered the composition of soils via

agriculture and massive use of fertilizers (Kumar et al., 2022; Horváth et al., 2018).

1.3.2 Forest

Until about 12,000 years ago, humans lived as nomadic hunters and gatherers. As the

climate started to warm after the last glacial maximum, they progressively settled down

and started to grow their own food, transforming by this most of the terrestrial biosphere

into anthropogenic biomes (Ellis, 2011). In particular, humans started to clear forests

in order to gain more farming land and as a source of fuel and construction materials

(Stephens et al., 2019; Ellis et al., 2013; Kaplan et al., 2009; Kirch, 2005). Studies on

deforestation history can be found for numerous individual sites in Europe (Senf and

Seidl, 2021; Hughes, 2011; Kaplan et al., 2009; Gaillard et al., 2000) as well as for the

American continent (e.g. Loomis, 2017; Boucher et al., 2009; Zhang et al., 2024b) or

for Asia (e.g. Sudhakar Reddy et al., 2018). Grantham et al. (2020) found that 31.2 %

of forests worldwide are currently experiencing some form of observed human pressure

(e.g. infrastructure, agriculture, deforestation). The clearance of forests can impact the

Earth's surface in many ways: it directly changes the composition of the soils as well as

the local fauna and �ora. But it can also have implications on soil erosion, water retention
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and deserti�cation, radiation (albedo) and evaporation and by this on regional climate

(Stéfanon et al., 2012). The exact mechanisms are still object of research. Especially the

question of the role played by forests and vegetation in general in controlling the link

between soil moisture and atmospheric conditions is still under debate (e.g. Lansu et al.,

2020; Stéfanon et al., 2012; Teuling et al., 2010). Findell et al. (2017) for instance, found

an impact on regional extreme weather and concluded that conversion of mid-latitude

natural forest to cropland and pastures was accompanied by an increase in the occurrence

of hot-dry summers from once-in-a-decade to every 2�3 years. While these are generally

local implications, deforestation can impact the climate even globally (e.g. Alkama and

Cescatti, 2016; Bonan et al., 1992), if one considers for instance, the tropical forests

(Donato et al., 2011; Nobre et al., 1991). Globally the world experienced a net loss of

forests in the last twenty years, despite the fact, that some regions have gained more tree

cover than they have lost (Global Forest Watch, 2024; Potapov et al., 2022).

1.3.3 Water courses

Human activities have signi�cantly in�uenced the morphology of fresh water bodies of

the world including especially rivers, lakes and wetlands, mainly by construction and

operation of water engineering facilities. The constructions of reservoirs, interbasin trans-

fer systems, but also the consumptive water use through irrigation has contributed to

important anthropogenic disturbance of the global hydrological cycle (Doll et al., 2009;

Haddeland et al., 2006; Vörösmarty and Sahagian, 2000). This has implications locally

on sediment retention, atmosphere exchanges, plant physiology, net primary production,

and the cycling of major nutrients but also on global ocean discharge (Doll et al., 2009).

Dam building, in particular, results in signi�cant arti�cial alteration of freshwater runo�

from the continents, leading to longer retention times on land (Vörösmarty and Saha-

gian, 2000). Vörösmarty et al. (2003) analysed the recent history of river impoundment

and show that since the middle of the 20th-century, global large reservoir trapping of

sediments has increased by 30 %.

In their review of anthropogenic land transformation, Hooke et al. (2012) estimated

that humans have modi�ed >50 % of Earth's ice-free land surface. The authors present a

comprehensive estimate of the land area modi�ed either directly by human earth moving

or indirectly by actions causing changes in sediment �uxes (Figure 1).

Since then, multiple studies have con�rmed that from 75 to 95 % of the Earth's surface

have now been reshaped to some degree by human societies (Ellis et al., 2021). There

are multiple tracks of anthropogenic activities in almost every biome on Earth, and the

examples mentioned above are only snapshots, without a claim of completeness. However,

the cases described previously have in common that the impacts of human activities are
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Figure 1: Changes in land use through time with extrapolations to 2050 AD. Population
data and projections are from United Nations Procurement Division (UNDP)
(1999). See Hooke et al. (2012) and supplemental data therein for other sources
and estimates (Goldewijk, 2001; Goldewijk et al., 2011; Pongratz et al., 2008;
Ramankutty and Foley, 1999; Ramankutty et al., 2008). Figure from Hooke
et al. (2012).

visible and can be observed directly. The impacts of anthropogenic input on land and

water bodies are subtler. These inputs are often invisible, di�cult to measure and to

assess globally, but still can have important consequences for local and global natural

systems.

1.4 Anthropogenic input of substances in the Earth System

The Early Anthropogenic Hypothesis (EAH), introduced by Ruddiman in 2003, suggested

that primitive agricultural societies began to alter the environment of the Earth by releas-
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ing CO2 through deforestation starting 7000 years ago, as well as by increasing CH4 levels

from wet-rice cultivation and livestock care about 5000 years ago (Ruddiman, 2003). In a

recent review, Ruddiman et al. (2020) present new scienti�c evidence con�rming and com-

pleting this hypothesis. Especially for CO2, it has become clearer since 2003, that human

activity led to anthropogenic emissions starting 7000 to 5500 years ago. Archaeological

research has shown that during that time the number of settlements increased rapidly, at

least in Europe and China, while the atmospheric CO2 concentration increased and by

this developed di�erently than in previous interglaciations (Ruddiman et al., 2020). The

additional CO2 probably originated from deforestation and preindustrial burning of coal

and peat (Ruddiman, 2003; Ruddiman et al., 2020).

While the addition of anthropogenic CO2 and CH4 has probably started thousands of

years ago, other inputs of anthropogenic substances have started and accelerated in par-

allel with industrialization during the late 20th century. Human activities have led to

'unnatural' inputs of substances to land surfaces, water bodies, oceans, and the atmo-

sphere.

1.4.1 Anthropogenic inputs on land

Anthropogenic activities on land have altered natural nutrient cycles since the beginning

of the industrial revolution. Nitrogen (N) and phosphorus (P) are the most a�ected nutri-

ents. Agriculture and domestic nutrient emissions from human settlements and industries

have contributed to a signi�cant increase in N and P release in soils and water bodies in

the second half of the 20th century and until today (Malagó and Bouraoui, 2023). The

development of the Haber-Bosch process, a thermochemical synthesis of ammonia paten-

ted by Haber and Le Rossignol in 1913 and 1916 (Haber and Rossignol, 1913), lead to an

increasing rate of N transformation in the 20th century. As a result, the amount of react-

ive, biologically available N from anthropogenic sources has exceeded the natural rate of

N through �xation on land since the 1970s (Vitousek et al., 2013). Malagó and Bouraoui

(2023) found, that N and P as mineral fertilizers increased since 1960 in Europe and to

a smaller extend in Asia. On the African continent, the increase in N and especially P

fertilizers increased only slowly compared to the rest of the world. Since the 1990ies, reg-

ulations have been implemented in the European Union leading to a signi�cant decrease

in P fertilizers. Nevertheless, worldwide the input of N and P stays at a high level. From

1961 to 2010, fertilizer and pesticide consumption increased for 35�40 % of the countries

world-wide (Liu et al., 2015). Since 2010, population growth has also led to a doubled

crop production on a global scale in order to meet increased food demand (Malagó and

Bouraoui, 2023).

Beside the input of anthropogenic substances from intensi�ed agriculture, P discharges
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from urban point sources have increased with the growth of urban areas, leading for ex-

ample to expansion of deep-water hypoxia in lakes during the Anthropocene (Jenny et al.,

2016).

Human-driven increase in nutrients has not only changed the absolute amounts of N and

P in the biosphere, but the N to P ratio has also increased signi�cantly, which has been

found to be a signi�cant driver of environmental change, impacting organisms, ecosys-

tems, global food security and even human health (Peñuelas and Sardans, 2022; Penuelas

and Sardans, 2023). This imbalance is also due to the fact, that P has lower water solubil-

ity and is often absorbed and precipitated in the soil or buried in sediments near emission

sources, while the more water-soluble N can be spread over larger distances (Penuelas and

Sardans, 2023).

However, both nutrients are introduced into the earth system via fertilisers, liquid manure,

wastewater, or atmospheric deposition. Together with other industrial, agricultural and

urban run-o� like heavy metals or pesticides they have an e�ect on the local biosphere but

are also transported further via groundwater, streams, and rivers. Several studies have

investigated total N and P loads globally or for a range of streams and rivers (Meybeck,

1982; Smith et al., 2003a; Alvarez-Cobelas et al., 2009; Seitzinger et al., 2010; McDowell

et al., 2020). By now, anthropogenic substances have found their way into almost all of

the world's inland waters and their amount will continue to increase and contribute up to

80 % to river nutrient loading by 2050 (Beusen et al., 2016; Beusen and Bouwman, 2022).

1.4.2 Anthropogenic inputs in the global oceans

Anthropogenic substances are not only added to land surfaces and water bodies but also

directly or indirectly reach the global oceans. There are three main ways for anthro-

pogenic inputs in the global ocean: input via river and groundwater export, input via

atmospheric deposition and via direct chemical pollutions. The number of chemicals that

are introduced to the world's oceans from human activities are numerous. Some of these

chemicals have always been part of global cycles, but since the late 18th century they

have been released in far greater amounts (Strehse et al., 2021). Other chemicals such as

microplastics or persistent organic pollutants (POP) have emerged more recently. Plastic

pollution has become known to be an issue in the 1970s, but still the total amount of

plastic release to the global ocean is not well known. Jambeck et al. (2015) estimated

that 275 million metric tons of plastic waste was generated in 192 coastal countries in

2010, with 4.8 to 12.7 million metric tons entering the ocean. POPs are organic chemic-

als that are characterized by their longevity (persistence), accumulate in organisms and

therefore in the food chain (bioaccumulation and biomagni�cation) and are considered
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to have harmful e�ects on the organisms of humans and animals (Stockholm Convention

on Persistent Organic Pollutants , POPs). POPs are for example pesticides, industrial

chemicals, and by-products of the chemical industry (Strehse et al., 2021). Although the

Stockholm Convention on POPs (https://www.pops.int/ ) adopted in 2001 requires its

parties to take measures to eliminate or reduce the release of POPs into the environment,

they still accumulate in parts of the marine fauna and �ora (Zhang et al., 2024a; Jamieson

et al., 2017).

Other chemicals entering the global ocean via direct pollution are for example metals from

munitions dropped to the ocean (Beªdowski et al., 2020).

In addition to direct input of anthropogenic substances, large amounts of products enter

the global oceans through river export. As stated above, global nutrient cycles are sub-

stantially altered by human activities leading to an increased export of dissolved organic

and inorganic nutrients from the land to the oceans (e.g. Kwon et al., 2018; Seitzinger

et al., 2010; Gruber, 2008). In particular, riverine N and P �uxes have increased during

the twentieth century (Beusen et al., 2016; Da Cunha et al., 2007). Beusen et al. (2016)

found that, although the in-stream retention and removal of nutrients in fresh-water sys-

tems increased during the twentieth century, this e�ect could not completely compensate

for the overall increase in nutrient delivery. Therefore, the total amount of N and P

exported to the global oceans increased from 19 to 37 Tg N yr� 1 and from 2 to 4 Tg P

yr � 1 (Beusen et al., 2016). Sharples et al. (2017) also estimated that 75 % of dissolved

inorganic N and 80 % of dissolved inorganic P exported from rivers is not trapped on the

shelves but reaches the open ocean.

The third way of anthropogenic input in the global oceans is via atmospheric depos-

ition, a transport process for gases and particles from the atmosphere to the terrestrial

and aquatic surfaces, which can occur in a form of dry deposition or wet scavenging

(Pacyna, 2008; WMO Research on Total atmospheric deposition). Although atmospheric

deposition is a natural process, it is also another pathway for anthropogenic substances,

like additional nutrients, chemicals, or metals. For N, for example, Jickells et al. (2017)

estimate that current atmospheric N �uxes are enhanced approximately tenfold due to

human activity. While most of the sources are situated on land, atmospheric circulation

transports N rapidly even to the open ocean (Jickells et al., 2017; Fowler et al., 2013).

Globally averaged anthropogenic inputs of P are estimated to be approximately 5 % for

total P and 15 % for PO4 and thereby contribute to a net gain of total P by the oceans

(Mahowald et al., 2008). For other elements such as dust or iron, the estimation of the

anthropogenic component of atmospheric deposition is di�cult to measure and therefore

poorly understood (Mahowald et al., 2005).

Human activities have increased the export of anthropogenic substances to water bod-
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ies and rivers, as well as the coastal and global ocean. Although there are still many

uncertainties in concrete amounts and in the understanding of processes in detail, it is

undisputed that anthropogenic inputs have already altered the natural systems and cycles.

1.4.3 Anthropogenic inputs in the atmosphere

The current atmospheric composition is the result of the long-term history of the planet

and has formed during the last billions of years (Hayes, 2020). The primordial atmo-

sphere, the original gaseous envelope that surrounded the newly formed planet Earth

shortly after its formation from the solar nebula cloud, was mainly composed of hydrogen

(H2) and helium (He) (Hayes, 2020; Shaw, 2008). These volatile gases escaped due to

heat, meteorite impacts and solar wind in the early history of the Earth. The initial

atmosphere arose approximately four billion of years ago and was formed by a combin-

ation of late-accretionary and internal heat-driven processes that occurred on material

that had recently accreted to the planet, in conjunction with the outer, relatively hotter

regions of the Earth (Shaw, 2008; Hart, 1978). To the best of our current knowledge,

the main components of the Hadean atmosphere were water vapour and carbon dioxide.

Some recent evidences point towards the existence of extensive surface water of indeterm-

inate temperature present by 4.4 billion years ago (Wilde et al., 2001). Increasing cooling

about 3.5 billion years ago led to the condensation of most of the water vapour and to

the formation of the Archean oceans. It was only with the emergence of life in the oceans

that oxygen was created by photosynthesis, and slowly the composition of the atmosphere

developed to become more favourable for life. Since then, the proportion of the di�erent

components of the atmosphere has changed signi�cantly, but their inventory not (Hayes,

2020).

Earth's modern atmosphere is currently composed of a wide range of volatile compounds,

mainly water vapour H2O, nitrogen dioxide (N2), and oxygen (O2), as well as noble gases

like helium (He), neon (Ne), argon (Ar) and xenon (Xe), and trace gases like CO2 and

CH4 (Hayes, 2020; Hart, 1978). This composition is strongly related to the evolution of

the biosphere and determined by sources and sinks. If sources and sinks for each compon-

ent are balanced, the global composition stays constant. In addition to natural emissions,

such as the emissions of biogenic volatile organic compounds from vegetation, the emis-

sions of nitrogen compounds from soils, the emissions of the oceans, and the emissions

of volcanoes (Granier et al., 2019), humans have started to emit various substances into

the atmosphere and by this altered the total composition since the start of the indus-

trial revolution. Anthropogenic activities, in particular those involving the combustion

of fossil fuels, produce greenhouse gases and aerosols which a�ect the composition of the

atmosphere (IPCC, 2022). These gases are for example CO2 and CH4. Atmospheric
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trace gases and CO2 in particular have an important impact on Earth's radiative budget,

and can change the radiative forcing (Schlager et al., 2012; Anderson et al., 2016). The

planetary energy budget has �rst been quanti�ed by Svante Arrhenius (1859�1927) and

Guy Stewart Callendar (1898�1964). The variation in the concentration of the so-called

'greenhouse gases', mostly CO2, has been in Earth's history an important factor modu-

lating the climate state. Since the middle of the twentieth century, the additional input

of greenhouse gases due to human activities has led to a warming of the global climate

(Anderson et al., 2016; IPCC, 2022). The emission of Chloro�uorocarbons (CFCs) in the

twentieth century has also a�ected the stratospheric ozone layer.

The twentieth century has seen an unprecedented increase in human impacts on the planet,

including important inputs of anthropogenic substances on land, in the ocean and the at-

mosphere. Many of these changes can be seen and/or measured directly, like changes in

land use, building of infrastructure, damming, but also changes in atmospheric or water

composition. These changes include the input of anthropogenic substances in land, ocean

and atmospheric systems. Much more complex and less obvious are the indirect changes

caused by knock-on or seesaw e�ects or by di�erent kinds of feedbacks, which only reveal

themselves progressively in scienti�c investigations.

1.5 Feedback mechanisms of anthropogenic activities in the

Earth System

Following the Oxford English dictionary, a feedback is a "process in which a response to

the action of a dynamic system in�uences, or leads to the modi�cation of, the behaviour of

that system" (Oxford English dictionary). Following this de�nition, a climate feedback is

a process that can either amplify or reduce the e�ects of a climate forcing. If the feedback

increases the initial forcing, it is called a "positive feedback". If the forcing is reduced,

it is a "negative feedback". In climate research, the term is used to simplify individual

processes of the complex Earth system (Knutti and Rugenstein, 2015). One example that

is frequently used to explain the concept of feedbacks is the "ice-albedo feedback": the

warming of air and ocean leads to melting of snow and ice and by this exposes a darker

surface, which absorbs more solar radiation, which leads to enhanced warming and melt-

ing Budyko (1969). This is an example of a positive feedback.

Knutti and Rugenstein (2015) stated that the concept of feedbacks can, "in simple sys-

tems with few components and interactions" be a useful tool to "separate cause and e�ect,

and allow for a mathematical description of a dynamical system." However, not all inter-

actions are simple and linear and often the interplay of di�erent feedbacks can make an

analysis more complex. Nevertheless, if applied carefully, the concept of linear feedbacks

in speci�c processes of the Earth system helps to understand past, present and possible

20



future developments (Knutti and Rugenstein, 2015).

Being aware of the possibility, that a system can respond to a forcing in more than a linear

way is important to understand the in�uence of human activities on the Earth system.

The input of anthropogenic substances in the biosphere on land, in rivers, and oceans as

well as in the atmosphere as described before, can hence not only lead to linear reactions,

but due to feedbacks in the Earth system they can have unexpected consequences. Some

feedback relations and feedback loops have been discovered by scientists and are known

to play a role in climate dynamics but also in the marine biochemistry. In the following

subsection some feedbacks relevant for atmospheric and oceanic processes will be presen-

ted shortly.

1.5.1 The water vapour feedback

Water vapour is the dominant greenhouse gas and the water vapour feedback is the most

important feedback in the context of climate change (Boucher et al., 2013; Gettelman

and Fu, 2007; Forster et al., 2021; Held and Soden, 2000). This feedback is related to the

coupling between water vapour and surface air temperature. Depending on its concentra-

tion, water vapour absorbs an important part of the incoming solar (shortwave) as well as

of the terrestrial infrared radiation. In addition to this characteristic, the equation for the

temperature dependence of the equilibrium pressure (Clausius-Clapeyron equation), �rst

established by Emile Clapeyron in 1834, describes a quasi-exponential increase in the

water-vapour holding capacity of the atmosphere with rising temperatures (Kre, 2007;

Bony et al., 2006). Hence, if a change in radiative forcing perturbs the surface air tem-

perature, this can lead to a change in water vapour, which could then amplify or weaken

the initial temperature change (Held and Soden, 2000). Currently it is widely understood

that the global mean temperature is rising due to the increase in atmospheric CO2 and

other greenhouse gases from anthropogenic activities since the start of the industrial re-

volution (IPCC, 2022). Water vapour feedback approximately doubles the warming from

what it would be for �xed water vapour (Forster et al., 2021).

Generally, water vapour feedback is mentioned and analysed in combination with another

radiative feedback, the lapse-rate feedback. The (temperature) lapse rate describes the

rate of temperature change with the height. If the lapse rate is higher, the temperat-

ure decrease with height is stronger. The lapse-rate in the troposphere is controlled by

radiative, convective, and dynamical processes and varies depending on the latitude and

the height (Soden and Held, 2006; Bony et al., 2006). Global warming has regionally

di�erent e�ects on the lapse-rate: at lower latitudes the warming is predicted to be higher

in the upper troposphere compared to the surface, decreasing by this the atmospheric
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temperature lapse rate. Here, the lapse rate feedback is negative. At mid- and high

latitudes, the warming is stronger at the surface, which leads to a higher lapse-rate and

hence creates a positive lapse rate feedback. Globally, the lapse rate response is domin-

ated by the tropical component and therefore represents a negative feedback (Bony et al.,

2006). Soden and Held (2006) found that di�ering patterns of surface warming in global

climate models lead to a large intermodel spread in lapse rate feedbacks. Because the

vertical changes in temperature and water vapour are tightly coupled, they also found an

anticorrelation between the water vapour and the lapse rate feedbacks in climate models.

Hence, the intermodel di�erences in the sum of lapse rate and water vapour feedbacks

appeared to be small (Soden and Held, 2006; Bony et al., 2006). Since then, there has

been further research on this question. Taylor et al. (2011), for example, found no such

correlation when grid point water vapour and lapse rate feedbacks were considered within

one model, but (Lambert and Taylor, 2014) concluded that, over ocean, the variations in

the feedbacks were weakly correlated and over land they were anticorrelated.

Other scientists focused their research on the higher atmosphere, the free and upper tro-

posphere, as well as the stratosphere. Dessler et al. (2013) for example, show that climate

warming increases stratospheric water vapour, leading to strong stratospheric water va-

pour feedback, which could be a signi�cant contributor to overall climate sensitivity. The

free or upper troposphere, which is the layer of the atmosphere between the top of the

boundary layer and the tropopause, is not signi�cantly in�uenced by the Earth's surface.

It plays an important role with respect to water vapour feedback. Free-tropospheric water

vapour strongly impacts Earth's outgoing long-wave radiation (OLR) and therefore plays

a key role in controlling the response of the climate system to an increase in greenhouse

gases (Held and Soden, 2000; Spencer and Braswell, 1997). The tropics are particularly

important in the upper troposphere, because the temperature change associated with a

given surface warming is largest here (Bony et al., 2006). There are large dry zones in

the tropical upper troposphere and even small changes in humidity in these regions can

have signi�cant consequences on the water vapour and lapse rate feedbacks and therefore

on the global radiative budget (Spencer and Braswell, 1997; Held and Soden, 2000). It

is therefore crucial to understand possible changes in temperature and humidity in these

regions to simulate future climate change.

1.5.2 Biogeochemical feedbacks in the global ocean

Di�erent kinds of feedbacks can be found in the global oceans, and especially in marine

biogeochemistry. Here, feedbacks in�uence not only the regional and global climate, but

also the chemical composition of the oceans and in particular the availability of nutrients.

These feedbacks can be generally classi�ed in three categories: the physical-chemical feed-
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backs, biological feedbacks and chemical feedbacks.

With regard to the physical-chemical feedbacks, the most prominent is the carbon di-

oxide solubility feedback (Goodwin and Lenton, 2009). The solubility of gases such as

CO2 in water is a function of pressure and temperature: if the temperature of the water

increases, the solubility of CO2 decreases. Due to anthropogenic activities, CO2 emissions

have increased signi�cantly. The consequence is a climate warming (Copernicus) which

also leads to warming of the global oceans (Venegas et al., 2023). Hence, the capacity

of the oceans to store dissolved CO2 is decreasing, which increases the amount of CO2

remaining in the atmosphere, eventually enhancing climate change. The carbon dioxide

solubility feedback is therefore a positive feedback loop.

Another well-known physical-chemical feedback is the ice-albedo feedback. In the polar

regions, a decrease of snow and ice area, which can currently be observed, results in a

decrease of surface albedo. A higher albedo intensi�es solar heating, which accelerates

the melting ice and snow (Kashiwase et al., 2017; Hall, 2004; Curry et al., 1995). The

ice-albedo feedback is therefore again a positive feedback, from which scientists expect

another contribution to enhanced climate warming, especially in the context of arctic

temperature ampli�cation (Screen and Simmons, 2010).

In the �eld of marine biogeochemistry, feedbacks exist for example related to the biolo-

gical pump, nitrogen �xation and iron fertilization. The 'biological pump' is de�ned as

the set of processes by which inorganic carbon is �xed into organic matter via photosyn-

thesis and subsequently sequestered away from the atmosphere, typically by transport

into the deep ocean (De La Rocha and Passow, 2014). Understanding the response of

this mechanism to the changing environment is one of the challenges for predicting future

atmospheric carbon dioxide concentrations (Passow and Carlson, 2012). Frenger et al.

(2024) for example stated, that anthropogenic transient climate change could induce a

reduction in export �ux due to the solubility feedback, but at the same time an increase in

the reservoir of remineralized dissolved inorganic carbon in this century. With an increase

of this reservoir, the biological carbon pump acts as a negative carbon-climate feedback

and would therefore slightly dampen anthropogenic climate change (Frenger et al., 2024).

A lot of attention has been given to the nitrogen cycle feedbacks in the global ocean. The

marine nitrogen cycle is characterised by a complex network of interconnected processes,

including dinitrogen �xation, nitri�cation, denitri�cation, anammox and nitrous oxide

emissions. Nitrogen is present in the ocean in di�erent chemical forms. The most abund-

ant form of nitrogen in sea water is dinitrogen, but it is only accessible by nitrogen-�xing

microorganisms, that can convert atmospheric nitrogen gas into forms usable by other or-

ganisms (Voss et al., 2013; Fowler et al., 2013; Gruber, 2008; Galloway et al., 2004). The

other forms of nitrogen are also called '�xed nitrogen'. The balance of the processes of deni-
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tri�cation and nitrogen �xation determines the oceanic inventory of bioavailable nitrogen,

which also has important consequences for marine productivity (Gruber, 2008). There-

fore, nitrogen cycle feedbacks regulate not only nitrogen distribution, but also primary

production and oxygen concentrations (Tivig et al., 2021). Two main feedback-loops are

acting here (Landol� et al., 2013):

ˆ if the concentration in �xed nitrogen is low, N2-�xing organisms become more com-

petitive. They �x nitrogen from the atmosphere, increase primary production and

produce excess nitrogen, which in turn limits their own competitiveness.

ˆ if the oxygen concentration becomes low, e.g. due to increased biological production,

denitri�cation starts, a microbial process in which oxidized nitrogen compounds such

as nitrate are reduced to nitrogen gas and other nitrogen oxide compounds. By redu-

cing the amount of �xed nitrogen and thereby reducing the growth of phytoplankton,

denitri�cation also limits itself.

However, these two feedback loops stabilize N inventory globally only, if they do not take

place in proximity to each other. Recent studies have shown, that a runaway loss in nitro-

gen can be the consequence, ifN2-�xation and denitri�cation take place in proximity to

each other (Tivig et al., 2021; Landol� et al., 2013). In addition to these complex inter-

actions in the natural nitrogen cycle, anthropogenic activities have signi�cantly increased

nitrogen inputs to the ocean since the start of the twentieth century, primarily through

atmospheric deposition and riverine run-o� (Jickells et al., 2017; Seitzinger et al., 2010;

Dumont et al., 2005). These additional nutrients �uxes add another level of complexity

to the research on feedbacks in the marine nitrogen cycle.

A third category of feedbacks in the global oceans consists of chemical or redox feed-

backs. An example of such a feedback is the ocean carbonate feedback (Planchat et al.,

2024). Carbon dioxide absorbed by the ocean reacts with water to form carbonic acid,

causing acidi�cation of the surface ocean and reducing by this its capacity to absorb more

CO2. However, over long periods of thousands of years, low carbonate levels can lead to

the dissolution of sea�oor carbonate sediments, releasing carbonate ions into the ocean,

which helps to bu�er the acidi�cation and by this restore the solubility of carbon dioxide

(Ridgwell et al., 2006; Barker et al., 2003).

Two other feedbacks in the oceans, that have not been completely analysed yet, involve

the emissions of the two greenhouse gases nitrous oxide N2O, especially in oxygen-depleted

zones, and methane (CH4) from marine sediments. These are two more relevant feedback

processes in the context of climate change (Hamdan and Wickland, 2016; Martinez-Rey

et al., 2015).

CH4 is a signi�cant greenhouse gas, with a higher capacity to absorb infrared radiation per
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molecule when compared with carbon dioxide (Myhre et al., 2013). Atmospheric concen-

trations have increased 2.5 times since the start of industrialisation, but not all sources of

CH4 are anthropogenic. CH4 is released in the atmosphere from various natural sources,

like wetlands, freshwater lakes, streams and rivers, estuarine and coastal areas, as well

as from terrestrial and marine seeps, volcanoes, or from wild�res; the main sink for CH4

consists in photochemical reactions in the troposphere (Hamdan and Wickland, 2016;

Kirschke et al., 2013). Scientists have measured a decadal �uctuation in CH4 concentra-

tions and pointed out, that methane hydrate, locked up within marine sediments, was

possibly vulnerable to climate change (Kretschmer et al., 2015). Alterations in the tem-

perature of the bottom water may result in its destabilisation, which could consequently

lead to the release of methane into the water column or even the atmosphere, enhancing

by this the greenhouse e�ect and hence, atmospheric warming. Even though on the global

scale the current release of CH4 from marine sediment appears to be small compared to

the current anthropogenic releases of CH4, the feedback process presents a certain inertia:

due to the long time scales of oceanic processes, the decrease of methane hydrates will

continue even beyond a potential recovery of the atmospheric warming Kretschmer et al.

(2015).

Another greenhouse gas of signi�cance in the ocean that may be responsible for relevant

feedback loops is nitrous oxide (N2O) (Myhre et al., 2013). Against the background that

changes in the oceanic emissions of N2O to the atmosphere could have an impact on atmo-

spheric radiative forcing, with potential feedbacks on the climate system, Martinez-Rey

et al. (2015) quanti�ed the changes in N2O concentration per degree of warming. Using

climate models, they computed a decrease in emissions and explained this by a decrease

in N2O production in highly oxygenated waters as well as an increase in ocean vertical

strati�cation that acts to decrease the transport of N2O from the subsurface to the surface

ocean (Martinez-Rey et al., 2015). In this case, marine N2O �uxes represent a negative

feedback mechanism.

These marine feedbacks are not operating everywhere or equally at every place in the

oceans but present regional patterns: the ice-albedo feedback, e.g., has its focus in the

Arctic, biological pump feedbacks can be found mostly in the equatorial upwelling regions.

Together, they form a complex system of physical, chemical, and biological processes.

However, analysing these feedbacks is essential in order to improve our understanding

and the modelling of the climate system.

It is evident that anthropogenic activities have a global impact on the Earth system,

manifesting themselves in numerous ways. The input of substances to the land, water

bodies (ranging from rivers to oceans) and the atmosphere exerts a direct impact on
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natural processes. However, it also indirectly in�uences the interplay between the di�erent

components of the Earth's system. While some of these impacts can be observed and

measured directly, there are still many open questions, especially concerning feedback

mechanisms and cascading reactions.

1.6 Research questions

Since the onset of the Industrial Revolution, human activities have become a primary

catalyst for global environmental changes (Ste�en et al., 2007). Some of these changes

raise concern about the ability of the Earth's environment to maintain viable conditions.

Rockström et al. (2009) have de�ned the so-called 'planetary boundaries', which consists

of biophysical thresholds that, if crossed, could have highly negative consequences for life

on Earth. For most of these thresholds, they de�ned critical values for one or more con-

trol variables. In the year of the �rst publication of these boundaries, Rockström et al.

(2009) reported that three of these nine boundaries had already been trespassed: the

threshold for the rate of biodiversity loss, for climate change, and for the nitrogen cycle.

The boundary for the phosphorus cycle was not listed as overstepped yet, but was de�ned

as part of a boundary with the nitrogen cycle. Even if this concept concerns the nitrogen

cycle globally, it encompasses changes in marine nitrogen and its consequences for marine

ecosystems and productivity.

The present study looks in more detail into two of these Earth-system processes de�ned

as relevant for planetary boundaries, which are beyond the critical threshold. The focus

of this study is speci�cally on the indirect impacts of human activities on the processes

that have been considered as crucial with regard to planetary boundaries.

The �rst part of this study engages with the planetary boundary of climate change and

focusses on changes in the atmosphere. In view of the increasing emission of carbon diox-

ide and other greenhouse gases due to industrial activities, land use changes, agriculture,

and transportation, the aim is to evaluate the possible impact of green-house gases on

UTH, and hence on the water vapour feedback described in Subsection 1.5.1.. The upper

troposphere plays an important role with respect to water vapour feedback, because water

vapour here has a strong impact on Earth's outgoing longwave radiation (OLR) (Held and

Soden, 2000; Spencer and Braswell, 1997). The relationship between water vapour and

OLR is described as logarithmic, especially when considering the change in atmospheric

transmittance (Hall and Manabe, 2000). This implies that even a minor increase in water

vapour concentration can have a signi�cant impact on OLR at lower concentrations, while

the e�ect decreases as the water vapour content increases. Therefore, the development of

the dry zones is particularly interesting. Even small changes in humidity in these regions

can signi�cantly amplify the greenhouse e�ect and lead to even more climate warming.
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In this �rst study, model data from the Coupled Model Intercomparison Project Phase 5

(CMIP5) as well as satellite data from the High-resolution Infra Red Sounder (HIRS) and

Advanced Microwave Sounding Unit - B (AMSU-B) from the NOAA (National Oceanic

and Atmospheric Administration, https://www.noaa.gov/ ) satellites have been used to

calculate UTH from brightness temperature following the method by (Buehler and John,

2005). For both datasets, the distribution of UTH has been analysed in the summer and

the winter hemisphere with a particular focus on the extend of the subtropical dry zones.

The second part of this thesis examines the third of the planet's biophysical subpro-

cesses that have already crossed the boundary, the global nitrogen cycle. Rockström et al.

(2009) claims, that at the planetary scale, the additional amounts of nitrogen and phos-

phorus activated by humans were large enough to signi�cantly perturb the global cycles

of these two elements. In this context, the present study focusses on one aspect of this

global boundary, the biogeochemical feedbacks in the marine nitrogen and phosphorus

cycles. Anthropogenic activities have resulted in an increase in the levels of nitrogen and

phosphorus in riverine exports worldwide (Seitzinger et al., 2010). Previous studies have

evaluated the amounts of these nutrients (Beusen et al., 2016; Seitzinger et al., 2005,

e.g.) and some studies have focused on observations in coastal oceans (Swaney et al.,

2012). Here, the Earth System Model (ESM) from the University of Victoria (UVic)

Version 2.9 is used for two studies considering the input of additional riverine nitrogen

and phosphorus to the global oceans. The additional nutrients have been estimated by

Mayorga et al. (2010). Both nutrient groups a�ect the biogeochemical cycles di�erently.

The complex interplay of the feedbacks introduced in Subsection 1.5.2. are the focus of

these two studies.

All three studies aimed to answer speci�c questions regarding the (indirect) in�uence

of human activities on the Earth system:

ˆ 1. How does the increase in green-house gases due to anthropogenic activities in�u-

ence the dry zones in the upper troposphere, located in the subsidence zones of the

Hadley Cell? (Chapter 2)

ˆ 2. How does dissolved riverine nitrogen input in�uence near-coastal and remote

open-ocean biogeochemistry and biology? (Chapter 3)

ˆ 3. How does bioavailable phosphorus input from rivers in addition to nitrogen

in�uence marine biogeochemistry and biology? (Chapter 4)
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Abstract

Subtropical dry zones, located in the Hadley cells' subsidence regions, strongly in�uence

regional climate as well as outgoing longwave radiation. Changes in these dry zones could

have signi�cant impact on surface climate as well as on the atmospheric energy budget.

This study investigates the behaviour of upper tropospheric dry zones in a changing cli-

mate, using the variable Upper Tropospheric Humidity (UTH), calculated from climate

model experiment output as well as from radiances measured with satellite-based sensors.

The global UTH distribution shows that dry zones form a belt in the subtropical winter

hemisphere. In the summer hemisphere they concentrate over the eastern ocean basins,

where the descent regions of the subtropical anticyclones are located. Recent studies with

model and satellite data have found tendencies of increasing dryness at the poleward edges

of the subtropical subsidence zones. However, UTH calculated from climate simulations

with 25 models of the Coupled Model Intercomparison Project Phase 5 (CMIP5) shows

these tendencies only for parts of the winter hemispheric dry belts. In the summer hemi-

sphere, even though di�erences exist between the simulations, UTH is increasing in most
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dry zones, particularly in the South and North Paci�c. None of the summer dry zones

is expanding in these simulations. Upper tropospheric dry zones estimated from observa-

tion data do not show any robust signs of change since 1979. Apart from a weak drying

tendency at the poleward edge of the southern winter hemispheric dry belt in infrared

measurements, nothing indicates that the subtropical dry belts have expanded poleward.

2.1 Introduction

The upper tropospheric humidity distribution plays a major role in the climate system

especially in the tropics and subtropics, where it contributes strongly to the water vapour

feedback (Held and Soden, 2000). This region situated roughly between 30� N and 30� S is

characterised by strong contrasts in the upper tropospheric humidity distribution, with

very high humidity in the intertropical convergence zone (ITCZ) and very low humidity

in the subtropical dry zones, where the subsidence branches of the Hadley and Walker

circulations are located. These dry zones are not only relevant for the surface climate

underneath, which is characterised by low precipitation and very dry climatic conditions,

but also for the radiative budget, as outgoing longwave radiation (OLR) is higher in re-

gions where the atmosphere is dry (Pierrehumbert, 1995). The logarithmic dependence

between water vapour concentration and OLR leads to higher sensitivity to changes in

the dry part of the distribution. Therefore, even small changes in humidity in the upper

tropospheric dry zones can have strong in�uence on the water vapour feedback (Spencer

and Braswell, 1997).

Recent model simulations have revealed a widening of the subtropical subsidence zones

associated with the weakening and poleward expansion of the Hadley circulation (Lu

et al., 2007). Under the in�uence of increased CO2 concentration, simulations revealed

signals of reduced relative humidity at the poleward �anks of the subtropical dry zones

as well as further drying inside the dry zones (Lau and Kim, 2015; Cai et al., 2012; Roca

et al., 2012; Sherwood et al., 2010; Lu et al., 2007). In satellite observations from infrared

radiation sounders, subtropical dry zones appear to have expanded poleward by 2� to

4.5� over the period 1979-2005 (Hudson et al., 2006; Hu and Fu, 2007). Positive trends

of upper tropospheric humidity, however, were identi�ed over monsoon regions, the deep

tropics and the midlatitudes (Gierens et al., 2014; Johanson and Fu, 2009; Hu and Fu,

2007; Bates and Jackson, 2001).

Some previous studies analysed the dry zones and their evolution in di�erent seasons.

Stephens et al. (1996) studied upper tropospheric humidity from satellite measurements

and were the �rst to point out, that over the domain of the Hadley circulation, the relat-

ive humidity of the upper troposphere undergoes signi�cant seasonal changes. Sche� and

Frierson (2012) have looked at humidity in di�erent seasons, but studied precipitation
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decline instead of upper tropospheric humidity. Schröder et al. (2014) introduced the

frequency of occurrence of dry air in the free troposphere, to study the radiatively sensit-

ive range of the free tropospheric humidity distribution, but calculated from observations

only and for a restricted area and time range. In the current study, we therefore analyse

upper tropospheric dry zones from a global view, with respect to seasonality and climate

change. To do so, we use a variable which can be retrieved from satellite measurements

as well as from model data, in order to make a comparison of the resulting trends more

straightforward.

Soden and Bretherton (1998) de�ned the concept of Upper Tropospheric Humidity

(UTH), as a measure for humidity vertically averaged over a broad layer of the upper

troposphere (approximately between 200 and 500 hPa). UTH is calculated from bright-

ness temperatures by a simple transformation relation. This relation can also be adapted

to brightness temperatures retrieved from model data through a satellite simulation soft-

ware. UTH from model data can be directly compared to results of satellite measurements.

The humidity distribution in the upper troposphere and the intertropics reveals that

the subsidence zones are changing their features depending on the seasonal shift of the

ITCZ. Therefore, it is worth analysing the upper tropospheric dry zones separately for the

seasons when the ITCZ is on its northernmost (JJA) and southernmost (DJF) position,

respectively.

In the next section we describe the data and method used to derive UTH from model data

and from radiances measured from satellite based sensors. Section 3 explores the trends

in dry zones found in the model experiments and in observations since 1979. Finally,

section 4 encompasses a discussion of the results and some concluding remarks.

2.2 Data and methods

2.2.1 Model data

To compute UTH, we used the output of 25 models (see Table 1) from phase 5 of the

Coupled Model Intercomparison Project (CMIP5) (Taylor et al., 2012). First, we ana-

lysed the output of the idealised CMIP 1pctCO2 experiment, in which the atmospheric

CO2 concentration is gradually increased by 1 % per year. In this experiment, the CO2

concentration starts from a pre-industrial state and is approximately doubled after 70 and

quadrupled after 140 model years.

In a second step we compared the results with the output of the historical simulations

of the CMIP5 models. The models simulate the recent past from 1850 to 2000 or later,
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imposing changing conditions like atmospheric composition due to both anthropogenic

and volcanic in�uences, solar forcing, emissions or concentrations of short-lived species,

natural and anthropogenic aerosols, as well as time-evolving land use (Taylor et al., 2012).

UTH is not a standard humidity variable given by the models, but is derived from bright-

ness temperatures usually measured by satellite based sensors. To compute UTH from

model data in the same way as from measurements, the output of the models has �rst to

be transformed into radiance, as seen by a satellite sensor. Temperature and humidity

pro�les as well as the wind �elds for surface emissivity are used as input for the fast ra-

diative RTTOV (Saunders et al., 2010). To be consistent with observations and because

brightness temperature measured with microwave sensors are less in�uenced by clouds,

we produced brightness temperatures matching the speci�cations of channel 18 of the

Advanced Microwave Sounding Unit (AMSU-B) (see Section 2.2.2). For comparison we

also computed brightness temperatures with the speci�cations of channel 12 of the High

Resolution Infrared Radiation Sounder (HIRS).

2.2.2 Satellite data

Satellite measurements of brightness temperature used to retrieve UTH are typically made

in two speci�c frequency regions: in the infrared at 6.7� m and in the microwave at 183.31

GHz. Since the end of the 1970's, the HIRS instruments on board of the National Oceanic

and Atmospheric Administration (NOAA) operational polar-orbiting satellites have been

measuring water vapour radiances using the 6.7� m infrared channel. In the �eld of

global satellite data analysis this is the only source of data providing such a long time

series (Jackson et al., 2003). Over the years, instrument changes have led to inter-satellite

biases, but e�orts have been made during the last two decades to inter-calibrate the ra-

diance measurements in order to create a consistent time series of the satellite data (e.g.

Bates and Jackson, 2001; Shi et al., 2008).

Top of the atmosphere infrared radiance measurements are a�ected by clouds, which can

create errors when retrieving humidity. This additional source of bias has been tackled

by restricting the data to clear-sky pixels and homogenising it (Shi and Bates, 2011).

In this study, we used the UTH data from Shi and Bates (2011), which was calculated

using the Soden and Bretherton (1998) approach including a reference pressure to make it

comparable to the microwave UTH from model data (see Subsection 2.2.3). This dataset

has a resolution of 2.5� x 2.5� . Unfortunately, UTH datasets generated from clear-sky

measurements revealed a dry bias of up to 30 % RH or more in convective regions (John

et al., 2011). Even though in the present study the focus is on the dry regions, the dry

bias is still important with about -9 % RH in the tropical UTH values (John et al., 2011).
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However, the availability of HIRS data since 1979 makes it a valuable source of informa-

tion with regard to climate evolution.

Microwave sensors are less sensitive to clouds. Datasets of UTH from microwave ra-

diances, even when processed with a cloud �lter, show only small biases in convective

regions of about 2-3 % RH (John et al., 2011). Therefore, we mainly used UTH com-

puted from radiances measured with the microwave sensors AMSU-B from the NOAA

satellites 15, 16 and 17 and MHS from NOAA 18 and MetOp-A (updated version of

Chung et al., 2013). Data for this study were taken from channel 18 at 183.31� 1.00 GHz

of the AMSU-B sensor, as the sensitivity of brightness temperature for this frequency to

relative change in humidity is highest in the upper troposphere. UTH from microwave

data comes on a 1.5� grid. However, microwave data are only available from 1999 to 2018.

2.2.3 The brightness temperature transformation method

Finally, brightness temperatures originating from model data as well as from measure-

ments of satellite based sensors are used to calculate UTH. For this purpose, Soden and

Bretherton (1998) derived a relation between infrared radiances and upper tropospheric

humidity, which has also been adapted to microwave radiances by Buehler and John

(2005):

ln

 
UTH
cos(� )

!

= a + bTb; (1)

where ln() is the natural logarithm, � is the zenith angle,Tb is radiance expressed in

brightness temperature, anda and b are regression coe�cients, which were determined

for UTH with respect to liquid water. UTH is a weighted mean of the fractional relative

humidity in the upper troposphere. The constants depend on the sensor and its viewing

angle (Buehler and John, 2005). For the present study, UTH was calculated for a nadir

viewing sensor, thereforecos(� ) = 1. The original relation from Soden and Bretherton

(1998) also included a term for the scaled reference pressure (p0) and a dimensionless

lapse rate parameter (� ):

ln

 
UTHp0

�cos(� )

!

= a + bTb; (2)

Like Buehler and John (2005) we decided to stay with the simpler version of the relation-

ship for the microwave data, but use the expression withp0 for the infrared data. This

approach is supported by the study by (Lang, 2019), which shows thatTb has no explicit

emission layer pressure dependence for microwave data, but does have one for infrared

data, which can be accounted for byp0. We refer to Jackson and Bates (2001) for the

analysis of other variants of UTH calculation. The coe�cients used for the current study
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can be found in Table 2.

While the infrared-based equation from Soden and Bretherton (1998) to calculate

UTH requires brightness temperature from clear-sky conditions, radiance simulated from

CMIP5 model data, although ignoring the radiative e�ect of clouds, re�ect all-sky hu-

midity pro�les. This leads to a dry bias of the HIRS data discussed in Section 2b, which

should be small in the dry zones.

2.2.4 Method of trend calculation

To analyse the change in UTH and especially in the regions with low UTH values, we �rst

calculated trends, using the climate data operatorcdo trend (Schulzweida, 2019), which

performs an ordinary least squares linear regression for each grid point of each dataset.

As the trends are estimated separately for the two seasons December to February (DJF)

and June to August (JJA), the trends in UTH of the corresponding seasonal time series

are given in % RH per timestep (month of the corresponding season) and multiplied by

the number of months in a decade (30 for the seasonal trends). Finally, trends are trans-

formed into % per decade relative to the mean UTH of the �rst decade, to make them

better comparable between the di�erent datasets. But using relative trends also emphas-

ises the trends in the dry zones, if the absolute trends are of similar range throughout the

distribution.

In order to evaluate the evolution of dry zones with time, we also calculated for each

time step the fraction of grid points where UTH is smaller than a given threshold, de-

pending on the source of the data used to evaluate UTH. The thresholds have been chosen

as upper boundary of the 25th percentile, knowing that the distribution of UTH di�ers

depending on the source of the data (model or observation, microwave or infrared). Tests

have shown that, even though the fraction of dry grid points is depending on the given

threshold, the trend or evolution of this fraction is similar for thresholds around the selec-

ted percentile. One can alternatively use other thresholds, but results in terms of trends

do not change very much. The linear trend is again calculated by regression. To be

consistent with observations, only the grid points in the tropics and subtropics have been

chosen for the model data (between 45� S and 45� N).
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2.3 Results

2.3.1 UTH from CMIP5 models

Figure 2 shows the mean of the �rst (1850-1859, top) and the last decade (1980-1989,

middle) of the spatial distribution of UTH calculated from the ensemble mean of the

1pctCO2 simulations, using the microwave sensor algorithm. The UTH distribution is

depicted separately for the months December to February (DJF, left) and June to August

(JJA, right). As 1pctCO2 is an idealised experiment not taking into account the real

climate of the last 150 years, the names of the decades (1850-1859 and 1980-1989) are not

referring to the historical period. The bottom panels show the trend per decade, in %

relative to the mean UTH from the �rst decade, for both seasons respectively. The black

contour lines indicate the regions where the ensemble mean of UTH is smaller than 40 %

RH. Following previous studies like Lau and Kim (2015) we de�ne these regions as the

subtropical dry zone. The stippling in the bottom panels indicate grid points, where the

sign of the trend in UTH is robust. Robust means here, that at least 68 %, or 17 out of

25, of the models show the same sign (increasing or decreasing UTH).

The subtropical dry zones behave di�erently depending on the season. In the winter

hemisphere, the dry zones form a belt over the subtropics, while in the summer hemi-

sphere, dry zones are mainly located in eastern subtropical ocean basins, corresponding

to the descent zones of the subtropical anticyclones. As the distribution of UTH depends

on the hemisphere and on the season, the evolution of the dry zones has been considered

separately for DJF and JJA, when the ITCZ is on its southernmost and on its northern-

most position, respectively.

In the experiment with gradually increasing CO2 concentration, two features can be ob-

served considering the evolution of the dry zones (bottom panels of Figure 2). First,

even though the black contour lines (indicating the 40 % RH level) only show small shifts

between the �rst and the last decade, a decreasing trend in UTH is nevertheless visible

on the poleward edge of the dry belt in the winter hemisphere. This is especially true in

DJF over the Mediterranean and central Asia, and in JJA in the Indian Ocean and South-

West Paci�c. This drying trend could be related to a poleward expansion of subtropical

subsidence zones, which has been revealed in recent studies with models and observations

(e.g. Birner et al., 2014; Seidel et al., 2008; Lu et al., 2007; Hu and Fu, 2007), corres-

ponding to the widening of the Hadley cells. However, this drying tendency cannot be

found at all longitudes and is not pronounced enough to be clearly visible in the contour

lines. Repeating the experiment with di�erent threshold values (not shown) did not lead

to clearer changes in the contour line.
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Figure 2: Decadal ensemble mean of UTH calculated from the output of the 1pctCO2
simulation with 25 CMIP5 models, with the speci�cation of a microwave sensor.
Comparison of (top) the �rst decade 1850-59 and (middle) the last decade 1980-
89 (middle) and (bottom) the trend in UTH for the whole period relative to the
mean UTH of the �rst decade for (left) December to February (DJF, left) and
(right) June to August (JJA, right). The contour lines in the bottom plots
indicate the regions with UTH � 40 % RH in 1850-59 (thin line) and in 1980-89
(thick line). The black shading indicate grid points with a robust signal (see
explanations in the text). © Copyright 2020 AMS

Secondly, dry zones in the summer hemisphere are concentrated in the eastern ocean

basins, where the descent zones of the subtropical anticyclones can be found. These

atmospheric structures are centred in the lower levels of the troposphere and strongly

in�uence moisture transport (Li et al., 2012). The mechanisms that underlie the de-

velopment of subtropical anticyclones have been thoroughly studied in the last twenty

years (He et al., 2017; Rodwell and Hoskins, 2001; Seager et al., 2003; Miyasaka and

Nakamura, 2005, 2010). In summer these structures of the general circulation extend

over the summer-hemisphere oceans and feature strong meridional equator-ward �ow on

their eastern �anks, accompanied by strong subsidence (Seager et al., 2003). Miyasaka

and Nakamura (2005, 2010) demonstrated that the formation of subtropical anticyclones

and the associated descent is primarily driven by a zonally asymmetric diabatic heating

pattern between land and ocean. This local land-sea contrast consists in low sea-surface
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temperatures due to cold oceanic up-welling and radiative cooling over the eastern ocean

basins, associated with marine stratus, and continental heating through sensible heat �ux

over the dry, heated landmass to the east.

In the UTH distribution of the CMIP5 ensemble mean, these regions in the eastern ocean

basins in summer are characterised by low UTH (Figure 2). After quadrupling of the CO2
concentration (1980-1989), UTH is increasing in the dry zones, most of all in the North

Paci�c and the South Atlantic, except for the one over the Eastern Mediterranean and

the Middle East, where the dry zone presents signs of drying in the North and moistening

in the South (Figure 2, bottom panels). The signal of increasing UTH inside all the other

dry regions is robust.

However, the 1pctCO2 simulations uses a strong forcing, the increase in CO2 is larger

than the current increase in the real climate. These results give some indication about

the evolution of UTH and the upper tropospheric dry zones due to increased CO2 con-

centration, but to have a more realistic view of UTH in climate change, we have looked at

the climate simulations of the recent past, using the historical run of CMIP5 models. As

expected, the changes in UTH in the 140 years of the historical experiment are smaller

than in the idealised simulations (Figure 3, bottom, compared to Figure 2, bottom). The

extent of the dry zones, indicated by the black contour lines, hardly changes between the

two decades. Nevertheless, a small drying tendency appears at the poleward edge of the

winter dry zones over the Eurasian continent and the West Paci�c, as well as over the

Indian Ocean and Australia. Furthermore, UTH increases in several regions, but only the

moistening trends of the descent regions in the North and South Paci�c as well as in the

South Atlantic (in summer seasons) are robust. In the northern subtropical Atlantic and

North-East Paci�c, UTH shows a decreasing signal in DJF through a majority of CMIP5

models. In all other regions where UTH is smaller than 40 %, the models do not show

any robust sign of change.

The forcings of the historical experiment are closer to the real atmosphere than those from

the 1pctCO2 simulations. Still, satellite observations re�ect many factors such as forcings

associated with aerosols, volcanic activities or land-use change. Not all of them are accur-

ately represented in models. Keeping the previous results in mind, we will analyze UTH

from satellite observations to see whether some of the features that have appeared in the

model data can be found in the satellite data.
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Figure 3: As in Fig. 1, but calculated from the output of the historical simulation. Note
the di�erent scale than in Fig. 1. © Copyright 2020 AMS

2.3.2 Trends from observations

Figs 4 (a�d) show the mean of UTH in DJF and JJA for the period from 1999 to 2018

calculated from satellite-based measurements with the microwave sensor (Figs. 4a,b ) and

the infrared sensor (Figs. 4c,d). UTH from brightness temperatures measured with the

infrared sensor (HIRS) has been corrected using the reference pressure p0 (cf. Soden and

Bretherton (1998)) to make it comparable to the microwave data. Nevertheless, UTH

from infrared is lower than UTH from microwave measurements. But both distributions

show the same seasonal pattern, which corresponds to the climatology described in previ-

ous studies (e.g. Gettelman et al., 2006; Bates and Jackson, 2001). In both hemispheres

a dry belt spreads over all longitudes in winter. Dry zones in the summer hemisphere are

similar to the ones found in the model data.

However, UTH appears to be lower in observational than in the model data. While the

dry zones in CMIP5 ensemble are bounded by the 40 % RH contourline, the same regions

are characterised by UTH of 25 % and less in the microwave and infrared datasets from

satellite based measurements.

Also, unlike the models suggested, the decadal trends in UTH from 1999 to 2018 from

microwave measurements (Figure 4, e, f) show no general tendency for drying at the

poleward edge of the winter dry zones. Nor is there any consistent trend visible in the

summer hemispheric dry zones in the eastern ocean basins. As the observation period for
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Figure 4: For (left) boreal winter (DJF) and (right) boreal summer (JJA), mean of UTH
from 1999 to 2018 from measurements with (a),(b) a microwave sensor (AMSU-
B) and (c),(d) an infrared sensor (HIRS), trend of UTH for 1999�2018 from
measurement with (e),(f) a microwave sensor (AMSU-B) and (g),(h) an infrared
sensor (HIRS), and (i),(j) trend of UTH for 1979�2018 from measurement with
an infrared sensor (HIRS). The black contour lines indicate the outline of the
dry zones, where the mean of UTH < 25% RH for microwave and UTH < 20%
RH for infrared. Note the di�erent color scales than in Figs. 2 and 3. The
trends are relative to the mean UTH of the period.© Copyright 2020 AMS

microwave data is still short, we decided to compare the trend in UTH from microwave

measurements with the one from infrared measurements, where UTH has been again

corrected with the reference pressure. To make the trends for the two datasets better

comparable, the plots show the decadal trends relative to the mean UTH shown in the

upper panels (a-d). The pattern of trends in UTH from infrared brightness temperatures
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from 1999 to 2018 (Figure 4, g, h) is very similar to the pattern in UTH from microwave

measurements. The main di�erences arise probably from the di�erent spatial resolutions

between the sensors (2.5� for infrared (Shi and Bates, 2011), 1.5� for microwave (Chung

et al., 2013)). Nevertheless, the trend in UTH from HIRS shows a drying signal at the

poleward edge of the dry belt in JJA, which is not as clear in the microwave data.

Measurements from the infrared sensor HIRS have started in 1979, making it possible

to analyse UTH for a period of 40 years. Because of the good agreement between the

trends in UTH from both sensors for the common period (1999-2018), we assume that

UTH from infrared measurements with the reference pressure can be used to analyse the

trend for the longer period starting in 1979. The decadal trend in UTH from 1979 to

2018 do not show any consistent tendency for the summer hemispheric dry zones in the

eastern ocean basins. However, there is again a small drying trend at the poleward edge

of the winter dry belt in the Southern Hemisphere as well as over parts of the Northern

Hemisphere (Asia and the West Paci�c) (Figure 4, g, h).

Notable is the di�erence in magnitude of the trends in UTH from satellite observations

compared to UTH from CMIP5 model data (Figure 2 and 3). The trends are given relat-

ive to the mean UTH distribution which is lower for the satellite data than for the model

data. This could explain why the magnitude in trends is higher in the observational data,

but the di�erence in magnitudes persists when considering the absolute trend values (not

shown here). An explanation for this di�erence in range is that for the satellite data the

time period is shorter, so that variability has more in�uence on the trend. The range of

the trends in UTH from the longer infrared timeseries is already smaller than the ones

from Figure 4, e-h. Trends from model data on the other hand are sampled in the en-

semble mean of 25 di�erent models. Each of these models taken alone would also show

higher magnitudes in its UTH trends, which are levelled out in the ensemble mean.

Not only is the spatial distribution of the dry zones relevant for the climate, the change

in the global fraction of regions with low UTH matters as well, especially for the net

radiation balance. Figure 5 shows deseasonalised anomaly time series of the fraction of

grid points with UTH below a given threshold. For the model data (historical run, mi-

crowave) dry zones are represented by the fraction of grid points where UTH is smaller

than 40 % (top). For observations, the dry zones are de�ned by the fraction of grid points

where UTH is smaller than 25 % (microwave) and 20 % (infrared) (bottom). Due to

di�erent measuring periods of the satellite based sensors, the time series of UTH from

infrared radiances starts in 1979 (blue) and from microwave radiances in 1999 (red). In
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both datasets we excluded higher latitudes, because the di�erent grid size would bias the

results, but also because we are mainly interested in dry zones in the subtropics. We

de�ned the dry zones in analogy to Roca et al. (2012) and Schröder et al. (2014), who

introduced the frequency of occurrence of dry air as a marker of the behaviour of the dry

part of the UTH distribution. The di�erent thresholds (25 %, 30 % and 40 %) re�ect

shifted distributions of UTH depending on the sensor and data sources. These thresholds

nevertheless represent approximately the level of the 25th percentile of each distribution

(the 25th percentile is illustrated in Figure 6).

Figure 5: (top) Deseasonalised and smoothed time series and linear trend of the frac-
tion of grid points with UTH < 40 % RH between 45� S and 45� N in CMIP5
models historical run, computed for microwave sensor characteristics; (bottom)
deseasonalised and smoothed time series and linear trend of fraction of grid
points with UTH < 20 % RH from observations with the infrared sensor (HIRS,
blue) from 1979 to 2018 and of fraction of grid points with UTH< 25 % RH
from observations with the microwave sensor (AMSUB, coral). The trend lines
indicate linear trends in fraction of grid points with UTH smaller than the given
threshold for the periods 1979-1999 and 1999-2018 separately in infrared (blue)
and for 1999-2018 in microwave (red). Note the di�erent scales of the y-axis
between the top and the bottom plot.© Copyright 2020 AMS

For the period when the observational data were available from both, HIRS and AMSU-

B (1999-2018), the variation correlates well between both sensors (Figure 5, bottom).

However, the time series of the fraction of grid points with low UTH show di�erent trends

depending on the sensor used. While the fraction of grid points below the given threshold

increases in both periods in the infrared dataset (+0.40 % per decade for 1999-2018, +0.49

% per decade for 1979-1999), the same fraction slightly decreases for the microwave data
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Figure 6: Histogram of (top) the distribution of UTH from the �rst 30 years of the en-
semble mean of the historical simulation with CMIP5 models for computation
with (left) microwave and (right) infrared coe�cients and (bottom) the distri-
bution of UTH from (left) microwave and (right) infrared observations, for all
monthly means for each grid point between 45� S and 45� N. © Copyright 2020
AMS

in observations (-0.18 % per decade) and CMIP5 ensemble mean (-0.02 % per decade).

Hence, on a global view it is di�cult to draw conclusions concerning the evolution of

the area of upper tropospheric dry zones. Furthermore, even for the infrared data the

period is short enough that variability is important. The trends in UTH dry zones still

di�er between microwave and infrared data, despite the fact that the infrared data have

been corrected with the reference pressure. Possible explanations will be discussed in the

next section.
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2.4 Discussion and conclusion

2.4.1 Discussion

We have analysed UTH computed with a satellite simulation software from CMIP5 model

data using an algorithm for a microwave sensor (AMSU-B) and compared it to UTH cal-

culated from observational data for a microwave and an infrared sensor. Through the

results shown in Section 2.3, it has become clear that UTH, as calculated from radiance,

cannot be analysed without taking into account the instrument used to retrieve the data.

Not only is there a shift in the range of UTH between the dataset computed from model

data and the one computed from observations, but a di�erence has been found in partic-

ular between the infrared and the microwave measuring method.

The distribution of UTH depending on the source reveals that, for both sensors, the

simulations overestimate UTH in the tropics and subtropics compared to observations

(Figure 6). For completeness Figure 6 also includes UTH from the CMIP5 ensemble

calculated with the characteristics of the infrared sensor (top, right), but as UTH from

model data has not been calculated using the reference pressure, this dataset has not

further been used in the rest of the study. UTH from observations is concentrated in the

range between 0 and 60 % RH for the infrared sensor. For UTH from observations with a

microwave sensor the shape of the distribution is very similar to UTH from simulations,

but with a maximum around 30 % RH compared to 60 % RH in the simulations. Be-

cause of the di�erent calculation methods, UTH from the infrared instrument cannot be

compared directly between model and observations. However, the distribution of UTH

from infrared measurements (Figure 6, bottom right) with the use of p0 is similar to the

distribution of UTH from microwave measurements.

Hence, UTH from infrared radiances is comparable to UTH from microwave radiances, if

the reference pressure p0 is used for the calculation. Lang (2019) found an explanation

for this behaviour. Indeed, di�erent absorption characteristics of infrared and microwave

UTH channels lead to stronger increase in brightness temperature from infrared radi-

ances in a warming climate. When the atmosphere becomes warmer, the emission layer

shifts to higher altitudes, where relative humidity and atmospheric pressure are smaller,

which in�uences the measurement of brightness temperatures di�erently for infrared and

microwave radiances. For comparison, Lang (2019) de�ned "real" UTH as the relative

humidity averaged over an atmospheric layer bounded by two altitudes, both de�ned by

�xed thresholds of integrated water vapour above. She found that UTH calculated from

microwave radiances was closer to this "real" UTH, while UTH from infrared radiances
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was subject to an arti�cial bias. This bias can be counterbalanced by the use of p0.

Nevertheless, UTH from infrared measurements is still drier than UTH from microwave

measurements, as we have seen in Figure 5. The clear-sky sampling bias of the observa-

tions can explain part of these di�erences, as discussed in Section 2b. John et al. (2011)

estimated that in the tropical mean this bias can account for roughly 7 % of the infrared

dry bias relative to microwave data and perhaps for a few percent dry bias of microwave

data relative to the true all-sky mean. But even taking this into account, the CMIP5

ensemble is signi�cantly wetter than the observations. This is consistent with the �nding

of John and Soden (2007) that CMIP models have a large moist bias in the free tropo-

sphere. Their study was based on CMIP3, but our analysis indicates that this is still true

for CMIP5.

Considering the evolution of dry zones in climate change, the data support only a few

robust conclusions. While previous studies suggest a poleward expansion of the subtrop-

ical subsidence zones (Birner et al., 2014; Seidel et al., 2008; Lu et al., 2007; Hu and Fu,

2007; Hudson et al., 2006), the dry zones in the UTH distribution estimated from CMIP5

model output do not generally expand, even though there is a robust drying tendency

in parts of the regions poleward of these dry belts in the winter hemisphere. But dry

zones in the Eastern Paci�c even decrease in both seasons. In observations, the drying

tendency can only be found in southern hemispheric winter distribution in infrared data.

Even more uncertain is the evolution of the dry zones situated in the summer hemisphere

and corresponding to the subsidence regions of the subtropical anticyclones. There is a

tendency towards increasing UTH in these regions, but this trend is robust in the model

data only for the South Atlantic and South and North Paci�c on the long term, and so

far not supported by the observations. UTH may be sensitive to other factors like for

example sea surface temperature changes, which could explain di�erent signals in the

South Paci�c. Other studies also state a weakening and westward shift of the Walker

circulation, this could be another factor in�uencing the dry zones in the eastern South

Paci�c (e.g. Vecchi and Soden, 2007).

The results from our model analysis overlap with the recent study of He et al. (2017),

where the multi-model output from CMIP5 simulations was used to investigate the re-

sponse of subtropical anticyclones to global warming by analysing subsidence, low-level

divergence and rotational wind. They found that the subtropical anticyclones over the

North Paci�c, South Atlantic and South Indian Ocean are projected to become weaker,

while the North Atlantic subtropical anticyclone intensi�es. These results correspond to
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our �ndings of increasing UTH in the dry zones of the eastern North Paci�c and South

Atlantic in the CMIP5 ensemble for the 1pctCO2 and the historical simulations (Figures

2 and 3). But from our simulations, the trends of He et al. (2017) cannot be con�rmed for

the South Indian Ocean and the eastern North Atlantic, and we also found a robust signal

of increasing UTH in the South Paci�c. Finally, none of the trends for the subtropical

anticyclones could be found in UTH from observations. The complexity of the subtropical

anticyclones in their respective climatic environment makes it di�cult to make a general

statement concerning the evolution of the corresponding upper tropospheric dry zones. It

would be interesting to analyse each of them separately and understand more about the

mechanisms behind these structures.

2.4.2 Conclusion and outlook

Increasing atmospheric CO2 concentration impacts the distribution of upper tropospheric

humidity and in particular the extension of the subtropical dry zones. UTH has been

calculated from model data with a satellite simulation software using the characteristics

of a microwave sensor. The results have shown, that upper tropospheric dry zones form a

belt in the winter hemisphere and that in an experiment with yearly 1 % increasing CO2
concentration, there appears a drying tendency at the poleward edge of this dry belt over

large parts of the globe. In historical simulations this drying trend is not as pronounced,

but still visible. Nevertheless and in spite of these drying tendencies, no clear poleward

shift or expansion of the dry belts can be found in this dataset. In the summer hemi-

sphere, the dry zones are concentrated in the eastern ocean basins, and correspond to

the descent regions of the subtropical anticyclones. In these regions, UTH from CMIP5

ensemble evaluated from the microwave perspective increases in the South Atlantic, and

the North and South Paci�c, re�ecting a weakening of the anticyclones, at least partially

in agreement with the study by He et al. (2017).

Observational data from infrared and microwave sensors have been used to investigate

the evolution of upper tropospheric dry zones since 1979. The general seasonal pattern

conforms to the one found in the model data. UTH calculated from brightness temperat-

ures measured from an infrared sensor shows the drying tendency at the poleward edge

of the winter dry belt even for the shorter time scale. But this drying does not indicate a

clear expansion of the winter dry belt and has not been found for UTH from microwave

measurements. Finally, no robust trend could be detected for the summer dry zones.

The reasons for the di�erent results concerning summer dry zones can probably be found
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in the complex mechanisms behind the subtropical anticyclones. While the change of

tropical circulation structures like the Hadley cell or the Walker circulation have been

studied extensively in the last �fty years, subtropical anticyclones have only recently got

more attention (e.g. Rodwell and Hoskins, 2001; Miyasaka and Nakamura, 2005, 2010; He

et al., 2017). Their behaviour with global warming is still an interesting subject of study.

To further investigate the evolution of upper tropospheric dry zones, it may be necessary

to gain a better understanding and achieve more robust simulations of subtropical anti-

cyclones.
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Table 1: CMIP5 models used for the current study with their respective institute

Model name Modelling Center or group

ACCESS1.3 Commonwealth Scienti�c and Industrial Research Or-
ganization (CSIRO) and Bureau of Meteorology (BOM),
Australia

BCC-CSM1.1 &
BCC-CSM1.1(m)

Beijing Climate Center, China Meteorological Adminis-
tration

CanESM2 Canadian Centre for Climate Modelling and Analysis
(CCCMA)

CCSM4 National Center for Atmospheric Research (NCAR)
CESM1(BGC) Community Earth System Model Contributors
CNRM-CM5 &
CNRM-CM5-2

Centre National de Recherches Météorologiques /
Centre Européen de Recherche et Formation Avancée
en Calcul Scienti�que

CSIRO-Mk3.6.0 Commonwealth Scienti�c and Industrial Research Or-
ganization in collaboration with Queensland Climate
Change Centre of Excellence

FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese
Academy of Sciences and CESS,Tsinghua University

FGOALS-s2 LASG, Institute of Atmospheric Physics, Chinese
Academy of Sciences

GFDL-ESM2G &
GFDL-ESM2M

NOAA Geophysical Fluid Dynamics Laboratory

GISS-E2-H NASA Goddard Institute for Space Studies
HadGEM2-ES Met O�ce Hadley Centre and contribution by Instituto

Nacional de Pesquisas Espaciais)
IPSL-CM5A-LR,
IPSL-CM5A-MR
& IPSL-CM5B-LR

Institut Pierre-Simon Laplace

MIROC-ESM Japan Agency for Marine-Earth Science and Technology,
Atmosphere and Ocean Research Institute (The Univer-
sity of Tokyo), and National Institute for Environmental
Studies

MIROC5 Atmosphere and Ocean Research Institute (The Uni-
versity of Tokyo), National Institute for Environmental
Studies, and Japan Agency for Marine-Earth Science
and Technology

MPI-ESM-MR &
MPI-ESM-LR

Max-Planck-Institut für Meteorologie (Max Planck In-
stitute for Meteorology)

MRI-CGCM3 Meteorological Research Institute
NorESM1-M &
NorESM1-ME

Norwegian Climate Centre
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Table 2: Constant coe�cients for calculation of UTH from brightness temperature for a
nadir looking sensor, with regard to liquid water.

Sensor a b [K� 1]

HIRS 31.500 -0.115
AMSU-B 16.474 -0.070
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Abstract

A common notion is that negative feedbacks stabilize the marine nitrogen in-

ventory. Recent modeling studies have shown, however, some potential for

localized positive feedbacks leading to substantial nitrogen losses, in regions

where nitrogen �xation and denitri�cation occur in proximity to each other.

Here we include dissolved nitrogen from river discharge in a global 3-D ocean

biogeochemistry model and study the e�ects on near coastal and remote open

ocean biogeochemistry. We �nd that at steady state the biogeochemical feed-

backs in the marine nitrogen cycle, nitrogen input from biological N2 �xation,

and nitrogen loss via denitri�cation, mostly compensate for the yearly addition

of 22.8 to 45.6 Tg of riverine nitrogen and limit the impact on global marine

productivity to < 2 %. Global experiments that regionally isolate river nutri-

ent input show that sign and strength of the feedbacks depend on the location

of the river discharge and the oxygen status of the receiving marine environ-

ment. Marine productivity generally increases in proximity to the nitrogen

input, but we also �nd a decline in productivity in the Bay of Bengal and near

the mouth of the Amazon River. While most of the changes are located in

shelf and near coastal oceans, nitrogen supply from the rivers can impact the

open ocean, due to feedbacks or knock-on e�ects.
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3.1 Introduction

Nitrogen plays a key role in marine biogeochemistry in coastal and open oceans, as it is

one of the major limiting nutrients for algal photosynthesis. Variations in the oceanic

�xed-nitrogen (N) inventory are known to have driven marine productivity changes con-

tributing to atmospheric CO2 variations in Earth's history (Falkowski, 1997).

Although several studies questioned the stability of the global N budget (Codispoti et al.,

2001; Gruber and Sarmiento, 1997; Codispoti, 1995), the present marine N inventory is

generally considered to be in steady state (Deutsch et al., 2007; Altabet, 2006; Gruber,

2004; Tyrrell, 1999; Red�eld et al., 1963). Oceanic �xed nitrogen concentrations are

mainly controlled by the balance between denitri�cation and N �xation, creating negat-

ive feedbacks which damp the often strong perturbations of the marine N content with

respect to the more slowly overturning phosphorus (P) inventory (Somes et al., 2013;

Deutsch et al., 2007; Gruber, 2004; Ruttenberg, 2003).

In regions where �xed N is sparse, organisms that �x atmospheric nitrogen (N2) dis-

solved in seawater, commonly called diazotrophs, can compensate N de�cits (Deutsch

et al., 2007, 2001; Capone et al., 1997). However, as diazotrophs consume phosphate

while adding �xed N to their environment, they are generally considered to regulate their

own population. Previous studies have shown that at least the most commonly cultured

diazotrophs, especially Trichodesmium, have low growth rates relative to many non-�xing

phytoplankton (e.g. Capone et al. (1997)). Indeed, while these organisms are able to

�x N 2 when reactive nitrogen is scarce, this turns into an disadvantage in regions where

N is more abundant, because N2-�xation requires more energy (Tyrrell, 1999). Accord-

ing to common conceptual models of controls on nitrogen �xation, the slowly growing

diazotrophs are then out-competed by non-�xing phytoplankton, if enough P and other

nutrients are present (Tyrrell, 1999). Note that part of our knowledge of N2-�xation and

most modern model concepts are still based on the original limited assumptions based

on a few species, especially Trichodesmium. Also, emphasis has traditionally been put

on bottom-up controls, despite accumulating evidence that top-down controls such as se-

lective grazing on dominant species may have substantial impacts on the distribution of

diazotrophs and nitrogen �xation (Landol� et al., 2021).

Denitri�cation is a metabolic process in which nitrate (NO3) replaces oxygen (O2) as

terminal electron acceptor for respiration and is reduced to N2, which is not bioavailable

for most marine organisms, except diazotrophs (Gruber, 2004; Deutsch et al., 2001). De-

nitri�cation represents the main sink for �xed N in the ocean and occurs both in marine

sediments and in the water columns under suboxic conditions (Gruber, 2004; Codispoti

et al., 2001). But denitri�cation limits itself by reducing the concentrations of �xed N at

the surface, which in turn limits the growth of phytoplankton and the heterotrophic O2
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consumption during organic matter remineralization, eventually making NO3 less com-

petitive as electron acceptor, where O2 remains available (Landol� et al., 2013; Gruber,

2004). These two processes, N2 �xation and denitri�cation, both contribute to regulating

the global marine N budget.

Beside the �xation of atmospheric N2, rivers are also a major source of N to the coastal

and the open ocean. Rivers are estimated to add 36-60 Tg N yr� 1 to the coastal waters

(Beusen et al., 2016; Mayorga et al., 2010; Seitzinger et al., 2005). These N inputs are re-

gionally highly diverse and range over several orders of magnitude (Meybeck et al., 2006).

Although riverine N is not the main source of N to the marine environments, it can be-

come a key player, as it is directly in�uenced by human activities. Seitzinger et al. (2010)

e.g. estimated that global nitrogen export by rivers to the coastal waters increased by

17.7 % from 1970 to 2000. Nitrogen is known to impact coastal marine biology and biogeo-

chemistry, leading for example to eutrophication, algal blooms or hypoxia (e.g. Seitzinger

et al., 2010; Billen and Garnier, 2007; Smith et al., 2003b). Previous studies have shown,

that nutrient input from land also has consequences for sea water composition and by

this impacts biogeochemical processes in the open ocean farer away from the coasts (e.g.

Barron and Duarte, 2015; Bauer et al., 2013; Bernard et al., 2011; Jahnke, 2010).

At this place it is appropriate to include some remarks about the anthropogenic perturb-

ation of the N-cycle. In the Anthropocene, human activities have led to increased inputs

of �xed nitrogen from the atmosphere and through di�erent sources of runo� from land

(e.g. Somes et al., 2016; Kim et al., 2014, Lamarque et al.,2013). At the same time,

warming and deoxygenation can lead to increased N loss (Oschlies et al., 2019). The

question has been therefore raised, if the global N budget could still be considered to be

in steady state. While these combined e�ects on the N budget are still very uncertain,

some studies suggest, that imbalances could be limited due to internal feedbacks of the

N cycle (Landol� et al., 2017; Somes et al., 2016; Krishnamurthy et al., 2006).

As global measurements of N concentrations and �uxes are di�cult, models are often

used to study the marine N cycle and its feedbacks. However, often global biogeochemical

ocean models still omit riverine nutrient input to the ocean or represent it in a very sim-

pli�ed form (Séférian et al., 2020). Giraud et al. (2008) for example, tested the sensitivity

of the global ocean biogeochemistry to coastal nutrient �uxes in a global ocean biogeo-

chemistry model by introducing nutrients in di�erent scenarios in the coastal grid boxes.

They found that excess nutrients in the coastal ocean could impact the biological activity

not only locally but also in the open ocean and that the e�ect depended more on the

ratio between these nutrients and iron and silicate, than on the actual quantities. Never-

theless, the study by Giraud et al. (2008) was an idealized experiment without observed

nutrient �uxes and a relatively simple representation of the ecosystem dynamics, where
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total nitrogen nutrient and phosphate were linked by the Red�eld ratio and indi�erently

represented by one model variable. Da Cunha et al. (2007) used an ocean biogeochem-

istry model to analyze the impact of river nutrient �uxes (N, Si, Fe and Carbon) on the

global and coastal ocean primary production, but concentrated on a short time period of

a few decades, likely not long enough to study the feedbacks of the N cycle in the open

ocean, considering that the mean residence time of �xed nitrogen in the ocean has been

estimated to be a few thousand years (Gruber, 2004).

More recently, Lacroix et al. (2020) implemented estimated riverine nutrient loads in a

global ocean model to analyze their implications for global oceanic nutrient concentra-

tions, primary production and CO2 �uxes. Their focus was on pre-industrial nutrient

input from rivers, estimated as a function of precipitation, surface runo� and temperat-

ure. N was calculated from the simulated P using a �xed N:P ratio, but Lacroix et al.

(2020) did not analyze the N cycle feedbacks.

For our study, we used the Earth system climate model of intermediate complexity of the

University of Victoria (UVic), Version 2.9 Eby et al. (2009); Weaver et al. (2001). Earth

System Models of Intermediate Complexity (EMICs) have been developed to �ll the gap

between more abstract conceptual models and comprehensive global and Earth system

models (ESM) (Claussen et al., 2002). EMICs allow the integration of a large number of

processes, more than conceptual models, using often coarser resolution and simplifying

assumptions e.g. describing the atmospheric circulation compared to ESMs, and thus

substantially reducing computational costs. UVic has been developed as a tool helping to

understand processes and feedbacks operating within the climate system on decadal and

longer timescales (Weaver et al., 2001).

Atmospheric deposition is known to be another important source of N to the ocean. Al-

though it is estimated to add nitrogen at the same magnitude as the rivers and will also

become more important with increasing anthropogenic activities (e.g. Tyrrell, 1999; Cor-

nell et al., 1995), it will not be considered in this study. Previously, Landol� et al. (2017)

and Somes et al. (2016) used UVic to study the response of the marine N cycle to ideal-

ized atmospheric N deposition and its impact on marine productivity. While Somes et al.

(2016) performed a series of idealized sensitivity experiments to evaluate the spatial and

temporal scales of N cycle feedbacks, Landol� et al. (2017) used an atmospheric N de-

position forcing reconstructed using the multimodel mean of the Atmospheric Chemistry

and Climate Model Intercomparison Project (Lamarque et al., 2013). Both found that N

cycle feedbacks stabilize the model's marine N inventory and limit global changes to the

marine N cycle and productivity. But none of these studies included riverine N supply.

In order to disentangle the e�ects of the di�erent sources of N, we are using UVic without

atmospheric N deposition, to focus on the marine biogeochemical response to riverine N
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inputs to the coastal ocean. To do this we make use of modeled estimates of riverine DIN

export from watersheds (Mayorga et al., 2010). While atmospheric deposition is more

spread out over the whole ocean, river export of dissolved N reaches the ocean as point

sources at di�erent locations and in di�erent concentrations. The global amount of N

added to the ocean is comparable between our river-supply study and the atmospheric

supply ones by Somes et al. (2016) and Landol� et al. (2017). Nevertheless, we hypothes-

ize that the response of the marine ecosystem di�ers with highly concentrated nutrient

injections associated with individual rivers.

In order to test the N cycle mechanisms and feedbacks found and described before, we set

up an experiment where we simulate di�erential riverine nitrogen supply to the coastal

oceans. Although riverine nitrogen supply is highly in�uenced by anthropogenic activ-

ities, our focus is on the natural nitrogen cycle. Analogous to earlier studies (Lacroix

et al., 2020; Da Cunha et al., 2007), we �rst evaluate the global N inventory and marine

primary production after sustained addition of riverine DIN. In a second step, we addi-

tionally performed a series of experiments, where we study the responses of the ocean to

riverine nutrient supply to individual regions, in order to �nd out, if N impacts the global

ocean di�erently, depending on the region where river supply takes place.

3.2 Model description and experimental design

Nutrients from the Global Nutrient Export from Water-Sheds 2 (NEWS 2) model (May-

orga et al., 2010) are added to the University of Victoria Earth System Climate Model

(UVic) 2.9 (Keller et al., 2012; Eby et al., 2009; Weaver et al., 2001). The model is out-

lined, before describing the NEWS 2 data set and our experimental design below.

3.2.1 The Earth System Model UVic 2.9

UVic (Weaver et al., 2001) version 2.9 (Keller et al., 2012; Eby et al., 2009) is an

Earth System Model of intermediate complexity (Claussen et al., 2002). It consists of

a three-dimensional (1.8� x 3.6� , 19 levels) general circulation model of the ocean; a

two-dimensional, single-layer energy-moisture balance atmospheric model; a dynamic-

thermodynamic sea ice model; and a terrestrial vegetation model.

The atmospheric component dynamically calculates heat and water �uxes between the

atmosphere and the ocean, land and sea ice, and is forced by monthly climatological winds

prescribed from NCEP/NCAR. The 19 vertical levels of the oceanic component, Modular

Ocean Model 2 (MOM2), are 50 m thick near the surface and up to 500 m in the deep

ocean. The oceanic physical settings are the same as in Keller et al. (2012). The marine
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ecosystem module of UVic is based on Keller et al. (2012) with updates of some of the

equation parameters as noted in Partanen et al. (2016), where a small error in the code

was corrected. Seven prognostic variables are embedded within the ocean circulation:

two phytoplankton classes (nitrogen �xing diazotrophs PD and other phytoplankton PO),

zooplankton (Z), sinking particulate detritus (D), nitrate (NO 3), phosphate (PO4) and

oxygen (O2) (Fig. 7). NO3 and PO4 are linked through exchanges with the biological

variables by constant (Red�eld) stoichiometry of organic matter. All biological variables

as well as the detritus are expressed in terms of nitrogen (mmol N m� 3), using Red�eld

stoichiometry to calculate carbon and P. Since diazotrophs can �x nitrogen gas dissolved

in seawater, they are not limited by NO3 or by a maximum NO3 concentration, while

the growth of other phytoplankton is limited by NO3 and PO4 (note that both are addi-

tionally limited by iron, light and temperature). The explicit integration of diazotrophs

permitting the computation of nitrogen �xation, is not given in all ocean models but

makes UVic a good choice to study nitrogen cycle feedbacks. The maximum potential

growth rate of diazotrophs is based not only on temperature as in most models, but also

on dissolved iron, which is necessary, for example, for photosynthesis or the reduction of

nitrate to ammonium (Keller et al., 2012; Galbraith et al., 2010). Keller et al. (2012)

found that the observational estimates were within the range of global nitrate �xation

rates from estimations and that the patterns of N2 �xation from the new model were

mostly consistent with the relatively sparse available observations (Sohm et al., 2011).

See Keller et al. (2012) for a full description and evaluation of simulated marine biogeo-

chemistry.

In the global ocean, �xed N is regulated by the major input �uxes, N2 �xation and river-

ine input, and the major removal �ux, denitri�cation (here implicitly including anammox).

Benthic denitri�cation, in particular, is believed to be the major sink for �xed N (Voss

et al., 2013; Galloway et al., 2004). It is included here through empirical transfer functions

derived from benthic �ux measurements (Bohlen et al., 2012). The functions are based

on dynamic vertically integrated sediment models and estimate denitri�cation from the

rain rate of particulate organic carbon to the sea�oor and bottom water O2 and NO3

concentrations. Like Somes and Oschlies (2015) and Somes et al. (2013) we use a subgrid

bathymetry scheme for shallow continental shelves and other topographical features that

are too �ne to be resolved on the coarse UVic grid, in order to better resolve particulate

organic matter sinking and remineralization at the sea�oor. For each cell near the coast

this scheme calculates the sea �oor area within the cell at a higher resolution following

Somes et al. (2010b).
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Figure 7: Ecosystem model schematics for the NPZD model with the prognostic variables
(in square boxes) and the �uxes of material between them, indicated by arrows.
The prognostic variables include two nutrients, nitrate (NO3) and phosphate
(PO4), two phytoplankton (nitrogen �xers P D and other phytoplankton PO) as
well as zooplankton (Z), sinking detritus (D), and dissolved oxygen (O2). Nitrate
(NO3) and phosphate (PO4) are linked through exchanges with the biological
variables by constant (Red�eld) stoichiometry of organic matter. See further
details in the text. Figure updated from Keller et al. (2012).

3.2.2 Including riverine nutrient supply to the UVic ocean

Global Nutrient Export from WaterSheds 2 : NEWS 2

Riverine N added to UVic has been generated by a global, spatially explicit model of

nutrient exports by rivers. NEWS 2 (Mayorga et al., 2010) is the second version of a sys-

tem of sub-models, which estimate present-day annual export yield for each river basins

(kg N km� 2 yr � 1) at the river mouths for dissolved and particulate forms of organic and

inorganic N and P, as well as dissolved organic and particulate carbon. See Mayorga et al.

(2010) for more details on the model con�guration. Each sub-model predicts the river

export of a nutrient element for the base year 2000. This export is calculated as a func-

tion of natural and anthropogenic biogeophysical properties of each of the 5761 exoreic

basins considered (Seitzinger et al., 2005). NEWS-DIN includes DIN from sewage point

sources, as well as N from di�use sources, mobilized from watershed soils and sediments

(Dumont et al., 2005). Despite uncertainties and errors, NEWS-DIN predicts 54-78 % of

the variability in DIN export yield (kg N km � 2 yr � 1) and 72-83 % of DIN export load

(kg N basin� 1 yr � 1) of the validation data set used by Dumont et al. (2005). Note that

NEWS 2 excludes runo� from the Antarctic continent.
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NEWS DIN for UVic

To estimate total export per river mouth, we multiplied the yields (kg N km� 2 yr � 1) of

DIN and dissolved organic nitrogen (DON) by the respective basin area (in km2). Data

from the NEWS 2 models have been interpolated on the coarser UVic grid and the total

exports per river basins have been added to the nearest discharge points, as not every

river mouth from NEWS 2 has its equivalent discharge point in UVic (Fig. 8). Because

there can be strong seasonal variations in nutrient �uxes and �uvial nutrient imports can

have di�erent e�ects on the biogeochemistry of a coastal ecosystem depending on the

timing of the �uxes (Eisele and Kerimoglu, 2015; Holmes et al., 2012; Townsend-Small

et al., 2011), we used the seasonally cycling climatology of freshwater runo� from UVic

to estimate seasonal variations in N supply. Although freshwater discharge and riverine

nutrients export are not always correlated, the discharge has an important impact on the

nutrient loads of rivers (e.g. Lu et al., 2011, 2009; Sigleo and Frick, 2007; DeMaster and

Pope, 1996). Here, we assumed a constant seasonal cycle in runo� and that nitrogen

concentrations in the discharged river water are constant throughout the seasonal cycle.

We then distributed the annual load over the months, weighted by the fraction of monthly

freshwater discharge.

Riverine phosphorus is not added in this experiment and we assume a �xed marine P

inventory, like in most previous studies with UVic. The inclusion of a dynamic P cycle

(like in Niemeyer et al., 2017, Kemena et al., 2019) with riverine P supply from NEWS 2

will be subject to a follow up study.

Figure 8: DIN export yield for each discharge point in mmol m� 2 yr � 1 from NEWS 2
data set interpolated on the UVic grid for January (a), April (b), July (c) and
October (d).
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Table 3: UVic simulations and global annual nutrient �ux from river discharge from Global
Nutrient Export from WaterSheds 2 (Mayorga et al., 2010)

Simulation Global N-�ux [Tg N yr � 1] Short description
CTR 0.0 Control simulation without riverine nutrient supply
NEWS 22.8 Riverine DIN input from NEWS 2
DIN+DON 34.6 Riverine DIN + DON input from NEWS 2
2xDIN 45.6 Twice the riverine DIN input from NEWS 2

3.2.3 Experimental design

To analyze the e�ect of riverine nutrient export in the UVic model, three experiments

have been performed: NEWS, DIN+DON and 2xDIN (Table 3). All simulations were

run for 10 000 years with benthic denitri�cation and subgrid bathymetry, starting from

an already spun-up steady state with the standard model version (i.e., with no riverine

nutrient input) with pre-industrial conditions for insolation and a �xed atmospheric CO2

concentration of 283 ppm (Keller et al., 2012). In NEWS only DIN from NEWS 2 was

added to the discharge points in UVic. Here, we evaluate how the model and especially

the nitrogen cycle react to the riverine nutrient input. In DIN+DON we added DIN and

DON from NEWS 2. In 2xDIN twice the yield of DIN from NEWS 2 has been added.

These simulations with increased N supply are scaling experiments to test the mechanisms

and feedbacks described for example by Landol� et al. (2017) and Somes et al. (2016). For

comparison, a control simulation has been run for 10 000 years without riverine DIN supply

(referred to as CTR). Globally, NEWS 2 predicts a riverine N supply of 22.8 Tg N yr� 1

for DIN and 11.8 Tg N yr� 1 for DON. Both enter the biogeochemical model as NO3 �uxes

in mol N m� 2 s� 1, thereby implicitly assuming that all DON is bioavailable or rapidly

turned over to DIN. The marine ecosystem dynamics as well as the biogeochemical cycles

of the model run have been evaluated in previous studies under the standard boundary

conditions, without riverine nutrients (e.g. Somes et al., 2013; Keller et al., 2012; Somes

et al., 2010b; Schmittner et al., 2008, 2005). We therefore concentrate on the evaluation of

the response of the marine biogeochemical model to the new model component of riverine

nutrient discharge. The global ocean biology is reacting to the new N cycle components

in the �rst three to four thousands years of the simulations. After this �rst phase, the N

budget is slowly equilibrating towards a steady state (see Figure in supplements). For the

evaluation of the resulting ocean biogeochemistry, we analyze in the following the mean

of the last 100 years of each 10 000 years long simulation.
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3.3 Results and discussions

3.3.1 Nitrogen

Global nitrate distribution

In comparison with observational data of the World Ocean Atlas (Garcia et al., 2019b),

the model simulates the general structure of the pro�les fairly well, but underestim-

ates the observed NO3 in the water column in each ocean basin by 3 to 4 mmol m� 3,

especially omitting the midwater maximum around 1000 m (Fig. 9). Global average

NO3 concentrations only vary a little between the simulations (from 22.19 mmol m� 3

in CTR to 22.48 mmol m� 3 in NEWS and 22.84 mmol m� 3 in 2xDIN) and the di�er-

ences to CTR correspond to +1.1 %, +1.8 % and +2.5 % of the total observed inventory

for NEWS, DIN+DON and 2xDIN, respectively. Nevertheless, in all three simulations

(NEWS, DIN+DON, and 2xDIN), NO 3 concentrations are globally higher compared to

CTR (Fig. 11, Fig. 12). The absolute error between model and observations decreases

with higher riverine N supply (top right panel in Fig. 9). At the surface, the global ocean

NO3 distribution patterns are very similar between the model and the observations, as

well as between the control (CTR) and the NEWS simulation (Fig. 10).

The supply of riverine NO3 a�ects the ocean nutrient concentration not only locally

near the river mouths, but also in regions far away from the coasts. Surface NO3 con-

centrations increase with higher river supply in the coastal regions and in the higher

latitudes. The globally highest increase in NO3 can be found in the 2xDIN experiment

(see also table 4) and the NO3 increase is higher in the deeper ocean than at the surface.

Interestingly, the increase in the oceanic N inventory is more than twice as high in UVic

2xDIN compared to UVic NEWS, indicating non-linear feedbacks.

While higher NO3 concentrations due to riverine input are not entirely surprising, some

regions present however lower concentrations compared to CTR: in all simulations NO3

is slightly lower at the surface in large parts of the tropical and subtropical oceans. At

850 m depth, the ocean loses NO3 upon the addition of riverine N in our simulations in

low oxygen regions where denitri�cation occurs, such as the Gulf of Benguela, the Bay of

Bengal and the eastern equatorial Paci�c near the coast of Central America (Fig. 12).

In major parts of the Atlantic and Paci�c Ocean basins, NO3 concentrations are higher

in NEWS than in CTR (Fig. 11). NO3 is particularly elevated in the upper 2000 m in the

North Atlantic Ocean (up to 2 mmol N m� 3 in 2xDIN, corresponding to +18%) and upper

1000 m in the North Paci�c, but the di�erence between the simulations is positive in the

whole basins, indicating that a substantial part of the additional riverine N is exported

57



Figure 9: Pro�les of global averaged NO3 in mmol m� 3 from UVic simulations with and
without riverine DIN export from NEWS data sets and observations with the
WOA. (a) Global ocean average of NO3. (b) Global pro�les of mis�t in NO 3

compared to the observations. (c)-(e). NO3 pro�les for the three main ocean
basins, Atlantic (ATL), Paci�c (PAC) and Indian Ocean (IND).

into the open and deeper ocean. At the surface of the tropical and subtropical oceans,

however, NO3 concentrations are lower by maximal 0.9 mmol N m� 3 in the UVic-NEWS

experiments compared to CTR (Fig. 12).

The Indian Ocean basin comprises the Arabian Sea and the Gulf of Bengal. Zonally

averaged NO3 concentrations re�ect essentially the behavior of the Bay of Bengal, where

the rivers of the Ganges Delta supply high amounts of nutrients to the northern basin

(Fig. 11, Fig. 13). Here, the model simulates high NO3 concentrations at the surface (in

the north, several hundred percent higher in NEWS when compared to CTR). But in the

deeper northern Indian Ocean basin down to approximately 2 000 m, NO3 concentrations

are signi�cantly lower in NEWS than in CTR. Considering the zonal average of the Indian

Ocean, NO3 concentrations are lower by 0.7 to 0.9 mmol N m� 3, and even more if only

the zonal average of the Bay of Bengal is considered.

Part of the global NO3 patterns can be explained by the interaction of ocean circulation

and biology. N is transported into the interior ocean via circulation and also accumulates
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Figure 10: Surface NO3 concentrations for simulations UVic NEWS (a), UVic control (b)
and from observations from World Ocean Atlas (Garcia et al., 2019b) (c).

due to the biological pump. But these processes do not explain the loss in N in the sub-

tropical surface oceans or the Bay of Bengal. The same applies to the total amounts of N.

Despite the continuous supply from the rivers, the additional NO3 in NEWS, DIN+DON

and 2xDIN compared to CTR amounts to an increase of only to 1.1 %, 1.8 % and 2.5 %,

respectively (Table 4). What limits the increase in the global oceanic N inventory is the

combination of the N cycle processes denitri�cation and N2 �xation.
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Figure 11: Di�erence in zonal mean ocean concentrations of NO3 between the UVic simu-
lations with riverine DIN export and the control simulation. (a,b,c) Di�erence
between NEWS and CTR; (d,e,f) Di�erence between DIN+DON and CTR;
(g,h,i) Di�erence between 2xDIN and CTR. The columns show the zonal mean
of the Atlantic Ocean (a,d,g), the Paci�c Ocean (b,e,h) and the Indian Ocean
(c,f,i) basins. The di�erence in zonal averaged NO3 concentrations is higher
than the color bar maximum at the surface in the northern Indian Ocean basin
with a maximum for 2xDIN at 7.2 mmol N m� 3. Note that the three ocean
basins have di�erent sizes in terms of latitudes but for layout reasons the pan-
els have the same dimensions.

Denitri�cation and nitrogen �xation

Denitri�cation is known to be the main sink for �xed N in the ocean (Codispoti et al.,

2001; Gruber, 2004). It occurs both in marine sediments and in the water columns under

suboxic conditions, like for example in the simulated Bay of Bengal. As a result of these

dynamics, if N is added via river discharge, UVic simulates globally higher water column

and benthic denitri�cation rates (Table 5). Note that in these simulations global benthic

denitri�cation and global water column denitri�cation amount to similar magnitudes,

indicating the importance of both in the global N cycle (Somes et al., 2016, 2013). For

both processes estimates vary considerably: for water column denitri�cation estimates
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