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Aquitanien, Stampien supérieur

Stampien (Sables de Fontainebleau,...)

Sannoisien (Calcaire et Meulière de Brie)

Sannoisien inférieur et Ludien du domaine gypseux (Marnes vertes,...)

Ludien (Calcaire de Champigny,...)

Bartonien, Lutétien (Calcaire de Saint Ouen, Sables de Beauchamp,...)

Cuisien et Sparnacien (Sables du Soisonnais, de Cuise,...)
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Période Système Etage stratigraphique Lithologie dominante Niveaux aquifères

Quaternaire Alluvions Aquifères alluviaux

Aquitanien Calcaire de Beauce Calcaires de

Oligocène Sables de Fontainebleau Beauce et des sables de

Stampien Calcaire de Brie Fontainebleau

Tertiaire Marnes vertes

Marnes supragypseuses

Eocène Bartonien Calcaires de Champigny Calcaires de

supérieur Calcaire de St. Ouen Champigny

Sables de Beauchamp

Eoc. Moyen Lutétien Calcaire gossier Sables

Sables de Cuise du Soissonnais et

Eoc. Inférieur Yprésien Sables du Soissonnais calcaire grossier

Argile plastique

Thanétien Sables de Bracheux

Paléocène Dano-Montien Calcaires, marnes

Sénonien

Crétacé sup. Turonien Craie Nappes de la Craie

Cénomanien

Argiles du Gault

Crétacé inf. Albien Sables, argiles Albien

Aptien à Néocomien Argiles, sables Néocomien

Portlandien Calcaires sup. Portlandien

Jurassique sup. Kiméridgien Marnes Lusitanien

Secondaire Callovo-Oxfordien Calcaires récifaux

Bathonien Dogger

Jurassique moy. Bajocien Calcaires, marnes

(Dogger) Aalénien

Toarcien Argiles, marnes

Domérien Calcaires gréseux

Jurassique inf. Pliensbachien Marnes

(Lias) Sinémurien Calcaires compacts Lias

Hettangien Calcaires marneux

Argiles bariolées

Trias Grès de base

Permien Grès, argiles, conglomérats

Primaire Carbonifère Schistes, calcaires

Dévonien Schistes, calcaires
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Surface
Répartition des flux

Aquifères
NEWSAM (multicouches)

Réseau hydrographique
ProSe

drainage

Écoulements diffus

Surface (production d’eau)
REPSUR

Cotes de drainage

Zone non saturée
NONSAT
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Données climatiques

T, Rg, P, ETP

Données “sol”

Da, Hcc, Hpf, pH …

Données
“techniques culturales”

Dates, travail du sol,
fertilisation, résidus …

Paramètres “culture”

Développement
de la plante

Variables agricoles

- indice foliaire
- matière sèche
- rendement
- consommations d’intrants

Variables d’initialisation

H 0, N, dates …
2

Paramètres structuraux

Croissance aérienne

Elaboration du
rendement

Interfaçage techniques
culturales/cultures/sol

Croissance racinaire

Bilan
hydrique

Bilan
azoté

STICS

Variables environnementales

- humidité et quantité d’azote
minéral de chaque couche
de sol

- quantité d’eau drainée et
d’azote lessivé à la base du
profil de sol

Données d’entrée

Données de sortie
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Base de données
géométriques

Types de sols

Zones météo

Zones agricoles

Base de données non spatialisée

Gestion ponctuelle

Gestion temporelle

- Caractéristiques des
catégories de sols

- Paramètres
généraux de STICS
- Fichiers plantes
de STICS

- Données climatiques

- Caractéristiques des
successions culturales
- Itinéraires techniques

Pillotage spatial

Pilotage temporelCombinaison spatiale

Interface

Données d’entrées

Modèle STICS

Données de sortie
des simulations
(non spatialisé)

Visualisation des résultats

- Cartes thématiques

- Evolution des flux d’azote
en fonction du temps
- Evolution des rendements
en fonction du temps
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gXb_OZÍR1G�GOhiaµhiUkfpZÄÐtEVl¸ac]	dVwgUkZÄÐ�_Of!GOZg_bmn]`hi_�G;Zgl�s�R1Gjs�R`dVZÍdVZKCBR1Gbv²~®³x�=EV_OZ�½�� ­`Rn����ÀøUUG��¿RY�thiXd}� EVlxZ¸s�R1GOs�R`dVZ�dVZ�_Of!GOZg_bmn]`hi_�G¥Ðrm	hkdxRYlV�nZ¸Z���So]`lxZgl�XbhkZgUiUkZt� � ZBac]	dVwgUkZ¸dVfgSLZglxdzdVZ¸dVZ�E��qSJRY_jRYacwgXb_OZ!G�º
» ��UkZ¸lx]`a>=V_OZ¸lzdVZ¸_Of!GOZg_bmn]`hi_�GP��EVh¶_OZ��JwgXOZ�U¨��fgSJRYh/G�GOZ�EV_HdVZBUWRrÓ�]`lxZ�lx]`lxGjRYX-EV_OfpZ%Ï
¾���UWRqsp]`l�GOXjRYl�XOZcdVZrXOZgaµS�G¸dVZrm	hkdxRYlV�nZt§

τ
§}��EVh(s�RY_jR`sgXOfg_bh/GjZµUWR=m�hiXOZ!GHGOZrdVZrSoZg_Osp]`UWRYXbhk]`l�mnZg_bXbhks�RYUkZdVZ¸U¨��Z�R@E¶�

� Z!GuSJRY_jRYacwgXb_OZ!GPdV]`himnZgl�X�
gXb_OZ·SV_Ofpsgh/GOf!GuSJRY_PRÎ°�E�GbXOZgacZgl�XHd�E=ac]	dVwgUkZt§	lx]`XjRYaµacZgl�XHR@Eeac]Ü�nZglzdVZ!GvVh/GbXO]`_bhk��ExZ!GPSVhkfgÓ�]`acfgXb_bhk��ExZ!G��
��� â¿âä×éØÀØ\àDæ�Ù¶Þéà�æYØ\êäÝÜçéò¨ç±×±Ø;ç±ågãjâ¿×±ØßÝÎãDæÎØ;â¿×%Þ±àDáYÛÎâ ãjå�×�í
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�u­®È	�Í½�� ­	ºÍRn�1W%_bhilxsghiSoZ�d�E7ac]�dVwgUkZzÐT_Of!GOZg_bmn]`hi_�GcZglÒs�R1Gjs�R`dVZedVZ C·R1GbvÁ~_W%_O]`SJRY��RYXbhk]`l d}� EVlxZqUWRYacZd}��Z�R@E¼�
0
����=N� � RYSJR`sghiXOfqdVZ)GOXO]�s .`RY�nZqZgXrZ��LZgX
SVh/GbXO]`l7R@E~GOZghil�d}� EVl�_Of!GOZg_bmn]`hi_��ßv ºÀmn]`U:EVacZqd}��Z�R@EdxRYl�G�UkZB_Of!GOZg_bmn]`hi_¶Ïxv

r
ºVs�RYSJR`sghiXOf¸dVZ\GbXO]	s>.tRY�nZ%Ï�v

d
º	mn]`U:EVacZ�XO]`XjRYU;d�Ee_Of!GjZg_bmn]`hi_¶Ï �

i
º�mn]`U:EVacZ¸dVZBUWRUWRYacZ�hnÏ �

i
ºVsp]`lxspZgl�Xb_jRYXbhk]`l�dVZ�UWR
UWRYacZ�h¨�

Q¶Z�dVf	=VhiX�ÐeU¨� hil�GbXjRYl�X
t
§;ÐeUWRfGO]`_bXbhkZcd�E?l ime _Of!GOZg_bmn]`hi_�§¶_Of!G-EVUiXjRYl�X�d}� EVlxZ�_OZpsOvJRY_b�nZ=d}�¿RYaµSVUihiX-ExdVZ

Q0
RYSVSVUihk��ExfpZ�R@EeSV_OZgaµhkZg_H_Of!GOZg_bmn]`hi_HÐ
U¨� hil�GbXjRYl�X

t
′ ~Çhil�[^fg_bhkZ�EV_BÐ
XD��§�G���Z���SV_bhiacZBSJRY_PUWR
[\]`_ba�EVUkZcº

Qn(t) =
Q0(t

′
)

τ × (n − 1)!
× e−(t−t

′
)/τ × (

t − t
′

τ
)n−1 ~\½��¿Ën�

� ZgXbXOZB[^]`_badEVUWRYXbhk]`l�lxZ�SV_OZglxdzSJR1GPZgl�sp]`aµSVXOZ�UkZ!G�SL]`XOZgl�XbhkZgU/GHdVf	=o]`_OdVZgacZgl�X�GBdVZB_Of!GOZg_bmn]`hi_�G��
�%lZGO]`_bXbhkZ�dVZ�  �ß �
�{G�ß§Nlx]1E�GPd�h/GbSL]=GO]`l�GPdVZ!G�UWRYacZ!G�hil�³xUiXb_OfpZ!G¥SJRY_bmnZglJRYl�XBÐ
UWRrlJRYSVSoZ¸RYSV_Ow!G¥SV_bh/GOZZgl�sp]`aµSVXOZ¸d�Ee_OZgXjRY_Od�Uk]`_�GPd�EzXb_jRYl�G±[\Zg_bXPdxRYl�GPUWR
Ó�]`lxZ¸lx]`lZGjRYX-EV_OfpZt�

� ��³n�<� ³Y�����z�;� � �<³H²¸� ���<�¥������³��s�B�<�4�<�B��� ³Y�����]¹��Q¶]`_�G�dVZrspZrXb_jR�m`RYhiU¨§LUkZ
ac]	d�EVUkZµ  �À �
�{G�7R=fgXOfrac]	d�h´³JfµRÎ³xl?dVZ�SL]1EVmn]`hi_�XOZglVhi_�sp]`aµSVXOZµdVZ!G·��ExsEYX-EJRYXbhk]`l�G�dVZ!G·lVhimnZ�R@E���SVhkfgÓ�]`acfgXb_bhk��ExZ!G¸dVZ�U¨�¿R`��EVh´[\wg_OZt�o�Hhil�GbhßU¨� EVXbhiUih/GjRYXOZ�EV_�dVf�³xlVhiXaEVlTSJR1GBdVZ�XOZgaµS�GSL]1EV_¸UkZp�UExZgUÍU¨��fgSJRYh/G�GOZ�EV_�dVZcUWRqÓ�]`lxZµlx]`liGDRYX-EV_OfpZcZ!GbX¸_OZps�RYUks�EVUkfpZt�ßQ¶Z!G¸mn]`U:EVacZ!G�d}��Z�R@E�UkZ!G�GOhimnf!G�SJRY_UkZ!GÄ_OZgac]`l�XOfpZ!G�SVhkfgÓ�]`acfgXb_bhk�UExZ!GtGO]`l�XuRYUk]`_�GÄhil`°bZpsgXOf!GÄdxRYl�GÄUkZ!G�R`��EVh´[\wg_OZ!G�� � ZgXbXOZ¥SV_O]�spfpd�EV_OZHSoZg_bacZgXudVZaµhkZ�E��?_OZgSV_Of!GOZgl�XOZg_�U¨� v��	d�_O]	d���lJRYaµhk��ExZ=d�E?aµhiUihkZ�E¶���¯UiUkZ²R�R@E�GHGbhÍdVZ!G�sp]`l�Gjfp�UExZglxspZ!G G-EV_¸UkZ!G�XOZgaµS�GdVZrXb_jRYl�G±[\Zg_bX�dVZ!G�lVhiXb_jRYXOZ!G�Xb_jRYl�GbSo]`_bXOf!G¸SJRY_
  �ß �
p{��ß� �%l�Z��}ZgX�§LUkZrXb_jRYl�G±[\Zg_bX�dVZ!G�lVhiXb_jRYXOZ!G�Z!GbX�SVU:E�G_jRYSVhkdVZ�dxRYl�G�spZgXbXOZ�sp]`l�³x�=EV_jRYXbhk]`lT��ExZBdxRYl�GuUWR
sp]`l�³x�=EV_jRYXbhk]`lOGbXjRYXbhk��ExZ��MEVXbhiUih/GOfpZ·SJRY_H�B]`acZgÓ�~\¾a`a`t¾n�
0�13241�� 1@? ����� �]³H��� ���z���
WÀ]1EV_u_OZgSV_Of!GOZgl�XOZg_�UkZHXb_jRYl�GOSo]`_bXudVZ·a�RYXbhkwg_OZ!GÄlx]`lq_Of�R`sgXbhimnZ!GPÐ�Xb_jRpmnZg_�GuUWR�Ó�]`lxZHlx]`lhGDRYX-EV_OfpZt§	dVZ�E��SV_O]	spZ!G�G-E�GP]`l�X¥fgXOfBhil�Xb_O]	d�EVhiX�G¥dxRYl�GB  �À  
p{���SJRY_H�B]`acZgÓ²~\¾a`a`t¾n�Bº�EVlTZ��LZgX�SVh/GbXO]`lTZgX#EVlxZ¸s�RYSJR`sghiXOf
� Öxó çéÛ`ãDê¿Ø\Ø\×±áÜò¯ÝÎ×Íâäã�Å±àDæY×ÍæYàDæ�Ø¨ãOÙ¨áÎò¨ç±×ÄçéÙ�ãDê�Ù¯ÝÜçéè`æÎê¿×ÄÛYãjò(ò�ãjÛYÛtàDò\Ù(ë¥áÎæY×ÍÛYê¿ç%Å±àDõ�çéÙ\ò¨ê¿×ÄÛt×øò¨õPãDæY×éæ�Ù¨×¯×éÙ(æ�ó ç±ôgàDâäáYãDê�ÙÛ`ãjØ;ãDáBÞ±àDáÎò¨Ø;ÝÎ×éØ¶î½È�ãDæÎæYç±×éØÀÝÜ×(Ø\ê¿õ�áÎâ ãOÙ¨ê¿à�æ�í
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dVZ]GbXO]	s>.tRY�nZt�
���$�s�´�d���(� �z�Q¯��Z��}ZgX(SVh/GbXO]`l
SoZg_bacZgX%dVZÄXOZglVhi_(sp]`aµSVXOZud}� EVlxZtGbXb_jRYXbh´³Js�RYXbhk]`lcR@ECGOZghilrdVZÄsjvJR`�UExZ�_Of!GOZg_bmn]`hi_P~_^ßhi�=EV_OZ½�� ­]=N���n¦Hl²_Of!GOZg_bmn]`hi_PZ!GOXuRYhil�Gbh}d�him	h/GOfBZglesp]1ExsOvxZ!GPd}��fgSJRYh/G�GjZ�EV_�mtRY_bhWR~=VUkZt�V�ÁsjvJR`�UExZBSJR1GudVZ·XOZgaµS�G�§�UWRUWRYacZ·d}��Z�R@E¶§�hil�Xb_O]�d�EVhiXOZBdxRYl�G�UkZPSV_OZgaµhkZg_u_Of!GOZg_bmn]`hi_udVZPUWR�s�R1GOs�R`dVZ·dVZFCBR1Gbv=R@E=XOZgaµS�G�X�§�sp]`_b_OZ!GbSL]`lxdÐpEVlxZ�sp]1ExsjvxZt§LÐ�UWR`��ExZgUiUkZdGO]`l�XBR1GHGO]�sghkfpZ!GXEVlxZ�vJR@EVXOZ�EV_BZgXMEVlxZ
sp]`lxspZgl�Xb_jRYXbhk]`l¶�¶Q¶]`_�G·dVZ�UWRcm	hkdxRYlV�nZd�E�SV_OZgaµhkZg_�_Of!GOZg_bmn]`hi_udVZPUWR�s�R1GOs�R`dVZHdVZ�C·R1GOv�dxRYl�GÍUkZXGOZpsp]`lxd}§�EVl²spZg_bXjRYhil=lx]`a>=V_OZBdVZ¥sp]1ExsjvxZ!GÄmn]`l�X

gXb_OZqSV_OfgUkZgmnfpZ!GcZgl�Xbhkwg_OZgacZgl�X�~^st��Z!GOX�ÐTd�hi_OZqXO]1EVXOZqUWRTvJR@EVXOZ�EV_�dVZ=UWR�sp]1ExsjvxZÜ�
]1E7lx]`l¶�%Q;R�vJR@EVXOZ�EV_ZgX¸UWRqsp]`lxspZgl�Xb_jRYXbhk]`l�ac]Ü�nZglVlxZ²dVZrUWRqUWRYacZ�d}��Z�R@E¶§¶dVfgmnZg_�GOfpZ�d�E&SV_OZgaµhkZg_�_Of!GOZg_bmn]`hi_¸mnZg_�G�UkZCGOZpsp]`lxd}§
GO]`l�XqRYUk]`_�G²_OZps�RYUks�EVUkfpZ!G����¥hil�Gbh¨§ÍUkZZGOZpsp]`lxd�_Of!GOZg_bmn]`hi_�§
GbXb_jRYXbh´³JfTU:EVh·R@E�G�Gbh¨§Í_OZ �p]`hiXqÐ�sOvJR`��ExZ�SJR1G=dVZXOZgaµS�GXEVlxZ�UWRYacZ
d}��Z�R@E�dV]`l�XHUWR�sp]`lxspZgl�Xb_jRYXbhk]`l?Z!GbXXEVlVh´[^]`_bacZt�o�8U¨� h/G�G-ExZ�dVZ¸UWRcm�hkdxRYlV�nZt§NUkZ¸lx]`a1=V_OZdVZ
UWRYacZ!G¸d}��Z�R@E&SV_Of!GOZgl�XOZ!G¸dxRYl�G�UkZ
SV_OZgaµhkZg_�_Of!GOZg_bmn]`hi_¸Z!GbX�d�hiaµhilUExf�d�E&lx]`a>=V_OZcdVZ
UWRYacZ!G¸Zgl�Xbhkwg_OZ!G��EVh¯]`l�X¸SJRY_bXbhksghiSLfcÐ=UWR=m�hkdxRYlV�nZt�;Q¶ZrSV_O]�spZ!GHG-E�G¸Z!GbX�UkZra�
gacZµdxRYl�G�XO]1EVXOZcUWRqs�R1GOs�R`dVZcdVZ:CBR1Gbv¶�LQ¶Z[¨RYhiX¥dVZ�acfgUWRYlV�nZg_bEVlVh´[\]`_bacfgacZgl�X·UkZ�mn]`U:EVacZ�d}��Z�R@E�Xb_jRYl�G±[\fg_Of¸d}� EVl�_Of!GjZg_bmn]`hi_¥mnZg_�GPU¨�¿R@EVXb_OZ¸hil�Xb_O]	d�EVhiX
EVlxZcd�h/GbSLZg_�Gbhk]`l�lUEVacfg_bhk��ExZt� �HliG�EVSVSo]=GOZµ��ExZcspZgXbXOZ²d�h/GbSoZg_�GOhk]`l?lUEVacfg_bhk��ExZ�Xb_jR`d�EVhiX�UWRed�h/GbSLZg_�Gbhk]`llJRYX-EV_OZgUiUkZ�s�RY_jR`sgXOfg_bh/GDRYl�XbEVlTfpsp]1EVUkZgacZgl�XHdxRYl�GbEVleaµhiUihkZ�EzSL]`_OZ�E��L�Q;R
[\]`_ba�RYUih/GjRYXbhk]`l�dVZ¸spZgXbXOZ�m	hkdxRYlV�nZ]G���fpsg_bhiX¸º

CR =

∑i=nl
i=1 Civi

VR

~\½�� Ñ��
RpmnZps
� CR

ºxsp]`lxspZgl�Xb_jRYXbhk]`l�d�Eemn]`U:EVacZ�m�hkdxRYlV�nf%Ï
� VR

º�mn]`U:EVacZ�m	hkdxRYlV�nf�XO]`XjRYUnÏ
� nl
ºVlx]`a1=V_OZ¸dVZ�UWRYacZ!G

i
hiaµSVUihk�UExfpZ!GHdxRYl�G�UWRrm	hkdxRYlV�nZ%Ï

� Ci
ºVsp]`lxspZgl�Xb_jRYXbhk]`l�dVZ�sOvJR`��ExZ�UWRYacZ

i
Ï

� Vi
º�mn]`U:EVacZ�d}��Z�R@E�XO]`XjRYU;dVZBUWRrUWRYacZ

i
� vi
º�mn]`U:EVacZ�d}��Z�R@EzSV_OfgUkZgmnf¸dxRYl�GPUWR
UWRYacZ

i
�
vi
Z!GOX�hil�[^fg_bhkZ�EV_¥]1ETfg��RYUÀÐ

Vi
�

� ����� �{��� �s�B²l��� �3������³��s³n��³n���f� ¹����3�~¹s� �&�B���f�B���d�����z�Q¶ZZGbXO]�s .�XO]`XjRYU¥d}��Z�R@E�dxRYl�G�UkZxGO]`U¥sp]`aµSV_OZglxd�EVlxZzSJRY_bXbhkZzd��	lJRYaµhk�UExZTZgX4EVlxZeSJRY_bXbhkZz³V��Zt§¯��EVhlxZ�SJRY_bXbhksghiSoZ�SJR1G·Ð�U¨��fpsp]1EVUkZgacZgl�X�§La�RYh/G·��EVhßsp]`l�Xb_bh¼=3ExZrR@EeGbXO]	s>.tRY�nZ�dVZ!GBfgUkfgacZgl�X�GBZgleGO]`U:EVXbhk]`l¶�oQ;R_OZgSV_Of!GOZgl�XjRYXbhk]`lqd�E=Xb_jRYl�GbSL]`_bXÄdxRYl�GÄUWR¸Ó�]`lxZ¥lx]`lcGDRYX-EV_OfpZHdV]`hiX�dV]`lxs¥XOZglVhi_usp]`aµSVXOZHdVZ¥UWR¸s�RYSJR`sghiXOfBdVZ
GbXO]	s>.tRY�nZ

hr
dVZ�UWRµÓ�]`lxZ
lx]`l`GDRYX-EV_OfpZt� � Z�SJRY_jRYacwgXb_OZt§¶R��LZpsgXOfrÐcsjvJR`s�EVl?dVZ!G¥_Of!GjZg_bmn]`hi_�G�§NZ!GOXBRÎ°�E�GbXOfSJRY_�U¨��]`Sofg_jRYXOZ�EV_PdVZHa�RYlVhkwg_OZ�Ð¸_OZgSV_O]	d�EVhi_OZ·UkZHdVfgSVvJR1GjRY�nZB]�=�GOZg_bmnfBZgl�Xb_OZHUWR�sp]`lxspZgl�Xb_jRYXbhk]`l�Ð¸U¨��Zgl�Xb_OfpZZgX¥ÐrUWR<GO]`_bXbhkZ�dVZBUWRrÓ�]`lxZ�lx]`lZGjRYX-EV_OfpZc~®³x�=EV_OZ
½�� ­]=N���

�%lcdVf	=3EVX¯dVZtGbhia�EVUWRYXbhk]`l¶§tUkZulVhimnZ�R@EcdVZ!G(_Of!GjZg_bmn]`hi_�G¯Z!GbXß³V��f�Ð
hr
§`dVZ�spZgXbXOZua�RYlVhkwg_OZt§`U¨��fpsp]1EVUkZgacZgl�X_OZ!GbXOZU=VhkZglÔdVfgSLZglxdxRYl�Xµd�E GbXO]	s>.?d��	lJRYaµhk�UExZt�(Q¶Z²mn]`U:EVacZ

VR
§nG���fpsp]1EVUWRYl�Xµd�E�_Of!GOZg_bmn]`hi_�§(Z!GbX
dV]`lxss�RYUks�EVUkf�SJRY_PUWRr[^]`_badEVUkZ]G-EVhimtRYl�XOZcº

VR = (h − hr) × e
t−t

′

τ + Vdeb
~\½��¿½n�

RpmnZps
� h
º�mn]`U:EVacZ�d}��Z�R@ETdxRYl�G�UkZ�_Of!GOZg_bmn]`hi_¶Ï

� hr
ºVs�RYSJR`sghiXOf�dVZ\GbXO]	s>.tRY�nZ%Ï

� hd
º�mn]`U:EVacZ�d�Ez_Of!GOZg_bmn]`hi_¶Ï
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� τ
ºVsp]`l�GbXjRYl�XOZ�dVZBXOZgaµS�G¥dVZ�m	hkdxRYlV�nZ%Ï

� t − t
′ º�SJR1GHdVZBXOZgaµS�G¶Ï

� Vdeb
º�mn]`U:EVacZ�dVZ�dVf	=L]`_OdVZgacZgl�XBdVf�³xlVh¶SJRY_�`<GOh

h < hd
§xZgX

h − hd
Gbhilx]`l¶�

bdc��gcfb � �s��o/y �%x �sq4v���o/y3�u� Mnt<o�x!y~�Bqa� �skHx �ª�;tdv(O��ux��*#�� '
���
Q¶Z
ac]�dVwgUkZc �Z�� 
p{(¡ R²fgXOf
sp]`l���E&ZgXBaµh/G�R@E�So]`hil�X�R@E � Zgl�Xb_OZµd}� À�l�[\]`_ba�RYXbhk�UExZc�Bfp]`Uk]`�thk��ExZµdVZU¨� �¯sp]`UkZBdVZ!G���hilxZ!GudVZ�WßRY_bh/G�SL]1EV_
GbhiadEVUkZg_ulUEVacfg_bhk��ExZgacZgl�X�§�SJRY_�UWR¸acfgXbvx]	dVZBdVZ!GÄd�h �}fg_OZglxspZ!GÄ³xlVhkZ!G�§UkZ!G�Xb_jRYl�GbSL]`_bX�G�d}��Z�R@EqZgXudVZ·a�R1G�GOZ·dxRYl�GuUkZ!G�R`�UEVh´[\wg_OZ!G�a�EVUiXbhksp]1ExsOvxZ!G·Ð�U¨��fpsOvxZgUiUkZB_Ofg�thk]`lJRYUkZc~^Q¶ZpdV]1E��}§» ¬ ­`½�ÏxQ¶ZgmtR1G�GO]`_PZgXHQ¶ZpdV]1E��L§ » ¬a¬ Ên���
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Q;R�GOhia�EVUWRYXbhk]`lzdVZ!Gufpsp]1EVUkZgacZgl�X�GPd}��Z�R@EeZ!GbX/=JR1GOfpZaG-EV_ÍU¨� hil�XOfg�t_jRYXbhk]`lzlUEVacfg_bhk��ExZBdVZ·U¨��fp�UEJRYXbhk]`ledVZd�h �[E�Gbhim�hiXOf�_Ofg�th/G�GDRYl�X¯UkZ!G%fpsp]1EVUkZgacZgl�X�GÍZglµaµhiUihkZ�EµSL]`_OZ�E��L�tQ;RMGOsjvxfga�RYXbh/GjRYXbhk]`l�adEVUiXbhksp]1ExsOvxZ!GuR`dV]`SVXOfpZd�h/GbXbhilV�=ExZcdVZ!G¸lVhimnZ�R@E��&d�hiX�G�R`�UEVh´[\wg_OZ!G�§RG-En=�Y¨vx]`_bhiÓ�]`l�XjR@E��L§nGbhkwg�nZ!G¸d}��fpsp]1EVUkZgacZgl�X�G
Zgl&lJRYSVSLZt§¶ZgX¸dVZ!GlVhimnZ�R@E��7d�hiX�GCGOZgaµh Y¨SoZg_bacf�R~=VUkZ!GÜ§%�UEVh#GOfgSJRY_OZgl�XµUkZ!GcR`�UEVh´[\wg_OZ!G�§(ZgXµ]-,ÔUkZ!Gµsghi_Os�EVUWRYXbhk]`l�GpGO]`l�Xr[¨RYh¼=VUkZ!G��� 
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∂(SC)

∂t
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∂(QC)

∂x
︸ ︷︷ ︸

advection

− DS
∂C

∂x
︸ ︷︷ ︸

dispersion

= ϕ + R
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¤}­WÃ�Z ~7XÄhiUiUkZgl?ZgX¸RYU¨�i§ » ¬a¬ ÑxÏ¶��RY_blVhkZg_¸ZgX¸RYU¨�i§ » ¬a¬ ½n�·�UEVhß_OZgSV_Of!GOZgl�XOZ�dVZ!GHSV_O]	spZ!G�G-E�G�ZgX�dVZ!G·mtRY_bhWR~=VUkZ!GhiaµSVUihk��Exf!G�dxRYl�G�UkZcsg��sgUkZµd�E?s�RY_«=L]`lxZt§;dVZ!G�l�EVXb_bhiacZgl�X�GrR1G�GO]	sghkf!G�~\RYÓ�]`XOZt§}SVvx]=GbSVvx]`_OZt§QGOhiUihkspZÜ��§¶ZgX�dVZU¨��]p���	�nwglxZ�~_^ßhi�=EV_OZ�½�� »t» ���

�u­®È	�N½�� »t» ºN�	sOvxfga�R�sp]`lxspZgSVX-ExZgUnGbhiaµSVUih´³Jf�dVZ�¤}­kÃ�ZL�
Q¶Zµac]	dVwgUkZcRefgXOfcR`dxRYSVXOfµSL]1EV_�_OZgSV_Of!GOZgl�XOZg_�XO]1E�G�spZ!G�SV_O]	spZ!G�G-E�G�dxRYl�G�UkZ!GBm`R1GOZ!G�d}� EVlxZµSJRY_bX�§¶ZgXdxRYl�GHUkZ¸SLfg_bhiSVv��	XO]`l�d}�¿R@EVXb_OZ�SJRY_bX��NQ;Z�ac]	d�EVUkZ¸SLfg_bhiSVv��	Xbhk�UExZrRcfgXOf�dVfgmnZgUk]`SVSof
d�EV_jRYl�X�spZgXbXOZ�Xbvxw!GOZt�

¦HlxZ�SV_OZgaµhkwg_OZµfgXjRYSLZ�dVZ
mtRYUihkdxRYXbhk]`l?R²R@E�G�GOhßfgXOf�acZglxfpZcÐpGj]`lTXOZg_bacZe~_^ßUihiSo]=ZgX¸RYU¨�i§o¾a`a`YÑ���§}RYlVlxZ��VZ
� ~ÇS¶�¿¾t¾s­t���Q¶Z�ac]	dVwgUkZ�¤}­kÃ�ZeZ!GbX�SV_Of!GOZgl�XOf¸Zgl�dVfgXjRYhiU;dxRYl�GPU¨�¿RYlVlxZ���Z¸� ~ÇS¶� » ¬ ­t���
bdc��gc�� �:� ����o���xzy �Yt<�it<o$o$x vFL xH��� �	|�x�o�q �$t<y
XBRYl�GßUkZÄs�R`d�_OZ�dVZÄUWR¥Xbvxw!GOZt§ÎdVZ!GßdVfgmnZgUk]`SVSLZgacZgl�X�G%hiaµSL]`_bXjRYl�X�G%]`l�X(fgXOfÄhiaµSVUkfgacZgl�XOf!G%dxRYl�G¯£H¤ �%¦BZL§sp]`lxspZg_blJRYl�XuUkZ�=Vhk]Y³xUia SLfg_bhiSVv��	Xbhk�UExZHZgXÍUkZ!GÍfpsjvJRYlV�nZ!GuZgl�Xb_OZHUWR¸sp]`Uk]`lVlxZ¥d}��Z�R@EqZgX¯UkZ!G�dVZ�E��csp]`aµSJRY_bXbh YacZgl�X�GL=oZgl�XbvVhk�UExZ!G�~}Gjfpd�hiacZgl�X�GPZgXuSLfg_bhiSVv��	XO]`lN�B~_^ÀUihiSL]rZgXPRYU¨�i§x¾a`a`YÑ����VQ;R�SJRY_bXbhkZ�Z��	SLfg_bhiacZgl�XjRYUkZt§x��EVhR�SLZg_baµh/GudVZPmtRYUihkdVZg_ÄUkZ¥ac]�d�EVUkZHSLfg_bhiSVv��	Xbhk�UExZt§�[\RYhiX�U¨��]�=�°bZgXÄd�EqsOvJRYSVhiXb_OZ »t» ~ÇS¶� » Ñ�½n����Q¶Z 
ÀR~=VUkZ�R@Ee½��¿¾Uih/GbXOZBU¨��Zgl�GOZga1=VUkZ�dVZ!G¥m`RY_bhWR~=VUkZ!G#EVXbhiUih/GjfpZ!G¥dxRYl�GPspZgXbXOZ]GjZpsgXbhk]`l¶�
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a(pq)

�H_b_jR`sOvJRY�nZ¸vx]`_jRYhi_OZ�sp]`_b_OZ!GbSo]`lxdxRYl�XBÐ
pq

� 
 −1 

g

� ]`l�GbXjRYl�XOZ]EVlVhimnZg_�GOZgUiUkZ�dVZB�t_jRpm	hiXOf ��Q 
 −2 

h � R@EVXOZ�EV_¥d}��Z�R@E ��Q 

ki

� ]	ZED�sghkZgl�X·d}�¿RY_b_jR`sOvJRY�nZ
dVZBUWRrm`RY_bhWR~=VUkZ¸h¨§�m`RY_bhkZ¸Zgl�Xb_OZ>`µZgX » �6GjRYl�GPd�hia 

n

� ]	ZED�sghkZgl�XHZgaµSVhi_bhk��ExZ �6GjRYl�GPd�hia 

pc

WßZgl�XOZ
sg_bhiXbhk�UExZ�dVZBU¨� v���d�_O]`�t_jRYaµacZ%Ï�Gbh
pq > pc

§xhiU}�qRµRY_b_jR`sjvJRY�nZ ��Q 3 
 −2 

pq

WßZgl�XOZ�hil�GbXjRYl�XjRYlVlxfpZ�dVZBU¨� v���d�_O]`�t_jRYaµacZ ��Q 3 
 −2 

ret

� ]�ZED�sghkZgl�XHdVZ�_OfgXOZgl�Xbhk]`lTdVZ�UWR
a�RYXb_bhkspZ¸Sofg_bhiSVv���Xbhk��ExZ �6GDRYl�GPd�hia 

u∗

� hiXOZ!G�GOZ�dVZ¸sgh/GDRYhiUiUkZgacZgl�X ��Q 
 −1 

A(pc)

� ]	ZED�sghkZgl�XHd}�¿RY_b_jR`sjvJRY�nZ�sp]`_b_OZ!GOSo]`lxdxRYl�X·Ð EVlxZ�SLZgl�XOZ
pc

�6GjRYl�GPd�hia 

Be

X�hk]`a�R1G�GOZuSLfg_bhiSVv��	Xbhk��ExZ�sp]`aµSV_OZglJRYl�X¯UkZ!G¯Z!GOSowpspZ!GßSV_O]`SV_OZ!GÍR@EµSLfg_bhiSVv�� YXO]`l ��� 

Bi

X�hk]`a�R1G�GOZ�dVZBU¨��Z!GbSowpspZ¸h ��� 

Bw

X�hk]`a�R1G�GOZÍSofg_bhiSVv���Xbhk��ExZÍsp]`aµSV_OZglJRYl�X(UkZ!G;Z!GbSLwpspZ!G{GOfpd�hiacZgl�XOfpZ!GßSV_O]`SV_OZ!GÐrUWRrsp]`Uk]`lVlxZ�d}��Z�R@E ��� 

Cb

� ]`lxspZgl�Xb_jRYXbhk]`l�dxRYl�G¥UkZBSofg_bhiSVv���XO]`l ���TQ −3 

Cw

� ]`lxspZgl�Xb_jRYXbhk]`l�dxRYl�G¥UWRrsp]`Uk]`lVlxZ�d}��Z�R@E ���TQ −3 

D

� ]	ZED�sghkZgl�XHdVZ�d�h �SE�Gbhk]`l ��Q 2 
 −1 

Es γSn

c

�6GjRYl�GPd�hia 

J

WßZgl�XOZ
dVZ·[Ç_O]`XbXOZgacZgl�X �6GjRYl�GPd�hia 

Phyd

W�EVh/GHGjRYlxspZuv���d�_jR@EVUihk�UExZ¥d�h/G�GbhiSLfpZuSJRY_À[^_O]`XbXOZgacZgl�XÄSJRY_�EVlVhiXOf�dVZ�mn]`U:EVacZ ���TQ −1 
 −3 

Qbase

XBf	=VhiX¥dVZ¨=JR1GjZ�dVZ�U¨��fpsp]1EVUkZgacZgl�X ��Q 3 
 −1 

Qmax

XBf	=VhiX¥dVZ�UWR
SL]`hil�XOZ�dVZ¸sg_-ExZ ��Q 3 
 −1 

Sc

C·]`a>=V_OZ�dVZ��	sOvVaµhkd�X�§
Sc = ν

D

�6GjRYl�GPd�hia 

RH

�·Rp�n]`lzv��	d�_jR@EVUihk��ExZ ��Q 

Ta

XMEV_OfpZ¸dVZ�U¨�¿RY_b_jR`sjvJRY�nZ�Z��}ZpsgXbh´[¯d�EeSofg_bhiSVv���XO]`l � 
 

Tc


ÀZgaµS�G¥dVZ�SJR1G�GDRY�nZ�d}� EVlxZ�sg_-ExZ � 
 

U � hiXOZ!G�GOZBac]��nZglVlxZ�dVZ�U¨��Z�R@E ��Q 
 −1 

Vsed,i

� hiXOZ!G�GOZ�dVZ]Gjfpd�hiacZgl�XjRYXbhk]`lTdVZ¸U¨��Z!GbSowpspZBh ��Q 
 −1 

Xi

� ]`lxspZgl�Xb_jRYXbhk]`l�dVZ�U¨��Z!GOSowpspZBh ���TQ −3 

β

� ]	ZED�sghkZgl�XHdVZ¸Xb_jRYl�G±[^Zg_bXPdVZ¸a�R1G�GOZ ��� 
 −1 

γ

� ]	ZED�sghkZgl�XHZgaµSVhi_bhk��ExZ �6GjRYl�GPd�hia 

ζ

^V_jR`sgXbhk]`l�dVZ
Phyd

GOZg_bmtRYl�X·Ðra�RYhil�XOZglVhi_HUkZ!G�SJRY_bXbhks�EVUkZ!G¥ZglZG�E�GbSoZgl�GOhk]`l �6GjRYl�GPd�hia 

φd

^ßU:E��ed�h �SE�Gbh´[(SJRY_�EVlVhiXOf¸dVZ�G-EV_±[\R`spZ ���TQ −2 
 −1 

φero

^ßU:E��efg_O]=Gbh´[ßa�RÎ��hia�RYU;SJRY_#EVlVhiXOf�dVZ]G-EV_±[¨R`spZ ���TQ −2 
 −1 

φsed,i

^ßU:E��edVZ]GOfpd�hiacZgl�XjRYhi_OZ�dVZ�U¨��Z!GbSLwpspZBh ��Q 
 −2 
 −1 

ν � h/GOsp]=GbhiXOf�sghilxfga�RYXbhk��ExZ ��Q 
 −1 

ρ

��R1G�GOZBmn]`U:EVaµhk��ExZ ���TQ −3 

ρi

��R1G�GOZBmn]`U:EVaµhk��ExZ¸dVZ�U¨��Z!GbSLwpspZBh ���TQ −3 

ρw

��R1G�GOZBmn]`U:EVaµhk��ExZ¸dVZ�U¨��Z�R@E ���TQ −3 

τ

� ]`l�Xb_jRYhil�XOZ�dVZ�sgh/GjRYhiUiUkZgacZgl�X ���TQ −1 
 −3 

χi

^V_jR`sgXbhk]`lTa�R1G�Gbhk��ExZ�dVZ�U¨��Z!GbSLwpspZBh �6GjRYl�GPd�hia 

�Ä{����N½��¿¾�º CH]`XjRYXbhk]`l�G#EVXbhiUih/GjfpZ!GPSL]1EV_�UkZ!GPfpsOvJRYlV�nZ!G��
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0�13241��4175 ��� �<³H��¾����´������³�� ��³n� ������� � �B��� �
Q¶Z!GBfpsOvJRYlV�nZ!G�d�h/G�GO]1E�GBZgl�Xb_OZ�UWR²sp]`Uk]`lVlxZrd}��Z�R@E�ZgX·UkZ!GBdVZ�E��Tsp]`aµSJRY_bXbhiacZgl�X�G =oZgl�XbvVhk�UExZ!G\GOZ¸[^]`l�XSJRY_qd�h �SE�Gbhk]`l X-EV_«=3EVUkZgl�XOZ&dxRYl�G²UWR�sp]1ExsOvxZ�UihiaµhiXOZt� �Hl s�RYUks�EVUkZ�UkZz��E���d�h �[E�Gbh´[
Ð�U¨� hil�XOZg_±[¨R`spZ�Z�R@E

GOfpd�hiacZgl�X¥SJRY_�UWRr_OZgUWRYXbhk]`l�~7Xu]1Exd�_OZ�R@E¶§ » ¬a¬ ­t�Bº

φd = β(Cb − Cw)
~\½�� » ¬ �

β
Z!GbXHUkZ�sp]	ZED�sghkZgl�X�dVZ�Xb_jRYl�G±[\Zg_bX·dVZ�a�R1G�GOZ
Z��	SV_bhiacf�SJRY_

β = u∗γSn
c

~7Xu]1Exd�_OZ�R@E¶§ » ¬a¬ ­t���
β
Z!GbXfp��EVhim`RYUkZgl�XHÐ<EVlzsp]	ZED�sghkZgl�XHdVZ�d�h �SE�Gbhk]`l�~_X¸�ud�him	h/GOfBSJRY_�EVlxZ�d�h/GbXjRYlxspZ¸dVZ�d�h �[E�Gbhk]`l¶�Q¶Z�lx]`a>=V_OZ&dVZ��	sjvVaµhkd�X�§

Sc
sp]`_b_OZ!GbSo]`lxdÁR@E _jRYSVSL]`_bXzdVZ�UWRÔm�h/GOsp]=GOhiXOf�sghilxfga�RYXbhk��ExZ

ν
G-EV_qUkZsp]	ZED�sghkZgl�X�dVZ�d�h �[E�Gbhk]`l�X
�zWÀ]1EV_BUkZ!G·Z�R@E��TdVZ�G�EV_±[\R`spZt§NUkZ¸lx]`a1=V_OZ
dVZr�	sOvVaµhkd�XBmtR@EVX·Zgl�m�hi_O]`l » `a`a`~7Xu]1Exd�_OZ�R@E¶§ » ¬a¬ ­t���Q;R�[^]`_badEVUWRYXbhk]`l

β = Esu∗
Z!GbX�_OZgXOZgl�ExZeSL]1EV_µ£H¤ �%¦BZL�gWßRY_cdVf�³xlVhiXbhk]`l¶§

u∗
mtR@EVX

u∗ =
√

( τ
ρ )
�

�%leZ���SV_bhia�RYl�XPUWR
sp]`l�Xb_jRYhil�XOZ¸dVZBsgh/GjRYhiUiUkZgacZgl�X·Ð¸U¨�¿RYhkdVZ�dVZ·mtRY_bhWR~=VUkZ!Guac]��nZglVlxfpZ!G�§x]`le]�=VXbhkZgl�Xg�i�
u∗ =√

ghJ
�

0�13241��41@? ��� �<³H��¾����´��³n������������³H�f�~���
Q¶Z!G�fpsjvJRYlV�nZ!G�SJRY_bXbhks�EVUWRYhi_OZ!G<GOZ
[\]`lxdVZgl�X G-EV_¸UWRqXbvxfp]`_bhkZ²d}� EVlxZ4GOfpd�hiacZgl�XjRYXbhk]`l7ZgX�d}� EVlxZ�fg_O]=Gbhk]`l

GbhiadEVUiXjRYlxfpZdG-EV_bEVl�SJR1G·dVZ�XOZgaµS�GHZgXBÐrU¨��fpsOvxZgUiUkZ
d}� EVlxZU»5ºa¢®©Ç©i�p�HWÀ]1EV_BsOvJR`��ExZ�Z!GOSowpspZt§?EVle��E��ZGOfpd�h YacZgl�XjRYhi_OZ�Z!GbXPs�RYUks�EVUkf�ÐrsjvJR`�UExZ¸SJR1G¥dVZBXOZgaµS�G�º

φsed,i = Vsed,iXi
~\½��¿¾a`n�

Q¶Z���E��zdVZ]GOfpd�hiacZgl�X�G¥SV_O]ÜmnZglJRYl�X�dVZ�UWR�sp]`Uk]`lVlxZ�d}��Z�R@E¶§JZgXH�UEVh{GjZ¸dVfgSo]=GjZ]G-EV_PUkZB[\]`lxd�dVZ!GHsp]1EV_�Gd}��Z�R@E¶§oZ!GbXP_OfgSJRY_bXbh(Zgl�Xb_OZ
dVZ�E���sp]`aµSJRY_bXbhiacZgl�X�Gc~}GOfpd�hiacZgl�X�G·ZgXHSofg_bhiSVv���XO]`lN�HR@E�ac]Ü�nZgl&d�E�XjR@E���dVZ_OZpsp]1EVm	_OZgacZgl�X�d�E�[^]`lxd�dVZ=UWR�_bhim�hkwg_OZ=SJRY_rUkZ=Sofg_bhiSVv���XO]`l¶� � Z²XjR@E���RTfgXOfqZ!GbXbhiacf=So]1EV_rUkZe�·_jRYlxd��]`_bhilTÐµËa` � � � Z�XjR@E��qSJRY_¥dVf�[¨R@EVXPSoZ�EVX 
gXb_OZ�GbSofpsgh´³JfBa�RYhiUiUkZ¸SJRY_Pa�RYhiUiUkZ]Gbh}lxfpspZ!G�GDRYhi_OZt�
� ¹��d��²¿���B� ³Y�����z���g¹��~�������B�Q¶Zzac]�dVZzd}��fpsjvJRYlV�nZTZgl�Xb_OZeUkZ¥=LZgl�Xbvx]=G²ZgXcUWR&sp]`Uk]`lVlxZ�d}��Z�R@E�d�h �Lwg_OZxG�EVhim`RYl�XcUkZzsp]`aµSJRY_bXbhiacZgl�Xd}��]`_bhi�thilxZ�dVZ!GPSJRY_bXbhks�EVUkZ!G��Q¶Z!G¯fpsOvJRYlV�nZ!G�Zgl�Xb_OZ¥UkZ!G�GOfpd�hiacZgl�X�GÍZgX%UWR�sp]`Uk]`lVlxZPd}��Z�R@E²sp]`_b_OZ!GbSo]`lxdVZgl�X�ÐaEVlµSV_O]	spZ!G�G-E�GÍd}��fg_O]=Gbhk]`l��EVhJdVfgSoZglxd4EVlVhk�UExZgacZgl�X�dVZ�UWR�S3EVh/G�GjRYlxspZ�v��	d�_jR@EVUihk��ExZHdVZPU¨��fpsp]1EVUkZgacZgl�X�� � ZgXbXOZ¥s�RYSJR`sghiXOf¥fg_O]=GOhimnZ¥dVZU¨��fpsp]1EVUkZgacZgl�XBZ!GbXPdVfgXOZg_baµhilxfpZ
Ð
U¨�¿RYhkdVZ¸dVZBUWRrXbvxfp]`_bhkZ¸dVZ�UWRrs�RYSJR`sghiXOf�dVZ�Xb_jRYl�GbSL]`_bX�~7X�RY�tlx]`Ukd}§ » ¬ ÊtÊ�Ï
� ZgUih .eZgX �¥]	d�h¨§ » ¬a¬�» �uZgX�G���Z���SV_bhiacZ¸dxRYl�G·£H¤ �%¦BZ?~^��RYUkd�hilxZg�n§ » ¬a¬ ÑxÏ��%mnZglTZgXHRYU¨�i§J¾a`a`YÑ���SJRY_¸º

φero = ζ
1

∑

i χi
ρi−ρw

ρi

Phyd

g

~\½��¿¾ » �
Q¶Z���E���fg_O]=GOh´[Äa�RÎ��hia�RYUßSJRY_aEVlVhiXOfµdVZ<G-EV_±[¨R`spZe~

φero
�¥sp]`_b_OZ!GbSL]`lxd?Ð)EVlxZ�[^_jR`sgXbhk]`l&dVZ
UWR�S3EVh/GHGjRYlxspZv���d�_jR@EVUihk��ExZ�SJRY_aEVlVhiXOf
dVZ
mn]`U:EVacZ GjZg_bm`RYl�XBÐ�a�RYhil�XOZglVhi_�UkZ!G·SJRY_bXbhks�EVUkZ!G�ZgleG-E�GbSLZgl�Gbhk]`l¶�

Phyd
G���Z��GYSV_bhiacZrSJRY_

ρgJU
�L��sjvJR`�UExZrSJR1GBdVZ
XOZgaµS�G�§LUkZ<GbXO]	s>.�dVZ<GOfpd�hiacZgl�X�G�SV_Of!GOZgl�X�R@ET[\]`lxd�dVZ!GB_bhim�hkwg_OZ!GZ!GbXPfg_O]	dVf�Ð
vJR@EVXOZ�EV_¥a�RÎ��hia�RYUkZ¸dVZ

φero
�

Õ¶Á�� æHÛt×±áÎÙ;ãjÛYÛÎò¨àbùÜê¿õ�×éò}á
∗

ÛYãjò √
gRHJ
í
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�����´������� ���ª�d����¹��~��� � � � �z�!�&���~¹�¾B��²¿��� � ���]³H���_�������{�(� ³n®d���Q¶Z!GBfpsjvJRYlV�nZ!G¸Zgl�Xb_OZrUWR²sp]`Uk]`lVlxZrd}��Z�R@E?ZgXHUkZ�Sofg_bhiSVv���XO]`l�Gj]`l�XB_OZgSV_Of!GOZgl�XOf!GÜ§}ZglTSLfg_bhk]�dVZrdVZ
dVf	=VhiX
GbXjR~=VUkZt§;Ð=UWR²[\]`h/G�SJRY_¸dVZ!G�SLZg_bXOZ!G¸SLZg_ba�RYlxZgl�XOZ!G�ZgX]EVlxZµfg_O]=Gbhk]`l�GOhiaµhiUWRYhi_OZ�ÐqspZgUiUkZcZ���SV_bhiacfpZ�R@E&SJR Y_jRY�t_jRYSVvxZ=SV_OfpspfpdVZgl�X��%Q¶Z!G
SLZg_bXOZ!G
SoZg_ba�RYlxZgl�XOZ!G4GO]`l�XrdVZ�`�� ` » ° −1 ~_XBZp�HlV�nZgUih/GµZgXrRYU¨�i§ » ¬a¬ ½�ÏdX·Zgl�XZgX � ZglV_b�n§ » ¬a¬a¬ ���LQ¶Z�sp]`aµSJRY_bXbhiacZgl�X¸d}��]`_bhi�thilxZrdVZ!GHSJRY_bXbhks�EVUkZ!Gc~^sp]`Uk]`lVlxZrd}��Z�R@E�]1ETSLfg_bhiSVv��	XO]`lN�HZ!GbXSV_bh/GBZgl�sp]`aµSVXOZ
SL]1EV_Bac]�dVfgUih/GOZg_·UkZ!GBfpsOvJRYlV�nZ!G����¯l�Z��}ZgX�§oUkZ!GHZ!GbSLwpspZ!G·Sofg_bhiSVv���Xbhk��ExZ!Gc~ÇSV_O]	d�ExsgXOZ�EV_�GSV_bhia�RYhi_OZ!G�RYXbXjR`sOvxf!G�§�Z!GbSLwpspZ!G�=JR`sgXOfg_bhkZglVlxZ!Gu_OZgSV_Of!GjZgl�XjRYXbhimnZ!G�d�E�SLfg_bhiSVv��	XO]`lN�ÍlxZbGO]`l�X
Gj]1EVaµh/GOZ!GÄ��E¶�¿ÐdVZ!GÄSoZg_bXOZ!G�SLZg_ba�RYlxZgl�XOZ!G��YW(RY_usp]`l�Xb_OZ·So]1EV_ÄUkZ!G�Z!GOSowpspZ!G�]`_bhi�thilJRYhi_OZ!G�dVZPUWR�sp]`Uk]`lVlxZBd}��Z�R@E�~^sp]`aµacZ·UkZSVv��	XO]`SVUWRYlxsgXO]`l�SJRY_·Z��VZgaµSVUkZÜ��§�EVlTsp]	ZED�sghkZgl�XBdVZ�_OZgXOZgl�Xbhk]`l7~

ret
�uZ!GbX·dVf�³xlVh¨� � Z�SJRY_jRYacwgXb_OZ�_OZgSV_OfEY

GOZgl�XOZuUWRHs�RYSJR`sghiXOf¥d�EµSofg_bhiSVv���XO]`l�ÐH_OZgXOZglVhi_¯UkZ!G(SJRY_bXbhks�EVUkZ!G�Gjfpd�hiacZgl�XOfpZ!G�� �¯lcsp]`l�GbhkdVfg_jRYl�XÍ��ExZ
Bw
Z!GbXUWR>=Vhk]`a�R1G�GOZHSofg_bhiSVv���Xbhk��ExZH]`_bhi�thilJRYhi_OZ�dVZ¥UWR�sp]`Uk]`lVlxZBd}��Z�R@E¶§	UkZ!GÄSoZg_bXOZ!G�SLZg_ba�RYlxZgl�XOZ!G#G��¿RYSVSVUihk��ExZgl�XPÐ

ret × Bw
ZgXPUkZBSV_O]	spZ!G�G-E�GPd}��fg_O]=GOhk]`l�Z!GbXHRYSVSVUihk��Exf�Ð

(1 − ret) × Bw
~_^Àhi�=EV_OZ�½�� » ¾n���

Pertes permanentes Erosion

(1-ret).Bwret.BwBe

Espèces périphytiques Espèces de la colonne d'eau

Pertes permanentes

��­ÇÈ	�J½�� » ¾�º�WÀZg_bXOZ!GHd�EzSofg_bhiSVv���XO]`l�Zgle_Ofg�thiacZ�SLZg_ba�RYlxZgl�X��

�W<¼³n�~�]³n� ��³n¾��Q¶]`_�G�d}� EVlxZ·sg_-ExZ¥U¨�¿R`spsg_O]`h/G�GjZgacZgl�XudVZ¥UWR¸m�hiXOZ!G�GjZPdVZPU¨��Z�R@E=SV_O]�mn]	�UExZXEVl=RY_b_jR`sjvJRY�nZBd�E�SLfg_bhiSVv��	XO]`l¶��HSV_Ow!GµU¨��fgmnwglxZgacZgl�X�§ÍUWR4=Vhk]`a�R1G�GOZqSLZ�EVX�
gXb_OZeXO]`XjRYUkZgacZgl�X=fg_O]�dVfpZ?~_¦·ZgvVUihilV�nZg_�ZgX�RYU¨�i§ » ¬a¬ Ên���KC·]1E�GSV_O]`SL]=GO]`l�G¸UkZ4GjsOvxfga�Rzsp]`lxspZgSVX-ExZgU�SV_Of!GOZgl�XOf²ÐqUWR3^Àhi�=EV_OZ²½�� » ËeSL]1EV_¸_OZglxd�_OZ�sp]`aµSVXOZ²d�E?SV_O]�spZ!GHG-E�GSVv���Gbhk��ExZ¸d}�¿RY_b_jR`sOvJRY�nZt�
XÄhi�t�+GßZgX � Uk]=GOZH~ » ¬ Ì ¬ �;]`l�X(dVfgXOZg_baµhilxf
EVlxZÍ_OZgUWRYXbhk]`lrZgl�Xb_OZ�U¨� hil�XOZgl�GOhiXOfÄd}� EVlxZ�sg_-ExZt§Ü_OZgSV_Of!GjZgl�XOfpZ�SJRY_UkZP_jRYSVSL]`_bXÄd�E=dVf	=VhiX�dVZ¥UWR�SL]`hil�XOZ·dVZ¥sg_-ExZXG-EV_ÍUkZHdVf	=VhiXÄdVZL=JR1GjZ�~ Qmax

Qbase

��§�ZgX¯UkZ¥So]1EV_OspZgl�XjRY�nZHXO]`XjRYULdVZ
=Vhk]`a�R1G�GOZPRY_b_jR`sjvxfpZPSLZglxdxRYl�X¯XO]1EVXOZPUWRBd�EV_OfpZPdVZuU¨��fgmnwglxZgacZgl�X�Z��	Xb_

gacZt�sX�RYl�G%UWRBdVfga�RY_OsjvxZ¥��ExZulx]1E�GRYUiUk]`l�G¸dVfgXjRYhiUiUkZg_�dxRYl�G¸UWR)G�EVhiXOZt§Llx]1E�G¸sp]`l�GbhkdVfg_OZg_O]`l�G���ExZ

Qbase
sp]`_b_OZ!GbSo]`lxd?R@E?dVf	=VhiX¸d}��fgXbhWRY�nZt�;Q;RSLZgl�XOZPd}�¿R@EV�tacZgl�XjRYXbhk]`l=d�EcdVf	=VhiXH~

pq
�ßZ!GbX�EVlxZumtRY_bhWR~=VUkZ�SVU:E�G%SLZg_bXbhilxZgl�XOZt§nSo]1EV_¯UWR·ac]	dVfgUih/GjRYXbhk]`l¶§n��ExZUWR²m`RYUkZ�EV_¸d�E&dVf	=VhiX¸dVZrSL]`hil�XOZz~_^ßhi�=EV_OZc½�� » Ën�����%l�_OZgUihWRYl�X�U¨�¿RY_b_jR`sOvJRY�nZ�Ð=UWR²SLZgl�XOZµd}�¿R@EV�tacZgl�XjRYXbhk]`ld�E dVf	=VhiX�§ÄhiUBZ!GbXeRYUk]`_�G=So]=G�GOh¼=VUkZTd}��Z!GbXbhiacZg_qU¨�¿RY_b_jR`sjvJRY�nZ?Ð�sjvJR`�UExZ�SJR1GqdVZ�XOZgaµS�GqdVZ�s�RYUks�EVU\GjRYl�Gsp]`lVlJR��kXb_OZ1º'�o�°¢r�`�½¢;U¨� hil�XOZgl�GOhiXOfHdVZ�UWR¸sg_-ExZt� � ZgXbXOZ¥dVfga�RY_OsjvxZ¥l¶��Z!GOX¯m`RYUWR~=VUkZ¥�UExZ�GOhxU¨�¿R@EV�tacZgl�XjRYXbhk]`ledVZUWR�SoZgl�XOZ�dVZ
dVf	=VhiX·Z!GOX·sp]`_b_OfgUkfpZrÐcU¨� hil�XOZgl�GbhiXOfrdVZ�UWR²sg_-ExZt� � ZgXbXOZ�v���SL]`Xbvxw!GOZ<GOZga>=VUkZ
sp]`vxfg_OZgl�XOZcR�mnZpsUWR
SV_O]�=VUkfga�RYXbhk��ExZ�dVZ!G�SLZgXbhiX�G�=JR1G�GOhil�G�mnZg_�GjRYl�X�GH�UEVhQGj]`l�X1º¨�N�½¢_�`�½¢ÍXb_Ow!GP_Of�R`sgXbh´[}G��Q;R¥dVfgXOZg_baµhilJRYXbhk]`lcdVZÍUWRPUk]`h�d}�¿RY_b_jR`sOvJRY�nZuZgl�[^]`lxsgXbhk]`lrdVZÄUWR�SLZgl�XOZud}�¿R@EV�tacZgl�XjRYXbhk]`lcd�ErdVf	=VhiX(R¥fgXOfZ��}ZpsgX-ExfpZ�SJRY_MEVlxZµRYlJRYUi�
GjZ�dVZ!G·v���d�_O]`�t_jRYaµacZ!G¸dVZ�SVU:E�GbhkZ�EV_�GBfgmnfglxZgacZgl�X�G�SVU:EVm	hkZ�E��}�zWß]1EV_¸sOvJR`��ExZfgmnwglxZgacZgl�X�§�]`lcdVfgXOZg_baµhilxZtEVlcsp]1EVSVUkZPRY_b_jR`sOvJRY�nZt§tSLZgl�XOZ�dVZudVf	=VhiX¥~

a(p)
§
p
��§t]-,

a(p)
Z!GbX%Zgl
v −1 §YScZgl~Ça 3 �6G −1 ��� ° −1 �YQ¯� hil�XOZg_bSo]`UWRYXbhk]`lcdVZÄXO]1E�G(spZ!Gßsp]1EVSVUkZ!G(dV]`lVlxZ�Zgl�G-EVhiXOZ�UWR�Uk]`h�d}�¿RY_b_jR`sOvJRY�nZ¸~_^ßhi�=EV_OZ�½�� » Ñ����

Wß]1EV_#EVlqfgmnfglxZgacZgl�X¥dV]`lVlxft§V]`lzdVf�³xlVhiXtEVlxZBSoZgl�XOZBsg_bhiXbhk�UExZ�dVZ·U¨� v���d�_O]`�t_jRYaµacZ
pc = 2Qmax−Qbase

Tc

§]-,
Tc
sp]`_b_OZ!GbSL]`lxd�R@EcXOZgaµS�GÍdVZPSJR1G�GjRY�nZPdVZ�UWRBsg_-ExZ
~_^ßhi�=EV_OZ¥½�� » Ën��� � ZgXbXOZPSLZgl�XOZ�[��VXÍdVfgXOZg_baµhilxfpZXG-EV_



ÊtÌ ���������	��
���
�����������
���������
��������! "��#$���%�&�'���( ")+*-, Â/.7Â10c¦32 ���'�������4��)5�
6 �'����
+78�������(�'9��&�:�;���<�'�� "


�u­®È	�À½�� » Ë�º<¦HXbhiUih/GjRYXbhk]`l�d}� EVl?v��	d�_O]`�t_jRYaµacZ²SL]1EV_¸s�RY_jR`sgXOfg_bh/GOZg_�U¨�¿RY_b_jR`sjvJRY�nZt�À����R@ExsOvxZt§;_Ofpd�ExsgXbhk]`ldVZuU¨� v���d�_O]`�t_jRYaµacZP_OfpZgU;~Çlx]`hi_D�ßZglCEVlµv��	d�_O]`�t_jRYaµacZ¥hkdVf�RYUih/GOf¸~ÇSL]`hil�XbhiUiUkf!G¯_O]1EV�nZ!G����t�¼d�_O]`hiXOZt§+GOsjvxfga�RhkdVf�RYUih/GOf�dVZB_Ofpd�ExsgXbhk]`l�dVZBUWR8=Vhk]`a�R1GHGOZBUk]`_�G�d}� EVlxZ¸sg_-ExZt�
Tc
Z!GOX�UkZBXOZgaµS�GPdVZBSJR1G�GjRY�nZBdVZBUWRrsg_-ExZt§

TaUkZPXOZgaµS�Gud}�¿RY_b_jR`sjvJRY�nZ
§
pc
UWR¸SoZgl�XOZHsg_bhiXbhk��ExZBR@E²dVZ!G�G-E�GÄdVZ¥UWR`��ExZgUiUkZHhiUJ�cR¸Z��}ZpsgXbhimnZgacZgl�X¥RY_b_jR`sjvJRY�nZt§

pq
UWR
SoZgl�XOZ�_OfpZgUiUkZ�G�EV_#EVleSJR1G¥dVZBXOZgaµS�G

∆T
~_^ßUihiSL]V§J¾a`a` » ���

UkZ��·_jRYlxde��]`_bhilqSo]1EV_�UkZ!G�sg_-ExZ!GP]�=�GjZg_bmnfpZ!G¥R@Ezsp]1EV_�G�dVZ!GPfgXbhWRY�nZ!GPdVZ¸¾a`a`a`rZgXP¾a`a` » � � Z!GuSLZgl�XOZ!GP]`l�XZgl�G-EVhiXOZcfgXOf�_OZgUihkfpZ!G�R@E��?��EJRYl�Xbh´³Js�RYXbhk]`l�GrdVZ X�hi�t�+G�ZgX � Uk]=GjZ�~ » ¬ Ì ¬ ��Zgl�sp]`l�GOhkdVfg_jRYl�X
UkZ!G¸hil�XOZgl�GOhiXOf!GdVZ!GPfgmnwglxZgacZgl�X�G��
X
�¿RYSV_Ow!GFXÄhi�t�+G�ZgX � Uk]=GOZµ~ » ¬ Ì ¬ ��§JÐ

pc
sp]`_b_OZ!GbSL]`lxdhEVlxZB_Ofpd�ExsgXbhk]`leXO]`XjRYUkZ�dVZBUWR1=Vhk]`a�R1G�GOZ·Uk]`_�GPd�ESJR1G�GjRY�nZ�dVZ�UWR�sg_-ExZ�dVZ

A(pc) %
� �Hl�Z!GbXbhiacZ
�UExZt§JSo]1EV_·dVZ!G¥hil�XOZgl�GbhiXOf!GBdVZ�sg_-ExZ�m`RY_bhWRYl�X·Zgl�Xb_OZ�`�ZgXË�§

A(pc)
Z!GbX�lUEVU¨§VZgX���ExZt§	So]1EV_�dVZ!G�hil�XOZgl�GbhiXOf!GPm`RY_bhWRYl�XPZgl�Xb_OZ¸Ë
ZgX'­	§

A(pc)
mtRY_bhkZHUihilxf�RYhi_OZgacZgl�X¥dVZ¨`Ðc½a` � � �Hl�R`d�acZgXBR@E�G�GbhQEVlxZ�mtRY_bhWRYXbhk]`l�Uihilxf�RYhi_OZ
dVZ�½a`²Ð ¬ ½ � SL]1EV_¥dVZ!G¥hil�XOZgl�GbhiXOf!GHm`RY_bhWRYl�X·Zgl�Xb_OZ

­rZgX¥¾t½��HW(RY_Hsp]`l�Xb_OZt§NR@E�dVZ!GHG-E�GPd}� EVlxZ¸hil�XOZgl�GbhiXOf�dVZ¸¾t½�§J]`l�sp]`l�GbhkdVwg_OZ¸U¨�¿RY_b_jR`sjvJRY�nZ�SLZg_ba�RYlxZgl�XBÐ ¬ ½
� dVZ�UWR8=Vhk]`a�R1G�GjZB³V��fpZt�
WÀ]1EV_µUWR�ac]�dVfgUih/GDRYXbhk]`l�dVZ=U¨�¿RY_b_jR`sjvJRY�nZeUk]`_�Grd}� EVlxZ=sg_-ExZt§(]`l7R`d�acZgXc�UE¶� hiU�l¶� ��R�RY_b_jR`sOvJRY�nZe��ExZ

GbhPUWR&SoZgl�XOZehil�GbXjRYl�XjRYlxfpZ�d}�¿R@EV�tacZgl�XjRYXbhk]`l¢d�E¼dVf	=VhiX�~
pq
�rZ!GbXpG-EVSLfg_bhkZ�EV_OZ�Ð�UWR&SoZgl�XOZ�sg_bhiXbhk��ExZ�dVZU¨� v���d�_O]`�t_jRYaµacZt�JQÍ�¿RYlJRYUi�
GOZ�dVZBU¨� v���d�_O]`�t_jRYaµacZ�dVZ�sg_-ExZc~_^ßhi�=EV_OZ�½�� » Ën��ac]`l�Xb_OZ¸��ExZBUkZBXOZgaµS�GPd}�¿RY_ZY_jR`sOvJRY�nZ�Z��LZpsgXbh´[

Ta
Z!GbXBUWRY_b�nZgacZgl�X�hil�[^fg_bhkZ�EV_�Ð Tc

2

���%l?Z��}ZgX�§}Zgl?dVf	=3EVX�dVZµsg_-ExZµZgX�Ð=UWR=So]`hil�XOZcdVZsg_-ExZt§ßUWRzSLZgl�XOZ=hil�GbXjRYl�XjRYlxfpZed}�¿R@EV�tacZgl�XjRYXbhk]`l¼d�E7dVf	=VhiXµZ!GbX
SVU:E�G�[\RYh¼=VUkZ=�UExZ²UWRTSoZgl�XOZqsg_bhiXbhk�UExZqdVZU¨� v���d�_O]`�t_jRYaµacZt� �Hl�SLZ�EVX�dV]`lxscR`d�acZgXbXb_OZc�UExZ
UkZ
XOZgaµS�G¸s�RY_jR`sgXOfg_bh/GbXbhk��ExZµd}�¿RY_b_jR`sOvJRY�nZ²Z��LZpsgXbh´[uZ!GbX[\]`lxsgXbhk]`l²dVZ�UWRBSLZgl�XOZHsg_bhiXbhk�UExZHdVZ�U¨� v���d�_O]`�t_jRYaµacZt��Q¶Z�XjR@E��µa�RÎ��hia�EVa d}�¿RY_b_jR`sOvJRY�nZHSoZ�EVXÄRYUk]`_�G 
gXb_OZZ���SV_bhiacfBÐ�U¨�¿RYhkdVZ�dVZHUWR�_OZgUWRYXbhk]`l
a(pc) = A(pc)

100Ta(pc)

�
a(pc)

G���Z���SV_bhiacZBZglqv −1 � � ZgXbXOZBUk]`hLd}�¿RY_b_jR`sOvJRY�nZRrfgXOf¸dVfgXOZg_baµhilxfpZdG-EV_�UkZ��·_jRYlxde��]`_bhil�~_^ßhi�=EV_OZ�½�� » Ñ����
�Hl�R`d�acZgXµ��ExZ�XO]1E�G
UkZ!GrfgUkfgacZgl�X�Gµsp]`aµSL]=GjRYl�XrUkZ²Sofg_bhiSVv���XO]`l7lxZcGO]`l�X�SJR1GµRY_b_jR`sOvxf!GcR@E�GHGbhÍ[¨R YsghiUkZgacZgl�X�� �Hl?hil�Xb_O]	d�EVhiX�dV]`lxsCEVl&SJRY_jRYacwgXb_OZ

ki
��EVh¯s�RY_jR`sgXOfg_bh/GOZµU¨�¿RY_b_jR`sOvJRY�nZ=dVZrUWR=mtRY_bhWR~=VUkZµh¨� � ZSJRY_jRYacwgXb_OZ�mtRY_bhkZuZgl�Xb_OZL`BZgX » �

a(pc)
dV]`hiX%dV]`lxs 
gXb_OZuSL]`lxdVfg_OfuSJRY_

ki
RÎ³xlrdVZu_OZgSV_Of!GjZgl�XOZg_¯U¨�¿RY_b_jR`sjvJRY�nZ_OZgUWRYXbh´[ÄÐrU¨��Z!GbSLwpspZ�h¨�zWÀ]1EV_XEVlxZ�Z!GbSLwpspZ¸dV]`lVlxfpZt§NUkZ!GPSLZg_bXOZ!GPhil�GbXjRYl�XjRYlxfpZ!GHSJRY_·RY_b_jR`sOvJRY�nZ<GO]`l�XHfg��RYUkZ!GÐµUWRµ_Ofpd�ExsgXbhk]`l�hil�GOXjRYl�XjRYlxfpZ
dVZ�GjR�=Vhk]`a�R1GHGOZt�JQ¯��fgmn]`U:EVXbhk]`l&dVZ�UWR5=Vhk]`a�R1G�GOZ¸³V��fpZ�dVZ¸U¨��Z!GbSLwpspZ¸hu~

Bi
�Z!GbX¥RYUk]`_�GHfg��RYUkZ�Ðqº

∂Bi

∂t
= −kia(pq)Bi

~\½��¿¾t¾n�
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�u­ÇÈ	�J½�� » ÑxºxQ;]`h;d}�¿RY_b_jR`sOvJRY�nZ
dVfgXOZg_baµhilxfpZ�G-EV_�UkZ
�·_jRYlxde�T]`_bhil¶�

A ¹�� �B���<�����z�������´¹ ����³Y�����z���´®����B�f�z¾z� �������Q¶Z!G¥fp�UEJRYXbhk]`l�G¥_OZgUWRYXbhimnZ!GHÐrUWR8=Vhk]`Uk]`�thkZdGO]`l�XP_Of!Gj]`U:ExZ!G�§3GO]`hiXHR�mnZps\EVlxZ�acfgXbvx]	dVZ¸Z��	SVUihksghiXOZt§?GO]`hiX�SJRY_UWR�acfgXbvx]	dVZ¥dVZ 
�\¶ ¶ÈdZ Y��´\ ���t{Í�GC·]1E�GÄR�mn]`l�GusOvx]`h/Gbhod}� EVXbhiUih/GOZg_ÍUWR¸acfgXbvx]�dVZHdVZ 
�\¶ ¶ÈdZ Y��´\4� �n{¯��Q;R_Of!GO]`U:EVXbhk]`l
dVZ(U¨��fp�UEJRYXbhk]`l��nfglxfg_jRYUkZÍd}�¿R`d�mnZpsgXbhk]`l�Y�d�h/GbSLZg_�Gbhk]`l�Yu=Vhk]`Uk]`�thkZufgXjRYl�XßdxRYl�G¶lx]`Xb_OZ¯s�R1G}_Of!Gj]`U:ExZÍdVZa�RYlVhkwg_OZPdVfpsp]1EVSVUkfpZt§tUWR·sp]`lxspZgl�Xb_jRYXbhk]`lpEVXbhiUih/GOfpZPR@EcdVf	=3EVX¯d}� EVlµSJR1G%dVZuXOZgaµS�Gg=Vhk]`Uk]`�thk��ExZ�sp]`_b_OZ!GbSL]`lxdÐ
UWRµsp]`lxspZgl�Xb_jRYXbhk]`l�Ð
U¨� h/G�G�ExZ�d�EzXb_jRYl�GbSL]`_bXPSJRY_¥R`d�mnZpsgXbhk]`lTZgX¥d�h/GOSoZg_�Gbhk]`l¶�
bdc��gc�� �:� ����o���xzy3y���� �%� �Yx��(y]t��gqax � �s��p:o
Q¶Z!GPfpsOvJRYlV�nZ!G·Zgl�Xb_OZ�UkZ!G�lJRYSVSLZ!GPZgXPUkZ!GPZ�R@E��edVZ]G-EV_±[¨R`spZBhil�XOZg_bm	hkZglVlxZgl�X�ÐrdVZ�E��elVhimnZ�R@E��&º
� Zgl�Xb_OZ�UWRµlJRYSVSoZ�ZgXPUWR
_bhim	hkwg_OZ%Ï
� R@E��=SL]`hil�X�GHdVZ�dVf	=o]`_OdVZgacZgl�XMG�EV_±[\R`sghk��ExZ�dVZBUWRrlJRYSVSLZt�

0�13241��4175 ��� �<³H��¾����ª��³n�����s�J�~�fµ<��·��~�
�	ZgUk]`l�U¨��fgXjRYX=v���d�_jR@EVUihk�UExZ�d�E�Gb�
GOXOwgacZt§ÍdVZ�E���GbhiX-EJRYXbhk]`l�Gqd}��fpsOvJRYlV�nZ!GeZgl�Xb_OZ�UkZ!G²lJRYSVSLZ!G=ZgX²UkZ!G_bhim	hkwg_OZ!G�GO]`l�X¥So]=G�GOh¼=VUkZ!G�~®³x�=EV_OZ�½�� » ½n���

�u­ÇÈ �o½�� » ½�º �HZgUWRYXbhk]`l�G�lJRYSVSLZ!GZY¨_bhim�hkwg_OZ!G
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réseau hydrographique

Cellules production

Zones urbaines

Masses d’eau

Alluvions

Calcaires

Argiles

Sables

Limons

Alluvions − Forêts

Calcaires − Forêts

Argiles − Forêts

Limons − Forêts
0 10 205 Km
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Cote de drainage imposée par le réseau hydrographique
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Cote de drainage (cartes géologiques au 1/50 000)

Cote de drainage (minimum des valeurs du MNT sur la maille)

Flux nul (cuesta d’Ile de France)
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Transmissivités
0.0004 − 0.0010

0.0011 − 0.0050

0.0051 − 0.0100
0.0101 − 0.0150

0.0151 − 0.0180

0 10 205 Km

Emmagasinement
0.006

0.01

0.02
0.05

0 10 205 Km

Drainance verticale
1.00e−009

1.50e−009

2.50e−009

5.00e−009
1.00e−008

0 10 205 Km
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réseau hydrographique

Hors intervalle de confiance

écarts en mgNO3/L

−33.5 − −25.0

−24.9 − −15.0

−14.9 − −5.0
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15.1 − 25.0
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45.1 − 63.2
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4I< & 16+-. &)( IU,2:=(
/6(m]C. * .0/6<m(X&),-<5+2/ * /6,�45/T4I+2/ . . /6+�45/ . W5. * &)( . 45/']i&),-. 76+2/19 *A@ 1+* ( / *B* /`4 @ <5(m,-+2:=(;�3:=(Q45/'+-. 0 . 76+2/ ?A@ * . & :
/6,�& * K 8��  - � D K P / . +21 . < * ,?&), . 45/�*3/6,-,2/ & +2/6]C. 76+2/ 0 & * .04;&),-.0:=(S4I<V]S:U4)7 * /�45/ & 16+-. &)( IF,2:=(C.B] &5* &)(F,21�4;&)( .
���#�
�N� . :=(7, *3:=( . < * ,?&)W * / . /6(Z&)(5(;/sH5/ 5 ? & K �����-D K�.T&)( . *3/2* ( & & .B,-+2/ 8 (;:=< . & *B* :=( . 16,-<;4I.0/6+ *A@ .B] & &%*6,
4I< & 16+-. &)( IU,2:=( . <5+ * /�*uI;* * /�45/ *A@ & � :=,2/ 8 . <5+ * &TWX& . /�45/ . /sH & 16+-.0/6(#*3/ . ]S/6(;13/ . /6( �  - ;� 8 /6,�4I<C]S:U4)7 * /
45/ & 16+-. &)( IU,2:=(LK

�����f� ���
� �'� �����$��� #��h�
� �-�V�^� �����
P / & 16+-. &)( IF,2:=(q/ . ,D<5(�,2/6+-]S/ $ 16(;16+-.0EF<;/ & :=<5+C451 . . $ (;/6+ * / . W5.0: :;* ] .>8 Wd/6(7, ( .0EF<;/ . :=<�(;:=( 8 /6(

+-. 0 . 76+2/}K
w &)]i&=45/ ? �1020 ,ED 451 : (5.B, * / & 16+-. &)( IU,2:=( *3:=]C]S/S16,?&)(F,T<5(�/6( . /6]_W * /Z�}�c� �=�a�r�=�X�p�9 S¡9�S�7¢6£I�r¤[�[¢6£;¡��

¤A�=�X¤d�=£I¤A�}¤[�-��¥X¦I¡��'§j�=�a�}¤A�= i¨2¡9�?©r¥5�=��¡2ª7¡9 ^¥#«0¡j¬'¢6£�� ¦I¨6¤­¨9�-�}¤[�-��¥X¦I¡��T§H¥N�f�}¤[�®�9¤­¡9�?©r¥;¡6¤[�o¤o�¯�®�;°=¡9�9¤­¨{±9�-¨9�­¬'°>�®°)�=�X¤
��� R
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LA BRETONNIEREÉchantillonnage du périphyton
Echantillonnage colonne d’eau
Singularités (moulins, seuils,...)
STEP

P1

P2
P3

P5

P4

Orgeval

�������4�-�}KB�-" < &)+-,2/C45/ . :=< 0 +?& $ / .Y( II4I+?&)< * .0E7<;/ .>8���� ���~/6, & :=.B(7, . 45/ & +21 * 7 0 /6]S/6(F, . 45/ . �  83U]�& 0 & *
4I< DJ+?&)(;4 5 :=+-.B(LK

� ª7¨9���i«B�S��£U���3�! ?¡V�7¡9�T��£;±��9¤[�-�}¤o�`�o D i¡9�a�7¨���©v¢6£�� �o« �T�6�=�A¡9�X¤y D�o�N¨9�-�=£}ª §A�-�� 9¦I¡9�_« �®�?�>¡��­¬i�=£ ±9�[�}«H�2�}�[¢6£;¡��
§H¥N«H�=�#¤­¡��_�r¢6£5�}¤[�[¢3£5¡��C�=£|�= ^¥X¦F�a±9�A¡��j¬F�=K
n /6, � / * ? �10 , � D>0 & &5* < .¯* :=.B(m4;&)( .G. &g451 : (5.B,-.0:=( & <5. . EF< @ . * .B(F,K7 $ +2/T4;&)( . *3/6,v/6( . /6]_W * / * &g]i&),-. 76+2/

4516,-+-.B,-.0EF<;/D/6, . 134I.B]S/6(F,?&).B+2/}K � :=<5+ * <5. 8N* / & 16+-. &)( IU,2:=(~/ . ,D�)£U�N¡� 2�= V V£F�#�}£U¤­¨� 2�= ^¥#«0¡-ª7¡h�7¡D V�" 3�f�$#
±9�a�}¤A�O§j�=« �=£;¡��?©`±-�! 3¤­¨6���A¡��?©% 9¦U�} �¥N�H�=�N�=�5�?©^�}�;�® S�=£}ª)©J�F¨6¤[���[¤[£F�h�=�[�7�=�;�a¢6£5¡9�m¡6¤^�®�N�=�[�7�=�;�a¢6£5¡9�­¬P¢6£U�'¡9�9¤
�}¤a¤A�! 6¦I¨2¡V�=£m�9£5±9�9¤[�-�}¤�¢6£b� �o«d�6�=�[¤¯�=�a�r�=�X�[¢6£;¡V�=£Q�o�#�=�a�r�=�X�[¢6£;¡�©y°{�®° �}�X¤v�}£Q�®�d¡9�9¤­¡F�=K
.^.HMe16+2/6(7,2/ . ,2/6+-]C.B(;: * : $ .0/ . 451 . . $ (;/6(7,C*3/ . *3:=]C]_<5(X&)<5,21 . ? W5.0: :;* ] .>8 W5.0:U45/6+-]S/ . /6, & 16+-. &)( IU,2:=(

&)< . /6( .'* &)+ $ / D /6( Ga:=(#*6,-.0:=(�4I< . <5W . ,-+?&),TEF< @ / *B* / . *3: * :=(5. . /6(7,>K X (�4I. . ,-.B( $ <;/S&).B( . . & +-.B(#*6. & & * /6]S/6(7,
? P : *K3 8 �1020�� D "

� *A@ 1 & . * .B, ( :=( . <5+ . <5W . ,-+?&),�4I<5+ s
� *A@ 1 & . & 1 * :=( . <5+ . 134I.B]S/6(7, . : ( .Ls
� *A@ 1 & . &)( IU,2:=(P&)<5,2:=<5+�45/ &5* &)(7,2/ . ? ]i&%*6+2: &)( IF,2/ .sDNs
� *A@ 1 & .}H I * :=(Z&)<5,2:=<5+^4I<mWd:=. .Ls
� *A@ 1 & . &:. &)]C]S:=(O9 *A@ .B(F,216+-.0/6<5+^45/ . 134I.B]S/6(7, . ]S/6<5W * / . K

�����'&  "! � 
������#��($�g! � �D! �#!
�#� �$���

� <5+ * / DJ+?&)(;4 5 :=+-.B( 8c* /hW5.0: :;* ]�1+* ( &)(7,-. *B* :=(5(;1 ?A@ * . & : 8 �  - ;� D / . , *A@ 1 & . * .B, ( :=( ?A@ . $ <5+2/ �-�}K �ED K
P�@ 1 & . * .B, ( :=(S/ . , &5* < .W& +2: & . *3/�9 *A@ 1+* ( &)(F,-. *B* :=(5(X& $ / 8 45/ *3: *B* /+*6,2/ &5* < . &). . 13/ 8 /6,c. * & +21 . /6(F,2/¯<5(;/¯+-. * ( / .C. /
4 @ / .J& 7+*3/ .H. < & 16+-.0/6<5+2/[9i,2:=< .'* / . &)<5,-+2/ . ,iI & / . 45/DW5.0: :;* ] ? < & � &)<5WN:=(�/6,T& * K 8 �1020 RED K .'/ &5* < . <5(;/
$ +?&)(;45/ & &)+-,-.0/g4I< * .B,�4I< D'+?&)(;4 5 :=+-.B(|/ . ,�+2/+*3:=< 0 /6+-,2/ & &)+G*3/T,�I & /`45/TW5.0: :;* ]QK � :=<5+ . .B] &5* . : /6+ * &
,2/6+-]C.B(;: * : $ .0/ 8 (;:=< . /6] &5* :=.0/6+2:=( .�* /^,2/6+-]S/ $ 16(;16+-.0EF<;/T45/ & 16+-. &)( IF,2:=(|4;&)( .k* & . <5.B,2/J45/2*3/Y* ( & & .B,-+2/}K
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������� �-�}K � " .J/6<;H 0 <;/ . 4I.HMe16+2/6(7,2/ . 4I<P] � ]S/C1+* ( &)(7,-. *B* :=(O45/ & 16+-. &)( IU,2:=( & +21 * / 0 1 9 � :=]C]S/6< . / * /
�����% � � �  - ;�}K @ :=+-,�,?&)<;HQ45/'+2/+*3:=< 0 +2/6]S/6(F,J45/2*3/1*>&). *B* :=<|45/[� �  
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������� �-�}K��;"%t�II4I+2: $ +?&)]C]S/y9 � :=]C]S/6< . / ? * /8 Z/ . , * / � er ]i&). �  - ;�}K D /6,V4;&),2/ . 4 @ 1+* ( &)(7,-. *B* :=(X& $ /}K
��&)+-+2/ . (;:=.B+2/ . ? �! D "e1+* ( &)(7,-. *B* :=(X& $ /R45/ * &]*3: * :=(5(;/S4 @ />&)< s WX&)+-+2/ .1$ +-. . / . ? � D "e1+* ( &)(7,-. *B* :=(X& $ /"45/
*A@ 1 & . * .B, ( :=(LK

	+	��
	���	 @ %
��� ����� ��� ��� ��� $������ � � %(� � ��� � � � ��� � (

P / .W0 &)+-.p&)W * / . * * & . . .0E7<;/ . ? 
c&)W * />&)< �-�}KB� D 45/ * &�*3: * :=(5(;/k4 @ />&)<C:=(7,b16,21�&)(X& * I . 13/ . /6(=*6.B(;E . /+*6,-.0:=( .
4I< DJ+?&)(;4 5 :=+-.B( ?A@ . $ <5+2/ �-�}KB� D "¯(5.B,-+?&),2/ .>8 &)]C]S:=(5.B<5] 8�&)( : .J&)( &),2/ .>8 :+H;I $ 76(;/P4I. .C. :=< .>8 * (5* � 8
]i&),-. 76+2/~/6( . < .J& /6( . .0:=( ? 5 5 � D K P / .C&)( & . / .y& &)+-,-. *6< * &).B+2/ . /6,m4I. . . :=<5,2/ . 4I< *>&)+-WN:=(;/~:=+ $ &)(5.0EF<;/
:=(7,m1 $ & * /6]S/6(F,Q16,21P1+* ( &)(7,-. *B* :=(5(;13/ . ? 
L< . . />&)< 3 �b<5. *B* /6]C.B( /6,"& * K 8 �  - �� D K�.J<5+?&)(7, *A@ 16,21 �  - ;� 8 4I.}H
*>&)] & & $ (;/ . 45/`,2/6+-+?&).B(Z:=(7, & /6+-]C. . 4 @ 1+* ( &)(7,-. *B* :=(5(;/6+2*6.B(;E & :=.B(F, . ?A@ . $ <5+2/[�-�}K�� D K
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� � � � � � � � �4R

 ?�� <�D ��� 8 �9, ? � 8 ��� D � RI8-,2, ? � 8 � �ED ��� 8 � � ? � 8 � ,ED � �U8 � , ? � 8-, 0 D � �U8 � � ? � 8 � �ED
X � ?

mgO2, l−1 D 0 8 020 ? � 8 � ,ED 0 8  R ? � 8 � RED �! 8 � � ? � 8�� � D 0 8 � 0 ? � 8 �%RED 0 8 � � ? �I8 � D
5O5 � ?

mg, l−1 D 0 8 � R ? � 8 � � D � 8cR � ? � 8�� 0 D RI8 � � ? � 8 �;� D �U8cR � ? � 8 020 D ,I8cR � ? � 8cR��ED
F t � ?

mgN, l−1 D  8-, � R ?  8 �20 D  8 � � ?  8 � �-RED  8 � ,-R ? � 8 ��� D  8 ��� ?  8  RED  8 � R ?  8  RED
F2X � ?

mgN, l−1 D  8  � ?  8  ;�10 D  8  �� � ?  8  � 0 D  8  � � ?  8  � � D  8  ���� ?  8  � � D  8  ���� ?  8  � � D
F2X � ?

mgN, l−1 D � 8-, ?  8 � �ED � 8 � ?  8 � ,ED �U8 � ?  8 0 �-D � ?  8 � �-D � ? � 8 �#� D
�>X � ?

mgP, l−1 D  8 ��� ?  8  R��-D  8 � R-R ?  8  ��20 D  8 � � ?  8  �%RED  8 ��� R ?  8  ���� D  8 ��� ?  8  R��-D
<>(5* & ?

µg, l−1 D � 8-, � ? �I8-,��ED � 8  , ? � 8cR��-D � 8cR-R ? �I8 ���-D �U8cR � ? � 8 � �-D �! 8 �10 ? RI8 ��� D
<�X . ?

mgC, l−1 D � 8 �%R ?  8 �;� D �I8 � � ?  8 � � D �I8 � � ? � 8 ��� D �I8 � � ?  8 � � D �I8 � R ?  8 �20 D
<�X � ?

mgC, l−1 D  8��2, ?  8 �-� ,ED  8cR  ?  8 ��� �-D  8 � � ?  8 ���20 D  8 � � ?  8 ���20 D  8 � � ?  8 � �  D

 " 
 /6] & 16+?&),-<5+2/ s^X � " X H I $ 76(;/`4I. . . :=< .Ls 5 5 � "5]i&),-. 76+2/ . /6( . < .K& /6( . .0:=(
F t � ";&)]C]S:=(5.B<5] s FYX � "I(5.B,-+-.B,2/ s FYX �y"I(5.B,-+?&),2/ s �>X �S" &)( : .J&)( &),2/ . s <>(5* &]")* (5* :=+2: &)( I *B* &
<�X � ")*>&)+-Wd:=(;/`:=+ $ &)(5.0EF<;/ & &)+-,-. *6< * &).B+2/ s <�X . ")*>&)+-WN:=(;/`:=+ $ &)(5.0EF<;/`4I. . . :=< .

���������-�}KB�-" �y& * /6<5+ . ]S:xIr/6(5(;/ . 4;&)( .^* &C*3: * :=(5(;/V4 @ />&)< 8 (��=�! 8 1+*>&)+-, 3 ,iI & /V/6(7,-+2/ & &)+2/6(7, ( 7 . / . K & : 3
. .B,-.0:=(Z45/ . . ,?&),-.0:=( . @ . $ <5+2/[�-�}KB�

	+	��
	��
	 � ��� ' �
� � � �#�����������

��������������� � �����! �"�#%$ �'&�����	��)(�(���� ��$ �*�
� <5+ * / . �  y3U] & 0 & * 4I< DJ+?&)(;4 5 :=+-.B( 8e*A@ �+��, �M� �P+2/+*3/6( . &).B, 8 /6( �  - - 8 � , . ,?&),-.0:=( . 4 @ 1 & <5+?&),-.0:=(

+2/>=-/6,?&)(7,^4;&)( .^* / DJ+?&)(;4 5 :=+-.B(P:=<Z4;&)( . . / . &.-S<;/6(7, . 4I.B+2/+*6, . K ��(;/N*>&)] & & $ (;/`.B(7,2/6( . . 0 /g4 @ 1+* ( &)( 3
,-. *B* :=(5(X& $ / ? 
 < . . />&)< 3 �b<5. *B* /6]C.B(O/6,g& * K 8 �  - - s 
L< .C. />&)< 3 �b<5. *B* /6]C.B(O/6, * / w 1 0 /6. *B* 1 8 �  - ;� D & & /6+-]C. .>8
/6( �  - - 8 45/2*>&)+?&%*6,216+-. . /6+ * / . +2/>=-/6, . 4 @ <5(;/`4I. � &).B(;/`45/<*3/ . .B( . ,?& *B* &),-.0:=( .>8 EF<5.e+2/ & +21 . /6(F,2/6(7, �  � 45/ .
+2/>=-/6, . 45:=]S/ . ,-.0EF<;/ . +?&%*+*3:=+2451 . ? � :=< * .B(|/6,J& * K 8 �  - �ED K

P / .2& +21 * 7 0 /6]S/6(7, . :=(7,g16,21S/9Md/+*6,-<;1 . &)<~]S:!Ir/6(�45/ & +21 * / 0 /6<5+ . &)<5,2:=]i&),-. . 1 . /6,T+219G[+-. $ 16+21 .>8M& /6+ 3
]S/6,-,?&)(7, * &C*3:=( . /6+ 0 &),-.0:=(P45/ . 1+* ( &)(7,-. *B* :=( . ]S:xIr/6( .Y& /6(;4;&)(F, � � (L8 /6( /6(7,-+213/V/6,'/6( . :=+-,-.0/D45/ . .B( . 3
,?& *B* &),-.0:=( . K�
 :=< .g* / . 1+* ( &)(7,-. *B* :=( . :=(F,g16,21 :;* ,-+21 .A. <5+ &5* &%*3/ 8|& <5. . +?& &)& :=+-,21 . &)< * &)Wd:=+?&),2:=.B+2/ & :=<5+
&)(X& * I . /}K P / . ]S/ . <5+2/ .C&)( I . . *3: 3 * ( .B]C.0EF<;/ . * * & . . .0EF<;/ . :=(7,"16,21Z/9Me/+*6,-<;13/ . " . � XYRI8 . <�XD8 5O5 � 8
F t � 8�FYX �I8�FYX � 8 �>X � 8(<�X 
 8 <�X . 8 <�X �Qs &).B( . .NE7<;/ * /�G[+?&%*6,-.0:=(5(;/6]S/6(7,kW5.0: * : $ .0EF<;/ . <5+ � R =-:=<5+ .
/6( *>&)+-Wd:=(;/Z:=+ $ &)(5.0EF<;/QW5.0:U451 $ +?&=4;&)W * /P/6,S+219Go+?&%*6,?&).B+2/ 8 4;&)( .h* / .[&)( & . / . 4I. . . :=<5,2/Q/6, & &)+-,-. *6< * &).B+2/
? <�X . � 8 <�X � � 8 <�X . w 8 <�X � w D K � <5+iEF<;/ * E7<;/ . 1+* ( &)(7,-. *B* :=( .{8 45/ . ]S/ . <5+2/ . 45/]*>&)+-Wd:=(;/Q:=+ $ & 3
(5.0EF<;/T+?& & .045/6]S/6(7,^W5.0:F451 $ +?&=4;&)W * /g:=(7,�16,21T+21>& * . . 13/ . ? 5 :=<#* ( / * /6,^& * K 8 �1020 ,ED K

P / . +21 . < * ,?&), . W5+-<5, . 45/ . ]S/ . <5+2/ . /6( . :=+-,-.0/g45/ .�. ,?&),-.0:=( . 4 @ 1 & <5+?&),-.0:=( . :=(F,^+21+*>& & .B,-< * 1 . 4;&)( .J* /

c&)W * />&)< �-�}K � EF<5.e.B(;4I.0E7<;/ * / . 	;<;HR]S/ . <5+21 . /6( . :=+-,-.0/`45/ . . ,?&),-.0:=( . K
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� �� �*) � � ) � � �� ! ! ! � � � � � � " �� � � �� � � �� � � ! 

� �� �*) � � ) � � �� � � � � � � ! �� � � � � � � �� � � �� � � � �

� �� �*) �� � �� � � �� ! � � �� " �� � ! �� � �� "� � " "� � �� � ��

� �� �*) �� � �� � � ��  � � � � � � " � � �� � � � " �� � � � " � �

� �� �*) �� � �� � � � ! ! " ! �� � � �� � �� � � �� � �� � � � " � �

+, -/. 0 021 354 6 798 : ; <= 8> ?= <@ =A > B C < D < = BE B CA @ DF ?G 8> E B CA @ < B 8 B C 7 C = ?= G E> 7 < ;A DH 7 <1

�� ���

m3 �� ��

gC

�� � �

gC

�� �	
gC


�� 

 �

gN


�� 
� �

gN


�� 
� �

gN

� � � � �

gP' �� � � � � � !� �JI � �I � �JI " � �I � � I � � �I � � I " "

KL % �� � � � M� � "� � I � �I  �I ! �I " � I � � �I � � I   

+ , - . 0 021 N54 6 798 : = G ?O C PRQ 8 <= ;A S <@ = <= B C ; ?= T G E> B C> D <= ; <= 8> <=�U < :G> C ; ?= G E> <1 V1 < B G E> WA 8> 1 XY Z 0[ \



�����
����������� �
������� � � �
	���� ��� � � � �	� � � 	���� � ��� �
��� �)	�� � � 		� � � � � ��
 � � ��
 � ��
�


���)� � ��
 ��� � �>������� �)	


L/ .�� <��~45/V]i&),-.��6+2/��X&)+��r/6(X&)(7,�� * &R+-.��F.��6+2/ . :=(F,'G[:=<5+-(5. . / . . /6(7,-.0/ *B* /6]S/6(F,��X&)+ * / .B. ,?&),-.0:=( . 45/
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45/�scW5+2:=<5,2/6<5+fsb4;&)(ks * /¯W5.0:D: * ] � x9� }j(7,-.B+2/ 8 � z dF? $ K+¢�(J�5+2/6]C.0/6+b/�sfs?&).U45/�so�X&),-.p& * .vs?&),-.0:=(
�r/6+-,-.��>& * /S&h16,21g+21>& * .vs?1��X&)+ r s?&=/34;&h/6,fxU:=( � ! ����� $ K �v.0/6(~E7<;/ * /�s'+21�s-< * ,?&),fs 8 /6(P,2/6+-]S/C45/L�5+2:U4I<3���
,2/6<5+fsf�5+-.B]i&).B+2/�s 8 s2:=.0/6(F,D&+sfs2/�cOs�&),-.vsfGa&).vs�&)(7,fs �>r s?&=/34;&m/6,�xU:=( 8 ! ����� $98L* &i:;(;/�sfs2/C45/ * &Q45/�so�6+-.��5,-.0:=(
45/�sE� # 16(;:=]e�6(;/�s^( @ /�s-,E�X&+s^&=4;&D�5,213/��D<5(;/hHr16(;16+?& * .vs?&),-.0:=(S� *A@ 1 � # / *B* /_45/ * &C+-.��F.��6+2/}K
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w%&)+Z&). *B* /6<5+fs 8k* /A�d16+-.�� #Z� ,2:=( &O<5( .B]��X&F�6, s-<5+ * /�sm�d/6,-.B,2/�s"+-.��F.��6+2/�s"(;:=( s2/6< * /6]S/6(F,X�X&)+ * /6<5+
Ga:=+-,2/iW5.0:=]i&+sfs?/~�>&)+-Wd:=(;13/ � �v.�H�H.sC/6,�xF,2:FyAs2/6, #L8 � z*z z s^r ]S1�c3.p&)(;/ 8 ! ����� $ ]i&).vsC&)<ksfs-.a�X&)+ * /�s-,2:G�oy
45/|WX&F�6,216+-.0/�sh(5.B,-+-.;:#&)(F,2/�sQ/6, # 16,216+2:=,-+2:F� # /�smE7< @ . * �3:=(7,-.0/6(F,>KEb'&)(ksR<5(\]S:F4I� * /P45/9�N16+-.�� #1� ,2:=( 8 . *
/�s-,T(;1 �3/�sfs�&).B+2/C45/��5+2/6(;4I+2/S/6(|�3:=]��5,2/ *A@ /6(ks2/6]gW * /S45/��3/�sf�3:=]C]_<5(X&)<5,21�sgW5.0: * :FH}.0EF<;/�s>KV
L/Oso� # 16]i&
�3:=(3�3/��5,-<;/ * 4I<Y]S:U4I� * /P45/q�d16+-.�� #Z� ,2:=(\EF<;/|(;:=<ksR&��r:=(ksR1 * &)Wd:=+21
s2/QGa:=(;45/ s2<5+ * /Z]S:F4I� * /~�����%�
]S:U4I.;:X1}K

� :=]C]S/_(;:=<ks *A@ & �r:=(ksO�U<P&)<q�X&)+?&DH}+?&D� # / � K@?IK d � �LK@z�? $98X* &S+-.��F.��6+2/g/�s-,^4I.��U.vs213/g/6(Z,-+2:=.vs��3:=]��X&)+^�
,-.B]S/6(7,fs K5* &��3: * :=(5(;/_4 @ />&)< 8;* /�s�s2134I.B]S/6(7,fs^/6, * /��d16+-.�� #Z� ,2:=( �>`%* .��N:C/6,J& * K 8 ! ����y $ K

= :=<5,2/�s * /�s*�=&)+-.p&)W * /�s¯4I<C]S:F4I� * /^�����c�Os2:=(7,b+2/��5+21�s2/6(F,213/�s¯4;&)(ks�� # &F�6<5(h45/�s�,-+2:=.vs*�3:=]��X&)+-,-.B]S/6(7,fs
/6, * /�s��5+2:1�3/�sfs2<ksb+2/�s-,2/6(7, * /�sb]Ot6]S/�sk&)<=s2/6.B(i45/�� # &=E7<;/
�3:=]��X&)+-,-.B]S/6(7, �>` .�H}<5+2/ � K ��� 8 �LK@z y $ K � @ /�s-,l�
4I.B+2/�EF<;/ * &k]S:U451 * .vs?&),-.0:=(_4I<L�3:=]��d:=+-,2/6]S/6(7,%45/�s[�}&)+-.p&)W * /�sL/�s-, * &v]Ot6]S/�4;&)(ks.� # &=EF<;/*�3:=]��X&)+-,-.B]S/6(7,
/6,�s-<5.B, * /�s�13E7<X&),-.0:=(ks
�5+21�s2/6(7,213/�s^/6(|&)(5(;/C�I/ r � �LK � z d $ K
w%&)+��3:=(7,-+2/ 8 � # &=E7<;/~�}&)+-.p&)W * /"/�s-,D451C:;(5.0/i�3:=]C]S/"16,?&)(7,�s��d1 �6.;:XEF<;/i� * &9�3: * :=(5(;/R4 @ />&)< :=<l&)<

Wd/6(7, # :*s>K�
L/"�3:=]��d:=+-,2/6]S/6(7,C45/~� # &=EF<;/e�}&)+-.p&)W * /h/�s2,g45:=(3�CGa:=(3�6,-.0:=(�4I< �3:=]��X&)+-,-.B]S/6(7,S4 @ :+rO/ *B* /
/�s-,D:=+-.�H}.B(X&).B+2/}K	w
&)+V/C�I/6]�� * / 8c* /�sf�5+2:U4I<3�6,2/6<5+fsJ�5+-.B]i&).B+2/�sD:=+-.�H}.B(X&).B+2/�sV4I<OWN/6(F, # :*s � & * H}<;/�s�:I�513/�s $
s-<5W5.vsfs?/6(7,D<5(;/SGa:=+-,2/"� # :=,2:=.B( # .BW5.B,-.0:=( * :=+fs?E7< @ . * s�s2/R4516,?&F� # /6(7,S4;&)(ks * &q�3: * :=(5(;/R4 @ />&)<LK r^* :=+fsgEF<;/
* :=+fs2EF< @ . * s s2:=(7,Z&),-,?&F� # 1�s 8 �3/�s"]Ot6]S/�sm�5+2:U4I<3�6,2/6<5+fs s2<5.��r/6(7,m<5(;/ * :=.`45/S� # :=,2:*s � (7, # ��s2/�45/ , � �d/
s?&),-<5+?&),-.0:=(LKEgb(	�3/ EF<5.h�3:=(3�3/6+-(;/ * /�s"WX&F�6,216+-.0/�s 8E` .vso� # /6+Q/6, wb<kso� # � ! ����� $ :=(7,Q:=Wks2/6+��r1~EF<;/ * /�s
WX&F�6,216+-.0/�s3s2:=(7,p� * <ks
�d/6,-.B,2/�sJ4;&)(ks * &ec>:=(;/f�d1 * &DH}.0E7<;/gE7<;/g4;&)(ks * /�s&s2134I.B]S/6(7,fs{K/bT&)(ks * /_]S:F4I� * /D45/
W5.0:D: * ] 8 :=(~4I.vs-,-.B(IH}<;/ * /�sh�6.B(;16,-.0EF<;/�sT45/�s'WX&F�6,216+-.0/�s # 16,216+2:=,-+2:F� # /�s`:=< (5.B,-+-.;:#&)(7,2/�sg/6(|Ga:=(3�6,-.0:=(�45/
* /6<5+�:=+-.�H}.B(;/ K �3: * :=(5(;/g4 @ />&)< 8 s2134I.B]S/6(F,^:=<m�d16+-.�� #Z� ,2:=(LK


L/�s^1 � # &)(IHr/�s'/6(7,-+2/ * /`Wd/6(7, # :*sJ/6, * &"�3: * :=(5(;/g4 @ />&)<S�3:=(3�3/6+-(;/6(7,L� * &VGa:=.vs * /�sp� # &+s2/�s^4I.vs:s2:=<5,2/�s
/6,J�X&)+-,-.��6< * &).B+2/�s>K^
L/�sL�5+2:G�3/�sfs-<ksg]C.vsD/6( �-/6< �d/6<I�r/6(7,�t6,-+2/R4I.HMd16+2/6(F,fs�s2<5.��=&)(F, * /�sJ�3:=]��X&)+-,-.B]S/6(7,fs
16,-<;4I.01�s � s?134I.B]S/6(7,fs�:=<q�N16+-.�� #1� ,2:=( $ K � /�s�1 � # &)(IHr/�sJ:=(7,�16,21T451 �6+-.B,fsJ&)<X�X&)+?&DH}+?&D� # / � K@?IK �q� �LK@z y $ K

������� ��!"�T� �i�-���T�f�����g!"� �X�:� ���f�����f�����

= +2:=.vsus-.B]g< * &),-.0:=(ksT:=(7,'16,21g+21>& * .vs?13/�s �>= &)W * />&)< ��� K � $ &n:;( 4 @ 1��}& * <;/6+O� * <ksO�5+21 �6.vs216]S/6(F, *A@ .B]��X&F�6,
4I<i�N16+-.�� #1� ,2:=( s2<5+ * &DEF<X& * .B,21T45/�s�/>&)<��dK�
L/�s�s2.B]_< * &),-.0:=(ks��3:=(3�3/6+-(;/6(F, * &J�N16+-.0:U45/h!�!g]i&). � �-:=<5+�!�! $
� � /6+�s2/��5,2/6]gW5+2/ � �-:=<5+ � ! y $ ! ����� K

����� �"!$#&%('$#*),+.-0/ 12),+3-0#4'$#&)5+0�76&#&8�#4'$��� 9�):-(#4;3�=<>'$#*),+.-0�"��%?<@!A<@8�B"' !$���
C7)58 ��),8�%3<>! '$#*8��"+:'D%FE"!$#&%?GIH:'$)5+ !$E�%?<@! '$#4'$#&)5+.-(��6*<J�AG?6LK -(����%0!$):-(/?�"'$��/(!$��%0!$#&8M<,#4!$���

9�N�8�����O5<>!$#*<,P?6&��� Q5R
ST<@6*U,/?����-(E"'A<,�AG?E��"�
V�E"WXEY!$��+?��� ZI/?�[-?<,+0� \5R
S]�AG?6&)@!$)5%?GIH(��E��"� +?)5+

6^<	��)56&)5+0+?�_-a` �=<@/ b=R5Sc-0#*<@'$),8�E����
de<@�7-(�fP3<@�"'$E"!$#&����+?#4' !$#4;F<@+:'$�"� Q5R
ST<@6*U,/?����-(E"'A<,�AG?E��"�

g #*8	/?6ih�C�j '$),/0'$����6&����<,/(' !$��� \5R
S]�AG?6&)@!$)5%?GIH(��E��"� +?)5+
O5<>!$#^<@P?6&��� b=R5Sc-0#*<@'$),8�E����

<,/0��/?+0����<,6&U5/0����-0E"'A<@�YG0E����
g #*8	/?6ih�C�d %3<@�7-(��%FE"!$#&%?GIH:'$)5+ Q5R
S]�AG?6&)@!$)5%?GIH(��E��"� ),/?#

k
R5Sc-0#*<@'$),8�E����
����� � ��� K � K b'/�so�6+-.��5,-.0:=(i45/�s"s2.B]_< * &),-.0:=(ks>K5w%&)+?&)]e�6,-+2/�s¯45/�s �5+2:F4I<3�6,2/6<5+fs��5+-.B]i&).B+2/�s�4;&)(ks * / = &)W * />&)<
��� K@z


L/i4516W5.B,V&)]S:=(7,��3:=+-+2/�s��N:=(;4O&)<�4516W5.B,g]S/�s-<5+21k� w%:=]C]S/6<ks2/ 8 &)<;EF<;/ * s @ &D�I� * .0EF<;/ * &"+2/ * &),-.0:=( K
Qaffluent

Qref
= (

Saffluent

Sref
)α
8 :+r x|/�s-, * & s-<5+fGA&F�3/C4I<~WX&+sfs-.B(A�r/6+fs?&)(7,g/6,

α
� � 8 y KV} * /6( /�s2,`45/V]Ot6]S/
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�d:=<5+ * /�s^&��S<;/6(7,fs{K

L/�sl�3:=(;4I.B,-.0:=(ks¯W5.0:FHr13:G� # .B]C.0EF<;/�s�s2:=(7,a�3/ *B* /�s¯:=Wks2/6+��r13/�s]�h
 &��v+2/6,2:=(5(5.��6+2/ � &)]S:=(F,k4I<h45:=]i&).B(;/ $

/6,*�d:=<5+ * /�sy&��S<;/6(F,fs 8 �3/ *B* /�sy]S/�s-<5+213/�sy/6(h&��=& * 4I<e�5+-.B(3�6.��X& * &��S<;/6(F, 8r*A@{r <5WN/6,-.B( � �r:=.B+ * /�s �d:=.B(7,fs]w �
/6,�w�? ` .�H}<5+2/ ��� K � $98 4I<5+?&)(7, *A@ 16,21L! ����� K/
L/�s�/��S<;/6(F,fs^45/�s � � ��� s?:=(7,�451C:;(5.vs�� *A@ &).045/_45/�s�]S/�s-<5+2/�s
+21>& * .vs213/�s^4I<5+?&)(7, *A@ 16,21L! ����� K


L/V]S:F4I� * /R�����c� g �3:=]��5+2/6(;4~<5(�H}+?&)(;4~(;:=]_W5+2/i45/��=&)+-.p&)W * /�s`/6,`45/��X&)+?&)]e�6,-+2/�s{K 
 &R]i&��-:=+-.B,21
45/�sO�X&)+?&)]e�6,-+2/�s`&S16,21D4516,2/6+-]C.B(;13/�H}+��F�3/J�h45/�sJ/C�G�d16+-.0/6(3�3/�s��5+21>& * &)W * /�s>K�wc:=<5+ * /�sp�X&)+?&)]e�6,-+2/�sT45/�s
/�s�� � �3/�s'+2/ * &),-.��r/�sL� * &i�3: * :=(5(;/C4 @ />&)< 8 (;:=<ks`& �r:=(ks`<5,-. * .vs21 * /�s��=& * /6<5+fsT4516,2/6+-]C.B(;13/�sg4;&)(ks * /��>&=4I+2/
4I<"���
	���
 �N� ���L� � {T&)+-(5.0/6+k/6,v& * K 8 � z*z � s {T&)+-(5.0/6+k/6,v& * K 8 ! ����� $ K1
L/�sl�X&)+?&)]e�6,-+2/�sv45/�sl�5+2:U4I<3�6,2/6<5+fs
�5+-.B]i&).B+2/�s�s?:=(7,�451C:;(5.vs^4;&)(ks * / = &)W * />&)< ��� K@z 8 /6,��3/6<��Q45/�s�WX&F�6,216+-.0/�s�4;&)(ks * / = &)W * />&)< ��� K d

� 1 �
1��i� #&8J/06�h�C[d�� g E=-0#&8���+I'$� d E"!$#&%?GIH:'$)5+
�YG06*)@!$)5%0G:H(��E"���

Pmax (h−1) 0.5 0.33 × ×
α ((m2sµE−1)h−1) 0.0012 0.0012 × ×
β ((m2sµE−1)h−1) × × × ×-0#*<@'$),8�E����

Pmax (h−1) 0.25 0.167 × ×
α ((m2sµE−1)h−1) 0.0012 0.0012 × ×
β ((m2sµE−1)h−1) × × × ×<,6&U5/0���7PF�"+:'$G0#*Z:/0���

Pmax (h−1) 0.0565 × × 0.0565
α ((m2sµE−1)h−1) 0.0001225 × × 0.0001225
β ((m2sµE−1)h−1) 0.0001 × × ×

ηconst (m−1)
b�� R

× ×
R�� ���

ηchla (m−1.(µg.L−1)−1)
R�� R,k

× ×
R�� R,R5R(b�Q

ηsm (m−1.(mg.L−1)−1)
R�� R��

× ×
R�� R,R5R5R��

����� � ��� K@z K w
&)+?&)]e�6,-+2/�s�45/ * &�+2/ * &),-.0:=( � # :=,2:*s � (F, # ��s2/��A.B+-+?&=4I.p&)(3�3/ �
P (z) = Pmax(1 −

e−
αI(z)
Pmax )e−

βI(z)
Pmax

$ 45/�s��5+2:U4I<3�6,2/6<5+fs��5+-.B]i&).B+2/�sb4;&)(ks * &p�3: * :=(5(;/k4 @ />&)< � n � $98)* /�s%/�s��5� �3/�scWd/6(7, # .0EF<;/�s
�3:=+-+2/�s��d:=(;45/6(7,'&)<��m& * H}<;/�s^/6(Z4516+-.��r/`4;&)(ks * &��3: * :=(5(;/_4 @ />&)<LK

� : * :=(5(;/`4 @ />&)< xU134I.B]S/6(F,fs w%16+-.�� #Z� ,2:=(
t �

µmax (h−1)
� K ��yZ� � K ��yZ� � K ��yZ�

KNH4 (mgNL−1)
� K � ! � K � ! � K �

KO2 (mgO2L
−1)

� K � � K � � K �
Bmax (mgCL−1) × × � K �

t � �3: * :=(5(;/_4 @ />&)<
µmax (h−1)

� K ��y ��� K ��� � K ��y���� K ��� � K ��y ��� K ���
KsubsmgCL−1 � K �!��� K � � K �!��� K � � K �!��� K �
KO2 (mgO2l

−1)
� K �"��� K � � K �#��� K � � K �"��� K �

t �YWd/6(7, # :*s
µmax (h−1)

� K � ! � K � ! � K � !
KsubsmgCL−1 � K � � K � � K �

KO2 (mgO2L
−1)

� K � � K � � K �
$��&%.��2�')(+*�,�%�-�.�'.%�(/,�%1052�'2(/-�.!354]�6%6��2�'
(/*�,W%7-�.98:*�(/*�,+;�(+,/;�<:8:-�.>=C2�?@(+;@'A8�(+;�':-CB+2�D�D7;@'A8�(+;�':-�E

� � � � ��� K d K w
&)+?&)]e�6,-+2/�s^45/�sJ&F�6,-.��F.B,21�s�WX&F�6,216+-.0/6(5(;/�s

F 1LWG�IH�+?+?�/J0�KHL�(%M�&b)��N��
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b @ &)<5,-+2/�sl�X&)+?&)]e�6,-+2/�sv:=(7,¯16,21p�>& * 1�s>K r .B(ks-. 8}* /
�3:F/��"�6.0/6(F,v45/�4I.HMd<ks-.0:=(h]S: * 1 �6< * &).B+2/^/6(F,-+2/ * /�Wd/6(A�
, # :*s
/6, * /�s	s2134I.B]S/6(F,fs 8 g

s

o 8 /�s-, ,-+2:=.vscGa:=.vs � * <ks
1 * /��r1a�d:=<5+ * /l�N16+-.�� #1� ,2:=(CEF<;/*�d:=<5+ * &p�3: * :=(5(;/k4 @ />&)<LK
w%:=<5+b,2:=<5,2/�s * /�s
/�s�� � �3/�s
4I.vsfs2:=<5,2/�s
4;&)(ks * /�s�s2134I.B]S/6(7,fs 8 * /a�3:U/��"�6.0/6(7,�45/k4I.HMN<ks2.0:=(g,-<5+-W5< * /6(F,2/E�=&)<5, K
g

s
� � K ������� K � :=(3�3/6+-(X&)(7, * /�s��N/6+-,2/�sl�N/6+-]i&)(;/6(F,2/�sk4I<"�d16+-.�� #Z� ,2:=( 8 b'/ r (IHr/ * .vs¯/6,k& * K � � z*z � $98 bJ/6(F,

/6,kt^/6(5+ �9� � z*z*zW$98 .B(;4I.0EF<;/6(7,�<5(R,?&)<��h45/ � K ��� � −1 K1
 /�,?&)<��h45/J+216,2/6(F,-.0:=("4I<i�d16+-.�� #Z� ,2:=(Q&_16,21O�>& * 1
� � 8�� K1
L/�,?&)<��i4 @ &)+-+?&F� # &DHr/&s-<5.B, * & * :=. �>` .�H}<5+2/ � K �8y �LK@z zW$ 4516,2/6+-]C.B(;13/O�h�X&)+-,-.B+¯45/�s #1� 4I+2:FH}+?&)]C]S/�s
45/"�6+-<;/�sD4I< {'+?&)(;4 xP:=+-.B(�45/�sg16,21�sJ! ����� /6,J! ����� /6,g45/ * &Z4516]i&)+o� # /~�5+2:F�d:*s213/h&)< �X&)+?&DH}+?&D� # /
� K@?IK � K r <3�6<5(m&�� <ks2,2/6]S/6(7,�s-<I�I� * 16]S/6(7,?&).B+2/J( @ &g16,21�+21>& * .vs21}KIxU/6< *#* /p�3:F/��"�6.0/6(F,�4 @ &)+-+?&F� # &DHr/Oy

i
&_16,21

:I�51f� � K@?J�N:=<5+ * /�sE�5+2:F4I<3�6,2/6<5+fs
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�3:=+-+2/�s��d:=(;4�/C�5&F�6,2/6]S/6(F,9� * &�E7<X&)(F,-.B,21~4 @ &)]C]S:=(5.B<5] (5.B,-+-.;:X1}K � /6,-,2/ +2/6]i&)+2EF<;/~]S:=(7,-+2/~EF<;/ * /
]S:U4I� * /T(;/us-.B]_< * /f�X&+s��3:=+-+2/ �6,2/6]S/6(7, * &C4516(5.B,-+-.;:U�>&),-.0:=(|4;&)(ks * /�s
�3:=<5+fs�4 @ />&)<LK u (m�d/6<5,�]S/6,-,-+2/`/6(
& �}&)(7,J45/6<��i�>&)<ks?/�s K

� <5(;/�]i&)<I�}&).vs2/�45/�so�6+-.��5,-.0:=( 4I< �3:=]��d:=+-,2/6]S/6(7,�45/�s|WX&F�6,216+-.0/�s # 16,216+2:=,-+2:F� # /�s��N:=<5+S�3/�EF<5.
�3:=(3�3/6+-(;/ * &C4516(5.B,-+-.;:U�>&),-.0:=( s

� * /Q]S:U4I� * /q�3:=(ks-.04I�6+2/ * /X�d16+-.�� #Z� ,2:=( /6, * /�sk�=&+s2/�sk�3:=]C]S/|45/�sk�3:=<3� # /�sR<5(5.HGa:=+-]S16]S/6(7,"]S1��
* &)(IHr13/�s>K�w
&)+��3:=(ks?13E7<;/6(F, 8 . * (;/e�5+2/6(;4|�X&+s_/6( �3:=]��5,2/ * /�sg/9Md/6,fs`:=Wks?/6+��r1�sg45/Os2,-+?&),-.;:U�>&),-.0:=(
�r/6+-,-.��>& * /V45/ *A@ :�� � HW�6(;/ � 
c& * &)(;45/ 8 ! ����y s w &)WN:=<5. *B* /D/6,'& * K 8 ! ����� $ K 
 &�s-,-+?&),-.;:U�>&),-.0:=(��r/6+-,-.��>& * /
45/�s�W5.0:D: * ]Os�Wd/6(7, # .0EF<;/�s^&V16,21�s2:=<I�r/6(7,�+2/��d:=+-,213/`4;&)(ks * & * .B,-,216+?&),-<5+2/ � �v.B+�H7&)(;4 8 ! ����� $ K

������
 �|�f�f������
l���	���#! !"� �i���u���
�N!
�	����� ��� � ��� ��� ��� � � P �����

flux amont

3241

affluents

1500

flux amont

260

260

nitrification :
périphyton : 224

vase : 5

flux aval

4998

229
affluents

20

Nitrates

Ammonium

flux aval 119

Colonne d'eau Cycle de l'azote

kgN.j
-1

STEP

100

STEP

31

� ����� ��� K@z K �v. * &)(V]S: � /6(C4 @ &Dc>:=,2/ 8 � *A@ 1 � # / *B* /v45/�s yZ� yF] 16,-<;4I.01�s 8 s-<5+ * /�s%EF<X&),-+2/¯]S:=.vs%45/�s-.B]g< * &),-.0:=(LK

L/�s � <�� s2:=(F,�/C���5+-.B]S1�s�/6(XyGH t K � −1 K


L/�s�s-.B]_< * &),-.0:=(ksE�d/6+-]S/6,-,2/6(7,�4 @ 16,?&)W * .B+ 8 � *A@ 1 � # / *B* /'45/�s yZ� yF] 16,-<;4I.01�s 8 <5(RW5. * &)(R]S: � /6(Q4 @ &Dc>:=,2/
s-<5+ *A@ /6(ks2/6]gW * /Q45/ * &S�N16+-.0:U45/"16,-<;4I.013/ �>` .�H}<5+2/ ��� K@z $ K 
L/�sCW5. * &)(ksV]S:=(F,-+2/6(7,i<5(;/m�3:=(ks?:=]C]i&),-.0:=(
.B]��d:=+-,?&)(7,2/Z45/ *A@ &)]C]S:=(5.B<5] �X&)+S(5.B,-+-.;:U�>&),-.0:=(LK�b'/6<���,-.0/6+fsi4I< � <���,2:=,?& * 4 @ &)]C]S:=(5.B<5]�/�s-,C1 * .¡�
]C.B(;1J�X&)+ * /�sO�5+2:G�3/�sfs-<ksJWd/6(7, # .0EF<;/�s K �6+2:=.vsfs�&)(3�3/g45/�sO�5+2:U4I<3�6,2/6<5+fsh�5+-.B]i&).B+2/�sT4I<9�d16+-.�� #Z� ,2:=( � dUK �
yGH t K � −1 $98 /6,_(5.B,-+-.;:U�>&),-.0:=(�4;&)(ks * /�sL�=&+s?/�s`/6, * /��d16+-.�� #Z� ,2:=( � +2/�s��N/ �6,-.��r/6]S/6(F, � /6,�!�?WdiyGH t K � −1 $ K
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L/^W5. * &)(m4 @ &Dc>:=,2/�.B(;4I.0EF<;/J<5(R/6(5+-.�� # .vsfs2/6]S/6(7,�45/ * &T,2/6(;/6<5+�/6(R(5.B,-+?&),2/�sk45/ * &��3: * :=(5(;/'4 @ />&)<R45/�!�! z
yGH t K � −1 K � /6,k/6(5+-.�� # .vsfs2/6]S/6(F,�/�s-,v+2/ * &),-.��r/6]S/6(7,kGA&).BW * /
�X&)+v+?&D�I�N:=+-,E� * &��3:=(7,-+-.BW5<5,-.0:=(Q45/�s�&��S<;/6(F,fs
/6,g45/�s ��� ��� � �i� ? � yGH t K � −1 $ K } * +2/��5+21�s2/6(F,2/i<5( # <5.B,-.��6]S/"45/ *A@ /6(5+-.�� # .vsfs2/6]S/6(F,C,2:=,?& * 45/�s yZ� yU]
& �}& * K � /��d/6(;4;&)(7, 8F* /�]S:U4I� * /�s-<5+^�­/�s2,-.B]S/ * / � <��S45/�(5.B,-+?&),2/�s]� *A@ /C�I<5,2:=.B+2/�4I< {J+?&)(;4=xP:=+-.B(LKZ
L/�sa!�! z
yGH t K � −1 s2:=(7,p�F+?&).vs?/6]_W * &)W * /6]S/6(7,`4516(5.B,-+-.;:X1�sp�X&)+^45/�s�WX&F�6,216+-.0/�s # 16,216+2:=,-+2:F� # /�s^Wd/6(7, # .0EF<;/�sO�>&)+p�3/
� <��J�3:=+-+2/�so�N:=(;4C&)<��D1 �>&)+-,fs �>` .�H}<5+2/ ��� K � $ /6(7,-+2/E�3:=(3�3/6(F,-+?&),-.0:=(ksy/6(V(5.B,-+?&),2/�s"s-.B]g< * 13/�sb/6,
:=Wks?/6+��r13/�s>K


L/'W5. * &)(Q]S: � /6(|45/'(5.B,-+?&),2/�s �>` .�H}<5+2/ ��� K d $98 s-<5+ * /�s yZ� yU] & �}& *A8 .B(;4I.0E7<;/6(F,�<5( � <��"(;1�H * .�Hr/>&)W * /
45/�4516(5.B,-+-.;:U�>&),-.0:=(=s-.B]g< * 13/}KW
 &'4516(5.B,-+-.;:U�>&),-.0:=(=s2.B]_< * 13/�+2/��5+21�s2/6(F,2/�s2/6< * /6]S/6(F, �u~ 4I< � <��D(5.B,-+-.;:X1�� 8
+21�s-< * ,?&)(F,^/6(m<5(;/ s-<5+^�­/�s2,-.B]i&),-.0:=(|4I< � <��Q4 @ &Dc>:=,2/`/C���N:=+-,21T45/ y K@z ~�� K

flux amont
3240

affluents
1500

nitrification
236.8

dénitrification
5 producteurs primaires

7.8

224
échanges dissous 4.7

dénitrification 7.1
producteurs primaires 2.3nitrification

11.9

Périphyton

Vase

flux aval
4998

Colonne d'eau Nitrates kgN.j
-1

STEP
31

� ����� ��� K d K �v. * &)(~]S: � /6( 8 s2<5+ * /�s`E7<X&),-+2/V]S:=.vsg45/�s-.B]_< * &),-.0:=( 8 45/C(5.B,-+?&),2/Os-<5+ * /�s yZ� yU] & �}& * 4I<
{J+?&)(;4 xP:=+-.B(LK3
L/�s � <�� s2:=(F,�/C���5+-.B]S1�s�/6(myGH t K � −1 K

�	����� �
	 � � ����� ����� ����� � � 
 ��� ���
	 � ���
������� � ��� ��� � ���

 @ &F�6,-.��F.B,21i45/V(5.B,-+-.;:U�>&),-.0:=(�/�s-, * :G�>& * .vs213/e� *A@ &)]S:=(7,D4I<�45:=]i&).B(;/}K[
 @ &)(X& *�� s2/S45/ * & ` .�H}<5+2/ ��� K y

]S:=(7,-+2/"EF<;/ * &Z(5.B,-+-.;:U�>&),-.0:=( /�s-,��X&)+-,-.��6< * .��6+2/6]S/6(F,C.B(7,2/6(ks2/"4;&)(ks * /�sD4I.;�|�5+2/6]C.0/6+fs�yU. * :=]e�6,-+2/�sC4I<
45:=]i&).B(;/ 8 & �r/ �P<5(;/~&F�6,-.��F.B,21P(;:=(\(;1�H * .�Hr/>&)W * /�� <ks?E7< @ &)< �Iy�� z dFzIKl
 @ &)(X& *�� s2/ 45/ * &�4I.vs2,-+-.BW5<5,-.0:=(
* :=(IH}.B,-<;4I.B(X& * /~45/�s # &)<5,2/6<5+fsm4 @ />&)<	� *A@ 16,-.p&DHr/ �>` .�H}<5+2/ ��� K �W$ ]S:=(F,-+2/~E7<;/ * /�sR,-+2:=(;�3:=(ksm��GA&).BW * /
�5+2:)Ga:=(;45/6<5+�s2:=(7,^/�sfs2/6(7,-.0/ *B* /6]S/6(F, * :G�>& * .vs21�s�/6(Z&)]S:=(F,^4I<m�Iy z dFzIK r :;(Q45/T4516,2/6+-]C.B(;/6+ * /�s�,?&)<��Q45/
(5.B,-+-.;:U�>&),-.0:=( 8 (;:=<ks�& �r:=(ksE�>& * �6< * 1 8 � *A@ &).045/J4I<R]S:U4I� * / 8F* /^W5. * &)("45/^(5.B,-+?&),2/h� *A@ &)]S:=(7,�4I<"45:=]i&).B(;/ 8
4I<X�Iy z ��y &)<X�Iy z dFz �>` .�H}<5+2/ ��� K zW$ K

� ���:U�� � −1 � /(!K�@\5Q�� � �:U,C � � −1 �
� �@\(b��:U5CL� � −1 � /(!�k ����� �(U,C � � −1 �
� d ),#*+I' �:#&6&)58�E"' !$#*ZI/?���
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� � ��� ��� K ��K b^.vs2,-+-.BW5<5,-.0:=( * :=(IH}.B,-<;4I.B(X& * /g45/�s # &)<5,2/6<5+fs�4 @ />&)<9� *A@ 16,-.p&DHr/}K

flux amont

3240

affluents

1251

nitrification

178.3

dénitrification

4.5 producteurs primaires

6.8

167
4.5

dénitrification 2.3

producteurs primaires 1.2nitrification

4.5

Périphyton

Vase

flux aval

4685

nitrification

6.8

Nitrates kgN.j
-1

dénitrification

2.3

Colonne d'eau

STEP

23

� ����� ��� K z�K �v. * &)(m]S: � /6( 8 s-<5+ * /�s�EF<X&),-+2/']S:=.vs�45/us-.B]g< * &),-.0:=( 8 45/J(5.B,-+?&),2/ s-<5+ * /�s
! � yF] &)]S:=(F,�4I<
45:=]i&).B(;/`]S:U451 * .vs21}KI
L/�s � <�� s?:=(7,�/C���5+-.B]S1�s�/6(myGH t K � −1 K
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 @ /�sfs2/6(F,-.0/ * � d �b~ $ 45/ * &`(5.B,-+-.;:U�>&),-.0:=(Z& * .0/6<"4;&)(ks * /�sa�F.B(IH},a�5+2/6]C.0/6+fs]yF. * :=]e�6,-+2/�sk4I<"45:=]i&).B(;/��rK

L/ � <��P]S: � /6( �-:=<5+-(X& * .0/6+_45/D(5.B,-+-.;:U�>&),-.0:=(����X&)+ * /��d16+-.�� #Z� ,2:=(�/�s-,T45/ � ! � ]�H t K ] −2 K � −1 K 
L/J�5.��
4 @ &F�6,-.��U.B,21k(5.B,-+-.;:#&)(7,2/�]i&n�I.B]i& * /k4I<J�d16+-.�� #Z� ,2:=(i&J16,21k:=Wks2/6+��r1 * / y �f<5. *B* /6, �>` .�H}<5+2/ ��� K y $ KF
L/v]S:U4I� * /
�>& * �6< * / * &J�U.B,2/�sfs2/T45/ *A@ />&)<Z/6(X� # &=E7<;/`]i&). *B* /`45/ * &D+-.��F.��6+2/}KX¢�(;/']S: * 1 �6< * /`4 @ />&)<|/6(7,-+213/L� *A@ &)]S:=(F,
4I<R]S:F4I� * /^/6(R4516W5<5,k45/"�-:=<5+-(;13/J&)+-+-.��r/'&)<~�Iy z d � � * &�:;("45/ * &��f:=<5+-(;13/}KG
L/J4516W5.B,¯]S: � /6(R4;&)(ks]�3/
s2/ �6,2/6<5+�/�s-,�45/ y ] 3 K-s −1 KI
 &D(5.B,-+-.;:U�>&),-.0:=(Z/6(F,-+2/ * /��Iy z ��y /6, * /��Iy z d � 13E7<5.��}&)<5,
�g<5(;/'+2134I<3�6,-.0:=(
45/ * &i�3:=(3�3/6(F,-+?&),-.0:=(O/6(�&)]C]S:=(5.B<5] 45/ � K � ]�H t K{
 −1 8 s2:=.B,`<5( � <���45/ ��� � yGH t K � −1 KV
 & s-<5+fGA&F�3/4I<hG[:=(;4h/6(7,-+2/ * /�sl�Iy z ��y /6, z d � /�s-,v45/ � K@! � yF] 2 K1
 @ &F�6,-.��F.B,21^(5.B,-+-.;:#&)(7,2/']i&n�I.B]i& * /J4I<k�d16+-.�� #Z� ,2:=(
/�s-,�45:=(3�`45/�! y z � ]�H t K ] −2 K � −1 K

� :=]C]S/S(;:=<ks *A@ &��r:=(ksL�U<�&)< �X&)+?&DH}+?&D� # / ��� K@zIK@! 8L* /i]S:F4I� * /S(;/=s-.B]g< * /e�X&+s`W5.0/6( * /��5+2:1�3/�s:s-<ks
45/i4516(5.B,-+-.;:U�>&),-.0:=(LK u (�( @ :=Wks2/6+��r/k�X&+sg45/R4516(5.B,-+-.;:U�>&),-.0:=(}s-<5+ * /�s��5+2:D: * sg/6( * :=(IH|/C���d16+-.B]S/6(7,?&)<��
45/�s¯,2/6(;/6<5+fsv/6(R(5.B,-+?&),2/'4;&)(ks * &��3: * :=(5(;/J4 @ />&)< �>` .�H}<5+2/ ��� K y $98 & * :=+fskEF<;/ * /^]S:F4I� * /&s-.B]g< * /�<5("/6(5+-.¡�
� # .vs:s2/6]S/6(7,�4 @ &)]S:=(7,k/6(m& �}& *A8 45/�s¯,2/6(;/6<5+fsv/6(h(5.B,-+?&),2/�s>K � /6,¯/6(5+-.�� # .vs:s2/6]S/6(7,��3:=+-+2/�s��d:=(;4h&)< � <��i45/
(5.B,-+-.;:U�>&),-.0:=(X�X&)+ * /��d16+-.�� #Z� ,2:=(LK u (~�d/6<5,�45:=(3�us-<I�I�d:*s2/6+�E7<;/ *A@ /6(ks2/6]gW * /`45/ *A@ &)]C]S:=(5.B<5] (5.B,-+-.;:X1
/�s-, 8 /6( +21>& * .B,21 8 4516(5.B,-+-.;:X1��X&)+'<5(S�5+2:G�3/�sfs-<ks'45/D(5.B,-+-.;:U�>&),-.0:=(A�­4516(5.B,-+-.;:U�>&),-.0:=(LK�b'&)(ks * &�s-<5.B,2/V45/��3/
� # &D�5.B,-+2/T:=( s-<I�I�d:*s2/ 8 �N:=<5+�/�s-,-.B]S/6+ * &D4516(5.B,-+-.;:U�>&),-.0:=( 8 EF<;/ *A@ &)]C]S:=(5.B<5] (5.B,-+-.;:X1T4;&)(ks * /O�d16+-.�� #Z� �
,2:=(C/�s-,
4516(5.B,-+-.;:X1]�X&)+
45/�s��5+2:G�3/�sfs-<ks%Wd/6(7, # .0EF<;/�s>K�
L/v,?&)<��g45/k4516(5.B,-+-.;:U�>&),-.0:=(S]S: � /6(S4I<��d16+-.�� #Z� ,2:=(
4I<�{J+?&)(;4�x|:=+-.B(D/�s-,c& * :=+fsc/6(`]S: � /6(5(;/�s-<5+ * /�s �F.B(IH},.yF. * :=]e�6,-+2/�s%&)]S:=(7,
4I<`]S:F4I� * /¯45/ ��� � yGH t K � −1 K

L/J,?&)<��i]S: � /6(Q45/^4516(5.B,-+-.;:U�>&),-.0:=(q�3:=+-+2/�so�N:=(;4m&)<��h/�s-,-.B]i&),-.0:=(ks # &)<5,2/�s�45/�sa�}& * /6<5+fsk+2/ �3/6(ks213/�sa�X&)+
�v.B+�H7&)(;4 � ! ����� $��>= &)W * />&)< ��� K �W$ K�b'/p� * <ks 8 s-. * /�svWX&F�6,216+-.0/�s�(5.B,-+-.;:#&)(7,2/�s�4I<k�d16+-.�� #Z� ,2:=( s2:=(7,�s-,-.B]g<A�
* 13/�sl�X&)+¯45/�Ga:=+-,2/�s��3:=(3�3/6(F,-+?&),-.0:=(ks�/6(R&)]C]S:=(5.B<5] 8 & * :=+fs * /�s�,?&)<��i45/�(5.B,-+-.;:U�>&),-.0:=( s2:=(F,¯/6(3�3:=+2/p� * <ks
.B]��d:=+-,?&)(7,fs>K � / � <��i(5.B,-+-.;:X1T/�s-,�& * :=+fsk4516(5.B,-+-.;:X1 8 �3/'E7<5.V�3:=+-+2/�s��d:=(;4m��! y z � ]�H t K ] −2 K � −1 K � /6,-,2/&F�6.B,-.��U.B,21S4516(5.B,-+-.;:#&)(7,2/h]i&n�U.B]i& * /�s2/�s-.B,-<;/i&)<�(5.��r/>&)<�45/�sT,?&)<��~]i&n�U.B]g<5] +2/ �3/6(ks21�sL�X&)+��v.B+�H7&)(;4
� ! ����� $ K

�����
	���
�	���������	���� ����������	������! 
�"�#
��$�
%�&'��
(�
ρ)+*-,/.0) −2 . 1 −1 )2. 1 −1

34�65-�6�
�7�98:
(�;�7 <3=�;
�	�� ,���� �;> �+�1,
?34��?�	 )A@
) 8:
��$�7 B34�;
�	�� ��/��.� �$> ��,

?CD������
(E$�$F�F��G�H� @ 
��$��� ,���I������ �;> �6�JI	�$>(�
KL�$F�� @ 
(%M��?N��
(O ) �6% �8,LI��10���� ×
? g /(!�6^< P?<,� � -�` /0+?���")5+?�"��+I' !A<@'$#&)5+ 8�)=HI�"+?+?�[-0� N_8�U5C � 
 −1

����� � ��� K ��K � :=]��X&)+?&).vs2:=(�45/�sJ,?&)<��P45/D4516(5.B,-+-.;:U�>&),-.0:=(�4I<A�N16+-.�� #1� ,2:=(�4I< {J+?&)(;4$xP:=+-.B( &��r/ � * /�s
.B(7,2/6+��}& *B* /�s�45/f�=&)+-.p&),-.0:=(ks�,-.B+21�s�45/ �v.B+�H7&)(;4 � ! ����� $ K

�����QP � �f�T� ���X�T�f��� �X�g� �2! ��R��2! ��� �h�
�i�-�V�J�������
�	���TS���� U � ��� ��� �WV � � ������� � � � � � ��� � ��� � � � � ��� � � �
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`cbdISbdG^G~R-]�X[R�FHk�F7Z\ODZ�NDZ�FHIhQvsBZcR�KMFHN|IJF � bdfgKMFH�sG^QSR {=Z\G~Z\NBFHISR-]^R�s|��FHkz� �Y¡ ��¢~£ y�¤ bdkks|]zQvsPKub*sDbdGks
FHQhGksPQ/]^R-ISbdG^�sk~R�s�`D�^NDbdG^QSjek~R�sLbd�ksDR\NPqxZcR�s�R\G(jekMFHOPNDR sPOBFHOPQSbdGksL]zk��MF+s:sPQhG¦¥ { F { F�qdFHG~]^R\NPQSR§�¨FcqsFHI
]^R|IYX[©�k^��R\OPQhGWV�ªs«s¬-­ef 2 £®V"x¯R\QhIhISR\NBFc���¨FHf�bdG�Op]zk {�NBFHG~]}x¯bdNPQhGWV�°s°s¬¯­ef 2 £®V"w�bdfgf�R\kksDR7� sPOBFHOPQSbdGQhG�ODR\NPf�Zc]zQJFHQhNDR$sPk^NrISR {�NBFHG~] x¯bdNPQhG±R\G²FHf�bdG�O_]^RaIJF�`cbdGz³~k~R\G~`cR�F�qxRc`LIYX[©�k^�uR\OPQhGWV wsw ¬-­	f 2 £®V�R\OT�QhIhIhQSR\ND´_�¨FcqsFHI;]zk {�NBFHG~]�x¯bdNPQhGWV}vav�«s¬µ­	f 2 £ y ©¶IYX�FHQS]^R�]^Rc´t`cbdG~`cR\GeOPNBFHOPQSbdG~´�R\G�G^QhOPNBFHODRc´�]~FHG~´tISRc´
Fdjek^Qmlon\NDRc´=K^NDZ�FHIJFH�^ISR\f�R\GeO
Rc´POPQhf�ZcRc´tR\O=]^Rg´DQhftk^IJFHOPQSbdG~´t]^R�OPNBFHG~´PloR\NPO�KMFd´D´DQml�R\G-NPQhq	QSn\NDRsVuG~bdk~´/FHIhISbdG~´
]^Z\ODR\NPfgQhG~R\N�]^Rc´�OBFHkz�L]^R�]^Z\G^QhOPNPQm�M`�FHOPQSbdG1G~R\OPODRtKMFHN�IYX[R\G~´DR\ft�^ISR�]zkL�MFd´B´PQhGLqxR\ND´BFHGeO=FHk¯]zNDbdQhO�]^R�`cRc´
jekMFHOPNDR/´PQhODRc´�]^R=K^NDZ\ISn\qxR\f�R\GeO y

9;:=<·: �!A"�X���^�T���T�(¸����M@������º¹cE�@X��»b���X�T�D¹1E"�¼@i���u����@uE
�M½�¾¿½�¾�� À�Á � � ��� �zÁ � ���xÂ��xÃ ��� � � 
 � �xÃYÂ � Á
{ Rc´;�~�sk^NDRc´�v�ª y vsV�v�ª y ªzV�v�ª y °zVeR\O=v�ª y Ä K^NDZc´BR\G�ODR\G�O�IJF�`cbdfgKMFHNBFHQS´DbdGµ]^Rc´�`cbdG~`cR\G�OPNBFHOPQSbdG~´�R\GpG^QhOPNBFHODR

bd�~´DR\NPqxZcRc´
R\Ot´PQhf�k^ISZcRc´
FHkz�&jekMFHOPNDR�´PQhODRc´�]^R�K^NDZ\ISn\qxR\f�R\G�Og]^RgIJF¯¡ ��¢�V$´Pk^N/IJFµK�Z\NPQSb	]^Rr]zk±v er frFHQv�ÅsÅzv�FHk§«&Fcq	NPQhItv�ÅsÅ �zy;{ Rc´rOPNDbdQS´_´POBFHOPQSbdG~´p]^RaÆ�R\QhIhISR\NBF��xV;Ç�bdfgf�R\k~´DR¯R\O�T�QhIhIhQSR\ND´rK^NDZc´DR\GeODR\G�O|]^Rc´
`cbdG~`cR\G�OPNBFHOPQSbdG~´
bd�~´DR\NPqxZcRc´/´DQhfgQhIJFHQhNDRc´tÈpIYX[Z\OPQJFH�xR y ��G±v�ÅsÅzvsV�`cRc´�`cbdG~`cR\GeOPNBFHOPQSbdG~´�´DbdGeO/]^R�IYX[bdND]zNDR�]^R
« y Ä fg� ¤
y[{ −1 y ��IhISRc´�FHOPODR\Qh�sG~R\GeO �zy °�fg� ¤
y[{ −1 R\G�v�ÅsÅ �zy © { F { F�qdFHG~]^R\NPQSRsVMIYX[Z\qxbdIhk^OPQSbdGLODR\fgKubdNDR\IhISR]^Rc´/`cbdG~`cR\GeOPNBFHOPQSbdG~´
bd�~´BR\NPqxZcRc´tRc´PO/K^Ihk~´/qdFHNPQJFH�^ISR y�{ Rc´�ODR\G~R\k^ND´tR\G&G^QhOPNBFHODRc´t]zQhfgQhG�k~R\GeO�IJFa´DRc`cbdG~]^R
FHG^G~ZcR y}{ X�FHG^G~ZcR&v�ÅsÅsª-j�k^Q�F1Z\ODZa´Bnc`D�~RplYFHQhO�´Pk^QhODRaÈ1]^R\kz�ÉFHk^OPNDRc´_FHG^G~ZcRc´r´Dnc`B�~Rc´ y�{ F-]zQhfgQhGek^OPQSbdG
]^Rc´�`cbdG~`cR\G�OPNBFHOPQSbdG~´gIJF�´DRc`cbdG~]^R|FHG^G~ZcR_]^R_f�Rc´Pk^NDRc´gÈ { F { FcqsFHG~]^R\NPQSRµRc´PO�`cR\NPOBFHQhG~R\f�R\GeOr]zk~RpÈLIJF
]zQhfgQhG�k^OPQSbdG-]^R�IYX�FHIhQhf�R\G�OBFHOPQSbdG�]^RtIJF�NPQhq	QSn\NDR/KMFHN�ISRc´�Fdjek^Qml¨n\NDRc´�´Pk^KuR\N·�M`\QSR\IS´=j�k^Q�´DR/OBFHNPQS´B´DR\G�O y � R\OPODR
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���	KubdOP�~nc´DR�G~bdk~´�Rc´PO�´Pk^�s�xZ\NDZcR�KMFHN�IYX[Z\qxbdIhk^OPQSbdGµ]zk_]^Z\�^QhO�]�X[Z\OPQJFH�xR�bd�~´DR\NPqxZ�È { F { F�qdFHG~]^R\NPQSRg�98�Qh�sk^NDR
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:1;=<1>�v�ª y vs¥�© ��FHk~`D�~R&¥�?�bdG~`cR\G�OPNBFHOPQSbdG~´r´DQhftk^ISZcRc´�R\O�bd�~´DR\NPqxZcRc´_È { F { FcqsFHG~]^R\NPQSR&�¨ªs«s¬¯­	f 2 £ y ©]zNDbdQhODR�¥^��qxbdIhk^OPQSbdG1]zka]^Z\�^QhO�]�X[Z\OPQJFH�xR
È { F { F�qdFHG~]^R\NPQSR y Ç�Z\NPQSb	]^Rr¥�v er frFHQ;v�ÅsÅzv"@;«gFcq	NPQhI�v�ÅsÅ �zy

:1;=<1>$v�ª y ªz¥A?�bdG~`cR\G�OPNBFHOPQSbdG~´=´PQhf�k^ISZcRc´�R\O�bd�~´DR\NPqxZcRc´�È�Æ�R\QhIhISR\NBF����¨°s°s¬�­ef 2 £ y v er frFHQ;v�ÅsÅzv"@;«gFcq	NPQhIv�ÅsÅ �zy
¡CBED�BGF*HL´PQhftk^ISRL]^Rc´r`cbdG~`cR\G�OPNBFHOPQSbdG~´|R\GÉNPQhq	QSn\NDRµ�^QSR\G±´Pk^KuZ\NPQSR\k^NDRc´_FHkz�Ébd�~´DR\NPqsFHOPQSbdG~´ yJI GÉlYFHQhO

IYX ���	KubdOP�~nc´DRtjek~Rt`cR/]zQm��Z\NDR\G~`\QSR\I�]^Rt`cbdG~`cR\G�OPNBFHOPQSbdG~´�Vº]~FHG~´�IJFgf�Rc´Pk^NDR�bLKaIJFgODR\G~R\k^N�R\GLG^QhOPNBFHODRc´�]^Rc´
R�FHkz�¯´Bbdk^ODR\NPNBFHQhG~Rc´�´PQhftk^ISZcR�KMFHN/¡ABMD�BGF*H�Rc´PO�NDZ�FHIhQS´PODRsVu`cbdNPNDRc´PK�bdG~]-FHk¯³~kz��]^Z\G^QhOPNPQm�MZ�ISbdND´�]zk¯KMFHNN@
`cbdk^ND´g]^RpIYX[R�FHki]~FHG~´�IYX[R\G~´DR\ft�^ISRµ]zk��MFd´D´DQhG²¥�Fdjek^Qmlon\NDRc´�K^NDbHl¨bdG~]^´�V�GMFHK^KuRc´�FHIhIhk^qeQJFHISRc´�R\O�NPQhq	QSn\NDRc´ y
{ F¯]z�	GMFHfgQSj�k~Rµ]^Rc´g`cbdG~`cR\GeOPNBFHOPQSbdG~´r]�X[Z\OPQJFH�xRµ´PQhf�k^ISZcRc´gKMFHNr¡CBED�BGF*Ha`cbdNPNDRc´PK�bdG~]ÉÈ¯`cR\IhISRµ]^Rc´�bd�O@
´DR\NPqsFHOPQSbdG~´ yM{ RtOBFHkz�L]�X�FHk^�sf�R\GeOBFHOPQSbdG�]^R/IJF_`cbdG~`cR\G�OPNBFHOPQSbdG�ÈgIYX[Z\OPQJFH�xR�´PQhf�k^ISZtKMFHN�¡CBED�BGF*H
´DR\f��^ISR
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:1;=<1>ºv�ª y °z¥�?�bdG~`cR\GeOPNBFHOPQSbdG~´�´PQhftk^ISZcRc´�R\O;bd�~´BR\NPqxZcRc´�È�Ç�bdfgf�R\k~´DR�� wsw ¬�­	f 2 £ y v er frFHQ$v�ÅsÅzv @�«/Fcq	NPQhIv�ÅsÅ �zy

:1;=<1>�v�ª y Ä ¥A?�bdG~`cR\GeOPNBFHOPQSbdG~´�´DQhftk^ISZcRc´�R\O�bd�~´DR\NPqxZcRc´�ÈgT�QhIhIhQSR\ND´
�·v�v�«s¬�­	f 2 £ y v er frFHQ�v�ÅsÅzv @;«�Fcq	NPQhIv�ÅsÅ �zy
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`cbd�~Z\NDR\G�O�FcqxRc`�ISRc´�bd�~´BR\NPqdFHOPQSbdG~´ y Ç�bdk^N;ISRc´;´DOBFHOPQSbdG~´�]zk��=NBFHG~]rÆ¯bdNPQhGWVxIYX�FHk^�sf�R\G�OBFHOPQSbdGµbd�~´DR\NPqxZcR�Rc´PO
]^R�IYX[bdND]zNDR�]^R�¬ y Å�fg� ¤
y[{ −1 y FHG −1 y ¡ABMD�B F�H�´PQhftk^ISRtk^G~R�FHk^�sf�R\G�OBFHOPQSbdG-ÈgÇ�bdfgf�R\k~´DR
R\O�È�T�QhIhIhQSR\ND´]^Ra¬ y w fg� ¤
y[{ −1 y FHG −1 y Ç�FHN_`cbdG�OPNDRaISRµf�be]^n\ISR|G~RaNDR\K^NDbe]zk^QhO�KMFd´��^QSR\GWV�K�bdk^NgIJF�]^R\NPG^QSn\NDRLFHG^G~ZcR]^Rp´PQhftk^IJFHOPQSbdGWV�IYX�FHk^�sf�R\GeOBFHOPQSbdG±R\G�G^QhOPNBFHODR|È�Æ¯R\QhIhISR\NBFc� y ��GÉ`cRpj�k^Q�`cbdG~`cR\NPG~R { F { FcqsFHG~]^R\NPQSRsV�IJF
]z�	GMFHfgQSj�k~R/´DQhftk^ISZcR�KMFHN�¡ABMD�B F�HtRc´PO�`cbd�~Z\NDR\G�ODR�FcqxRc`�ISRc´�bd�~´DR\NPqdFHOPQSbdG~´ y
{ F¯`cbdfgKMFHNBFHQS´DbdGi]^Rc´�`cbdG~`cR\G�OPNBFHOPQSbdG~´rbd�~´BR\NPqxZcRc´gR\O�´DQhftk^ISZcRc´�QhG~]zQSjek~RsV�Kubdk^N�ISRc´
OPNDbdQS´g´POBFHOPQSbdG~´

ISb	`�FHIhQS´DZcRc´�´Pk^N�ISR���NBFHG~]LÆ¯bdNPQhGWV^IYX[R®�zQS´PODR\G~`cRt]^R/K�R\NPODRc´�KMFHN�]^Z\G^QhOPNPQm�M`�FHOPQSbdG-È�IYX[Z\OPQJFH�xRt]^RtIYX[bdND]zNDRt]^R
° y Ä fg� ¤
y[{ −1 �98�Qh�sk^NDRc´�v�ª y ª�È/v�ª y Ä £ y�{ Rc´�Zc`�FHNPOD´�R\GeOPNDR;bd�~´BR\NPqdFHOPQSbdG~´�R\O$´PQhf�k^IJFHOPQSbdG~´�È { F { FcqsFHG~]^R\NPQSR´DbdGeO_K^Ihk~´pqsFHNPQJFH�^ISRc´ y �=ISbd�MFHISR\f�R\G�O�V�IJF�]^Z\G^QhOPNPQm�M`�FHOPQSbdG G~R\OPODR-È�IYX[Z\OPQJFH�xR��iRc´DO_]^R�IYX[bdND]zNDR¯]^R Ä~y «
fg� ¤
y[{ −1 y

�M½�¾¿½�¾ ½ À�Á��LÁ~Â��	��
}Á
����Ã����HÁ����YÁ��§Á����
©�kr`cbdk^ND´�]^Rc´�Z\qxn\G~R\f�R\G�OD´�K^Ihk^qeQSR\kz��VxISR�f�be]^n\ISR�´PQhftk^ISR�]^R�l¨bdNPODRc´�`cbdG~`cR\GeOPNBFHOPQSbdG~´�]^R�G^QhOPNBFHODRc´�R\G

NPQhq	QSn\NDR yM{ Rc´=`cbdG~`cR\G�OPNBFHOPQSbdG~´�`�FHIS`\k^ISZcRc´=´DbdGeO�frF��PbdNPQhOBFHQhNDR\f�R\G�O�K^Ihk~´�Z\ISR\qxZcRc´�jek~R/ISRc´�`cbdG~`cR\G�OPNBFHOPQSbdG~´
bd�~´DR\NPqxZcRc´ y Ç�bdk^N�FHGMFHIh�z´DR\N�ISRc´�Zc`�FHNPOD´�R\G�OPNDR/bd�~´BR\NPqdFHOPQSbdG~´�R\O�´PQhftk^IJFHOPQSbdG~´�VºbdGµK�R\k^O�`cbdfgf�R\G~`cR\N�KMFHN
NDR\OPNBFHG~`D�~R\N|FHkz��`cbdG~`cR\GeOPNBFHOPQSbdG~´|´PQhftk^ISZcRc´rIYX[Zc`�FHNPOrR\G�OPNDRa´DQhftk^IJFHOPQSbdG~´rR\O_bd�~´DR\NPqdFHOPQSbdG~´rR\GiK�Z\NPQSb	]^R
]^R
�MFd´D´DRc´�R�FHkz�uVu´DbdQhO=R\G�OPNDR�° y Ä R\O Ä~y «_fg� ¤�y[{ −1 y Æ1FHIh�sNDZ
`cR\OPODR�`cbdNPNDRc`\OPQSbdGWVuISR
f�b	]^n\ISR
´DQhftk^ISR�]^Rc´`cbdG~`cR\G�OPNBFHOPQSbdG~´�K^Ihk~´�l¨bdNPODRc´�jek~R�`cR\IhISRc´�bd�~´DR\NPqxZcRc´ yAI GaKuR\k^O�l¨FHQhNDR=K^Ihk~´PQSR\k^ND´�`cbdfgf�R\G�OBFHQhNDRc´�¥

� IYX[Zc`D�MFHGeOPQhIhISbdG^GMFH�xR-GWX[Rc´POrKMFd´��Pbdk^NPGMFHIhQSR\N y Ç�FHNµ`cbdG~´DZcj�k~R\GeO�V�QhI�´DRaKuR\k^O_jek~R¯`cR\NPOBFHQhG~´rK^QS`c´|]^R`cbdG~`cR\G�OPNBFHOPQSbdG¯G~R�´DbdQSR\G�O�KMFd´�bd�~´DR\NPqxZc´��
� ISRc´�ODR\G~R\k^ND´�R\G¯G^QhOPNBFHODRg]^Rc´=R�FHkz�1]^R�NPk^QS´B´DR\IhISR\f�R\G�O/´DbdGeO�frFHI�`cbdG^G�k~Rc´ y�{ R
f�b	]^n\ISR�`cbdG~´PQS]^n\NDR]^Rc´_R�FHkz�§]^RLNPk^QS´D´BR\IhISR\f�R\G�Oµ`D�MFHNP�xZcRc´aÈ&IJF�ODR\G~R\k^Nµ]^Rc´pR�FHkz� ´Dbdk~´pNBFd`\QhGMFHQhNDRc´|Rc´POPQhf�ZcRc´pKMFHN
��� ; ¡ H y � I�´DR�K�R\k^O=jek~R�]~FHG~´�ISR
`�Fd´�]^R�IJF�lobdNPfrFHOPQSbdG-]�X k^G~R
`\NDbdk^ODR
]^R��MFHOPOBFHG~`cRsVuISRc´=R�FHkz��]^R
NPk^QS´D´DR\IhISR\f�R\GeO�´DbdQSR\G�O�G~R\OPODR\f�R\G�O�f�bdQhG~´�`D�MFHNP�xZcRc´�R\GgG^QhOPNBFHODRc´}j�k~R�ISRc´�Rc´POPQhfrFHOPQSbdG~´�]zkgf�b	]^n\ISR	�

� ISRc´�K^NDb	`cRc´D´Pk~´��^QSbdISbd�sQSjek~Rc´�bdGeO�k^GµQhfgKMFd`\O�´Pk^N�ISRc´�ODR\G~R\k^ND´�R\GµG^QhOPNBFHODRc´�]^Rc´�R�FHkz�µ]^R=NPk^QS´B´DR\IhISR @f�R\G�O y"! G~R=KMFHNPOPQSR/]^Rc´�R�FHkz�a]zkµNPk^QS´D´BR\IhISR\f�R\G�O��~bdNPODbdG^QSR\G�´�X QhGz�~IhOPNDR�ISbdND´�]^R/´BbdGa`D�~R\fgQhG~R\f�R\G�O
´Pk^NtISR_�MFd´D´PQhG'qxR\ND´BFHG�O y#� I;´DRrK�R\k^O�jekWX k^G~RrKMFHNPOPQSR|]^Rc´�G^QhOPNBFHODRc´
]^Rp`cR_NPk^QS´D´DR\IhISR\f�R\G�Og]^Rp´Pk^�O@
´Pk^N·lYFd`cRp´BbdQhO�`cbdG~´Dbdfgf�ZcRa´DbdQhO�KMFHNgIJF1`\NDbdQS´D´BFHG~`cRµ]^Rc´�K^NDbe]zk~`\ODR\k^ND´gK^NPQhfrFHQhNDRc´�V}´DbdQhO�KMFHNgk^G~R
]^Z\�sNBFd]~FHOPQSbdGµ�MFd`\ODZ\NPQSR\G^G~R y^{ FtK^NDR\fgQSn\NDR=���	K�bdOP�~nc´DR=`cbdNPNDRc´PKubdG~]|Ètk^GpNDRc`\�z`\IJFH�xR�]^R�IYX�FH��bdODR�]zk
�MFd´D´PQhGWV^IJFr´DRc`cbdG~]^R/QhGeODR\NPqeQSR\GeO�]~FHG~´�IJF�jekMFHG�OPQm�M`�FHOPQSbdG1]zkLKubdODR\G�OPQSR\I�]^R/]^Z\G^QhOPNPQm�M`�FHOPQSbdG1ODbdOBFHISR
]zkL�MFd´D´DQhG yM{ Fr´DRc`cbdG~]^R/�e�eKubdOP�~nc´DR
´DR\ft�^ISR
`cR\K�R\G~]~FHGeO�KuR\kLK^NDbd�MFH�^ISR
`�FHN�QhI�´DR\NBFHQhO�G~Zc`cRc´B´BFHQhNDR
j�k~R�ISRc´�R�FHkz��KMFd´D´BR\G�O�KMFHN;]^Rc´;fgQhIhQSR\kz�rOPNDnc´�FHK^KMFHk^q	NPQS´�R\G_bc�z�	�xn\G~R ye� R�K^Ihk~´;ISRc´�`\QhG~Z\OPQSj�k~Rc´�]^R
]^Z\G^QhOPNPQm�M`�FHOPQSbdG�´DbdGeO�ISR\G�ODRc´�R\O�ISRc´�ODR\fgK~´�]^R=OPNBFHG~´·loR\NPO�]^Rc´�R�FHkz�|]^R/NPk^QS´D´DR\IhISR\f�R\G�O�`cbdk^NPOD´ y
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�M½�¾FE�¾G� H¯Á�IKJL�M���xÃN�O�	�xÃGJL�P
�Á��RQ.�	�?JLST�HÁ"�VULW��
{ Rc´�bd�~´BR\NPqdFHOPQSbdG~´�R\GLNPQhq	QSn\NDR/G~R�´DbdG�O�KMFd´	�Pbdk^NPGMFHIhQSn\NDRc´ y�¤ bdk~´=FcqxbdG~´�NDRc`cbdG~´POPQhOPk~Z�ISRc´�`cbdG~`cR\GeOPNBF @

OPQSbdG~´X�·bdk^NPGMFHIhQSn\NDRc´�R\G�´Pk^K^Kubs´BFHG�O�j�k~RrIJFL]^R\NPG^QSn\NDR|]^bdG^G~ZcRp]zQS´PKubdG^Qh�^ISR_Z\OBFHQhO
NDR\K^NDZc´DR\G�OBFHOPQhqxRµ]^R_IJF
KuZ\NPQSbe]^R�frFHG~jekMFHG�ODR y	{ bdND´Djek~R�IJF=f�Rc´Dk^NDR�]^R�]^Z\�^QhO;GWX[Z\OBFHQhO�KMFd´}]zQS´PKubdG^Qh�^ISR�bdk_´Pk~´PKuRc`\ODRsVsG~bdk~´;F�qxbdG~´
k^OPQhIhQS´DZ�ISR�]^Z\�^QhO�´DQhftk^ISZ�`cbdfgf�R�Rc´POPQhfrFHOPQSbdGg]zk�]^Z\�^QhO�NDZcR\I~F �~G�]^R�`�FHIS`\k^ISR\N�ISR�³~kz��bd�~´DR\NPqxZ yd{ F�8�Qh�sk^NDR
v�ª y «�K^NDZc´DR\GeODR�ISRc´�³~kz�a`\k^ftk^ISZc´�bd�~´DR\NPqxZc´�R\O�´DQhftk^ISZc´�V~´Dk^N�IJF�K�Z\NPQSb	]^Rgv�ÅsÅzv @Bv�ÅsÅ �zyM{ Fg`cbdk^NP��RZY
8�Ihkz�
fgQm�zODROY�`cbdNPNDRc´PKubdG~]LÈ
IJFg`cbdG~`cR\G�OPNBFHOPQSbdG1bd�~´DR\NPqxZcR�f�k^IhOPQhK^IhQSZcR/KMFHN�ISR�]^Z\�^QhO�´PQhftk^ISZ y
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:1;=<1>Mv�ª y «z¥M8�Ihkz��`\k^f�k^ISZc´�´PQhf�k^ISZc´}R\O}bd�~´DR\NPqxZc´�FHkz�gj�kMFHOPNDR�´DOBFHOPQSbdG~´}]^R�f�Rc´Pk^NDR�R\GgO ¤
y v er frFHQWv�ÅsÅzv@;«gFcq	NPQhI}v�ÅsÅ �zy~{ R�³~kz�pfgQm�zODR�`cbdNPNDRc´PKubdG~]aFHkz�|`cbdG~`cR\GeOPNBFHOPQSbdG~´�bd�~´BR\NPqxZcRc´�ftk^IhOPQhK^IhQSZcRc´�KMFHN�ISR�]^Z\�^QhO
´PQhf�k^ISZ y

{ R�³~kz�a]�X[R®�zK�bdNPOBFHOPQSbdG-È�T�QhIhIhQSR\ND´�Rc´PO�]^R_vt°s°s«g­	� ¤
y ­ef −2 y FHG −1 ! G~RtFHGMFHIh�z´DRt`cbdfgKMFHNBFHOPQhqxR
]^Rc´
`cbdG~`cR\G�OPNBFHOPQSbdG~´�bd�~´DR\NPqxZcRc´�ÈtT�QhIhIhQSR\ND´�R\O�È
Ç�bdfgf�R\k~´DR�QhG~]zQSjek~R�k^G~R�]zQhfgQhGek^OPQSbdGL]^Rc´�`cbdG~`cR\G�OPNBFHOPQSbdG~´
R\G�OPNDR�`cRc´=]^R\kz��´POBFHOPQSbdG~´ y ?�R\OPODR�]zQhfgQhGek^OPQSbdG�]^RtIYX[bdND]zNDR�]^Rg¬ y ª�fg� ¤
y[{ −1 Rc´PO�IhQSZcR
FHk1f�Z\IJFHG^�xR�]^Rc´R�FHkz��]zk'��NBFHG~]¯Æ�bdNPQhG-FcqxRc`�ISRc´=R�FHkz�L]^RtIJFrGMFHK^K�R�FHIhIhk^q	QJFHISR�´Pk^KuR\N·�M`\QSR\IhISR�j�k^Q�FHIhQhf�R\G�ODR�ISR;��NBFHG~]
Æ¯bdNPQhG']~FHG~´t`cR_´DRc`\ODR\k^N y �}G±v�ÅsÅ � V$IJF�¡ <�¢'FµR®��Rc`\OPk~Z�k^G'´Dk^QhqeQ}f�R\G~´Dk~R\I;]^R�]^R\kz�&`�FHK^OBFH�xRc´
]~FHG~´
IJF
GMFHK^KuRtFHIhIhk^qeQJFHISRt]^R�`cR�´DRc`\ODR\k^N�VMÈ ?�bdk^ISbdfgfgQSR\ND´�R\O�È � FHfgfrFHNPOPQhG¯´Pk^N���Qh�xR�FHkz� y^{ Rc´�`cbdG~`cR\GeOPNBF @
OPQSbdG~´�f�b��xR\G^G~Rc´�R\GµG^QhOPNBFHODR�]^R�`cRc´�`�FHK^OBFH�xRc´�Z\OBFHQSR\GeO�NDRc´PKuRc`\OPQhqxR\f�R\G�O�]^R/¬ y ªgR\O�¬ y «�fg� ¤
y[{ −1 y ?�Rc´f�Rc´Pk^NDRc´�f�R\OPODR\GeO�R\G7qsFHISR\k^N�ISR�l¨bdNPO�K�bdODR\GeOPQSR\I�]^Z\G^QhOPNPQm�ºFHG�Or]^Rp`cR\OPODR|GMFHK^KuRp´Dk^K�R\N·�M`\QSR\IhISR|]~FHG~´�IJF
qsFHIhISZcR
F�qdFHI�]zk �=NBFHG~]�Æ¯bdNPQhG yº¤ bdODbdG~´�FHk~´D´PQ�j�k~RsV�]~FHG~´=`cRt´DRc`\ODR\k^N�V�ISR5�=NBFHG~]¯Æ¯bdNPQhG1Rc´PO�FHIhQhf�R\GeODZ
KMFHN�IYX[�}be`cn\G~RsV	jek^QMK^NDZc´DR\GeODR�]^Rc´�`cbdG~`cR\G�OPNBFHOPQSbdG~´��uR�FHk~`cbdk^KpK^Ihk~´}lYFHQh�^ISRc´;jekWX�È�IYX�FHf�bdGeO�]zk_�MFd´D´DQhG_]zk
��NBFHG~]aÆ¯bdNPQhG&�98�Qh�sk^NDRrv�¬ y Åx£ y
�M½�¾FE�¾ ½ � ��Â��L�xÃ�� IzÂ �xÃ JL� 
}Á ��Â 
 W��;ÃN�V��Ã�� IzÂ �xÃ JL�
��G�FHGMFHIh�z´BFHGeO�ISRc´
Zc`�FHNPOD´�R\G�OPNDRpISRc´�`cbdk^NP�uRc´
]^R�³~kz�&`\k^f�k^ISZc´gbd�~´DR\NPqxZc´�R\ORY®fgQm�zODRc´ YrÈ�`D�MFdjek~R

´POBFHOPQSbdGWV�QhI;Rc´PO�K�bs´B´PQh�^ISRr]^R_j�kMFHGeOPQm�MR\N
ISRc´
R\NPNDR\k^ND´�V�IhQSZcRc´
ÈaIJFaKMFHNPOPQSR_���z]zNDbdISbd�sQSjek~R_]zk7f�be]^n\ISRp]^R
´PQhf�k^IJFHOPQSbdG�]^Rc´�³~kz�¯]^R�G^QhOPNBFHODRc´ y Ç�FHN�R®�zR\fgK^ISRgÈ { F { FcqsFHG~]^R\NPQSRsV�ISRc´=Zc`�FHNPOD´=R\G�OPNDRg]^Z\�^QhOD´=´PQhf�k^ISZc´
R\Otbd�~´DR\NPqxZc´
´DbdGeO/OPNDnc´tZ\ISR\qxZc´�È|IJFp�~G7]^RgIJF|OPNDbdQS´PQSn\f�RpFHG^G~ZcRr]^R�´PQhf�k^IJFHOPQSbdG²�¿�^QhqxR\N
R\O/K^NPQhG�ODR\fgK~´
v�ÅsÅs°x£ y^{ Rc´�`\NPk~Rc´�]^R=IYX[©�k^�uR\OPQhG|bdGeO�Z\ODZ�R®�	OPN��\f�R\f�R\GeO�QhG�ODR\G~´BRc´�]zk^NBFHG�O�`cR\OPODR=KuZ\NPQSb	]^R�R\O�ISR�f�b	]^n\ISR
G~R�ISRc´�´DQhftk^ISR�KMFd´�`cbdNPNDRc`\ODR\f�R\GeO y
{ R�f�b	]^n\ISR����z]zNDbdISbd�sQSj�k~R=´Pk^NN@�Rc´POPQhf�R�ISRc´�³~kz�_]�X[R�FHk|R\G|FHf�bdGeO�]zk ��NBFHG~]pÆ�bdNPQhGµÈtIJF/´POBFHOPQSbdGµ]^R

Æ¯R\QhIhISR\NBFc�É��	=ªs«�
g£ y � I�ISRc´�´Dbdk~´N@�Rc´POPQhf�RgÈpÇ�bdfgf�R\k~´DRL�=@Bv�¬�
g£ y Ç�FHN�`cbdG�OPNDR�È_T�QhIhIhQSR\ND´�VuISRc´�³~kz�¯]^R
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G^QhOPNBFHODRc´/bd�~´DR\NPqxZc´�R\O�fgQm�zODR
K^NDZc´DR\G�ODR\GeO/k^G-�ubdG-Fd`c`cbdND]�VWF�qxRc`�k^G~R�ISZ\�xn\NDRg´Pk^NN@�Rc´POPQhfrFHOPQSbdG�]^Rg«�
 y
¤ bdk~´�FcqxbdG~´�Rc´POPQhf�ZtISRc´�³~kz�a]^Rt]^Z\G^QhOPNPQm�M`�FHOPQSbdG¯f�b��xR\G~´=R\G�k^OPQhIhQS´BFHG�O�V�]�X k^G~R/KMFHNPO�ISRc´�NDZc´Pk^IhOBFHOD´�]^Rc´
´PQhf�k^IJFHOPQSbdG~´/R\O�ISRc´=bd�~´DR\NPqsFHOPQSbdG~´�VuR\O�]�X�FHk^OPNDR
KMFHNPO=R\G1`cbdNPNPQh�xR�FHG�OtISRc´�³~kz�¯´PQhftk^ISZc´�]zk¯�^QJFHQS´=���z]zNDb @
ISbd�sQSjek~R�bd�~´BR\NPqxZ�´Pk^N;IJF�KuZ\NPQSbe]^Rg� ��FH�^ISR�FHk&v�ª y v�£ yz{ X k^OPQhIhQS´BFHOPQSbdGL]zQhNDRc`\ODR=]^Rc´�NDZc´Pk^IhOBFHOD´�]^R=´PQhf�k^IJFHOPQSbdG
FH�ubdk^OPQhO�ÈLk^G~R_Rc´DOPQhfrFHOPQSbdG7OPNDnc´
�~Z\ODZ\NDbd�xn\G~R|]^R_IJFL]^Z\G^QhOPNPQm�M`�FHOPQSbdG y Ç�FHNg`cbdG�OPNDRsV�R\G7`cbdNPNPQh�xR�FHGeOgISRc´
´PQhf�k^IJFHOPQSbdG~´�KMFHN�ISR��^QJFHQS´��e�	]zNDbdISbd�sQSjek~RsV^bdGµbd�^OPQSR\G�O�]^Rc´�OBFHkz�p]^R=]^Z\G^QhOPNPQm�M`�FHOPQSbdGaNDR\frFHNDjekMFH�^ISR\f�R\G�O
�~bdf�bd�xn\G~Rc´ y
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XQP�R`U 3 6 ] −1

\aH�\7Y�]MPCK_^BX V ]bH�]MZ#UcJ�d#X V UeH
fgUhZji
[_PCk V OlH�^
N�d#P�J�K�]MZ#UcJ�d#X�PQO�\7KMK_Z#m7X�P�W�JTY�Z=N7Z#]�n
o�W
K_\
d#\
m7Z'pAJ�P

q�Bsr*>�v�ª y vs¥ � �	G�OP�~nc´DRt]^Rc´�OBFHkz�a]^R�]^Z\G^QhOPNPQm�M`�FHOPQSbdG�f�b��xR\G~´�]zk&v er frFHQ;v�ÅsÅzv/FHk�«gFcq	NPQhI�v�ÅsÅ �zy
� IMFHK^KMFHNBF�tSO;FHISbdND´�j�k~R�ISR�OBFHkz�g]^R�]^Z\G^QhOPNPQm�M`�FHOPQSbdG|Zcj�k^QhqsFHk^O�È�k^G�OPQSR\ND´}]zk�³~kz�g]�X�FH��bdODR�´PQhf�k^ISZ�KMFHN

OPNBFHG~´PKubdNPO}KMFd´D´PQmlWÈ�`B�MFdj�k~R�´DOBFHOPQSbdG y � R\k^ISR�IJF�´DOBFHOPQSbdGr]^R�Æ¯R\QhIhISR\NBFc�g´DR�]zQS´POPQhG^�sk~R�FcqxRc`�k^GgOBFHkz��´Pk^KuZ @
NPQSR\k^N�VMZ\��FHI�È Ä ¬ 
 y ?�R/OBFHkz�|ISZ\�xn\NDR\f�R\GeO�K^Ihk~´�Z\ISR\qxZ/Kubdk^NPNBFHQhO�´�X[R®�zK^IhQSjek~R\N�KMFHN�k^G~Rt´Dk^NN@�Rc´POPQhfrFHOPQSbdG
]^Rc´�³~kz�LQhGz�~IhOPNDZc´ y � I�KuR\k^O=FHk~´D´DQ�OPNBFd]zk^QhNDR
IJFrK^NDZc´DR\G~`cR�]^Rt��bdG~Rc´���k^fgQS]^Rc´�R\G-FHf�bdG�O/]zk¯�MFd´D´PQhG1]zk
��NBFHG~]aÆ¯bdNPQhG y
�M½�¾FE�¾ E � ��Â��L�xÃ�� IzÂ �xÃ JL� 
M�vuT�OJ	IzÁ�� � �M� 
�Á ��ÃN�V��Ã�� IzÂ �xÃ JL�Qw 
MW���Ã � �eÃ � IzÂ �xÃ J��
� FHG~´�ISR=`D�MFHK^QhOPNDR�vsvsV	G~bdk~´�FcqxbdG~´�f�bdGeOPNDZ=IYX[R®�	QS´PODR\G~`cR=]^R�KuR\NPODRc´�]�X�FH��bdODR�KMFHN�k^GpK^NDbe`cRc´D´Dk~´;�uR\GO@

OP�^QSjek~R�]^R=G^QhOPNPQm�M`�FHOPQSbdGO@�]^Z\G^QhOPNPQm�M`�FHOPQSbdG y ©��~G|]�X[Z\OBFH�^IhQhN�k^Gµ�^QhIJFHGµ]�X�FH��bdODR=K^Ihk~´�R®�z�MFHk~´POPQml�È�IYX[Zc`B�~R\IhISR
]zk ��NBFHG~]rÆ�bdNPQhGWV�G~bdk~´;FHIhISbdG~´�Rc´DOPQhf�R\N}ISR�³~kz��]^R�]^Z\G^QhOPNPQm�M`�FHOPQSbdGpKMFHN}G^QhOPNPQm�M`�FHOPQSbdGp]^R�IYX�FHfgf�bdG^Qhk^f
K^k^QS´�]^Z\G^QhOPNPQm�M`�FHOPQSbdG�]^Rc´�G^QhOPNBFHODRc´}FHQhG~´PQzK^NDb	]zk^QhOD´ y Ç�bdk^N}Rc´POPQhf�R\N}È�IYX[Zc`D�~R\IhISR�]zk ��NBFHG~]�Æ¯bdNPQhG�ISRc´�³~kz�
]^R�G^QhOPNBFHODRc´�R\O�]�X�FHfgf�bdG^Qhk^f)NDR �PR\ODZc´;KMFHN�ISRc´ H � ¢)xuV	G~bdk~´�FcqxbdG~´�k^OPQhIhQS´DZ�ISRc´�³~kz�_´PKuZc`\Qm�Mj�k~Rc´�f�b��xR\G~´
]^Z\ODR\NPfgQhG~Zc´�ISbdND´�]^Rc´;`�FHfgKMFH�sG~Rc´�]^R�ODR\NPNBFHQhG1� ��FH�^ISR�FHk�vsv y °zV�K y v Ä Åx£®V	´DbdQhO�v y ªt� ¤ @ ¤"I

3
y �MFH� −1 y � −1 R\OÄ~y#� � ¤ @ ¤Ty

4
y �MFH� −1 y � −1 y � k^N=IJFr�MFd´DR
]^Rc´�]^bdG^G~ZcRc´�� ; B{z�|G;~}ºVWªs¬s¬s¬x£®VubdG1Rc´POPQhf�RgÈrR\GeqeQhNDbdGiv�¬s¬p¬s¬s¬�MFH�^QhOBFHG�OD´/IJFrKubdK^k^IJFHOPQSbdG�ODbdOBFHISR�]zk1�MFd´D´PQhG-]zk ��NBFHG~]-Æ¯bdNPQhG yGI G-bd�^OPQSR\GeO�FHISbdND´�]^Rc´�³~kz�1FHG^Gek~R\IS´

]^R ÄsÄ O ¤ @ ¤"I
3
y FHG −1 R\O�v w «tO ¤ @ ¤Ty

4
y FHG −1 ye� X�FHK^NDnc´�ISRc´�`�FHfgKMFH�sG~Rc´�]^R�ODR\NPNBFHQhG|]^R=ªs¬s¬zvsVebdGpRc´POPQhf�RÈp¬ y v�«rfg� ¤ @ ¤Ty

4
y[{ −1 IJFrODR\G~R\k^N/R\G1FHfgf�bdG^Qhk^f È_IYX[R®�zk^ODbdQhNDR
]zk ��NBFHG~]1Æ¯bdNPQhG yº{ R
]^Z\�^QhO=f�b��xR\G

ÈgIYX[R®�zk^ODbdQhNDR
]zk ��NBFHG~]¯Æ�bdNPQhG¯Rc´PO�]^R � f 3 y ´ −1 yº{ R/³~kz�L]�X�FHfgf�bdG^Qhk^f R®�zK�bdNPODZtKMFHN�IJFrNPQhqeQSn\NDR�Rc´PO
]^bdG~`g]^Rg° � O ¤�y FHG −1 yu{ R
³~kz�1]^Rg]^Z\G^QhOPNPQm�M`�FHOPQSbdG�KMFHN�G^QhOPNPQm�M`�FHOPQSbdGO@�]^Z\G^QhOPNPQm�M`�FHOPQSbdGÉ´DR\NBFHQhO/]^bdG~`g]^RIYX[bdND]zNDR/]^R�v Ä ¬gO ¤�y FHG −1 y

9;:=<�� � /105:�2+>�&�)4/105&

{ X[Z\OPk~]^Rr]zk-OPNBFHG~´·l¨R\NPO/KMFd´D´DQml�]^Rc´�G^QhOPNBFHODRc´�]~FHG~´/ISR��MFd´D´DQhG'FHk-f�b��xR\G7]^R_¡ABMD�BGF*H_FpKuR\NPfgQS´t]^R
]^Z\ODR\NPfgQhG~R\N�k^G'OBFHkz�7]^R_]^Z\G^QhOPNPQm�M`�FHOPQSbdGÉ�~bdf�bd�xn\G~Rµ´Pk^N�IYX[R\G~´DR\ft�^ISR|]zk7�MFd´D´PQhG�]zk �=NBFHG~]'Æ¯bdNPQhG y?�R/OBFHkz�a]^R�]^Z\G^QhOPNPQm�M`�FHOPQSbdG¯�sISbd�MFHISR
Rc´PO�]^R
°s° 
)]zkL³~kz�L]^R/G^QhOPNBFHODRc´�R®�	KubdNPODZc´�KMFHN�ISRc´�NPQhq	QSn\NDRc´ y�� I
NDR\K^NDZc´DR\GeODR � ¬s¬�O ¤
y FHG −1 �98�Qh�sk^NDR�v�ª y�� £ y
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Infiltration
3470

Ruissellement
556

Débordement

467

Stockage
1588

Rivières (NH )

38
4

Alimentation souterraine

1415

Dénitrification
totale
804

Bilan de Nitrates

tN.an
-1

1991-1996

Sortie zone racinaire
4026

D
C

B

A

STEP
219

Nitrification-dénitrification
dans le périphyton

137

NH
4

175

NO
3

44

Rivières (NO )

1672
3

:1;=<1>�v�ª y�� ¥ 8�Ihkz��]�X�FH��bdODRtf�b��xR\G~´�´Pk^N�ISR ��NBFHG~]¯Æ�bdNPQhG¯R\G�O ¤
y FHG −1 y v er frFHQ�v�ÅsÅzv @�«rF�qeNPQhI�v�ÅsÅ �zy© ¥u]^Z\G^QhOPNPQm�M`�FHOPQSbdG&]^Rc´=��bdG~Rc´=�ek^fgQS]^Rc´�����¥�]^Z\G^QhOPNPQm�M`�FHOPQSbdG'R\G1GMFHK^KuRgFHIhIhk^qeQJFHISR	�%?�¥u]^Z\G^QhOPNPQm�M`�F @
OPQSbdG&]~FHG~´tIJF|��bdG~Rg���	KubdNP�~Z\QSj�k~R	� � ¥�]^Z\G^QhOPNPQm�M`�FHOPQSbdG'KMFHNt]zQm�uk~´PQSbdG&]^R�IJFµ`cbdISbdG^G~Rr]�X[R�FHk�qxR\ND´tISRc´
`cbdfgKMFHNPOPQhf�R\G�OD´��uR\G�OP�^QSjek~Rc´ y

{ F 8�Qh�sk^NDRLv�ª y�� K^NDZc´DR\G�ODR_ISRg�^QhIJFHGWV$´Dk^N/IJFµKuZ\NPQSbe]^RLv�ÅsÅzv @Bv�ÅsÅ � V�]^Rc´/³~kz�&]�X�FH��bdODRr´Pk^N/ISR ��NBFHG~]
Æ¯bdNPQhG y�� IºFHK^KMFHNBF�tSO�jekWX[R\Grf�b��xR\G^G~R=´Pk^N}IJF�KuZ\NPQSb	]^R�ISR�³~kz�r]^R�G^QhOPNBFHODRc´;Zc`cbdk^ISZc´�È�IJF/�MFd´DR�]^R�IJF/��bdG~R
NBFd`\QhGMFHQhNDRa� Ä v�ª � O ¤
y FHG −1 £�Rc´PO�Rc´B´DR\G�OPQSR\IhISR\f�R\GeO/R®�	KubdNPODZ
KMFHN�ISRc´�NPQhq	QSn\NDRc´��·v �xw ¬_O ¤
y FHG −1 V�´DbdQhO Ä v

g£®V�R\O/´PODb	`D­xZ�]~FHG~´/ISRc´/Fdj�k^Qml¨n\NDRc´r�·v�«sÅs¬|O ¤
y FHG −1 V�´DbdQhOt°sÅ�
g£ y ªs¬ 
5]^Rg`cR
³~kz�-Rc´PO�Z\IhQhfgQhG~ZgKMFHN
]^Z\G^QhOPNPQm�M`�FHOPQSbdG±� � ¬s¬_O ¤�y FHG −1 V�´DbdQhO�ªs¬ 
g£ y%I G¯NDR\frFHNDj�k~R
IJF�l¨FHQh�^ISR�QhfgKubdNPOBFHG~`cRg]^Rc´-H � ¢)xuVuj�k^Q�G~R
NDR\K^NDZc´DR\GeODR\G�O�jek~R�v 
���]^Rc´�FHK^KubdNPOD´�]zQm�uk~´�]^R�G^QhOPNBFHODRc´�V^`sX[Rc´PO�È�]zQhNDR�]zk|³~kz�pODbdOBFHIW]�X�FH��bdODR�R\G�OPNBFHGeO
]~FHG~´�ISR��MFd´D´PQhG1È�IJFg�MFd´DRt]^R/IJFg��bdG~RtNBFd`\QhGMFHQhNDR y � k^N�IJFg�MFd´DR�]^Rc´�NDZc´Pk^IhOBFHOD´�]zkL`D�MFHK^QhOPNDR
K^NDZc`cZc]^R\GeO�V
bdGi`cbdG~´PQS]^n\NDRajekWX k^G~R|KMFHNPOPQSRa]^R|IYX�FHfgf�bdG^Qhk^f NDR �·R\ODZ|KMFHNgISRc´ H � ¢)xÉRc´POg]^Z\G^QhOPNPQm�MZ�]~FHG~´gISRc´g`cbdf @
KMFHNPOPQhf�R\G�OD´���R\GeOP�^QSj�k~Rc´�KMFHN�ISR_K^NDbe`cRc´D´Dk~´
]^R_G^QhOPNPQm�M`�FHOPQSbdGO@�]^Z\G^QhOPNPQm�M`�FHOPQSbdG y ?�R\OPODRp]^Z\G^QhOPNPQm�M`�FHOPQSbdGWV
jekWX QhIMNDRc´PODR�È/Z\OPk~]zQSR\N�K^Ihk~´�R\G_]^Z\OBFHQhIYVeKubdk^NPNBFHQhO�NDR\K^NDZc´DR\GeODR\N�k^Gr³~kz�r]�X[R\G�q	QhNDbdG¯v Ä ¬/O ¤�y FHG −1 ye{ R�³~kz�]�X�FHfgf�bdG^Qhk^f R®�zK�bdNPODZtKMFHN�ISR;��NBFHG~]1Æ�bdNPQhG1Rc´PO�l¨FHQh�^ISR
R\O�NDR\K^NDZc´BR\G�ODR�R\G�q	QhNDbdG�° � O ¤
y FHG −1 �o´DbdQhO�ª

¶]zkµ³~kz�µ]�X�FH��bdODRtR®�zK�bdNPODZ=KMFHN�ISR���NBFHG~]aÆ¯bdNPQhGº£ y8�QhGMFHISR\f�R\GeO�IYX[Rc´DOPQhfrFHOPQSbdG']zk-³~kz�-ODbdOBFHI;]�X�FH��bdODR_Z\IhQhfgQhG~Z�KMFHNt]^Z\G^QhOPNPQm�M`�FHOPQSbdG�Rc´POt]^R�IYX[bdND]zNDRr]^R
Å Ä ¬rO ¤�y FHG −1 Vº]^bdG�Ogv�« 
 ´DbdGeO�]^Z\G^QhOPNPQm�MZc´�KMFHN�G^QhOPNPQm�M`�FHOPQSbdGO@�]^Z\G^QhOPNPQm�M`�FHOPQSbdG y�{ Rt³~kz�L]�X�FH��bdODR
ODbdOBFHI
NDZc´Pk^IhOBFHGeOr]zki`\k^ftk^I�]^Rc´
³~kz��]zQm��k~´rR\O�]^Rc´�NDR �·R\OD´g]^R H � ¢ x�Rc´POg]^R Ä ª Ä «¯O ¤�y FHG −1 y�Ä ¬ y Ä 
 ´DbdGeO
R®�zK�bdNPODZc´tKMFHN/ISRc´/NPQhq	QSn\NDRc´�V$° w	y Ä 
*´DbdG�O�´PODbe`B­xZc´�]~FHG~´tISRc´tFdjek^Qmlon\NDRc´�R\O�ªsª y ª 
*´BbdG�O�Z\IhQhfgQhG~Zc´tKMFHN
]^Z\G^QhOPNPQm�M`�FHOPQSbdG y
� k^N_IJF 8�Qh�sk^NDR'v�ª y�� V;ISRc´�³~kz�§]^RaG^QhOPNPQm�M`�FHOPQSbdG�R\O_]^R¯]^Z\G^QhOPNPQm�M`�FHOPQSbdG�]^Rc´|FHK^K�bdNPOD´|]zQm�uk~´_´DbdGeO

NDR\KubdNPODZc´ y�{ Rc´r��bdG~Rc´_]^R�]^Z\G^QhOPNPQm�M`�FHOPQSbdG KubdODR\G�OPQSR\IhISR¯]^Rc´|FHK^K�bdNPOD´_]zQm��k~´¯�¿ISRc´r��bdG~Rc´r��k^fgQS]^Rc´�V;ISRc´
GMFHK^KuRc´�FHIhIhk^q	QJFHISRc´�VºIJFg��bdG~R����	K�bdNP�~Z\QSjek~R�R\O�ISRc´�`cbdfgKMFHNPOPQhf�R\GeOD´��uR\G�OP�^QSjek~Rc´>£�´DbdGeO�QhG~]zQSjek~ZcRc´�frFHQS´
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KMFHNa`cbdG�OPNDR1ISR\k^ND´L`cbdG�OPNPQh�^k^OPQSbdG~´aNDRc´DK�Rc`\OPQhqxRc´aÈ'IJF�]^Z\G^QhOPNPQm�M`�FHOPQSbdG�G~R-´DbdGeO|KMFd´aj�kMFHGeOPQm�MZcRc´ y�� Rc´
OPNBFcqsFHkz�_]^R�]zQm�uZ\NDR\GeODRc´�Zcj�k^QhKuRc´�]zk���������� � ¢ ;
	W¢_´DbdGeO�R\G|`cbdk^ND´�K�bdk^N�j�kMFHGeOPQm�MR\N�IJF/`cbdG�OPNPQh�^k^OPQSbdG
]^R/`cRc´���bdG~Rc´�FHkaK^NDbe`cRc´B´Pk~´�]^R�]^Z\G^QhOPNPQm�M`�FHOPQSbdG y
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{ R}K^NDbd�sNBFHfgf�R�]^R�NDRc`D�~R\ND`B�~R � ��� � � � ¢ ;
	W¢�F�Kubdk^N$bd�K�·Rc`\OPQmlM]^R�`cbdfgK^NDR\G~]zNDR�ISR�l¨bdG~`\OPQSbdG^G~R\f�R\G�O
]^RaIYX�FHGeOP�^NDbdK�bs´D�	´PODn\f�R�l¨bdNPf�ZaKMFHNpISRa�MFd´D´DQhG ]^RaIJF � R\QhG~R y�{ F�`cbdGeOBFHfgQhGMFHOPQSbdG(FH��bdODZcR�Z\ISR\qxZcR¯]^Rc´
Fdjek^Qmlon\NDRc´�R\O/]^Rc´/NPQhq	QSn\NDRc´t]zk��MFd´D´DQhG�]^RgIJF � R\QhG~R_F|`cbdG~]zk^QhO�ISR � � ��� � � ¢ ;
	W¢�È|Z\OPk~]zQSR\N�V�]^R\K^k^QS´
k^G~R�]zQh��FHQhG~R�]�X�FHG^G~ZcRc´�VzIYX[bdNPQh�sQhG~RsV^ISR�OPNBFHG~´·l¨R\NPO�V^R\O�ISR=]^R\qxR\G^QhN�]^Rc´�³~kz�p]�X�FH��bdODR�]�X[bdNPQh�sQhG~RtFH�sNPQS`cbdISR y ©
`cR\O�R®��R\O�VzK^Ihk~´PQSR\k^ND´�Fd`\OPQSbdG~´�bdG�O�Z\ODZtR\G�OPNDR\K^NPQS´DRc´ y

�$bdk^OL]�X�FH�ubdND] k^G qsFd´PODR1OPNBFcqsFHQhIt]�X[R\G~jek �\ODRc´LF�Z\ODZ1f�R\G~Z-KMFHNµIYX ;
	�| B�F �~G(]^R1NDR\G~´BR\Qh�sG~R\NaISRc´
KMFHNPOPQSjek~Rc´aFH�sNPQS`cbdISRc´µR\OpISRc´pQhOPQhG~Z\NBFHQhNDRc´µODRc`B�^G^QSj�k~Rc´�È�IYX[Zc`B�~R\IhISR�]zk �MFd´B´PQhG¦� ��R\G~b�tSOµR\OaFHI y V�ªs¬s¬s¬x£ y
{ Rc´�NDZc´Pk^IhOBFHOD´r]^Rp`cRc´gR\G~jek �\ODRc´gbdG�O�R\G~´Dk^QhODRµZ\ODZp]^Z\Kubdk^QhIhISZc´�R\O�NDR\G~]zk~´gk^OPQhIhQS´BFH�^ISRc´�KMFHN
ISRpf�b	]^n\ISR
��� ; ¡ H1� ��NPQS´D´DbdG�R\OgFHI y V;v�ÅsÅ � £®V�jek^Q;´PQhf�k^ISR|ÈLIYX[Zc`D�~R\IhISR|]�X k^G~R|`cbdISbdG^G~R|]^R_´BbdI;ISRc´t³~kz�']^R_G^QhOPNBFHODRc´
QhGz�~IhOPNDZc´gÈµIJFa�MFd´DRr]^RrIJFµ��bdG~R_NBFd`\QhGMFHQhNDR y�! G~R��MFd´DR_]^R_]^bdG^G~ZcRc´�VWNBFd´D´DR\f��^IJFHG�O�IYX[R\G~´DR\f��^ISRp]^R_`cRc´
Z\ISZ\f�R\G�OD´=F�Z\ODZ/`cbdG~´POPQhOPk~ZcR y
Ç�FHNBFHIhISn\ISR\f�R\GeOgÈa`cR�OPNBFcqsFHQhIYVWk^G~Rgf�b	]^Z\IhQS´BFHOPQSbdG&´PKMFHOPQJFHIhQS´BZcR_F|Z\ODZgfgQS´DRrR\G-K^IJFd`cR_ÈpIYX[Zc`D�~R\IhISRp]zk

�MFd´D´PQhG¯]^R/IJFrÆ¯FHNPG~R|� �=bdf�R\�xVºªs¬s¬sªK���=bdf�R\��R\O�FHI y V�ªs¬s¬s°x£ y ?�R\OPODR�f�be]^Z\IhQS´>FHOPQSbdG��MFd´DZcR�´Pk^N�k^G~R�NDZ @
�sQSbdGMFHIhQS´BFHOPQSbdG|]zk�f�b	]^n\ISR ��� ; ¡ HxV�`cbdk^K^ISZcR�F�qxRc`�IJF/NDR\K^NDZc´DR\G�OBFHOPQSbdG|R®�	K^IhQS`\QhODR�]^Rc´;Fdjek^Qmlon\NDRc´�VeF=KuR\NPfgQS´
]^R/fgQSR\kz�L`�FHNBFd`\ODZ\NPQS´BR\N�ISRtOPNBFHG~´·l¨R\NPO�]^Rc´�K�bdIhIhk^OPQSbdG~´=FH��bdODZcRc´�´Dk^N�ISR/ISbdG^�pODR\NPf�R_�¨°s¬pFHG~´>£ yº{ Rc´�]^R\kz�
K^NDb��PR\OD´�bdG�O�Z\ODZ=f�R\G~Zc´�R\GaZ\OPNDbdQhODR/NDR\IJFHOPQSbdG y
{ X[Z\OPk~]^Rt]zkµKubdODR\G�OPQSR\I�]^Z\G^QhOPNPQm�ºFHG�O=]^Rc´���bdG~Rc´�NPQhqxR\NBFHQhG~Rc´�F�Z\ODZ�f�R\G~ZcR/]^R/`cbdG~`cR\NPO�F�qxRc`/ISRc´�]^R\kz�

Fd`\OPQSbdG~´�K^NDZc`cZc]^R\G�ODRc´ y ?�R\OPODR�FHK^K^NDb	`D�~RsV��MFd´DZcR
´Pk^N�]^Rc´�f�Z\OP�~b	]^Rc´�QS´BbdODbdK^QSj�k~Rc´�VuFgKuR\NPfgQS´=]^R/fgQSR\kz�
`cbdfgK^NDR\G~]zNDR
IYX[R®�uR\O=]^R�IJF�]^Z\G^QhOPNPQm�M`�FHOPQSbdG�´Pk^N�IYX[R\G^NPQS`D�^QS´D´DR\f�R\GeO/R\G 15 ¤ ]^Rc´�G^QhOPNBFHODRc´=]^R/IJF_`cbdISbdG^G~R]�X[R�FHk � � R\�^QhISb^V�ªs¬s¬s°K� � R\�^QhISb&R\O_FHI y V;ªs¬s¬s°x£ y ��IhISRLF�FHk~´B´PQ�K�R\NPfgQS´_]^Rµf�bdG�OPNDR\N_ISR|lYFHQh�^ISR|K�bdODR\GeOPQSR\I
]^Z\G^QhOPNPQm�ºFHG�O=]^Rc´�Fdjek^Qmlon\NDRc´�ODR\NPOPQJFHQhNDRc´ y
?�Rc´rOPNDbdQS´µFHK^K^NDb	`D�~Rc´|bdG�OµZ\ODZaf�R\G~ZcRc´|´Pk^Np]^RL�sNBFHG~]^Rc´|R®�zODR\G~´PQSbdG~´|´PKMFHOPQJFHISRc´ y ©��~G²]^RafgQSR\kz�

`cbdfgK^NDR\G~]zNDRpISRc´/OPNBFHG~´·l¨R\NPOD´
R\O�OPNBFHG~´·l¨bdNPfrFHOPQSbdG~´
]^RrIYX�FH��bdODRp]~FHG~´tISRrfgQhIhQSR\k&GMFHOPk^NDR\IYV�`cR�OPNBF�qdFHQhI�]^R
OP�~nc´DRtF�`cbdG~´PQS´PODZtÈg`B�MFHG^�xR\N�]�X[Zc`B�~R\IhISRsVMR\O�È�´�X QhG�ODZ\NDRc´D´BR\N�K^Ihk~´�´DK�Zc`\Qm�Mjek~R\f�R\G�O=FHka�MFd´D´PQhGL]zk ��NBFHG~]
Æ¯bdNPQhGWVH]^bdGeO�ISRc´�K^NBFHOPQSjek~Rc´}FH�sNPQS`cbdISRc´�´DbdGeO�NDR\K^NDZc´BR\G�OBFHOPQhqxRc´}]^R�`cR\IhISRc´�]zk�K^IJFHODR�FHkg�^NPQJFHND] yd{ R�`B�~bdQm�
]zk
��NBFHG~]|Æ¯bdNPQhGµF�Z\ODZ�f�bdOPQhqxZ�KMFHN�ISR�lYFHQhO�jek~R�`cR��MFd´B´PQhGpRc´DO;�^QSR\Gµ]^b	`\k^f�R\G�ODZ y ©�QhG~´PQ�ISR=¡u¢�� BG<s|�¢ }��
F-QhG~´DOPNPk^f�R\G�ODZ�ISRa�MFd´D´PQhG ]^RaIYX I NP�xR\qsFHI
�·v�¬s¬-­	f 2 £�]^R\K^k^QS´_ISRL]^Z\�^k^Op]^Rc´_FHG^G~ZcRc´ � ¬ y�{ F&´POBFHOPQSbdGIhQhfgG^Qhf�Z\OPNPQSjek~Ra]^RµÇ�bdfgf�R\k~´BRLRc´PO�k^G~Rµ´POBFHOPQSbdG±]^R|NDZ®l¨Z\NDR\G~`cR|Kubdk^NgIYX�FHG^G~bdG~`cRa]^Rµ`\NPk~Rc´ y�� FHG~´gISR
`�Fd]zNDR�]zkµK^NDb��PR\O�R\k^NDbdK�ZcR\G0; H�� B x1� ; H�� B xuV�v�ÅsÅ w £®VzISRc´�ODR\G~R\k^ND´�R\GµK�Rc´POPQS`\QS]^Rc´�R\O�G^QhOPNBFHODRc´�]^Rc´�`cbdk^ND´
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]�X[R�FHkg]zk��MFd´D´PQhG�bdG�O�Z\ODZ�NDZ\�sk^IhQSn\NDR\f�R\G�O�´Pk^Qhq	QSRc´ yH� R�K^Ihk~´�Vd]^nc´�ISRc´�K^NDR\fgQSn\NDRc´�FHG^G~ZcRc´�]zk�K^NDbd�sNBFHfgf�RsV
ISR�� � ��� � � ¢ ; 	$¢aF
NDRc`\k~R\QhIhIhQ�]^R=G~bdf��^NDR\k~´DRc´�QhGzlobdNPfrFHOPQSbdG~´�´Pk^N�`cR=�MFd´D´PQhGµqxR\ND´>FHG�O y
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Ç�bdk^N�NDZ�FHIhQS´DR\Na`cR-K^NDb��PR\O�V�k^G~R1K^IJFHODR @¨lobdNPf�R']^R1f�be]^Z\IhQS´>FHOPQSbdGWV�¡ABMD�BGF*HxV�F�Z\ODZ-Z\IJFH�ubdNDZcR y ¡AB
	D�BGF�H�l¨FHQhO�ISR�IhQSR\G1R\GeOPNDR
ISRc´�]zQm��Z\NDR\G�OD´�bdk^OPQhIS´�R\O=`cbdG~`cR\K^OD´=k^OPQhIhQS´DZc´�KMFHN=ISR ��������� � ¢ ; 	$¢ y7� I�´�X�FHKO@

K^k^QSR�´Pk^N=k^G&]^Zc`cbdk^KMFH�xRr]^R�IYX[Rc´PKMFd`cR�R\G�bd�K�PR\OD´��~bdf�bd�xn\G~Rc´_����
���������������������� �!
���"����rNBFd`c`cbdND]^Zc´�FHkz�
��"��#�$��]^RaNPQhq	QSn\NDR�£gR\Orl¨FHQhOr]zQJFHISbd�sk~R\NpK^Ihk~´PQSR\k^ND´_f�be]^n\ISRc´pR\G�OPNDR¯R\kz� �98�Qh�sk^NDR�« y v � V;K y w v�£ y�{ RLf�b @
]^n\ISR ��� ;¿¡ Hr´DQhftk^ISR_ISRc´/³~kz�&]�X�FH��bdODR|ÈµIJFa�MFd´DRr]^RrIJFµ��bdG~R�NBFd`\QhGMFHQhNDR|R\O�ISRc´/f�b	]^n\ISRc´ 	W¢OD2H B �¶R\O
� |�% � ¢7Fd´D´Dk^NDR\G�O
ISRrOPNBFHG~´·l¨R\NPO�]^Rr`cRc´t³~kz�']~FHG~´tISRc´�R�FHkz�&]^Rp´Pk^N·lYFd`cRrR\O�´Dbdk^ODR\NPNBFHQhG~Rc´ y ©�QhG~´PQ;k^G~R
K^IJFHODR @¨l¨bdNPf�Rg]^Rtf�b	]^Z\IhQS´BFHOPQSbdG�´PQhf�k^IJFHG�O�ISR
OPNBFHG~´·l¨R\NPO�]^R
IYX�FH��bdODR�]zk-´DbdI�qxR\ND´=IYX[R\G~´BR\ft�^ISRg]zk¯NDZc´DR�FHk
���z]zNDbd�sNBFHK^�^QSjek~R/q	QJF
ISR�fgQhIhQSR\kL´BFHOPk^NDZtF�Z\ODZ/fgQS´DR�R\GaK^IJFd`cR/´Pk^N�ª w ¬s¬g­ef 2 y¡CBED�BGF*H_KuR\NPf�R\O�]^Rp´PQhftk^ISR\N
ISRc´
Zc`D�MFHG^�xRc´
GMFHK^K�Rc´ @YNPQhqeQSn\NDR_��`cbdfgK^NPQS´gFHk&G^QhqxR�FHk�]^Rc´tO��\ODRc´�]^R
�MFd´D´PQhG yu{ R
lYFHQhO�]^Rg´PQhftk^ISR\N/R®�zK^IhQS`\QhODR\f�R\G�O�ISRc´�`cbdk^ND´�]�X[R�FHk&FHf�bdG�O�ÈrlYFHQh�^ISR��MFHk^ODR\k^N/]�X[R�FHk�R\O�OPNDnc´
KuR\G�OPk~´=F�G~Zc`cRc´D´DQhODZt]�X�Fd]~FHK^ODR\N�ISRtf�b	]zk^ISR/�e�	]zNDb	]z�eGMFHfgQSjek~R
]^R �a| % � ¢ y�! G~R/NDR\K^NDZc´DR\GeOBFHOPQSbdG�´PQhf @
K^IhQm�MZcR�]^Rc´=bdND]zNDRc´�]^R � OPNBFH�^ISR\N�QhGzl¨Z\NPQSR\k^ND´�ÈpªpF_Z\ODZtQhfgK^IJFHGeODZcR�]~FHG~´�ISRtISbd�sQS`\QSR\I y �a| % � ¢¯´PQhftk^ISR
ISR
`cbdfgKubdNPODR\f�R\G�O��e�	]zNBFHk^IhQSjek~R�]^Rc´}bdND]zNDRc´�v�R\O�ª�È�IYX�FHQS]^R�]^R�IJF�l¨bdNPftk^IJFHOPQSbdGp´PQhfgK^IhQm�MZcR�]^R'& B 	 	%;
	%<(	
��� |G; ¡*),+�¢)| y^{ Rc´�bdND]zNDRc´�´Dk^K�Z\NPQSR\k^ND´�´DbdGeO�´DQhftk^ISZc´�R\G|NDZc´DbdIhqdFHGeO�ISRc´;ZcjekMFHOPQSbdG~´�]^R � B�; 	 � @.-g¢ 	 B 	 � y
Ç�FHN�FHQhIhISR\k^ND´�VzISR=f�b	]^n\ISR=fgQS´�R\GµK^IJFd`cR�KMFHNX�=bdf�R\�r�¨ªs¬s¬sªx£�G~R=NDR\K^NDZc´BR\G�OBFHQhO�R®�zK^IhQS`\QhODR\f�R\G�O�ISRc´�`cbdk^ND´
]�X[R�FHk'jek~RgKubdk^Ntk^G��MFd´B´PQhG&`cbdG�OPNPQh�^k^OPQml�]�X k^G~Rr´Pk^N·lYFd`cR�fgQhG^QhfrFHISR_]^R_ªs«s¬|­	f 2 y ©��~G&]^R�NDR\f�bdGeODR\N
�·k~´Dj�kWX�FHkz�µ�MFd´D´DQhG~´�qxR\ND´BFHG�OD´�]^Rc´�`cbdk^ND´�]�X[R�FHk�]�X[bdND]zNDR_v/]^R � OPNBFH�^ISR\N�QhI�F
lYFHIhIhkaNDRc]^Z®�~G^QhN�ISRc´�IhQhfgQhODRc´
]^Rc´�]zQm�uZ\NDR\GeODRc´�`cbdk~`D�~Rc´�f�be]^Z\IhQS´BZcRc´�� I IhQh�xb	`cn\G~RsV��}be`cn\G~R�£ y © `cR\O=R®�uR\O�VMk^G�frFHQhIhISR\k^N�FHk^ODbdfrFHOPQSjek~R
Kubdk^N 	W¢OD2H B ��V�/10
	�2 � B*;�+3+e¢¯� ���~Z\NP�rR\O�8�IhQhKub^V	ªs¬s¬ Ä £®V^F�Z\ODZ=]^Z\qxR\ISbdK^K�ZsV^FHQhG~´PQuj�k~R�ISR�K^NDbd�sNBFHfgf�R<�;=H�4ED�BGF*Hµj�k^Q�KuR\NPf�R\O�]^R|OPNBFHG~´B`\NPQhNDRaFHkz�&l¨bdNPfrFHOD´g]�X[R\G�OPNDZcRa]^Ra¡ABMD�BGF�H|IYX QhGzl¨bdNPfrFHOPQSbdGi´PKMFHOPQJFHISR
OPNBFcqsFHQhIhISZcRr´Bbdk~´ H ; < y�! G~R
l¨bdQS´/`cbdG~´POPNPk^QhO�V�ISR�f�b	]^n\ISR�]zk
�=NBFHG~]�Æ�bdNPQhG&F|Z\ODZr`�FHISZ�R\O�qdFHIhQS]^ZsV�FHk~´D´PQ
�^QSR\GL]zkµKubdQhG�O�]^R/qek~R�]^R��e�	]zNDbdISbd�sQSR�j�k~R�]^Rt`cR\Ihk^QW]zkaOPNBFHG~´PKubdNPO y
Ç�bdk^N�`cR�jek^QM`cbdG~`cR\NPG~R�ISR�OPNBFHG~´PKubdNPO;]^Rc´;G^QhOPNBFHODRc´;]~FHG~´;ISRc´;Fdjek^Qml¨n\NDRc´�VxISRc´;]^bdG^G~ZcRc´;]^bdGeO;G~bdk~´�]zQS´N@

Kubs´DbdG~´=´DbdG�O�]zQ65r`\QhISRc´/ÈrQhG�ODR\NPK^NDZ\ODR\N/`�FHN�R\IhISRc´�K^NDZc´DR\G�ODR\GeO/k^G~R/l¨bdNPODR
qdFHNPQJFH�^QhIhQhODZ�´PKMFHOPQJFHISR yu� R
K^Ihk~´�V
`cR\NPOBFHQhG~Rc´�KMFHNPOPQSRc´�]zk|�MFd´D´PQhGµ´DbdGeO�IJFHNP�xR\f�R\G�O�´Dbdk~´ @�Zc`D�MFHG�OPQhIhISbdG^G~ZcRc´ y ©��~Gp]�X�FHK^K^NDZ\�~R\G~]^R\N�FHk|fgQSR\kz�
ISRpOPNBFHG~´·l¨R\NPO�]^Rc´�G^QhOPNBFHODRc´g]~FHG~´�ISR|]^bdfrFHQhG~Rµ´Dbdk^ODR\NPNBFHQhGWV�k^G~RµFHK^K^NDb	`D�~Rµ`cbdG �PbdQhG�ODRaFHIhIhQJFHGeOg�xZcbs´POBF @
OPQS´POPQSjek~R�R\O�f�b	]^Z\IhQS´BFHOPQSbdG-]^Z\ODR\NPfgQhG^QS´PODRgFrZ\ODZ
]^Z\qxR\ISbdK^K�ZcR y © `cR\O=R®��R\O�VMG~bdk~´�FcqxbdG~´�R\k¯NDRc`cbdk^ND´/FHk
­	NPQh�xR�FH�xRsV�ODRc`B�^G^QSj�k~Ra�xZcbs´POBFHOPQS´POPQSjek~Rpjek^Q�K�R\NPf�R\Og]^Rpf�be]^Z\IhQS´BR\N
ISR|`cbdfgKubdNPODR\f�R\G�Or]�X k^G~RpqsFHNPQJFH�^ISR
FHISZ�FHODbdQhNDR_NDZ\�sQSbdGMFHIhQS´DZcR y�{ Rr­	NPQh�xR�FH�xR_FL]^bdG~`�KuR\NPfgQS´�]�X QhGeODR\NPK^NDZ\ODR\N
ISRc´
]^bdG^G~ZcRc´
]^bdG�O
G~bdk~´�]zQS´PKub @
´PQSbdG~´�R\Gal¨bdk^NPG^QS´D´BFHGeO�k^G~R�`�FHNPODbd�sNBFHK^�^QSRsV�´Dk^N�IYX[R\G~´DR\f��^ISR�]zk1]^bdfrFHQhG~RsVº]^Rc´�ODR\G~R\k^ND´�R\GLG^QhOPNBFHODRc´�ISRc´
K^Ihk~´=K^NDbd�MFH�^ISRc´tFd´D´Bbe`\QSZcRc´�È_ISR\k^N�QhG�ODR\NPqsFHIhISRg]^Rg`cbdGz�ºFHG~`cR y�{ Rc´�Rc´POPQhfrFHOPQSbdG~´/]zk-­	NPQh�xR�FH�xR�bdG�O/´DR\NPq	Q
]�X k^G~R�KMFHNPO�ÈrQhG^QhOPQJFHIhQS´DR\N�ISR�]^bdfrFHQhG~R�´Dbdk^ODR\NPNBFHQhGWVuR\O=]�X�FHk^OPNDR
KMFHNPO=È_`cbdGzl¿NDbdGeODR\N=ISRc´�´DQhftk^IJFHOPQSbdG~´�]^R
¡ABMD�BGF�H�F�qxRc`�IJF�qeQS´DQSbdG
�xZcbs´DOBFHOPQS´POPQSj�k~R y ?�R\OPODR�FHK^K^NDbe`B�~R�F�KuR\NPfgQS´}]^R�`�FHISR\N�IJF�K�bdNDbs´DQhODZ�]zkr]^bdfrFHQhG~R
´Dbdk^ODR\NPNBFHQhGWV�F �~Gaj�k~R�¡ABMD�B F�H/NDR\K^NDZc´DR\G�ODR�]^Rc´�ODR\G~R\k^ND´�R\GµG^QhOPNBFHODRc´�NDZ�FHIhQS´PODRc´�]~FHG~´�ISRc´�Fdj�k^Qml¨n\NDRc´ y
¡CBED�BGF*H�K�R\NPf�R\O�]^R�´DQhftk^ISR\N�ISR�OPNBFHG~´PKubdNPO}]^Rc´�G^QhOPNBFHODRc´}R\GgNPQhq	QSn\NDRsV�FHQhG~´PQ~jek~R�ISRc´�OPNBFHG~´·l¨bdNPfrFHOPQSbdG~´

�^QSbd�xZcb	`D�^QhfgQSjek~Rc´ y�� FHG~´tISRc´�`cbdk^ND´
]�X[R�FHk7Èµl¨FHQh�^ISRrK^NDbHlobdG~]^R\k^N�V�IJFajekMFHIhQhODZr]^RrIYX[R�FHk7R\G'NPQhqeQSn\NDR_Rc´PO
l¨bdNPODR\f�R\G�O=`cbdG�OPNBFHQhG�ODR
KMFHN�ISRc´�K^NDb	`cRc´D´Pk~´��uR\G�OP�^QSjek~Rc´ yº{ X QhfgKMFd`\O�]zkaK�Z\NPQhK^�e�eODbdG1´Pk^N�IJFrj�kMFHIhQhODZ�]^Rc´
R�FHkz��]zk'��NBFHG~]¯Æ�bdNPQhG1Rc´PO�frFHI�`cbdG^Gek y�¤ bdk~´=FcqxbdG~´�]^bdG~`sV�´Pk^N�IJF��MFd´DR
]^R�`�FHfgKMFH�sG~Rc´�]^R�ODR\NPNBFHQhG
�98�IhQhK�b^Vdªs¬s¬zv�£®Vd]^Z\qxR\ISbdK^K�Z�k^G
f�be]^n\ISR�]^R�`cbdfgK�bdNPODR\f�R\GeO}]zk�K�Z\NPQhK^�e�eODbdG y ?�R;f�be]^n\ISR�F�Z\ODZ�QhfgK^IJFHGeODZ
]~FHG~´ �a| % � ¢ y � Qhf�k^IhOBFHG~Z\f�R\G�O�FHkz�g`�FHfgKMFH�sG~Rc´;]�X[Zc`B�MFHG�OPQhIhISbdG^GMFH�xR�]zk�KuZ\NPQhK^���	ODbdGWV�]^Rc´;`�FHfgKMFH�sG~Rc´
]^R/`�FHNBFd`\ODZ\NPQS´BFHOPQSbdG¯]^R=IJFg`cbdISbdG^G~R/]�X[R�FHkLbdGeO�Z\ODZ�f�R\G~ZcRc´�KMFHN�ISRt¡u¢�� B <b|�¢)} y
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D /�@7)40
{ X[R\G~´DR\ft�^ISRp]^Rg`cRc´t]^Z\qxR\ISbdK^KuR\f�R\G�OD´�F|KuR\NPfgQS´/]�X�FH�ubdk^OPQhN
Èpk^G~R�`�FHNBFd`\ODZ\NPQS´BFHOPQSbdG'�~G~R�]zk-l¨bdG~` @

OPQSbdG^G~R\f�R\G�O��e�	]zNDbdISbd�sQSjek~R�]zk ��NBFHG~]pÆ�bdNPQhGµ´Pk^N�IJF�K�Z\NPQSb	]^R�v�Å w v @Uªs¬s¬zv y^� R�f �\f�R�ISR�OPNBFHG~´·l¨R\NPO�]^Rc´
G^QhOPNBFHODRc´�FHk�´DR\QhG7]zk7�MFd´D´PQhGÉÈLK^k �\OPNDR|`�FHNBFd`\ODZ\NPQS´DZ|´Pk^N
IJFaKuZ\NPQSb	]^R�v�Å wsw @Bv�ÅsÅ �zy ��bdk~´
`cRc´
OPNBF�qdFHkz�
`cbdG�OPNPQh�^k~R\GeO/ÈgR\G^NPQS`D�^QhN�G~bdOPNDRt`cbdG^GMFHQS´D´BFHG~`cR�]zkafgQhIhQSR\k yM{ F�8�Qh�sk^NDRrv�° y v�NDZc`�FHK^QhOPk^ISRtIYX[R\G~´DR\ft�^ISR
]^Rc´
´PQhf�k^IJFHOPQSbdG~´�f�R\G~ZcRc´�ISbdND´�]zkaOPNBF�qdFHQhI�]^R�OP�~nc´DR y�
 kMFHGeO�FHk ��FH�^ISR�FHk7v�° y vsV~R\IhISRt´P�eGeOP�~Z\OPQS´DR/ISRc´�bdND]zNDRc´
]^R��sNBFHG~]^R\k^N�]^Z\ODR\NPfgQhG~Zc´�KMFHN�IJF�f�b	]^Z\IhQS´BFHOPQSbdG y

:1;=<1>$v�° y vs¥ ��FH�^ISR�FHk¯´P�	G~bdK^OPQSj�k~R/]^Rc´�´PQhftk^IJFHOPQSbdG~´�NDZ�FHIhQS´DZcRc´�´Pk^N�ISR5��NBFHG~]aÆ¯bdNPQhG�¥
�����
������������������������ �"!$#&%(')�)�(*+��,.-0/213,5476�����89%(*;:��<���=%(!?>96A@=�CBD���FEG�C�
��
��������������H�����A��� �"!$#&%(')�)�(*+�JI9KL�(�C�(#&��M(��NG!+���O��'����"')�C%2*+�QP����D'J���=*;� ')�C%2'R���O��*S%�NG!9� PUT������H��'V��� :���T������H4W6�����X��(Y9'�%(!5>96

8�!9�)# #Z��'
��[�����M��C��BDI9�\�"�<�A��*]��� :���T����"43�(!]6����_^5%(��%(!`6L����,a�Rbc'R���HEG���=d$e�eL6

©�K^NDnc´�FcqxbdQhN�`�FHISZ�R\O�qdFHIhQS]^Z�ISR}f�b	]^n\ISR��e�	]zNDbdISbd�sQSjek~RsV�ISR;`cbdfgK�bdNPODR\f�R\GeO�]^Rc´�Fdjek^Qmlon\NDRc´�F�Z\ODZ;Z\OPk~]zQSZ
´Pk^N�IJF�KuZ\NPQSbe]^R�v�Å w v @Uªs¬s¬zv yx{ Rc´}´PQhftk^IJFHOPQSbdG~´�QhG~]zQSj�k~R\GeO�jek~R;IJF=`cbdGeOPNPQh�^k^OPQSbdG_]^R�`B�MFdj�k~R�Fdjek^Qmlon\NDR�FHkz�
]^Z\�^QhOD´�]^R��MFd´DR;]^Rc´$NPQhq	QSn\NDRc´�GWX[Rc´PO$KMFd´�K^NDbdK�bdNPOPQSbdG^G~R\IhISR�È�IJF�´Pk^N·lYFd`cR;]^R;´DbdGtQhfgK^Ihk^q	Qhk^f!K^NDbdK^NDR y ©�QhG~´PQ
IYX I IhQh�xb	`cn\G~Rt`cbdG�OPNPQh�^k~R�R\Gaf�b��xR\G^G~R
Ègªs« 
)]^Rc´�]^Z\�^QhOD´�]^Rc´�NPQhq	QSn\NDRc´�R\O�IYX[�}b	`cn\G~RtÈ w « 
 y^{ R/]^Z\�^QhO
f�b��xR\G¯]zk ��NBFHG~]aÆ¯bdNPQhG�È�´DbdGaR®�zk^ODbdQhNDR/Rc´PO�]^R � f 3 y s−1 y{ R��MFd´B´PQhG
]zk ��NBFHG~]
Æ�bdNPQhG�Rc´PO�`�FHNBFd`\ODZ\NPQS´DZ;KMFHN�k^Gt³~kz��Z\ISR\qxZ�]�X QhGz�~IhOPNBFHOPQSbdGg]^Rc´�R®�^`cZc]^R\G�OD´�]^R;G^Q @
OPNBFHODRc´WK^NDb�qxR\GMFHG�O�]^Rc´W��bdG~Rc´�`\k^IhOPQhqxZcRc´�� Ä °s°sª�O ¤
y FHG −1 £®V ´DbdQhO�° Ä��s� ­e� ¤
y ­ef −2 y FHG −1 y � I�R\G/NDZc´Dk^IhODR}k^Gl¨bdNPO�R\G^NPQS`B�^QS´D´DR\f�R\G�O}]^Rc´�Fdjek^Qmlon\NDRc´�V R\G
f�b��xR\G^G~R�]^R�¬ y ¬sÅ�fg� ¤
y[{ −1 y FHG −1 � ∼ ¬ y Ä fg� ¤ ¬

3
y[{ −1 y FHG −1 £ y?�R\KuR\G~]~FHG�O�ISRc´�qxbdIhk^f�Rc´�]^Rc´�lobdNPfrFHOPQSbdG~´;�xZcbdISbd�sQSjek~Rc´�´BbdG�O�OPNDnc´;]zQm��Z\NDR\G�OD´ y�I GpNDR\OPQSR\G~]zNBF�]^bdG~`�K^IhkO@

OgfdO|k^G~R�FHk^�sf�R\G�OBFHOPQSbdG!]^R�IYX[bdND]zNDR-]^R-¬ y ªzv1fg� ¤
y[{ −1 y FHG −1 �o´DbdQhOa¬ y Åsª7fg� ¤ ¬
3
y[{ −1 y FHG −1 £�Kubdk^NISRc´gR�FHkz�É´Pk^K�R\N·�M`\QSR\IhISRc´r]^R|IYX I IhQh�xbe`cn\G~R y ?�R\OPODRLFHk^�sf�R\GeOBFHOPQSbdG Rc´PO�OPNDnc´gNBFHK^QS]^R y Ç�FHNr`cbdGeOPNDRsV}]~FHG~´

IJF|KMFHNPOPQSR_bdk~Rc´POt]zk��MFd´D´DQhGWV$]zk-lYFHQhOt]^RgIYX[Z\KMFHQS´D´BR\k^N�]^RgIYX[�}b	`cn\G~R��·v�¬s¬µf_£®VWISRc´�Fd`c`\NDbdQS´B´DR\f�R\G�OD´
]^Rc´
`cbdG~`cR\G�OPNBFHOPQSbdG~´
R\G�G^QhOPNBFHODRc´/´BbdG�O/K^Ihk~´�ISR\GeOD´ y ?�R\KuR\G~]~FHG�O�V$f �\f�R�]~FHG~´/`cRg´DRc`\ODR\k^N�V�ISRc´/ODR\G~R\k^ND´tR\G
G^QhOPNBFHODRc´�]^R/IYX[�}be`cn\G~RtZ\OBFHQSR\G�O�´Dk^K�Z\NPQSR\k^NDRc´�È Ä~y «
fg� ¤�y[{ −1

�¨ªs¬
fg� ¤-I
3
y[{ −1

£�R\G�v�ÅsÅ �zy
��G&K^Ihk~´
]^R�IJFL`�FHNBFd`\ODZ\NPQS´BFHOPQSbdG7]^RrIYX[Z\OBFHO
]^RrIJFa`cbdGeOBFHfgQhGMFHOPQSbdG�R\G'G^QhOPNBFHODRc´�]^Rc´�Fdjek^Qmlon\NDRc´�V�]^Rc´

³~kz�L]^R
]^Z\G^QhOPNPQm�M`�FHOPQSbdG�bdG�O=Z\ODZ�]^Z\ODR\NPfgQhG~Zc´ y ��G1R®�zOPNBFHK�bdIJFHGeO�È�k^G~R
FHG^G~ZcR
`cbdfgK^ISn\ODR
ISRc´�NDZc´Dk^IhOBFHOD´
bd�^ODR\G�k~´p´Pk^N�ISRc´ Ä ¬1­	QhISbdf�n\OPNDRc´_FcqsFHI�]zk ��NBFHG~]iÆ¯bdNPQhG±]zk^NBFHG�OpIYX[Z\ODZLªs¬s¬zvsV�bdG±K�R\k^OrRc´DOPQhf�R\Nrk^G
³~kz�rKubdODR\G�OPQSR\IW]^R
v Ä ¬�O ¤�y FHG −1 ]�X�FHfgf�bdG^Qhk^f ]^Z\G^QhOPNPQm�MZc´�]~FHG~´�ISRc´�`cbdfgKMFHNPOPQhf�R\G�OD´��uR\G�OP�^QSjek~Rc´�KMFHN
ISR
K^NDbe`cRc´B´Pk~´�]^R
G^QhOPNPQm�M`�FHOPQSbdGO@�]^Z\G^QhOPNPQm�M`�FHOPQSbdG y Ç�bdk^N�ISRc´ Ä ¬p]^R\NPG^QSR\ND´=­	QhISbdf�n\OPNDRc´�]zk ��NBFHG~]1Æ¯bdNPQhGWV
ISRc´�NDZc´Pk^IhOBFHOD´�]^Rc´�´PQhftk^IJFHOPQSbdG~´�V~NDZ�FHIhQS´DZcRc´�FcqxRc` � | % � ¢uV^NDR\IJFHOPQml¨´�FHkz�µ`cbdG~`cR\G�OPNBFHOPQSbdG~´�R\GLFHfgf�bdG^Qhk^f
R\O/R\G-G^QhOPNBFHODRc´tR\G-NPQhq	QSn\NDRsVW`cbdfgKMFHNDZc´
FHkz�1bd�~´DR\NPqsFHOPQSbdG~´�VW´BR\ft�^ISR\G�O�f�bdG�OPNDR\N/k^G~RglobdNPODR�Fd`\OPQhq	QhODZ�]^R
]^Z\G^QhOPNPQm�M`�FHOPQSbdG�KMFHN=G^QhOPNPQm�M`�FHOPQSbdGO@�]^Z\G^QhOPNPQm�M`�FHOPQSbdG�]~FHG~´�ISR
�^QSbH�~Ihf yu� RX�·bdk^N�IJFp]^Z\G^QhOPNPQm�M`�FHOPQSbdG&]~FHG~´
ISR��^QSbH�~IhfaVMKMFHN=]zQm��k~´DQSbdG¯]^RtIJFr`cbdISbdG^G~R
]�X[R�FHk�qxR\ND´�ISRt�^QSbH�~IhfaV�´BR\ft�^ISR�G~Z\�sIhQh�xR�FH�^ISR y Ç�FHN�`cbdG�OPNDRsV�QhI
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α∗∗ Z'[P\][A^`_ba,c3\>dLeAa,egfihkj:aidLc`ai_mlonLp qsr 2 µ t −1 u
β∗∗ Z'[P\][A^`_ba,cwv>px\>dLeAa,eA_bj>d>_by>_bai_meAj qsr 2 µ t −1 u
γ z [Af,f,px{HeA|bn>}<_mlonLp~v�nTf,c�v�_b}Rp`joa q z r −3 u
δ �>� [A^`ai_meAj�v���[P}<}ReAj>_�[AlonLp~a � [PjLf���e � }Rc�p3p`j�j>_ba � [Pa,p�f�vL[PjLf.|mp�f�f,c��v�_b}Rp`joa,f qsf"[PjLf.v�_b}Rp`jLfi_meAj�u
εp �L� [A^`ai_meAj�v>p<|�[�y>_meA}F[Af,f"pF[Pn>a,eo^"d:a,eAjLp � p�^`hk^`|mc�pRp`jN}F[Pai_m� � pRe � �� [Pj>_mlonLp�\][ � ai_m^`n>|�[P_ � pw^

qsf"[PjLf.v�_b}Rp`jLfi_meAj�u
εd �L� [A^`ai_meAj�v>p<|�[�y>_meA}F[Af,f"pF[Pn>a,eo^"d:a,eAjLp � p�^`hk^`|mc�pRp`jN}F[Pai_m� � pRe � �� [Pj>_mlonLp~v�_mf,f"eAn>a,p qsf"[PjLf.v�_b}Rp`jLfi_meAj�u
η Z�ekp��F^`_mp`j:a�v��sp��kai_bjL^`ai_meAj�|bn>}<_bjLp`nLf,p qsr −1 u
ηbase � p � }Rp3v>p�y][Af"p�v>px|X�sp��kai_bjL^`ai_meAj�|bn>}<_bjLp`nLf,p qsr −1 u
ηmes � p � }Rp3v>p�|X�sp���ai_bjL^`ai_meAj�|bn>}<_bjLp`nLf,p~��eAjL^`ai_meAj�v>p�fx���L� qsr 2 z −1 u
ηchla � p � }Rp'v>p�|X�sp���ai_bjL^`ai_meAj�|bn>}<_bjLp`nLf,p���eAjL^`ai_meAj<v>p�|�[ y>_meA}F[Af,f,pV\>d:ho�a,eA\>|�[PjL^`a,eAj>_mlonLp qsr 2 z −1 u
µ∗ � [Pn���v>p~^ � eA_mf,f"[PjL^�p q � −1 u
µ∗

i � [Pn���v>p~^ � eA_mf,f"[PjL^�p~v>px|X�sp�f,\)��^�p�_ q � −1 u
µmax∗ � [Pn���v>p~^ � eA_mf,f"[PjL^�p�}F[J��_b}F[P| q � −1 u
τi

Z�ekp��F^`_mp`j:a
fia,¡�^�^"d>_meA}Rc`a � _ml:nLp2v>p¢^�eAjLf,eA}<}F[Pai_meAj v��se���h � �`jLp\][ � � p�fi\>_ � [Pai_meAjT\£eAn � |X�sp�fi\£��^�px_
q z�z −1 u

h ¤�� eP��eAjLv>p`n � v>p~|�[�^�eA|meAj>jLp3v��spO[Pn qsr£u
k∗

C ¥ _ba,p�f,f,pFv>pRa � [PjLf���e � }F[Pai_meAj¦v>pR|�[§}F[Pai_m� � p�e � � [Pj>_ml:nLpF\][ � ai_m^`n��|�[P_ � p3p`jTv�_mf,f,eAnLf
q � −1 u

kD � [Pn���v>p~v�_mfi\][ � _bai_meAj�a,eAa"[P| q � −1 u
pO2 ¤�� eov�nL^`ai_meAj¨v��se���h � �`jLp�\][ � \>dLeAa,egfihojoaidL��f,p q z r −3 � −1 u
prelS,max � [Pn��¨v>p0\ � c`|m�`{Hp`}Rp`j:a3}F[J�k_b}F[P|�v>p�fin>yLfia � [Pa�\][ � |mp�f�y][A^`a,c � _mp�fdLc`a,c � eAa � eA\>dLp�f

q z r −2 � −1 u
q © c`y>_ba.\][ � n>j>_ba,c3v>px|�[ � � p`n � qsr 2 � −1 u
rNH4

Z�eAjLf"eA}<}F[Pai_meAj�v���[P}<}ReAj>_�[AlonLp3\][ � j>_ba � _«ª]^O[Pai_meAj q z r −2 � −1 u
¬O­H®
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rNO3
Z�eAjLf"eA}<}F[Pai_meAj�v>p�j>_ba � [Pa,p�f \][ � v>c`j>_ba � _«ª]^O[Pai_meAj q z r −2 � −1 u

rO2
Z�eAjLf"eA}<}F[Pai_meAj�v��se���h � �`jLp~\][ �.� p�fi\>_ � [Pai_meAj q z r −3 � −1 u

r C
N

: [P\>\)e � a ( C
N ) vL[PjLf.|�[0}F[Pai_m� � pwe � � [Pj>_ml:nLp q z�z −1 u

rC
P

: [P\>\)e � a (C
P ) vL[PjLf |�[0}F[Pai_m� � p3e � � [Pj>_mlonLp q z�z −1 u

C∗
R � [Pn���v>p~^O[Pa"[Py)eA|bh�f,p�v>p�f \ � ekv�n>_ba,f v>p � c�f,p � {Hp q � −1 u

D Z�ekp��F^`_mp`j:a�v>p~v�_<;)nLf,_meAj§}ReA|mc�^`n>|�[P_ � p qsr 2 � −1 u
Ecte � [Pn���v��sp���^ � c`ai_meAj¨v>pxy][Af,p q � −1 u
Ephot

Z�eAjLf,a"[Pj:a,p3v��sp��>^ � c`ai_meAjT|b_mc�p6=0|�[0\>dLeAa,egfihojoaidL��f,p qsf"[PjLf.v�_b}Rp`jLfi_meAj�u
F > _meA}F[Af,f,p�v>p�f0}F[A^ � eA}ReA|mc�^`n>|mp�f���eAjL^`ai_meAj>jLp`|b|mp�f@?B\ � eAa,c`_bjLp�fBAwv�n\>dohoa,eA\>|�[PjL^`a,eAj q z r −3 u
HB > _meA}F[Af,f,p~a,eAa"[P|mp~v>p�f y][A^`a,c � _mp�f.dLc`a,c � eAa � eA\>dLp�f q z r −3 u
HY C n][Pjoai_ba,c�v>p }F[Pai_m� � p�e � � [Pj>_ml:nLp v�_mf,f,eAn>a,p dohkv � eA|bh�f,c�p.\][ � n>j>_ba,cv>p~a,p`}<\Lf q z r −3 � −1 u
HYmax � [Pn���v�� d:h�v � eA|bhkf,p~}F[J�k_b}F[P|Ev>px|�[�}F[Pai_m� � p~e � � [Pj>_mlonLp~v�_mf,f,eAn>a,p q � −1 u
I(z)

: [OhHeAj>jLp`}Rp`j:a�\>dLeAa,egfihkj:aidLc`ai_mlonLpw[A^`ai_«�D=0|�[0\ � eP��eAjLv>p`n � z q µ t r −2 � −1 u
I0

: [�hHeAj>jLp`}Rp`joa�\>dLeAa,egfihkj:aidLc`ai_mlonLpw[A^`ai_«�D=0|�[�fin � �X[A^�p q µ t r −2 � −1 u
Kdenit ¥ _ba,p�f,f,p�v>p3v>c`j>_ba � _«ª]^O[Pai_meAj q � −1 u
KH

Z�eAjLf,a"[Pj:a,p�v>p v>p`}<_«� f"[Pain � [Pai_meAj�\)eAn � |X� d:h�v � eA|bhkf"p v>p.|�[�}F[Pai_m� � pe � � [Pj>_mlonLp3v�_mf"f,eAn>a,p
q z r −3 u

KM
Z�eAjLf,a"[Pj:a,p v>p�v>p`}<_«� f"[Pain � [Pai_meAj<{o_mfE= {o_mfEv>p�fE\)p`ai_ba,f }Rc`a"[Py)eA|b_ba,p�f?�lonLeAa"[�_bjoa � [A^�p`|b|bn>|�[P_ � pFA

qsf"[PjLf.v�_b}Rp`jLfi_meAj�u
KN

Z�eAjLf,a"[Pj:a,pTv>p§v>p`}<_«� f [Pain � [Pai_meAj {k_mf0=¨{o_mfRv>p |X��[HGOeAa,pT^�eAjLf,eA}��}F[Py>|mp~\][ � |mp�f PP

q z r −3 u
KNH4

Z�eAjLf,a"[Pj:a,p<v>p�v>p`}<_«� f"[Pain � [Pai_meAj {k_mf	= {k_mf�v>p0|X��[P}<}ReAj>_�[AlonLp ¬ A\£eAn � |�[ j>_ba � _«ª]^O[Pai_meAjJIKA§\£eAn � |X� n>ai_b|b_mf"[Pai_meAj \ � c���c � p`joai_mp`|b|mp
v>p|X��[P}<}ReAj>_�[AlonLp~\][ � |mpx\>d:hka,eA\>|�[PjL^`a,eAj
q z r −3 u

KO2
Z�eAjLf,a"[Pj:a,p3v>p3v>p`}<_«� f"[Pain � [Pai_meAjT{k_mf,=0{k_mf.v>px|X�se���h � �`jLp q z r −3 u

KP
Z�eAjLf,a"[Pj:a,p3v>p3v>p`}<_«� f"[Pain � [Pai_meAjT{k_mf,=0{k_mf.v�n§\>dLegfi\>dLe � p q }ReA|«� ¤ r −3 u

Krea
Z�ekp��F^`_mp`j:a�v>p � cO[Ac � [Pai_meAjL=0|X� _bjoa,p � ��[A^�p0[P_ � � pO[Pn q � −1 u

KS
Z�eAjLf,a"[Pj:a,p<v>p�v>p`}<_«� f"[Pain � [Pai_meAj \£eAn � |mp0\ � c`|m�`{Hp`}Rp`joa3v>p�fxfin>y��f,a � [Pa,f.v�_ � p�^`a,f.\][ � |mp�f.y][A^`a,c � _mp�f

q z r −3 u
M > _meA}F[Af,f,p3v>p�f \ � c�^`n � f,p`n � f eAnT}Rc`a"[Py)eA|b_ba,p�f�v�n§\>d:hka,eA\>|�[PjL^`a,eAj q z r −3 u
MOD z [Pai_m� � p~e � � [Pj>_ml:nLpwv�_mf,f,eAn>a,p q z r −3 u
MOP z [Pai_m� � p~e � � [Pj>_ml:nLp3\][ � ai_m^`n>|�[P_ � p q z r −3 u
Mort∗ � [Pn���v>p�}Re � a"[P|b_ba,c q � −1 u
N Z�eAjL^�p`joa � [Pai_meAj�a,eAa"[P|mpwp`jT[HGOeAa,p~^�eAjLf,eA}<}F[Py>|mp~\][ � |mp�f [P| � nLp�f q z r −3 u
NB > _meA}F[Af,f,p3v>p�f y][A^`a,c � _mp�f.j>_ba � _«ª+[Pjoa,p�f q z r −3 uM�N +

4
Z�eAjL^�p`joa � [Pai_meAj¨p`j¨[P}<}ReAj>_�[Al:nLp q z r −3 uM�O −

3
Z�eAjL^�p`joa � [Pai_meAj¨p`jTj>_ba � [Pa,p�f q z r −3 uO −

2
Z�eAjL^�p`joa � [Pai_meAj¨p`j�e���h � �`jLp~v�_mf"f,eAnLf q z r −3 uq O

2
u sat Z�eAjL^�p`joa � [Pai_meAj¨v��seO�kh � �`jLp6=�f [Pain � [Pai_meAj q z r −1 u

P ∗ � [Pn�� v>p�\ � ekv�nL^`ai_meAj \>dLeAa,egfihkj:aidLc`ai_mlonLp�a,eAa"[P|�fin � |�[ ^�eA|meAj>jLpv��spO[Pn q � −1 u
P (z)∗ � [Pn���v>p�\ � eov�nL^`ai_meAjT\>dLeAa,egfihojoaidLc`ai_ml:nLp'=�|�[0\ � eP��eAjLv>p`n � z q � −1 u
¤ O 3−

4
Z�eAjL^�p`joa � [Pai_meAj¨p`j�e � aidLeA\>dLegfi\>d][Pa,p�f q z r −3 u
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PP > _meA}F[Af,f,p~a,eAa"[P|mp~v>p�f \ � ekv�nL^`a,p`n � f.\ � _b}F[P_ � p�f q z r −3 u
Pcons ¤ dLegfi\>dLe � p~a,eAa"[P| ^�eAjLf"eA}<}F[Py>|mp~\][ � |mp�f [P| � nLp�f q z r −3 u
P ∗

max � [Pn���v>p�\ � eov�nL^`ai_meAjT\>dLeAa,egfihojoaidLc`ai_ml:nLp3}F[J�k_b}F[P| q � −1 u
QF C nLeAa"[R^�p`|b|bn>|�[P_ � p3v>p�f }F[A^ � eA}ReA|mc�^`n>|mp�f���eAjL^`ai_meAj>jLp`|b|mp�f qsf"[PjLf.v�_b}Rp`jLfi_meAj�u
QR C nLeAa"[R^�p`|b|bn>|�[P_ � p3v>p�f \ � ekv�n>_ba,f v>p � c�f"p � {Hp qsf"[PjLf.v�_b}Rp`jLfi_meAj�u
QM C nLeAa"[R^�p`|b|bn>|�[P_ � p3v>p�f \ � c�^`n � f,p`n � f qsf"[PjLf.v�_b}Rp`jLfi_meAj�u
R > _meA}F[Af,f,p�v>p�f'\ � ekv�n>_ba,f v>p � c�f,p � {Hp�f.? � nL^`_mv>p�f�
�|b_b\>_mv>p�f A�v�n§\>d:ho�a,eA\>|�[PjL^`a,eAj q z r −3 u
Rtot � [Pn���v>p � p�fi\>_ � [Pai_meAj q � −1 u
R∗

M � [Pn���v>p � p�fi\>_ � [Pai_meAj�|b_mc =0|�[Rfin � {o_mp�v>px|�[R^�p`|b|bn>|mp q � −1 u
Rµ

Z�eAjLf,a"[Pj:a,p v>p � p�fi\>_ � [Pai_meAj |b_mc�p =N|�[ v>c`\£p`jLf,p�c`jLp � � c`ai_mlonLp v>p^ � eA_mf"f"[PjL^�p
qsf"[PjLf.v�_b}Rp`jLfi_meAj�u

S � n>yLfia � [Pa,f�v�_ � p�^`a,f _mf,finLf v>p�|X� d:h�v � eA|bhkf,p p��>ekp`j G�ho}F[Pai_mlonLp�\][ � |mp�fy][A^`a,c � _mp�f dLc`a,c � eAa � eA\>dLp�f
q z r −3 u

S∗
R � [Pn���v>p~fihkj:aidL��f,p�v>p�f \ � eov�n>_ba,f.v>p � c�f,p � {Hp q � −1 u

S∗
R,max � [Pn���v>p~fihkj:aidL��f,px}F[J��_b}F[P| v>p�f \ � ekv�n>_ba,f.v>p � c�f"p � {Hp q � −1 u

T � p`}<\)c � [Pain � p0v>px|X�spO[Pn q o Z�u
Vsed ¥ _ba,p�f,f,p�v>p3f,c�v�_b}Rp`j:a"[Pai_meAj¨v>p�|X�sp�fi\£��^�px_ qsr � −1 u
Y

: p`jLv>p`}Rp`j:a�v>p3^ � eA_mf,f"[PjL^�p qsf"[PjLf.v�_b}Rp`jLfi_meAj�u

������������������������! ����"���$#�%��&���'#(���)�$#��+*����"���!�&%,�����"-��"�.#��+*��0/1�32�43�5��-��763�3�)�"��8

f(T ) = f(Topt)e
−

(T−Topt)
2

σ2 9 4;: Topt�"���(�"%������)�"�<*=�>�"���!�&%,�����"-��"�?43���"�7�@�3*7��AB�@��C(�7��-��D#��
f E 9 ��� σ
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© [PjLf�^�p`aia,p.[Pj>jLp��>p&
A|X� _bj:a,c � � [P|b_ba,c�v�n�}Reov>�`|mp�_a`cb � ? > _b|b|mp`jRp`a�[P|"dB
 ¬O­g­�egfih [ � j>_mp � p`a�[P|"dB
 ¬O­g­&j AEp�fia\ � c�f,p`joa,c�p&
 f,eAnLfx��e � }Rp<v�� n>jLp<v>p�f,^ � _b\>ai_meAjNp���d][PnLfiai_b{HpRv>p�fx\ � ek^�p�f,finLf�\ � _mf�p`j ^�eA}<\>a,pFvL[PjLfk_a`TbE�Zdr [ � _ � n � p j d ¬g¬ 
L\$d7l e 
>\ � c�f,p`j:a,p~n>jLp�{o_mf,_meAj�fihojoaidLc`ai_ml:nLp3v�n�}Reov>�`|mp&d© [PjLf.|�[<f,p�^`ai_meAjnmod ¬�p 
�n>jLp�\ � c�f,p`joa"[Pai_meAjTa"[Py>n>|�[P_ � p3v�n§}Rekv>�`|mp~p�fia \ � eA\£egf,c�p&d

� ��q r�6�/XsoW£$5[w1ot &)6�1uW£/vsoW)*3w (.*HW£6�/
r [R^ � eA_mf,f [PjL^�pwv>p�f \ � eov�nL^`a,p`n � f�\ � _b}F[P_ � p�fxfin>_ba.|�[ � p`|�[Pai_meAj�\>dLeAa,egfihkj:aidL��f"p��X_ �i� [Av�_�[PjL^�p<fin>_b{A[Pjoa,p? ¤ |�[Paia p`a�[P|"dB
 ¬O­H®g® AQx
P (z) = Pmax(1 − e−

αI(z)
Pmax )e−

βI(z)
Pmaxr�� _ �i� [Av�_�[PjL^�p fin>_ba |�[ |meA_�v>p > p�p � � r [P}3y£p � ayx I(z) = I0e

−ηz 
�e'z η = ηbase + ηchla[chla] +
ηmes[mes] d]r [F\ � _mf,pwp`j�^�eA}<\>a,p�v>p~|�[F^,d>|me � eA\>d:hk|b|mp|{ ?�^,d>|!{ A.vL[PjLf�|mp3^O[P|m^`n>| v�n�^�ekp��F^`_mp`j:a�v��sp��o�ai_bjL^`ai_meAjT\£p � }Rp`a.v>p � p`\ � c�f,p`joa,p � |X��[Pn>a,eP� eA}wy � [ � p&d I0 � p`\ � c�f,p`joa,p~|X� _ �i� [Av�_�[PjL^�p'=�|�[�fin � �X[A^�p~v>px|X�spO[Pn\£eAn � |mp�f<p�fi\)��^�p�f<v>p |�[¨^�eA|meAj>jLp�v��spO[Pn$
�eAn
|X� _ �i� [Av�_�[PjL^�p�[Pn ��eAjLv v>p |�[ � _b{k_m� � p \£eAn � |mp�f<p�fi\£��^�p�f\£c � _b\>d:hkai_ml:nLp�f�dZVd][Al:nLpx^�eAnL^,dLp ?�pO[Pn eAn \£c � _b\>d:hkai_ml:nLpFA�p�f,a'v�_mf,a � _by>nLc�px{Hp � ai_m^O[P|mp`}Rp`j:a \£eAn � |mpx^O[P|m^`n>|£v�� n>j§a"[Pn��v>pR\>dLeAa,egf,hojoaidL��f,pF}Re hHp`j
fin � |X�sc`\][P_mf,f"p`n � v>pR|�[T^�eAnL^,dLp Pmoy = 1

N

∑

n P (zn) 
Ee'z M � p`\ � c�f,p`j:a,p|mp�jLeA}3y � pFv>p0f"eAnLf�� ^�eAnL^,dLp�f�d O j�f,n>\>\)egf,p�lonLp�|mp�fx\ � eov�nL^`a,p`n � f~\ � _b}F[P_ � p�f~\£c � _b\>d:hkai_ml:nLp�f�jLp�f,eAjoa\][Af�\>dLeAa,eA_bj>d>_by)c�f'|me � f"l:n � _b|mf'f,eAjoa [Paia"[A^"dLc�f'\][ � ^�eAj:a � p�_b|mf�|mp�f"eAj:a�|me � f,l:n � _b|mf'f,eAjoa p`j�v>c � _b{HpxvL[PjLf'|�[^�eA|meAj>jLp~v��spO[Pn ? N _b|b| p`a > egfia,eAj$
 ¬O­g­�¬ A;d
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r p ^�eA}<\)e � a,p`}Rp`joa v>p�f�\ � eov�nL^`a,p`n � f�\ � _b}F[P_ � p�f p�fia � p`\ � c�f,p`joa,c
= |X��[P_mv>p v�n }Reov>�`|mp����������
�	��
 ?�r [PjL^�p`|meAaFp`aR[P|"dB
 ¬O­g­�¬ A;d�r p�f<\ � eAa,c`_bjLp�fRlon>_ f,eAj:a�|mp�f�}F[A^ � eA}ReA|mc�^`n>|mp�f ^�eAjLfiai_bain>ai_b{Hp�fRv>p |�[^�p`|b|bn>|mp F 
L|mp�f � |bnL^`_mv>p�f�p`a�|mp�f |b_b\>_mv>p�f
�ieAn][Pj:a�|mp ��� |mp0v>p~\ � ekv�n>_ba,fxv>p � c�f,p � {Hp R 
L|mp�fx[A^`_mv>p�f�[P}<_bjLc�flon>_ f,eAj:a v>p�f.\)p`ai_ba,p�f }ReA|mc�^`n>|mp�f.\ � c�^`n � f,p`n � f�v>p�|�[�fihkj:aidL��f,p~v>p�f.\ � eAa,c`_bjLp�f S dm a,eAn>a.}ReA}Rp`joa |�[�y>_meA}F[Af"f,p�a,eAa"[P|mp~v�� n>jLpwp�fi\)��^�px\>dohoa,eA\>|�[PjL^`a,eAj>_mlonLp p p�fia c � [P|mp =�|�[�f"eA}<}Rpv>p�f.^�eAjLfiai_bain][Pjoa,f _bjoa,p � jLp�fux

[PP ]p = [F ]p + [R]p + [M ]p
?Rmod ¬ A

r p � [Py>|mpO[Pn mod�� � c�fin>}Rp3|X�sp`jLf,p`}3y>|mp0v>p�f c�lon][Pai_meAjLf � c � _mf,f [Pj:a�|X�sc`{HeA|bn>ai_meAj¨v>p�f {A[ � _�[Py>|mp�f�^�eAjLfiai_«�ain>ai_b{Hp�f3v>p�f3\ � eov�nL^`a,p`n � fw\ � _b}F[P_ � p�f�d M eAnLfw[P|b|meAjLf3}F[P_bj:a,p`j][Pjoa0v>c`a"[P_b|b|mp � ^�p � a"[P_bjLf3\][ � [P}R�`a � p�f0v>p�fc�lon][Pai_meAjLf � c � _mf,f"[Pjoa.|X�sc`{HeA|bn>ai_meAj�v>p3^�p�f \ � eov�nL^`a,p`n � f \ � _b}F[P_ � p�f�d
��������� ������� �"!$#&%(')%*#,+
- .�')/)01� #,'"%�- 2*#3%	- 45%
r p�^O[ � y)eAjLpwª>�>c0vL[PjLf�|�[�^�p`|b|bn>|mp0\][ � \>dLeAa,egfihojoaidL��f,p<^�e �i� p�fi\£eAjLv = v>p�f�\£p`ai_ba,p�fx}ReA|mc�^`n>|mp�fx\ � c��^`n � f,p`n � f�v>p`{A[Pjoa76`a � p3a � [PjLf���e � }Rc�p�f�
+f"eA_ba�p`jT\ � eAa,c`_bjLp�f9?�^ � eA_mf,f [PjL^�pweAn�\ � eov�nL^`ai_meAj¨jLp`aia,pFA;
+f"eA_ba�p`j\ � ekv�n>_ba,f v>p � c�f,p � {Hp&dZ�p�f<v>p`n��N\ � eo^�p�f"finLf<f,eAj:a0��eAjL^`ai_meAj
v�n f,a,eo^98�v>p \ � c�^`n � f,p`n � f�d�:�jLpF��eAjL^`ai_meAj
v>p,; `=< � � �	>N` �`�

; �	?�@��	?+
+v>c`\)p`jLvL[Pjoa�v�n�lonLeAa"[<v>px\ � c�^`n � f,p`n � f�
+p�fia _bj:a � ekv�n>_ba,p x

SR = S(R,max)
[QM ]

[QM ] + KM

?Rmod IKA
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© p�f ��eAjL^`ai_meAjLf�v>pw|b_b}<_ba"[Pai_meAj�y][Af"c�p�f�fin � n>jLp~��eAjL^`ai_meAj�v>pI; `�< � �E�	>i`B���J; �	?�@��	?¦f"eAj:a�n>ai_b|b_mf,c�p�f\£eAn � a � [Av�n>_ � p~|�[0|b_b}<_ba"[Pai_meAj�v>p~|�[�^ � eA_mf,f"[PjL^�p�\][ � |mp�f c`|mc`}Rp`j:a,f�j:n>a � _bai_«��fux

µPP = µmax(
[QM ]

[QM ] + KM
)(

[N ]

[N ] + KN
)(

[Pcons]

[Pcons] + KP
) ?Rmod��KA

e'z [N ] p`a [P ] v>c�fi_ � jLp`j:ax|mp�fx^�eAjL^�p`j:a � [Pai_meAjLfwp`j�[HGOeAa,p�p`a�\>dLegfi\>dLe � p�}<_bjLc � [Pn���n>ai_b|b_mf"[Py>|mp�f�\][ �|mp�f [P| � nLp�f�
 [N ] = [NO−
3 ] + [NH+

4 ] p`a [Pcons] = [PO3−
4 ] dr p � [P\>\)e � a�v>p + �	K�L `B�	>MK�ZON M N ¤FP ¬�p l N ¬ l N ¬ ? : p�vkª]p`|mv�p`a [P|"dB
 ¬O­ lQ�KA�p�fia n>ai_b|b_mf,cx\£eAn � v>c`a,p � �}<_bjLp � |mp�f.c`|mc`}Rp`joa,f jon>a � _bai_«��f \ � c�f,p`j:a,f�vL[PjLf |�[�y>_meA}F[Af,f"p�\>d:hka,eA\>|�[PjL^`a,eAj>_ml:nLp&d
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r p�f � |bnL^`_mv>p�f�p`a�|mp�f�|b_b\>_mv>p�f�f,eAj:a�f,nLf,^�p`\>ai_by>|mp�f�v��\6`a � p.^O[Pa"[Py£eA|bh�f,c�f \)eAn � \ � ekv�n>_ � p.v>p�f�\ � c�^`n � f"p`n � fp`a v>px|X�sc`jLp � � _mp^]`_R{~|�[ � p�fi\>_ � [Pai_meAj$d*:�jLp�^`_bjLc`ai_mlonLp3v�n§\ � p`}<_mp � e � v � p3p�fia n>ai_b|b_mf,c�p�\£eAn �.� p`\ � c�f,p`joa,p �|�[�^O[Pa"[Py£eA|bhkf,p&dr [ � p�fi\>_ � [Pai_meAj ^�eA}<\ � p`jLv v>p`n��¨a,p � }Rp�f�
£|X� n>j [Af,fin � [Pj:a�|�[�fin � {k_mp�v>p�|�[�^�p`|b|bn>|mp&
£|X��[Pn>a � p<^�e �i� p�f��\£eAjLvL[Pj:a�=0n>jLp3v>c`\)p`jLf,p�c`jLp � � c`ai_mlonLp3v>p�^ � eA_mf"f"[PjL^�p x

Rtot = RM + Rµµ ?Rmod e A
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r p�f a,p � }Rp�fxv>pwv�_mfi\][ � _bai_meAj�[Pn>a � p0lonLp~|�[Rf"c�v�_b}Rp`j:a"[Pai_meAj f,eAjoa � p`\ � c�f,p`joa,c�f�f,eAnLf.|�[R��e � }Rpwv�� n>jLp^`_bjLc`ai_mlonLp0v�n¨\ � p`}<_mp � e � v � p3a � [Av�n>_mf [Pj:a�|�[F|bhkf,pwv��se � _ � _bjLp0{o_ � [P|mp0eAn�y][A^`a,c � _mp`j>jLp&
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kD =
Vsed

h
+ Mort ?Rmkd j A

r p�f<a,p � }Rp�f<v>p§v�_mfi\][ � _bai_meAj v�n \>dohoa,eA\>|�[PjL^`a,eAj¢fO��[P\>\>|b_ml:nLp`joa =¨|X�sp`jLf,p`}wy>|mp�v>p�|�[¨y>_meA}F[Af,f,p§p`af,eAjoa � c`\][ � ai_mf fin � ^,d][A^`n>j�v>p�f ^�eAjLfiai_bain][Pjoa,f F 
 R 
 M p`j���eAjL^`ai_meAj�v>p�|mp`n � f l:nLeAa"[Af � p�fi\£p�^`ai_«��f QM
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© [PjLf<_a`cb �Z
P|mp�fE\>d][Af,p�f�
J\][ � ai_m^`n>|�[P_ � p p`aEv�_mf"f,eAn>a,p&
Jv>p�|�[ }F[Pai_m� � p'e � � [Pj>_ml:nLp'f,eAjoa v�_mf,ai_bj � nLc�p�f�dAr p�fy][A^`a,c � _mp�f�dLc`a,c � eAa � eA\>dLp�f�^�eAjLf"eA}<}Rp`j:axn>j�a hk\£p3v>p�}F[Pai_m� � p0e � � [Pj>_ml:nLpwv�_mf,f,eAn>a,p&
)[P\>\)p`|mc~f,n>yLfia � [Pa�
lon>_ p�fia _mf,fin�v>p�|X� dohkv � eA|bh�f,p~v>px|�[<}F[Pai_m� � p~e � � [Pj>_ml:nLp3v�_mf,f,eAn>a,p�y>_mekv>c � � [AvL[Py>|mp&d
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r [�a � [PjLfi��e � }F[Pai_meAj
v>p |�[�}F[Pai_m� � p e � � [Pj>_mlonLpF\][ � ai_m^`n>|�[P_ � p§p`j¦}F[Pai_m� � p v�_mf,f,eAn>a,pFp�f,a0p���\ � _b}Rc�pf,eAnLf ��e � }Rp v>p�^`_bjLc`ai_mlonLp�f�v�n�\ � p`}<_mp � e � v � p&d � eAnLf |mp�f a,p � }Rp�f�v>p�|�[�^`|�[Af,f,p�\][ � ai_m^`n>|�[P_ � p f,eAjoa�f,eAn>}<_mf=§|�[�f,c�v�_b}Rp`j:a"[Pai_meAj$d t j�\>|bnLfwv>p�f0[P\>\)e � a,f�[P|b|meo^"d:a,eAjLp�f�
 _bj:a � ekv�n>_ba,f0\)eAjL^`ainLp`|b|mp`}Rp`joa�
E_b|�p��k_mf,a,pRn>ja,p � }Rp�v>p.\ � ekv�nL^`ai_meAj [Pn>a,ek^,doa,eAjLp�^�e �i� p�f,\)eAjLvL[Pjoa =�|�[�}Re � a"[P|b_ba,cxv>p�f�y][A^`a,c � _mp�f(
:v�n�\>d:hka,eA\>|�[PjL^`a,eAjp`a.v�n@GOekeA\>|�[PjL^`a,eAj$d
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r�� d:h�v � eA|bhkf"p p��>eop`j G�hk}F[Pai_mlonLpFv>pR|�[�}F[Pai_m� � p e � � [Pj>_mlonLp�v�_mf,f,eAn>a,pFp�f,a~|b_mc�p =�|�[§y>_meA}F[Af,f,pFy][A^��a,c � _mp`j>jLp&d�Z�p`aia,p~d:h�v � eA|bh�f,p � p`\ � c�f"p`j:a,pw|X�sc`a"[P\)p3|b_b}<_ba"[Pj:a,p�v>p�|X� n>ai_b|b_mf"[Pai_meAj�v>p~|�[R}F[Pai_m� � pwe � � [Pj>_mlonLp\][ � |mp�f y][A^`a,c � _mp�f(d

HY = −HYmax
[MOD]

[MOD] + KH
(Σb[HB]b)

?Rmod7lKA
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r p�f,a,eo^98Rv>p�f�f,n>yLfia � [Pa,fVv�_ � p�^`a,f p�f,a�[P|b_b}Rp`j:a,c�\][ � |X� d:h�v � eA|bhkf"p�v>p |�[~}F[Pai_m� � pxe � � [Pj>_mlonLpxv�_mf,f,eAn>a,pp`a |X�sp��>^ � c`ai_meAj¨[P| � n][P|mp&d� |mfR^�eAjLf,ai_bainLp`j:aF|�[�� � [A^`ai_meAj v>p§}F[Pai_m� � pTe � � [Pj>_ml:nLp�v�_mf,f,eAn>a,p§v�_ � p�^`a,p`}Rp`j:a§[Af,fi_b}<_b|�[Py>|mp�\][ � |mp�fy][A^`a,c � _mp�f�dLr [<^ � eA_mf,f"[PjL^�p�y][A^`a,c � _mp`j>jLpwp�fia |b_b}<_ba,c�p~\][ � |mp3fia,eo^98�v>p�f,n>yLfia � [Paux

µHB = µmax,HB
[S]

[S] + KS

?Rmod ® A
r p.fia,ek^�80v>p.fin>yLfia � [Pa�\ � c`|mp`{Hc \][ � |�[x^ � eA_mf,f"[PjL^�p.v>p�f�y][A^`a,c � _mp�f�dLc`a,c � eAa � eA\>dLp�f�p�fia�p�f,ai_b}Rc,=�|X��[P_mv>pv�n � p`jLv>p`}Rp`joa�v>p�|�[�^ � eA_mf,f [PjL^�p�y][A^`a,c � _mp`j>jLp&d
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r���[A^`ai_b{o_ba,c v>p�f y][A^`a,c � _mp�f�j>_ba � _«ª+[Pj:a,p�fVp�fia�|b_mc�p =�|�[x^�eAjL^�p`j:a � [Pai_meAj�p`jF[P}<}ReAj>_�[Al:nLp&dHr [�|b_b}<_ba"[Pai_meAjv>p�|�[ ^ � eA_mf,f"[PjL^�p�v>p�f y][A^`a,c � _mp�fEj>_ba � _«ª+[Pj:a,p�f \][ � |X��[P}<}ReAj>_�[Al:nLp'p�fia \ � _mf,pVp`j0^�eA}<\>a,p�[Pnw}ReOhHp`j�v�� n>jLp|meA_]v>p ; `=< � � �	>N` �`�J;¦�*?�@��	?+dkr [ � cO[A^`ai_meAj p�f,a�_bj>d>_by)c�p \][ � v>p�f��X[P_by>|mp�f�^�eAjL^�p`j:a � [Pai_meAjLf'p`jFeO�kh � �`jLp&d

µNB = µmax(
[NH4]

[NH4] + KNH4

)(
[O2]

[O2] + KO2

) ?Rmod � A
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d r p a,p � }Rp v>p§v>c`j>_ba � _«ª]^O[Pai_meAj p�fia^O[P|m^`n>|mc =�\][ � ai_ � v�� n>j�y>_b|�[PjTfin � |X�seO�kh � �`jLp x






f,_ On
2 + ∆O2 > 0 
 rNO3 = 0f,_ On
2 + ∆O2 < 0 
 rNH4 = 0

rNO3 = O2 + ∆O2

On+1
2 = 0

∆O2 � p`\ � c�f,p`j:a,p�|�[Tl:n][Pjoai_ba,c v��seO�kh � �`jLp v�_mf"f,eAnLf3\ � ekv�n>_ba,p \][ � \>dLeAa,egfihkj:aidL��f,p�p`a�^�eAjLf,eA}<}Rc�p\][ �0� p�fi\>_ � [Pai_meAj�dLc`a,c � eAa � eA\>dLp§p`a�[Pn>a,eAa � eA\>dLp�\)p`jLvL[Pjoa0|mpF\][Af�v>pRa,p`}<\Lf�v>pF^O[P|m^`n>|"d r [�\ � p`}<_m� � p^�eAjLv�_bai_meAj§a � [Av�n>_ba |mp���[P_ba'lonLp�|X�seO�kh � �`jLpx\ � ekv�n>_ba [Pn§^�eAn � a v�n \][Af v>p�a,p`}<\Lf p`a'^�p`|bn>_£\ � c�f,p`joa.vL[PjLf|�[<^�eA|meAj>jLp0v��spO[Pn�[Pn�v>c`y>n>a�v�n�\][Af v>p~a,p`}<\Lf�p�fia�fin��Ff"[Pj:a�\)eAn � [Af,fin � p � |�[<v>p`}F[PjLv>p0p`jTeO�kh � �`jLp\£eAn � |�[ � p�fi\>_ � [Pai_meAj y][A^`a,c � _mp`j>jLp&d � |�j � h�[¨[P|me � f0\][Af0v>p�v>c`j>_ba � _«ª]^O[Pai_meAj$d © [PjLf0|mp f,p�^�eAjLv ^O[Af�
 |�[j>_ba � _«ª]^O[Pai_meAj p�fia�_bj>d>_by£c�p p`a�|�[3l:n][Pjoai_ba,c�v>p j>_ba � [Pa,p�fV^�eAjLf"eA}<}Rc�p p�fia�c � [P|mp�=x|�[3l:n][Pjoai_ba,c�v��seO�kh � �`jLp}F[PjLlon][Pj:a \£eAn � [Af,fin � p � |�[�v>c � � [AvL[Pai_meAj�v>p�|�[0}F[Pai_m� � pwe � � [Pj>_ml:nLp&d
� ��� r�6 s �w$ /gs �w$!W£6
r [ � p`}<_bjLc � [P|b_mf"[Pai_meAj v�nR\>dLegfi\>dLe � p \][ � |mp�f�y][A^`a,c � _mp�fV[�|b_mp`nR|me � f�v>p |�[x\>d][Af"p.v�� d:h�v � eA|bhkf"p ? � d][Pjp`aF[P|"dB
 ¬O­g­�e A;d � |'h¦[�v>eAjL^ � p�fiai_bain>ai_meAj � [P\>_mv>pTp`a�^�eA}<\>|m�`a,p¨[Pn }<_b|b_mp`n v�n
\>dLegfi\>dLe � p�e � � [Pj>_mlonLpv�_mf,f,eAnLf f,eAnLf'��e � }Rpx}<_bjLc � [P|mp&dr p�f�y][A^`a,c � _mp�f�dLc`a,c � eAa � eA\>dLp�f3\ � c`|m�`{Hp`j:awv�_ � p�^`a,p`}Rp`joa3|mp0\>dLegfi\>dLe � pRf"eAnLf���e � }Rp�}<_bjLc � [P|mp<\£eAn �[Af,fin � p � |mp`n � f y)p�f"eA_bjLf.v>p�^ � eA_mf,f"[PjL^�p ?XZ�eAaijLp � p`a
	 p`a GOp`|"
 ¬O­g­ IKA;d



����� ��
	� �E��� � ����� I p �
� ��� r ] $?^��5Y ��-06
r��se���h � �`jLp¨p�fia n>jLp�{g[ � _�[Py>|mpT^`|mc¨v�n ��eAjL^`ai_meAj>j>}Rp`j:a§v>p�|X�sc�^�egfih�fia,�`}Rp&dVr [ {g[ � _�[Pai_meAj¢v>p�^�p`aia,p{g[ � _�[Py>|mpR_bj:a,� � � p�fi_b}wn>|ba"[PjLc`}Rp`j:a<|mp�f � p�f,\>_ � [Pai_meAjLfwv>p�f0v�_<;£c � p`joa,fwe � � [Pj>_mf,}Rp�f0p`a3|X��[A^`ai_b{o_ba,c \>dLeAa,eP�fihkj:aidLc`ai_mlonLp&d © p¨\>|bnLf�
'vL[PjLf�|�[¦^�eA|meAj>jLp�v��spO[Pn$
'n>j a,p � }Rp v>p � c�e���h � c`j][Pai_meAj [Pn��¢y][ �i� [ � p�f§p�fia_bj:a � ekv�n>_ba�vL[PjLf ) _	� / �Z
][P_bjLf,_ l:n � n>jLp�v�_<;£nLfi_meAj$=0|X� _bjoa,p � ��[A^�pwpO[Pn�� [P_ � x

d[O2]

dt
= pO2 − r(O2,phy) − r(O2,HB) − r(O2,NB)

+Krea([O2]
sat(T ) − [O2]) + [O2]barrage

?Rmod ­ A
pO2 =

∑

i

Pi[F ]i
?Rmod ¬�p A

r(O2,phy) = τphy

∑

i

Ri[F ]i
?Rmod ¬g¬ A

r(O2,HB) = τHB

∑

i

(1 − Yi)prelS,i[HB]i
?Rmod ¬ IKA

r(O2,NB) = τNB

∑

i

µi

Yi
[NB]i

?Rmod ¬ �KA
[O2]barrage

p�fia n>j§a,p � }Rp~v>p � c�eO�kh � c`j][Pai_meAj�[Pn§y][ �i� [ � p&d � | ^�eAjL^�p � jLp�|mp�f'}F[P_b|b|mp�f f,_bainLc�p�f'_b}<}Rc�v�_�[J�a,p`}Rp`j:a�p`jT[�{g[P| v>p�f.eAn>{ � [ � p�f�dr��sc�l:n][Pai_meAj�[Av>eA\>a,c�p�\£eAn � |�[ � cO[Ac � [Pai_meAjL=0|�[<f,n � ��[A^�p�p�fia |�[Rfin>_b{A[Pjoa,p x
∂[O2]

∂t rea
= Krea([O2]

sat(T ) − [O2])
?Rmod ¬ e A

Krea � c�fin>|ba,p v>p�|�[xv�_<;)nLfi_meAj<ain � y>n>|mp`joa,p p`a�v>p'|X��[A^`ai_meAjFv�n�{Hp`j:a�=�|�[�f,n � ��[A^�p.? � d>_by£eov>pO[Pn��<p`a�[P|"dB
¬O­g­�e A;dr [F^�eAjL^�p`joa � [Pai_meAj p`j¨eO�kh � �`jLp0v�_mf,f,eAnLf	=Rf"[Pain � [Pai_meAj p�fia ��eAjL^`ai_meAj�v>p3|�[Fa,p`}<\£c � [Pain � pwv>pw|X�spO[Pn$
lon>_ p�fia n>jLp�{g[ � _�[Py>|mp~v>px��e ��
 [ � p~v>p ) _�� / � x
[O2]

sat(T ) =
475

33, 5 + T
?Rmod ¬�j A

r [ � c�e���h � c`j][Pai_meAj [Pn���y][ �i� [ � p�fwfO�sp��k\ � _b}Rp<v�_<;�c � p`}<}Rp`j:awfin>_b{A[Pjoa3lonLpw|X�sc�^�eAn>|mp`}Rp`joawp�fia�jLe hHceAn v>c`jLe hHc&d ) _	� / � \ � p`jLv p`j ^�eA}<\>a,p�^�p�fFv>p`n��
}Rc�^O[Pj>_mfi}Rp�f�p`j n>ai_b|b_mf"[Pjoa�
�|�[���e � }3n>|�[Pai_meAj v>pN eA|b|mp � p`j�v>c`jLeOhHc&
+p`a v>p5m {Hp � h p`a M eO{g[A^�8§p`j§jLeOhHc ? t {Hp`j$
 ¬O­g­&j A;d
� �"!�
 � W)5�/+6�-�&+('&+*,$ -�&+( ��104,(.*HW£6 [w6��������

© [PjLfV^�p`aia,p.f,p�^`ai_meAj$
N_a`cb �Fp�fia�\ � c�f,p`joa,c ^�eA}<}Rp f � _b|>jLp.^�eAjL^�p � j][P_ba�lonLp'|mp�f�p�f,\)��^�p�f�v>p.|�[�^�eA|meAj>jLpv��spO[Pn$dPm�_bjLfi_"
A_b|L^�eAj:{k_mp`j:a�v���[&��eAn>a,p � 
ovL[PjLf�|mp�f�a"[Py>|mpO[Pn�� mod��xp`aLmkd e 
An>j<a,p � }Rp v>p \)p � a,p.[Pn��<p�fi\£��^�p�f\][ � ai_m^`n>|�[P_ � p�f�
�^�e �i� p�fi\£eAjLvL[Pj:a =T|�[T{o_ba,p�f,f"p v>p�f,c�v�_b}Rp`j:a"[Pai_meAj v>p�fw\][ � ai_m^`n>|mp�f@? −Vsed

h
A;d © p } 6`}Rp\£eAn � |mp�f�p�fi\£��^�p�f3v�_mf,f,eAn>a,p�f(
 n>j�a,p � }Rp�v��sc�^"d][Pj � p§[�{Hp�^ |mpFy£p`j:aidLegf�v>eA_ba 6`a � p [P\>\>|b_mlonLc =�^,d][AlonLpfin>yLfia"[PjL^�p&d ¤ eAn � |�[�|b_mfi_by>_b|b_ba,c'v>p�f a"[Py>|mpO[Pn��Z
A|�[�|mp`aia � p�� ^�e �i� p�f,\)eAjLv9=�|�[�{A[ � _�[Pai_meAj<a,p`}<\£e � p`|b|mp v�� n>jLpp�fi\£��^�p�\][ � ai_m^`n>|�[P_ � p p`a�|�[�|mp`aia � p � ^�e �i� p�fi\£eAjLv =�|�[�{A[ � _�[Pai_meAj<a,p`}<\£e � p`|b|mp.v�� n>jLp fin>yLfia"[PjL^�p v�_mf"f,eAn>a,p&dr p�f a,p � }Rp�f�p`j:a � pw^ � eo^"dLp`a,f ^�e �i� p�fi\£eAjLv>p`j:a	=�v>p�f.^�eAjL^�p`j:a � [Pai_meAjLf�d
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XF XR XM XHB XNB XMOP1
XMOP2

XMOP3
SMOD1

SMOD2
SMOD3

Ssubs SNO3
SNH4

SPO4
SO2
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XF XR XS XHB XNB

QSR T +µPP [F ] −µPP [F ] +µHB[HB] +µNB[NB]

Q + T −(Ecte + EphotP )[F ]

QVU T −(RM + Rµµ)[F ]

QSW T +P [F ]

QVX T −CR[R] +CR[R]

QVY T +SR([PP ]) −SR([PP ])

QVZ T −kD[F ] −kD[R] −kD[M ] −kMHB
[HB] −kMNB

[NB]

QV[ T
QV\ T
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XMOP1 XMOP2 XMOP3 SMOD1 SMOD2 SMOD3 Ssubs�� �

−µHB

YHB
[HB] (−(1 − [NH4]

[NH4]+KNH4
)µ[F ]

+µNB

YNB
[NB] − µNB [NB])r N

C�� �

+(Ecte + EphotP )[F ]�� �
�	 �

�
 �
�� �

�� �

+a1(kD[PP ] +a2(kD[PP ] +a3(kD[PP ] +b1(kD[PP ] +b2(kD[PP ] +b3(kD[PP ]

+


NB

e=HB kMe
[e]) +


NB

e=HB kMe
[e]) +


NB

e=HB kMe
[e]) +


NB

e=HB kMe
[e]) +


NB

e=HB kMe
[e]) +


NB

e=HB kMe
[e])�� �

−kc[MOP1] −kc[MOP2] −kc[MOP3] +kc[MOP1] +kc[MOP2] +kc[MOP3]�� �

−HY +HY

�� ��� ��� ��� ��� �� = =! = "# � $ �% #'& !  = � �( � � ( )( * $ ) + ) * #, � �� % )( #'& !  � ∑3
i=1 ai = εp - ∑3

i=1 bi = εd �

SNO3 SNH4 SPO4 SO2�� �

(−(1 − [NH4]
[NH4]+KNH4

)µ[F ])r N

C

(− [NH4]
[NH4]+KNH4

µPP [F ])r N

C

(−µPP [F ])r P

C

+µNB

YNB
[NB] − µNB [NB])r N

C

(−µHB[HB] + µHB

YHB
[HB] − µNB

YNB
[NB])r N

C

(+(1 − 1
YHB

)µHB[HB])r P

C�� �
�� �

−τPP (RM + Rµµ)[F ]
−τHB(1 − YHB)µHB

YHB
[HB] − τNB

µNB

YNB
[NB]�	 �

+P [F ]�
 �
�� �

�� �
�� �

�� �

�� �� � � . � ��� �� = =! = "# �% / �� 0# +#'& !  = � �( � � ( )( * $ = ( ! *� # + ( * =  * $1 �2 3% , (  �
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© [PjLf ) _	� / �Z
>|�[<}F[Pai_m� � p~e � � [Pj>_ml:nLpwp�fia.v�_b{k_mf,c�p�p`j�a � eA_mf.^�eA}<\][ � ai_b}Rp`joa,fox¬ d x � [P\>_mv>p`}Rp`j:a y>_mekv>c � � [AvL[Py>|mp ?�� j � A f
I d xL|mp`j:a,p`}Rp`j:a�y>_meov>c � � [AvL[Py>|mp ?�� eij � A f
� d x � c�� � [A^`a"[P_ � p&d

d r [ }F[Pai_m� � p�e � � [Pj>_ml:nLp�a,eAa"[P|mp ? MO A<p�f,a � c`\][ � ai_mp�p`joa � p�|mp�fF\>d][Af,p�fF\][ � ai_m^`n>|�[P_ � p¨p`a v�_mf"f,eAn>a,p� p�fi\£p�^`ai_b{Hp`}Rp`j:a	=�|X��[P_mv>p~v>p�f.^�ekp��F^`_mp`j:a,f εp
p`a εd

d
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Z�p`aia,p�[Pj>jLp��>p \ � c�f"p`j:a,p�|X�sc`{HeA|bn>ai_meAj v>p�f�^,d � eAj>_mlonLp�f'v>p�v>c`y>_ba'fi_b}wn>|mc�p�f�p`a�eAyLf,p � {Hc�p�f'p`jR��eAjL^`ai_meAjv�n¨\][Af�v>pwa,p`}<\Lf�v��sc�^,d][Pjoai_b|b|meAj>j][ � p&d O j�eAyLf,p � {Hp0\)eAn � a,eAn>a,p�f�|mp�fxfia"[Pai_meAjLf�
+n>jLpwa � ��f�jLp`aia,p<[P}Rc��|b_me � [Pai_meAj�v>p~|�[ � p�fiai_bain>ai_meAj�v>p�f v>c`y>_ba,f |me � f,lonLpx|X�seAj¨[Pn � }Rp`joa,p~|mp�\][Af�v>p�a,p`}<\Lf v��sc�^"d][Pj:ai_b|b|meAj>j][ � p? �ieAn � j][P|b_mp � =w}Rp`jLfinLp`| A;dLr p�f � c�fin>|ba"[Pa,f.\ � c�f,p`j:a,c�f.f"eAj:a.^�p`n��§v>p�f fia"[Pai_meAjLf.v>p z eAj:a � h ? ¬ I p&p 8k} 2 A;

¤ eA}<}Rp`nLf,p ? ®g®'p 8o} 2 A;
 z p`_b|b|mp � [�h4?W�Q� p 8o} 2 A;
 r [�r [O{A[PjLv>p � _mp ? I j&p 8k} 2 A;
 v�n � dLp`_b| ? ¬�p&p 8k} 2 Ap`a z c`|�[ � ^,dLp G$? ® 8k} 2 A;
£\)eAn � |mp�f�fi_b}wn>|�[Pai_meAjLf3v>p<^O[P|�[ � p<p`a~v>p�{g[P|b_mvL[Pai_meAj323v>p�|X� d:h�v � eA|me � _mp&d ¤ eAn �� [P\>\£p`|E|mp<^O[P|�[ � p�p�fia�p ;�p�^`ainLc<fin � |�[ \)c � _mekv>p�v�n ¬ er [Ae54>a ¬O­�� l§[Pn � ¬ ��n>_b|b|mp`a ¬O­g­ l 
£|�[ {g[P|b_mvL[Pai_meAjv�n ¬ er [Ae54>a ¬O­g­ l<[PnZ� ¬ ��n>_b|b|mp`a,I p&p�¬ d
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� `���� > d ¬ x]ZVd � eAj>_mlonLp�f v>p~v>c`y>_ba,f�= z eAjoa � h
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� ` ��� > d I x)ZVd � eAj>_ml:nLp�f�v>p�v>c`y>_ba,f�= ¤ eA}<}Rp`nLf,p
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© p�f,ai_bjLc�p�[Pn¦|mp�^`a,p`n � jLeAjN�X[P}<_b|b_mp � =T|�[ � c�egf,a"[Pai_mfiai_ml:nLp&
 ^�p`aia,p [Pj>jLp���p \ � c�f,p`joa,p |mp�fwjLeAai_meAjLf<p`a^�eAjL^�p`\>a,fxjLc�^�p�f,f"[P_ � p�f�= |�[ ^�eA}<\ � c`dLp`jLfi_meAj v>p0|�[R\][ � ai_mp�v�n�}Rc`}ReA_ � p�v>pwaidL��f"pw^�eAjL^�p � j][Pjoa~|mp 8 � _«�� pO[ � p&d t |b|mp~j ��[R[PnL^`n>jLp~\ � c`a,p`joai_meAj�v��sp���d][PnLfiai_b{o_ba,c3p`a p�fia {HeA|meAj:a"[P_ � p`}Rp`joa�fihojoaidLc`ai_ml:nLp&d)Z�p`aia,p3[Pj��jLp��>p�p�fia._bjLfi\>_ � c�p~v>p��:pO[Pj>jLc�p ? I p&p�¬ A 2(d
� ��U #%$ &+*,$.-0/2/>&+( &+*,/>&)*��x1w6�/

© [PjLfVn>jLp.j][P\>\£p&
:eAj \)p`n>aV{HeA_ � |�[3^�eAjL^�p`j:a � [Pai_meAj§p`jF\£eA|b|bn][Pj:a'^�eA}<}Rp�n>jLp ;>=>?P@B=>C DB8�=LD��o=�G	�+@B?J8
X 
Ov>eAjoa jLeAnLf eAyLf,p � {HeAjLf n>j3^�p � a"[P_bjwjLeA}3y � pVv>p � cO[P|b_mf"[Pai_meAjLfEfi\][Pai_�[P|mp�f p`a a,p`}<\£e � p`|b|mp�f�dJr ['}ReOhHp`j>jLp&
eAn 8o9OI
�o?J=���
H8 
V{g[P|mp`n � \ � eAy][Py>|mp¨v>p X 
�p�fiaRjLeAa,c�p E[X] d Z�p`aia,p�p�f,\)c � [PjL^�p�p�fia p�fiai_b}Rc�pT\][ � |�[}ReOhHp`j>jLp�v>p�f {g[P|mp`n � f eAyLf"p � {Hc�p�f fin � |mp�a,p �i� [P_bj$d © ��[Pn>a � p�\][ � a�
O|�[ ;>=>?A@ =���
H8 σ2

X
v>p � 
�jLeAa,c�p V ar[X] 
{g[Pn>a E[X − E[X]]2 = E[X2] − E2[X] p`a p�fia.p�fiai_b}Rc�p~\][ � |�[0{A[ � _�[PjL^�p3v>p�f.v>eAj>jLc�p�f�d

� eA_mp`j:axv>p`n�� {g[ � _�[Py>|mp�fx[P|mcO[Pa,eA_ � p�f X p`a Y dLr p3v>p � � cwv>p3^�e �i� c`|�[Pai_meAj�p`j:a � p X p`a Y p�f,a f,eAn>{Hp`j:a}Rp�fin � c =0|X��[P_mv>p3v�n 
���8���
:@B8��)GRQE8�
��+?J?��oDB=�G @���� D�@����:=L@B?P8

ρ =
Cov(X,Y )

σXσY

[�{Hp�^ Cov(X,Y ) = E[(X − E[X])(Y − E[Y ])] |�[T^�eO{g[ � _�[PjL^�p p`joa � p X p`a Y d r pF^�ekp��F^`_mp`j:a<v>p^�e �i� c`|�[Pai_meAjNp�fiaxf"[PjLf�v�_b}Rp`jLfi_meAj p`axa,eAnH�ieAn � f�^�eA}<\ � _mf�p`j:a � p�� ¬ p`a ¬ d ¤ |bnLf�^�p�^�eop��F^`_mp`joa~p�fia�c`|mp`{Hcp`a�\>|bnLf�|mp�f�{A[ � _�[Py>|mp�f<f"eAj:aRv�_ba,p�f<^�e �i� c`|mc�p�f f _bjo{Hp � f,c`}Rp`j:a�
�|me � f"l:n � _b| p�fia�jLc � [Pai_«�H
�eAj¦\][ � |mp v���[Pjoai_«�^�e �i� c`|�[Pai_meAj$d
¤ [ � [P_b|b|mp`n � f�
�v���[Pn>a � p�f fia"[Pai_mfiai_mlonLp�f'f,eAj:a�_bj:a,c � p�f"f"[Pj:a,p�f |me � f'v>p�|X�sc`ainLv>pxv�� n>jLp�{g[ � _�[Py>|mpx[P|mcO[Pa,eA_ � p&dZ��sp�fia�|mp ^O[AfVv>p�f���� =��)G @�DB8:9 
HeAy>a,p`j:nLf�v>p'|�[��X[ 
 eAjFfin>_b{g[Pj:a,p xH[P\ � ��f � [Pj � p`}Rp`j:a�\][ � e � v � p.^ � eA_mf,f"[Pjoav>p�f~{g[P|mp`n � f�
�|mpFl:n][Pjoai_b|mp = p � 
�jLeAa,c qp


 p�fia~|�[ {g[P|mp`n � v>p<|�[�v>eAj>jLc�pRa,p`|b|mpFlonLp p � v>p�f~{g[P|mp`n � f|bn>_�f,eAj:a'_bj���c � _mp`n � p�f�d ¤ [ � p��>p`}<\>|mp&
�|mp�lon][Pj:ai_b|mp.= p � p�f,aV|�[w{g[P|mp`n � }<_bj>_b}F[P|mpxv>p�f v>eAj>jLc�p�f�
�^�p`|bn>_�=¬�p&p � |�[F{A[P|mp`n � }F[J�k_b}F[P|mp&d O j�v�_mfiai_bj � nLpwp`j¨\][ � ai_m^`n>|b_mp � |�[ K��oQE@B=�� 8 
]lon>_ p�fia |mpwl:n][Pjoai_b|mp�= j&p
� d © [PjLf |mp�^O[Af.v�� n>jLpwv�_mfia � _by>n>ai_meAjTfihk}Rc`a � _mlonLp&
>}Rc�v�_�[PjLp~p`a.}Re hHp`j>jLp3f,eAjoa c � [P|mp�f�d
6�� 6;��G+*BF �3�7�@� 9�*��?G�4;*7*�� 9&43���I�"�74;�u#��?*BF �3-(�"��-��HM
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© p �X[ 
 eAj a � ��f�fihkj:aidLc`ai_mlonLp&
o|�[ � c�egfia"[Pai_mfiai_mlonLp�{o_mf,p�=3v>c�^ � _ � p�v>p�f�\>dLc`jLeA}R�`jLp�f'j][Pain � p`|mf'^�e �i� c`|mc�fvL[PjLf0|X�sp�fi\][A^�p�p`a0c`{Hp`joainLp`|b|mp`}Rp`j:aR|mp a,p`}<\Lf�p`a�=�l:n][Pjoai_«ª]p � |X� _bjL^�p � ai_bainLv>p�|b_mc�p =T|mp`n � p�fiai_b}F[Pai_meAj$dr p�f3}Rc`aidLeov>p�fw}<_mf,p�f3p`j¦¡xn>{ � p eAj:a0^�eA}<}Rp`jL^�c =�[P\>\][ � [��ma � p�vL[PjLfw|mp�fw[Pj>jLc�p�f j&p 
�a,eAn>awv���[Py£e � vvL[PjLf�|mp�v>eA}F[P_bjLp�}<_bj>_mp � d © p`\>n>_mf�
�|mp�f v>eA}F[P_bjLp�f§v���[P\>\>|b_m^O[Pai_meAj f,p¨f,eAj:a���e � a,p`}Rp`j:a§v�_b{Hp � fi_«ª]c�f x\£c`a � eA|mp&
Vdohkv � e � c�eA|me � _mp&
.d][P|b_mp`n>ai_ml:nLp&
'a,eA\£e � � [P\>d>_mp&
'}Rc`a,c�e � eA|me � _mp&
 \£c�v>eA|me � _mp&
�ªLj][PjL^�p�[P_bjLf,_xlonLp|X�sp`j:{k_ � eAj>jLp`}Rp`j:a�
£lon>_�jLeAnLf _bj:a,c � p�f"f,p�\>|bnLf f,\)c�^`_«ª]lonLp`}Rp`j:a vL[PjLf�^�px}Rc`}ReA_ � p&dM eAnLf<jLeAnLfF_bj:a,c � p�f,f"eAjLf =�n>j
\>dLc`jLeA}R�`jLp�v�_ba������H_�	�
 {�� _�
��¨lon>_.f,p§v>c`\>|meA_mpTvL[PjLf<|X�sp�f,\][A^�p&
�p`j\ � [Pai_mlonLp0f,n � n>j ^,d][P}<\ y£e � jLc S d�Z�pw\>dLc`jLeA}R�`jLp � c � _meAj][P|b_mf,c<p�fia�\][ � p���p`}<\>|mp0|�[ ^�eAjL^�p`j:a � [Pai_meAjv�� n>j�\)eA|b|bn][Pjoa�vL[PjLf n>jLp�j][P\>\£p&
JeAn0y>_mp`j<p`jL^�e � p�n>jLp�d][Pn>a,p`n � \>_mc GOeA}Rc`a � _mlonLp&
P|�[ a,eA\£e � � [P\>d>_mp'v�� n>jLp� c � _meAj � c�e � � [P\>d>_ml:nLp&
£p`a,^&d ¤ eAn � |X�sc`ainLv�_mp � 
�� jLeAnLf�f,n>\>\)egf,eAjLf�lonLp3^�pw\>dLc`jLeA}R�`jLp0f"p~|�[P_mf,f,pwv>c�^ � _ � pv>p~}F[Pj>_m� � p0f"[Pai_mf��X[P_mf"[Pjoa,p~\][ � |�[Fv>eAj>jLc�pwv�� n>jLp�?�eAn�c`{Hp`joainLp`|b|mp`}Rp`j:a�\>|bnLfi_mp`n � f A���eAjL^`ai_meAj z v>c�ªLj>_mpfin � S 
>lonLp�jLeAnLf [P\>\£p`|b|mp � eAjLf�
Lv�� n>j�a,p � }Rp � c`jLc � [P|"
 ¥ [ � _�[Py>|mp : c � _meAj][P|b_mf,c�p�� ? z [PaidLp � eAj$
 ¬O­H® � A;dh c`jLc � [P|mp`}Rp`j:a�
�^�p`aia,p�{A[ � _�[Py>|mp j �sp�fiaV^�eAj>jonLp�lon �sp`j lonLp`|mlonLp�f�\£eA_bj:a,f�v�n ^"d][P}<\ S dor [ � c�egfia"[Pai_mfi�ai_mlonLp.\£p � }Rp`a�
 =3\][ � ai_ � v>p�^�p�fVlonLp`|mlonLp�f�v>eAj>jLc�p�f'p`a�v>p.|X� _bj���e � }F[Pai_meAj lon][P|b_ba"[Pai_b{Hp�� \][ � p���p`}<\>|mp�|mp^�eA}<\£e � a,p`}Rp`j:a.[Af,f,p G.|b_mf"f,p.v�� n>jLp�{A[ � _�[Py>|mp a,p`|b|mp lonLp.|�[x\>_mc GOeA}Rc`a � _mp���
Hv>p \ � c`{HeA_ � |mp�^�eA}<\)e � a,p`}Rp`joav>p�|�[0{g[ � _�[Py>|mp~fin � |X�sp`jLf,p`}wy>|mp3v�nT^"d][P}<\$d
� | ��[Pn>a � [ � v>p � =R|X�sp�fi\ � _ba�lonLp~|X�sp��F^O[A^`_ba,c0v>pw|�[Rv>c`}F[ � ^,dLp�p�fia�p`j:ai_m� � p`}Rp`joa~^�eAjLv�_bai_meAj>jLc�pw\][ � |mp�X[P_baVlonLp.|mp�f�v>eAj>jLc�p�f'f,eA_mp`joa � p`\ � c�f"p`j:a"[Pai_b{Hp�f'v�nF\>dLc`jLeA}R�`jLpxc`ainLv�_mc&
k^�p lon>_]\£p`n>a�jLp.\][Af 6`a � p.|mp�^O[Affi_�\][ � p��>p`}<\>|mp'|X�sc�^,d][Pjoai_b|b|meAj>j][ � p�p�f,a�}F[P|][AvL[P\>a,c xA^�eA}<}Rp`j:a�\][ � p��>p`}<\>|mp.v>c`a,p�^`a,p � v>p�fV[PjLeA}F[P|b_mp�fv>c�^O[P}Rc`a � _mlonLp�f�=0\][ � ai_ � v>p~}Rp�fin � p�f.p�fi\][A^�c�p�f�v�� n>j,8o_b|meA}R�`a � p ? : _b{HeA_ � [ � va
 ¬O­g­&j A��

� ��
 �3$.-ot &+*,$.-0/ (.4,5�( &+$.*HW£6�/
Z�eAjLfi_mv>c � eAjLf�|�[R^�eAjL^�p`j:a � [Pai_meAj v�� n>j�\)eA|b|bn][Pjoa�p`j�n>j�\£eA_bj:a�v�� n>jLp3j][P\>\£p&d)Z�p`aia,p0^�eAjL^�p`j:a � [Pai_meAj\£p`n>a 6`a � p<^�eAjLf,_mv>c � c�p<^�eA}<}Rp�n>jLpw{g[ � _�[Py>|mpR[P|mcO[Pa,eA_ � p&dam \ � c�f"p`j:a�jLeAnLfxjLeAnLfx_bj:a,c � p�f"f,eAjLf�jLeAj�\][Af=T|�[�^�eAjL^�p`joa � [Pai_meAj p`j¦n>j¦\£eA_bj:a<v>p�|�[Tj][P\>\)p&
E}F[P_mf�p`j N |meo^O[P|b_mf"[Pai_meAjLf�jLeAa,c�p�f x1, . . . , xN

d t jjLeAa"[Pj:a0^�p�f3^�eAjL^�p`joa � [Pai_meAjLf z(x1)

 z(x2)


<dBdBdB
 z(xN ) 
 jLeAnLfw[P|b|meAjLfw^�eAjLfi_mv>c � p � ^�p�f3{A[P|mp`n � fw^�eA}<}Rpv>p�f � cO[P|b_mf"[Pai_meAjLf�v�� n>jTp`jLf,p`}wy>|mp3v>px{g[ � _�[Py>|mp�f�[P|mcO[Pa,eA_ � p�f Z(x1)

 Z(x2)


$dBdBdB
 Z(xN ) d © p���[ 
 eAjT\>|bnLffihkj:aidLc`ai_mlonLp&
LeAjT^�eAjLfi_mv>c � p � [R|X�sp`jLf,p`}3y>|mpwv>p�f.{g[P|mp`n � f z(x) ^�eA}<}Rp�n>jLp � cO[P|b_mf"[Pai_meAj¨v�� n>jLp�{A[ � _�[Py>|mp[P|mcO[Pa,eA_ � p Z(x) _bjLv>p��>c�p \][ � |�[¨\£egfi_bai_meAj vL[PjLf<|X�sp�fi\][A^�p ? : _b{HeA_ � [ � va
 ¬O­g­&j A;dVZ��sp�f,aR^�p`aia,p§{A[ � _�[Py>|mp[P|mcO[Pa,eA_ � pw_bjLv>p���c�p3\][ � |�[<\£egfi_bai_meAj¨l:nLp3jLeAnLf�[P\>\£p`|b|mp � eAjLf�� ����
gG @����¢=LD��:=�G	�)@ ?P8 ? � m	A;d M eAnLf � c�f,p � �{Hp � eAjLf�|X� nLf"[ � p�v>p Z \£eAn � |�[~��eAjL^`ai_meAj [P|mcO[Pa,eA_ � pxp`a'^�p`|bn>_)v>p z \)eAn � |�[~{g[ � _�[Py>|mp � c � _meAj][P|b_mf,c�pxl:n>_£p`jp�fia n>jLp � cO[P|b_mf [Pai_meAj$d
: jLp���eAjL^`ai_meAjF[P|mcO[Pa,eA_ � p f"pV^O[ � [A^`a,c � _mf,p'\][ � f"[ D��+@£9OIE=�G @B=LDB8 
glon>_kp�fia |�[.��eAjL^`ai_meAj f(x1, . . . , xN ) =

[Z(x1) ≤ z1, . . . , Z(xN ) ≤ zN ] ^�eAj>j:nLp l:nLp`|mlonLp<f,eA_ba�|mp�jLeA}wy � p N v>pR\)eA_bjoa,f~p`a�|X� _b}<\>|�[Pj:a"[Pai_meAjv>p0^�p�f N \£eA_bj:a,f�d ¤ [ � f,eAnL^`_ v>p~|mc � � � p`a,c&
)|�[FjLeAa"[Pai_meAj�[Py � c � c�p zi
f,p � [Ff,eAn>{Hp`j:axn>ai_b|b_mf,c�p�=<|�[F\>|�[A^�pv>p z(xi)

d
: jLp.��eAjL^`ai_meAj§[P|mcO[Pa,eA_ � pxp�fiaVv�_ba,p 9�GO=�G @���� � =L@B?P8 fi_+f"[~|meA_)f,\][Pai_�[P|mp�p�fiaV_bj:{g[ � _�[Pj:a,p�\][ � a � [PjLfi|�[Pai_meAjv>p�f (xi)i=1,...,N

v�� n>j {Hp�^`a,p`n � h 
.^g�sp�fia�� =J� v�_ � pNfi_ [Z(x1) ≤ z1, . . . , Z(xN ) ≤ zN ] = [Z(x1 +
h) ≤ z1, . . . , Z(xN + h) ≤ zN ]

� j:ain>_bai_b{Hp`}Rp`joa�
E^�p`|�[Tfi_ � j>_«ª]pFlonLp<|mpF\>dLc`jLeA}R�`jLpFa,eAn>a0p`j:ai_mp � p�fiadLeA}Re � �`jLp.vL[PjLf�|X�sp�fi\][A^�p&d O jFf,p � p`jLv<y>_mp`jR^�eA}<\>a,p.lonLp'|�[xfia"[Pai_meAj>j][ � _ba,c�fia � _m^`a,p p�fia�n>jLp'd:hk\£eAaidL��f,pp���a � 6`}Rp`}Rp`j:a'��e � a,p&d ¤ eAn � ^�p`|�[ 
oeAj f,p�|b_b}<_ba,p�� � c�lonLp`}<}Rp`j:a =3n>jLp 9OGO=�G @ � ��� =>?A@�G	�§Q�� �]?PQ ?P8FQE8 ���<
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^g�sp�fia�� =J� v�_ � p3|X� _bj:{g[ � _�[PjL^�p~\][ � a � [PjLfi|�[Pai_meAj¨v>p�f }ReA}Rp`j:a,f�v��se � v � p ¬ p`a,I
E[Z(x)] = m

Cov(Z(x), Z(x + h)) = E[(Z(x) − m)(Z(x + h) − m)] = E[Z(x)Z(x + h)] − m2 = C(h)

\£eAn � x p`a x + h [P\>\][ � a,p`j][Pj:a3[Pn�^,d][P}<\ v��sc`ainLv>p&d�: jLp~��eAjL^`ai_meAj [P|mcO[Pa,eA_ � p0p�fia�v>eAjL^0fia"[Pai_meAj>j][P_ � pv��se � v � p�v>p`n��0? � m � a IKA f,_:f,eAj3p�fi\£c � [PjL^�p�p�f,a ^�eAjLfia"[Pjoa,pVp`aEfi_H|�[.^�e {A[ � _�[PjL^�pV\£eAn � v>p`n��~\£eA_bj:a,fEf,c`\][ � c�fv�� n>jLp~v�_mfia"[PjL^�p h p�fia n>jLp~��eAjL^`ai_meAj C v>c`\£p`jLvL[Pj:a n>j>_mlonLp`}Rp`j:axv>p~^�p`aia,p~v�_mf,a"[PjL^�p&d t j�\][ � ai_m^`n>|b_mp � 
\£eAn � h = 0 
£jLeAnLf0[�{HeAjLf3lonLp Cov(Z(x), Z(x)) = V ar[Z(x)] = C(0) 
 p`a~v>eAjL^RlonLp�|�[�{A[ � _�[PjL^�pp�fia.^�eAjLfia"[Pjoa,p3fin � |mp3^,d][P}<\$d� | p�fia�_b}<\)e � a"[Pjoaxv>p�f,p � p`jLv � p�^�eA}<\>a,p<l:nLpw|�[Ff,a"[Pai_meAj>j][ � _ba,c<p�fia n>jLp0\ � eA\ � _mc`a,c<v>pw|�[<��eAjL^`ai_meAj[P|mcO[Pa,eA_ � p&d Z�p`\)p`jLvL[Pjoa�
�fi_EjLeAnLf jLeAnLf�\>|�[ 
 eAjLf~[Pn¨j>_b{HpO[Pn�v>pw|�[F{A[ � _�[Py>|mp � c � _meAj][P|b_mf,c�p&
£eAyLf,p � {Hc�p�p`jlonLp`|ml:nLp�f \£eA_bj:a,f�v�� n>jT^,d][P}<\$
+eAj§\)p ��
 eA_ba y>_mp`jTl:nLpx|�[Rfia"[Pai_meAj>j][ � _ba,c3fin>\>\£egf,c�p�v�n§}Rekv>�`|mp3[Af,f,ek^`_mc{g[.v>c`\£p`jLv � pVv>pV|�[.a"[P_b|b|mp�v�n�^,d][P}<\$
Av>p�|�[.��p`j	6`a � p�v��seAyLf,p � {g[Pai_meAj<l:nLp�jLeAnLfE[O{HeAjLf�v>p�^�pV\>dLc`jLeA}R�`jLp&d
� ��� �¦(@W)*,$�Y!W)(	w w 6
RZ�����[� �SC�-M01. � - C �
� % %���+O2	-M0 � %*���QCUV

� eA_ba n>jLpV{A[ � _�[Py>|mp � c � _meAj][P|b_mf,c�p z(x) fin � n>j0^,d][P}<\ D 
 _bj:a,p � \ � c`a,c�p ^�eA}<}RpVn>jLp � cO[P|b_mf [Pai_meAj0v�� n>jLp��eAjL^`ai_meAj�[P|mcO[Pa,eA_ � p Z(x) 
£\£eAn � |X� _bjLfia"[Pj:a0fin>\>\)egf"c�p�_bj:a � _bjLf,��lonLp&d t j aidLc�e � _mp&
 ^�p<v>eAj:awjLeAnLf3[�{HeAjLfy£p�f,eA_bj \£eAn � }Rp`jLp � = y>_mp`j |mp�fwv�_<;£c � p`joa,p�fwp�f,ai_b}F[Pai_meAjLf3p�fia~|mpR{A[ � _me � � [P}<}Rp γ(h) v>pR|�[���eAjL^`ai_meAj[P|mcO[Pa,eA_ � p Z(x)

γ(h) =
1

2
V ar[Z(x + h) − Z(x)] ?XZ d ¬ A

Z�p ;>=>?A@����]?P=LKNKN8<G
	�� �]?A@ ��� 8 _b|b|bnLfia � p�^�eA}<}Rp`j:a'c`{HeA|bnLp.|�[3v�_mf,fi_b}<_b|�[ � _ba,c p`joa � p Z(x) p`a Z(x+h)|me � f,lonLp h � � [PjLv�_ba�d � _£^�p`aia,pxv�_mf,fi_b}<_b|�[ � _ba,cxjLp�v>c`\)p`jLv lonLp�v�n }Rekv�n>|mpxv>p h p`a'jLeAj§v>p�f"[3v�_ � p�^`ai_meAj$
|mpR{g[ � _me � � [P}<}Rp p�fia _�
 	�� � 	�
��)d�Z�p`|�[�fi_ � j>_«ª]p _bj:ain>_bai_b{Hp`}Rp`joaRl:nLp |mpR\>dLc`jLeA}R�`jLp f,p v>c`{Hp`|meA\>\)p v>p�X[ 
 eAj [Pj][P|me � nLp vL[PjLfV^,d][AlonLp.v�_ � p�^`ai_meAj$d � |]p�fia�fi_b}<\>|mp v>p {Hc � _«ª]p � lonLp&
g\£eAn � a,eAn>a h 
 γ(−h) = γ(h) 

γ(h) ≥ 0 p`a γ(0) = 0 d ¤ [ � [P_b|b|mp`n � f�
�_b| p�f,aRjLc�^�p�f,f"[P_ � p�v�� _b}<\)egf,p � ^�p � a"[P_bjLp�f ^�eAjLv�_bai_meAjLf�fin � ^�p{g[ � _me � � [P}<}Rp&
]lon>_�jLp�\)p`n>a 6`a � p~n>jLpx��eAjL^`ai_meAj�l:nLp`|m^�eAjLlonLp&dZ�p�{g[ � _me � � [P}<}RpTaidLc�e � _mlonLp�j ��[N^�p`\)p`jLvL[Pjoa [PnL^`n>jLp�p��k_mfia,p`jL^�p � c�p`|b|mp ? z [PaidLp � eAj$
 ¬O­ l j A;d O jfO� _bjoa,c � p�f,f,p�p`j3\ � [Pai_ml:nLp�[Pn~{A[ � _me � � [P}<}Rp�v>p�|�['{g[ � _�[Py>|mp � c � _meAj][P|b_mf"c�p&
J[P\>\ � ek^,dLc�fi_gjLeAnLf ^�eAj>j][P_mf,f"eAjLf
z(x) p`j N \£eA_bj:a,f x(i) , i = 1, . . . , N \][ � |mp ;�=>?A@����+?J=LK�K 8�8 � I
�:?A@�K 8��)GO=LD

γ?(h) =
1

2N(h)

∑

xj−xi∼h

[z(xj) − z(xi)]
2 , ?XZ d IKA

N(h) � p`\ � c�f,p`joa"[Pj:a�|mpRjLeA}wy � p v>p ^�eAn>\>|mp�f�v>pR\£eA_bj:a,f0v�_mfia"[Pj:a,f0v>p h d � _�|mpRjLeA}3y � p N v>pR\£eA_bj:a,fp�fia�fin��Ff"[Pjoa�p`axlonLp0^�p`n��o� ^`_�f,eAjoa�^�e �i� p�^`a,p`}Rp`j:a � c`\][ � ai_mf�fin � |�[ GOeAjLp�v��sc`ainLv>p&
 γ?(h) ��eAn � j>_ba�n>jLpy£eAj>jLp~p�fiai_b}F[Pai_meAjTv�n�{g[ � _me � � [P}<}Rp3f"eAnLf�� �i[A^�p`joa v>px|�[0��eAjL^`ai_meAj�[P|mcO[Pa,eA_ � p&d
RZ������A � .�')!*V1%$# '"%X4UCU- 01. �5- C � � %*#

� |Lp���_mfia,p.v�_<;�c � p`j:a,fV}Reov>�`|mp�fVv>p {g[ � _me � � [P}<}Rp�f � p`\ � ekv�n>_mf"[Pj:a'v�_<;£c � p`joa,p�fV^O[ � [A^`a,c � _mf,ai_ml:nLp�fVfia � nL^��ain � [P|mp�f�d ¤ [ � }<_ |mp�f'\>|bnLf.^�eAn � [Pjoa,f�
LeAj§jLeAa,p � [�|mp�f.}Reov>�`|mp�f.f,\>dLc � _ml:nLp&
>p���\)eAjLp`joai_mp`| p`a � [PnLf,fi_mp`j�lon>_
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� ` ���)Z d ¬ x t �>p`}<\>|mp�f v>px}Rekv>�`|mp�f v>px{g[ � _me � � [P}<}Rp3^�eAn � [Pj:a,f(d)Z x>\][P|b_mp � f [ xL\)e � a,c�p&d

��eAj:a._bjoa,p � {Hp`j>_ � n>j�\][ � [P}R�`a � p a |b_mc.=�|�[�v�_mfia"[PjL^�p6=�|�[Al:nLp`|b|mp~_b|mf.f,p�fia"[Py>_b|b_mf,p`joa p`a.n>j�f,p�^�eAjLv�\][ � [J�}R�`a � p C ^�e �i� p�fi\)eAjLvL[Pjoa�[Pn�j>_b{HpO[Pn¨v>p�{g[ � _�[Py>_b|b_ba,c~|me � f,lonLpx|mp�}Rekv>�`|mp3p�fia.fia"[Py>_b|b_mf"c&d � |mf f,eAj:a � p`\ � _mf=0|�[0ª � n � pwZ d ¬ 
La,eAn>a ^�eA}<}Rp�|mpx}Rekv>�`|mp�|b_bjLcO[P_ � p&
]p��>p`}<\>|mp~v>px}Rekv>�`|mp�jLeAjTfia"[Pai_meAj>j][P_ � p&d: j {g[ � _me � � [P}<}RpFaidLc�e � _mlonLp<\£p`n>a3^�eA}3y>_bjLp � v�_<;�c � p`j:a,p�f0fia � nL^`ain � p�f6=§v�_<;�c � p`j:a,p�f0c�^,dLp`|b|mp�f f eAj\][ � |mp~v>p 9OGO? � 
gG � ?J8o9R8oK¨C
����G	�o8:9 d � eAn>{Hp`j:a�
+|mpx{A[ � _me � � [P}<}Rp0f,p�fia"[Py>_b|b_mf,p6=0n>j�j>_b{HpO[Pn�v>px{g[ � _�[J�y>_b|b_ba,c3[P\>\£p`|mc IE=LDB@B8o? 
>p`a.^�p`|�[�\£eAn � n>jLp�v�_mfia"[PjL^�p0[P\>\)p`|mc�p I �]?JG	�:8 v�n�}Reov>�`|mp&d
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¤ |�[ 
 eAjLf��XjLeAnLf =�\ � c�f"p`j:a�vL[PjLf�|mp ^O[Af�e'z Z(x) p�fia�n>jLp � m � a I d:Z�eA}<}Rp ^�p`|�[�[xc`a,c'{on$
An>jLp � m � a Ip�fia~^O[ � [A^`a,c � _mf,c�pR\][ � f"[ }ReOhHp`j>jLp m p`a~f"[ ^�e {A[ � _�[PjL^�p C(h) 
�e'z h p�fia�n>j {Hp�^`a,p`n � d � eAn>a3^�eA}<}Rp\£eAn � |mp�{A[ � _me � � [P}<}Rp&
+^�p`aia,p~^�eO{g[ � _�[PjL^�p3p�f,a.v�_ba,p�_mf,eAa � eA\£p�fi_ p`|b|mp~v>c`\£p`jLv§n>j>_ml:nLp`}Rp`joa�v�n§}Rekv�n>|mpv>p h p`a jLeAjTv>p~f"[<v�_ � p�^`ai_meAj$d ¤ [ � [P_b|b|mp`n � f�
 C(h) = C(−h) p`a |C(h)| ≤ C(0) 
]l:n>_ p�f,a |�[�{A[ � _�[PjL^�pv>p�|�[ � m � a I d�r [0^�eO{g[ � _�[PjL^�p�v>eA_ba 6`a � p�n>jLp ��eAjL^`ai_meAj§v>c�ªLj>_mpx\)egf,_bai_b{Hp&
o}F[P_mf'jLeAnLf'j � _bjLf,_mfia,p � eAjLf'\][Affin � ^�p�\£eA_bj:a _m^`_"d: jLp ��eAjL^`ai_meAj [P|mcO[Pa,eA_ � p fia"[Pai_meAj>j][P_ � p c`a"[Pj:a�c � [P|mp`}Rp`j:a _bj:a � _bjLf"��l:nLp&
�p`|b|mpN\£egf,f,��v>pNn>j {g[ � _meP�� � [P}<}Rp&d)Z�p�v>p � j>_mp � p�fia |b_mc.=�|�[�^�e {A[ � _�[PjL^�p3\][ � |�[ � p`|�[Pai_meAj ? z [PaidLp � eAj$
 ¬O­ l j AQx
γ(h) = C(0) − C(h) ?XZ d��KA

e'z C(0) p�fia.^O[P|m^`n>|mc~n>jLpx��eA_mf'\£eAn � a,eAn>a,p�f�
L^�eAjoa � [P_ � p`}Rp`j:a�= C(h) d © [PjLf.^�p�^�eAjoa,p��ka,p&
]|�[�^�eAj>j][P_mf��f"[PjL^�p�v�nw{g[ � _me � � [P}<}Rp'p�fia v>��fE|me � fEc�l:n>_b{g[P|mp`j:a,p =�^�p`|b|mpVv>pV|�[�^�eO{g[ � _�[PjL^�p&d M cO[Pj>}ReA_bjLf�
Ja,eAn>a,p � m � a Ic`a"[Pj:a'n>jLp � m � 
H|mp�{A[ � _me � � [P}<}Rpxp�fia�n>j eAn>ai_b|+\>|bnLf � c`jLc � [P|"d �>� c�lonLp`}<}Rp`j:a�
�} 6`}RpxvL[PjLf�|mp�^O[Af'fia"[J�ai_meAj>j][P_ � p&
�jLeAnLf�jLp ^�eAj>j][P_mf,f,eAjLf�\][Af�|�[�}Re hHp`j>jLp�p`aR^�p`|b|mp�� ^`_.p�fia�p�fiai_b}Rc�p@=�\][ � ai_ � v>p�f<v>eAj>jLc�p�f�
^�p<lon>_�\)p`n>a�_bjoa � eov�n>_ � p<n>j y>_�[P_mf3fi_�jLeAnLfxn>ai_b|b_mf,eAjLf~|�[ ^�e {A[ � _�[PjL^�p&d r p�{A[ � _me � � [P}<}Rp&
 l:n][Pjoa6= |bn>_"
ªL|ba � pR^�p`aia,pF}ReOhHp`j>jLpFp`a3j �sp�fia3v>eAjL^<\][Af0[ ;£p�^`a,c<\][ � ^�p<y>_�[P_mf�d Z�p�f � [P_mf"eAjLfO��nLfiai_«ª]p`j:aw|X�sp`}<\>|meA_Vv�n{g[ � _me � � [P}<}RpF^�eA}<}RpReAn>ai_b|�fia � nL^`ain � [P|�} 6`}RpRvL[PjLf�|mpR^O[Af�v�� n>jLp���eAjL^`ai_meAj�[P|mcO[Pa,eA_ � pRf,a"[Pai_meAj>j][P_ � pv��se � v � p~v>p`n��ad
RZ������� �S- C�� 0 ��/"%�'"%�V�� C��)CUV1�"#&%(#&�Q- /)E � /)- C�V1%

� n>\>\)egf,eAjLfxlonLp3|X�seAj [P_ba � cO[P|b_mf,cw|X��[Pj][P|bhkf,p0p���\>|me � [Pa,eA_ � p<v�� n>jLp3{g[ � _�[Py>|mp � c � _meAj][P|b_mf,c�p�^�eAj>j:nLp<p`jlonLp`|ml:nLp�f�\£eA_bj:a,f(d M eAnLf�_bj:a,c � p�f,f [Pj:a�=�|�[�{A[ � _�[Py>_b|b_ba,c�p`j:a � p.|mp�f�^�eAn>\>|mp�f�v>p \£eA_bj:a,fVv�_mfia"[Pj:a,fVv>p h 
g_b|>{g[a,eAn>a.v���[Py£e � v 6`a � p�_bjLf,a � nL^`ai_«� v>pxf,p��X[P_ � p�n>jLpx_mv>c�p�v>px^�p`aia,px{g[ � _�[Py>_b|b_ba,c�p`j§^O[P|m^`n>|�[Pj:a�
L\£eAn � a,eAnLf'|mp�f^�eAn>\>|mp�f'v>p.\£eA_bj:a,f�
o|mp ^O[ �i� c�v>p.|�[3v�_<;£c � p`jL^�pxv>p |mp`n � ^�eAjL^�p`joa � [Pai_meAj$d m n>a � p`}Rp`joa�v�_ba�
k^�p`|�[ � p`{k_mp`j:a =



 ���� � � �	��� ���!�,���$�L� I ¬O­

� p`\ � c�f,p`joa,p � |�[ � � �:8R;>=>?A@����]?P=>I 	 @ ��� 8 ^�eAjLfiai_bainLc�p.v>p�f�\)eA_bjoa,f (|xj −xi|, 1
2(z(xj)−z(xi))

2) 
g\£eAn �a,eAn>a'^�eAn>\>|mp'?B_"
 � A;d:r p.��[A^`a,p`n � 1
2
p�f,a�n>ai_b|b_mf,c \][ �V� c���c � p`jL^�p�=3|�[~v>c�ªLj>_bai_meAj v�nF{g[ � _me � � [P}<}Rp&d�r [~jonLc�p{g[ � _me � � [P\>d>_ml:nLp�jLeAnLf � p`jLf,p`_ � jLp�v>eAjL^�fin � |�[~v�_mfi\£p � fi_meAj v>p�fVc�^O[ � a,f�p`j:a � p�|mp�fV\)eA_bjoa,fVp`j ��eAjL^`ai_meAj v>p|�[<v�_mfia"[PjL^�p3l:n>_�|mp�f.f"c`\][ � p&d t |b|mp�\£p � }Rp`a�[PnLf,fi_ v>p3v>c`a,p�^`a,p � |mp�f.^�eAn>\>|mp�f�[P\>\)e � a"[Pjoa |�[�^�eAj:a � _by>n>ai_meAj|�[0\>|bnLf'_b}<\£e � a"[Pj:a,p3[Pn§jon][ � p&d+Z�p�f ^�eAn>\>|mp�f'��eAj:a _bj:a,p � {Hp`j>_ � n>jLpx{A[P|mp`n � ��e � a,p�p`a n>jLpx{A[P|mp`n � �X[P_by>|mp&dm \>|bnLf v�� n>jLp3v�_b}Rp`jLf,_meAj$
L|mp�^O[P|m^`n>| v>p3^�p`aia,p�j:nLc�p3{A[ � _me � � [P\>d>_mlonLp3vL[PjLf�v�_<;£c � p`joa,p�f�v�_ � p�^`ai_meAjLf�p�fian>jLp�\ � p`}<_m� � p }F[Pj>_m� � pxv>p v>c`a,p�^`a,p � v>p�f'[Pj>_mf,eAa � eA\>_mp�f�
kl:n>_)p��k_mf,a,p`j:a�|me � f,l:nLp |�[3v�_mf,\)p � fi_meAj�v�n jon][ � pv�_<;�� � p~f,p`|meAj§|�[<v�_ � p�^`ai_meAj$d: jLp���eA_mf'|�[0j:nLc�px{g[ � _me � � [P\>d>_ml:nLp~^O[P|m^`n>|mc�p&
L|X�seAy>a,p`j:ai_meAj�v�n {g[ � _me � � [P}<}Rp~p���\)c � _b}Rp`joa"[P| p�fia'_b}��}Rc�v�_�[Pa,p&d t j§p ;£p`a�
k^�p`|bn>_«� ^`_)j �sp�fia�v>p�\][ � f"[~v>c�ªLj>_bai_meAj�Z d IwlonLp |�[3}ReOhHp`j>jLp�\£eAn � ^"d][Al:nLpx^`|�[Af,f,p�v>pv�_mfia"[PjL^�p�v>p�f 1

2 (z(xj) − z(xi))
2 v>p3|�[Fj:nLc�p0{g[ � _me � � [P\>d>_ml:nLp&d£r���[PyLf"^`_mf,f,p0v�n�{g[ � _me � � [P}<}Rp<p��k\£c � _«�}Rp`j:a"[P|Ep�fia [P|me � f |�[�}Re hHp`j>jLp3v>p�f |xj − xi| \£eAn � |�[�^`|�[Af,f,p3v>p�v�_mfia"[PjL^�p~^�e �i� p�fi\£eAjLvL[Pj:a,p&d

� ` ��� Z d I x M nLc�p�{g[ � _me � � [P\>d>_ml:nLp<p`ax{g[ � _me � � [P}<}RpRp��k\£c � _b}Rp`j:a"[P|�v>p0|�[�^�eAjL^�p`j:a � [Pai_meAj¦p`j�j>_ba � [Pa,p�fv>p�|X� t ek^��`jLp�\£eAn � |X��[Pj>jLc�p ¬O­���� d ¤ [Af v>p�^O[P|m^`n>| c � [P|(= ® j&p&p } d
� |Ep�fia�jLc�^�p�f"f"[P_ � pwv>p0^,dLeA_mf,_ � |mp3\][Afxv��sc�^,d][Pj:ai_b|b|meAj>j][ � p v>p��X[ 
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� t ��_mfia,p`jL^�pFv�� n>jLpF}<_m^ � egfia � nL^`ain � p&
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Z?(x) =

N∑

i=1

λiZ(xi)
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E[Z?(x) − Z(x)] = 0

t |b|mp~^�eAjLv�n>_ba	=0|�[�^�eAjLv�_bai_meAj�fin>_b{g[Pj:a,p3fin � |mp�f λi
x N∑

i=1

λi = 1
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[
N∑

i=1

λiZ(xi) − Z(x)

]

= C(0) − 2
N∑

i=1

λiC(xi − x) +
N∑

i,j=1

λiλjC(xi − xj)
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

N∑

j=1

λjC(xi − xj) + µ = C(xi − x) i = 1, . . . N

N∑

i=1

λi = 1
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z(x) ?XZVd][Pn>{Hp`a�
 ¬O­g­g­ A;dkZ�p`|�[3p�fia�{HeAn>|bn$
o^O[ � |X�seAyG��p�^`ai_«� v�� n>jLp�p�fiai_b}F[Pai_meAjFj �sp�f,a�\][Af�v>p � p`\ � ekv�n>_ � p�|�[{g[ � _�[Py>_b|b_ba,c�v>p |�[�{g[ � _�[Py>|mp.�E|mp�fVfi_b}wn>|�[Pai_meAjLf'p��k_mfia,p`joa�\£eAn � ^�p`|�[~� }F[P_mf�v>p v>eAj>jLp � p`j ^"d][Al:nLp�\)eA_bjoa�
^�eA}<\>a,p�a,p`j:n
v>p |�[Tfia � nL^`ain � p p`a�v>p�|�[T^�eAj�ª � n � [Pai_meAj v>p�f�c�^,d][Pjoai_b|b|meAjLf�
 |�[T}Rp`_b|b|mp`n � p§p�fiai_b}F[Pai_meAj|b_bjLcO[P_ � p~v>p~^�p`aia,p~{A[ � _�[Py>|mp&
L^g�sp�f,a�� =J� v�_ � p3^�p`|b|mp~lon>_�}<_bj>_b}<_mf,p�|�[0{g[ � _�[PjL^�p3v>px|X�sp �i� p`n � v��sp�fiai_b}F[Pai_meAj$d
� ��� � 1w(.-�&+* �otE('&+*,$ -\[06%4�]X*,-ot 6+W+&+*�&)1k[06 4,$5tE(.4,6
r [ � c�egfia"[Pai_mfiai_mlonLp�|b_bjLcO[P_ � p3\)p � }Rp`a�
Lp`jT}F[Pj>_b\>n>|�[Pj:a�p��>^`|bnLfi_b{Hp`}Rp`joa�v>p�f.^�eA}wy>_bj][P_mf,eAjLf�|b_bjLcO[P_ � p�fv>p |�[�{g[ � _�[Py>|mp.c`ainLv�_mc�p&
:v��sp�f,ai_b}Rp � ^�p`|b|mp�� ^`_]p`jF^"d][Al:nLp.\)eA_bjoa�v�nF^,d][P}<\�v��sc`ainLv>p�=�\][ � ai_ � v>p v>eAj>jLc�p�f

�� ��6;�I�"���3��G��0#PF ���R�"�7�@���"�74;� 9�� -��P�"�����������;���<��-(��*��>�(�"%�G��7���74;� #��?*BF ���R�"�7�@���"�743� #iF -���� � -��3�)�"���"%+�'�I� -����<��-����"� 9 ���R�� #(���R�"�7���;-��,�.#(�+*�������������� �"!$#%!&#'�)(	*+!,�"(	�.-/� 9/� -��i#(%�G��"���$*��>6;�I�"�=� 9��7*7���"%<#����$63�3*7��-��"� � *BF �7�)�"%��"�7��-���#iF -��Q#�43�@�3�7���3M
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p���\)c � _b}Rp`joa"[P|mp�f�
�p`aRv>p ��eAn � j>_ � n>jLp�{A[ � _�[PjL^�p§v>p�|X�sp �i� p`n � v��sp�fiai_b}F[Pai_meAj¢[Af,f,ek^`_mc�p&d Z�p`aia,p {g[ � _�[PjL^�p��eAn � j>_ba p`j�a,eAn>a,p � c`jLc � [P|b_ba,c3n>jLpx_bjLv�_m^O[Pai_meAj�fin � |�[0\ � c�^`_mf,_meAjTv>p�|X�sp�fiai_b}F[Pai_meAj$d+r�� _bj:a,p � \ � c`a"[Pai_meAj v>p
Z?(x) p`a σ?(x) jLp�\£p � }Rp`a�^�p`\£p`jLvL[Pj:a�|X�seAy>a,p`j:ai_meAj�v�� n>jT_bj:a,p � {g[P|b|mp3v>pw^�eAj�ª+[PjL^�p~\£eAn � Z 
][PnTf,p`jLffia"[Pai_mfiai_mlonLp�v�n�a,p � }Rp&
LlonLp~f,eAnLf ^�p � a"[P_bjLp�f�d:hk\£eAaidL��f,p�f � f"[g[38kf p`a �o� _b{A[Afia"[O{A[ ? ¬O­��g­ AQx

� © _mfia � _by>n>ai_meAj � [PnLf,fi_mp`j>jLp3v>p�f.p �i� p`n � f Z?(x) − Z(x) 

� � jLv>c`\£p`jLvL[PjL^�p�p`j:a � p~|�[3{g[ � _�[PjL^�p�v>p�^�p�f p �i� p`n � f.p`a'|mp�f {g[P|mp`n � f p�fiai_b}Rc�p�f ?BdLeA}Regf,^�c�vL[Af,ai_m^`_ba,cFA;dZ�p�f'\ � eA\ � _mc`a,c�f.jLp�f,eAjoa.p`j�\ � [Pai_mlonLp~lonLp � [ � p`}Rp`j:a.{Hc � _«ª]c�p�f�
]p���^�p`\>a,c�vL[PjLf'|mp�^O[Af v�� n>j§}Rekv>�`|mp� [PnLf,fi_mp`j$d © [PjLfx^�pw^O[Af�
+_b| p�f,a�\£egf,fi_by>|mpwv>pwv>c�v�n>_ � p�v�_ � p�^`a,p`}Rp`j:a~v>p Z?(x) p`a σ?

Z(x) n>j�_bjoa,p � {A[P|b|mpv>p~^�eAj�ª+[PjL^�p ? � Z A;
>\][ � p��>p`}<\>|mp IC95% = [Z?(x) − 1.96σ?
Z (x), Z?(x) + 1.96σ?

Z (x)] dr e � f,lonLp3|�[Fv�_mfia � _by>n>ai_meAj Z(x) j �sp�fia�\][Af � [PnLf"fi_mp`j>jLp&
]_b|Ep�fia�jLc�^�p�f,f"[P_ � p0v>p3f,p � [P}Rp`jLp � =F^�pw^O[Af�X[�{He � [Py>|mp�[Pn }Re hHp`j§v�� n>jLp a � [PjLf���e � }F[Pai_meAj$
>[P\>\)p`|mc�p =�� =LK��]?PI 	 �+9O8 dM: jLp.��eA_mfV|X�sp�fiai_b}F[Pai_meAj � cO[P|b_«�f,c�p \][ � 8 � _ � pO[ � p�fi_b}<\>|mp.fin � |�[�a � [PjLf���e � }Rc�p � [PnLf,f,_mp`j>jLp p`j � c�fin>|ba"[Pjoa�
:|X� _bjoa,p � {A[P|b|mp�v>p.^�eAj�ª+[PjL^�p�p�fia^O[P|m^`n>|mc ^�eA}<}Rp'_bjLv�_mlonLc�^`_«� v>p�f"finLf�dAr���[P\>\>|b_m^O[Pai_meAjFv>p�|�[�a � [PjLf���e � }F[Pai_meAj<_bj:{Hp � f,p ^�eAjLv�n>_ba ªLj][P|mp`}Rp`joa=0|X� _bj:a,p � {g[P|b|mp3v>p3^�eAj�ª+[PjL^�p3fin � |�[0{g[ � _�[Py>|mp Z v>p~v>c`\][ � a�dr���[Pj][P}Re � \>dLegf,p � [PnLf"fi_mp`j>jLp~p�fia n>jLp�a � [PjLfi��e � }F[Pai_meAjT^�eAjLf,_mfia"[Pj:a�=Rv>c���e � }Rp � |X� d>_mf,a,e � � [P}<}Rp3v>p|�[�{g[ � _�[Py>|mp c`ainLv�_mc�p Z(x) \£eAn � f,p � [P}Rp`jLp � =�n>jFd>_mfia,e � � [P}<}Rp � [PnLf,fi_mp`j � c�v�n>_ba�d � n>\>\)egf [Pj:a'l:nLp.f [v�_mfia � _by>n>ai_meAj j �sp�f,a�\][Af � [PnLf,fi_mp`j>jLp&
 eAj ^�eAjLfi_mv>� � p<|�[ � m%fia"[Pai_meAj>j][P_ � p Z(x) ^�eA}<}Rp<n>jLp0��eAjL^`ai_meAjv>p�|�[ � [PnLf,f,_mp`j>jLp~^�p`j:a � c�p � c�v�n>_ba,p Y (x) x

Z(x) = Φ[Y (x)]

e'z Φ p�fia�|�[N��eAjL^`ai_meAj2v���[Pj][P}Re � \>dLegf,p&d ¤ eAn � \>|bnLf v>p�v>c`a"[P_b|mf§fin � ^�p`aia,p¨a � [PjLf���e � }F[Pai_meAj$
 eAj f,p� p���� � p � [0= : _b{HeA_ � [ � v ? ¬O­g­�¬ A;d
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IKJML7NPORQPS�TVUXW5Y*Z 1 []\_^�`baDc QedDJMfhg0i2gFI 1 [Dj JML c fbOkYlZ2mKUXW5I 1 [j QenoJMfqpsr ` OMtbdufwv&m \D\ g?x&m�pyizm2W{UXUkg j W5I 2 [ v c JMfbnono|}x j g*~$W5xKI2g 3 [ xAORQeJ�d���x&mKv3x 3

1 �$���7���y�0��� ���+�����y�����y� �7� �?���5�q��� � � �7� �q���u���q���0�V���y���q�P����� 7 �e� �5�y��� � �y�0�+�5 �¡2���+�� k�+�?¢D���y�� ��P£¥¤§¦¨¦¨©¨ªb«C£e�¨�4�s�����e��¬+�­��� � ������¨���u®+¯e� � �7°���� �+± ���+ �� � ± �²�
2 �´³�¡ � ��µ�³]£$�+¶V��·¸�� ����q�<¹�º � �F�+£¥¤¼»q½4¾�¿q© � �7�y�¨�4À

3 �´³�Á � �ÃÂ0¡2µÄ�Å«¨«q¦�¿��$��µ�ÁeÆ�Â�¢$ÁÇ�¸Â��e��·b�{�y ����y�V¢D� � �ÈÁ+��¬P���y���5�o�e£¥¤�©¸¾�ªq¿b½CÉ_� � ��� �  ��
Ê8ËPÌ¨Í$ÎÏË

ÐÄÑ�Ò�Ó�ÔÇÕ²Ös×{Ø5Õ²Ù�ÚÇ×{ÒqÔAÛ¥Ò�Ø5Õ²Û�ÜPÝ+×5Õ²Þ3ßzàÇÔÇÒ�áPÜ�â+Ö�Ù¥Ò�Ò¨Ñ2Ô�Ò�ã¸Ò¨áäà+Û_ÒqÔ�â4Ñ_Ô�Õ²ß2Û�áäÒ¨ß2Ò¨Ñe×{Ò¨ÔKÕ²ÑA×5Ü�Ò3ÜPÝÇÔÇØ5à4åÙ�Õäà+áäà+æ¸Õ�Þ�â4á]Ø{Õ²ã¸Ò¨Ø?ßzàPÔ�Ò�á(çFèÈé´ê¥ëDì�Ó0Ü�Õ�Þ�ÜíßzàPÔ�Ò�á�Ö0×{Ü�ÒAÙ�Õ²à¸æ+Ò�àÇÞ�Ü�Ò�ßzÕ�Þ�â¸áDÛ�Ø{àÇÞ�Ò¨Ö5ÖsÒqÖ0ÕäÑGØ{Õ²ã¸Ò¨Ø5Ö¨î�ïVÜ�Ò×5Ø5â¸Ñ�Ö{ÕäÒ¨Ñ+×XÛ¥Ò�Ø5Õ²àPÔ�Ö�ì+áäÕ²ð¸Ò0ñ_àeàÇÔ�Ö¨ì¸â¸Ø{ÒV×�â4ð¸Ò¨ÑzÕäÑe×{àKâ¸Þ�Þ�à¸Ú�Ñe×qì¸â4Ñ�ÔzÛ¥Ò�Ø5Õ²Û�ÜPÝ+×5à¸Ñ<Ö5Þ�à¸Ú�Ø{Õ²Ñ�æ&Õ�Ö(Ø{Ò¨Û�Ø5Ò¨Ö{Ò�ÑÇå×5Ò¨Ô8ÕäÑ8â¸Ñ<à¸Ø5Õäæ+ÕäÑ_â4á�ÓVâbÝ¸î+Ðòã7â4á²Õ�Ô�â7×5Õäà+ÑwÖy×5Ò�Û8Ö{Ü�à7Ó?Ökâ¸æ¸Ø5Ò�Ò¨ß2Ò¨Ñe×XÙ_Ò�×yÓ3Ò¨Ò�Ñ<ó�Ò¨á²Ô8Ô�â7×�â8ôRÞ¨â4Ø5Ù_à+Ñwâ4Ñ�ÔÑ�Õ­×5Ø{à+æ¸Ò�Ñ¥õ�Þ�à¸Ñ�Þ�Ò�Ø5Ñ�Õ²Ñ�æ*Ò¨Õ­×5Ü�Ò�ØX×{Ü�Ò0ÓVâ7×5Ò�Ø(Þ�à+áäÚ�ßzÑzà¸Ø´×5Ü�Ò0Û¥Ò�Ø5ÕäÛ�ÜPÝe×{à+Ñ2â¸Ñ�ÔKà¸ÚÇ×5Û�ÚÇ×5ÖXà4ö¥×{Ü�Ò0ßzàÇÔÇÒ�á¼îïVÜ�Ò<ó�Ø�Öy×�Ø5Ò¨Ö{Ú�áä×5Ö&Ü�âbã+Ò<ÖsÜ�à7Ó0Ñ.×5Ü�â7×�×5Ü�Ò8ÔÇÒqÞ�Ø5Ò¨â+ÖsÒqÖCà4ö0â4ßzßzà¸Ñ�Õ²Ú�ß÷Þ�à¸Ñ�Þ�Ò�Ñe×{Ø�â7×5Õäà+Ñ�Ö&â4á²à¸Ñ�æh×5Ü�ÒßzàÇÔÇÒ¨áäÒqÔøÖs×{Ø5Ò�×�Þ�Ü�ôMùeú8ðPßwõlâ4Ø5ÒKßzàeÖy×5áäÝíÔÇØ5Õ²ã¸Ò�ÑøÙPÝ�Ñ�Õ­×5Ø{Õäó_Þ¨â7×{Õ²à¸ÑøÕäÑø×{Ü�Ò2Û¥Ò�Ø5Õ²Û�ÜPÝ+×5à¸Ñuì¥×5Ü�Òzà4×{Ü�Ò�ØÛ�Ø{àÇÞ�ÒqÖ{Ö{Ò¨Ö*Ù¥Ò�Õ²Ñ�æhà¸ö�Ö{ß<â4á²áäÒ¨Ø*Õ²ßzÛ_à+Øs×�â4Ñ�Þ�ÒKà+Ñí×{Ü�Ò2â¸ß2ßzà+Ñ�ÕäÚ�ßûÙ�â4á�â4Ñ_Þ�Ò¸îÈïVÜ�Ò¨ÑuìÈ×{Ü�Ò2ßzàÇÔÇÒ�á(ÓVâ¸ÖÚ_ÖsÒqÔ<×{àKÒ�üP×{Ø�â4Û¥à¸á�â7×5Ò0×{Ü�Ò*Û�Ú�Ñ�Þo×5Ú�â4á¥Ù_Ò¨Ñe×{Ü�Õ�ÞFÒqÖy×5Õäß<â4×{Õ²à¸Ñ�Ök×{àK×{Ü�Ò*Ó0Ü�à¸á²ÒFØ5Õ²ã¸Ò�Ø�â4Ñ�Ôw×{à2ÔÇÒ�×5Ò�Ø5ß2Õ²Ñ�ÒÞ¨â4Ø5Ù_à+Ñ�ñ�ÚÇüÇÒqÖlâ4×*×5Ü�ÒzÖ{Þ¨â4á²ÒAà4ök×{Ü�Ò<Ös×{Ú�ÔÇÕ²Ò¨ÔøÖy×5Ø{Ò�×5Þ�ÜuîÈïVÜ�ÒzÞ�â¸Ø{Ù¥à¸ÑíÙ�Õäà+ßzâ+Ö{Ö¨ì¥Ó0Ü�Õ²Þ�ÜøÕ²Ö*ó�üÇÒqÔíà¸Ñ×5Ü�Ò�Ù¥à4×{×{à¸ß à4ö$×{Ü�Ò�Ös×{Ø5Ò�×�Þ�Üuì�Þ¨â4Ñ�Ø{Òqâ¸Þ�Ü�ÖsÒ¨ã¸Ò�Ø�â4á¥×5à¸Ñ�Ö?Ô�Ò�Û¥Ò�Ñ�ÔÇÕ²Ñ�æ<à+Ñh×5Ü�ÒAÔÇÒ¨ã¸Ò¨áäà+Û�ßzÒ�Ñe×?Öy×�â4æ¸ÒCà¸ö×5Ü�ÒzÛ_Ò¨Ø{Õ²Û�ÜPÝe×{à+ÑuîÈý�ÑøÞ�â+ÖsÒKà4öXñ_àeàÇÔDì¥×5Ü�ÒzÒ�üÇÛ_à+Øs×5Ò¨Ô�ñ_ÚÇüíà4ö3×{Ü�Õ�ÖlÙ�Õäà+ß<â¸Ö5Ö*Þ¨â4ÑGØ5Ò¨â+Þ�Ü}þ¸ì ù
tC.d−1Ô�Ú�Ø{Õ²Ñ�æ�×5Ü�Ò8Ö{Ú�ßzßzÒ�ØAà¸öFÿ4ú¸ú�þ¸îuïVÜ�Õ�Ö�ã7â¸áäÚ�Ò8Õ²ÖAÓ0Õ²ÔÇÒ¨áäÝ.Û�Ø5Ò¨ÔÇà+ßzÕäÑ�â¸Ñe×KÞ�à+ß2Û_â4Ø5Ò¨Ôø×{à�×5Ü�ÒwÜPÚ�ß<â4ÑÞ�à¸Ñe×{Ø5Õ²Ù�ÚÇ×{Õ²à¸Ñ<à+Ñz×{Ü�Õ�Ö3Ø{Õ²ã¸Ò¨ØkÖy×5Ø{Ò�×5Þ�Üuì+Ó0Ü�Õ�Þ�Ü<Õ²Ökà¸Ñ�á²Ýhþ��¸ú
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C �*D�EGF3HJI��
noJLK�fbn�MíN1NDfbO�O�J�dPO []a fbnoJ aDc | ^ NPd [�a ORQedPQ ^ NPd [ L4QenSR$NPd�R]QeORQeduL7f [ NÈJMS�S�NPOLK�f�NÅNPnSO�QedDJMLTMGQ ^o^ fbn [ dDJ ^ noJVU]L4Q+p^ JMNPd

W �A�BHJF�I��TXk���YFA�
v c fÏL7NPd ^ noJLRPZ ^ JMNPd N\[zSYMGQeO�OAS ^ n�f4Q\MíS ^ N ^oc f]R]QeORQeduL7fÅN\[ ^oc f_^ c NPOMfÏL4Q ^ L c Mífbd ^ JMSíJLM a NPn ^ Qed ^4[f7S a f7LbJRQeO�O�| J�d ^ fbnSMíS�N\[ ^ n�QeduS`[�fbn�QedaN ^ n�QeduS`[�NPnSMGQ ^ JMNPd a n�N_L7f7S�S�f7S�N\[KSSZPRuS ^ QeduL7f7Scb�v c f}QeJLM N\[ ^oc JMSS ^ ZaNÈ|�JMS ^ N.f7S ^ JLMGQ ^ f ^oc f�L7NPd ^ noJLRPZ ^ JMNPdòN\[&QdNDNeM�J�d]Q ^ J�dPOÄQedaNfNDfbduS�fgR$fbd ^oc JML#RDJMNeMGQPS�S8QPS�S�N¥LbJRQ ^ f�N^ N�OMNc^4NÈJMS�L c QenSO�f8L7NPdaNÈJ ^ JMNPduS ^ N ^oc f	haZjiDf7S�N\[0L4QenSR$NPdÄQedaN}dkZ ^ noJMfbd ^ Scb\ NeMífKS ^ ZaNÈJMf7S c QcK�f�NDf�MíNPduS ^ n�Q ^ f�N ^oc fKn�NPOMf2N\[ a fbnoJ aDc | ^ NPdÃJ�dÃS c QeO�OMNc^ S ^ n�f4Q\MíS [ S a f7LbJRQeO�O�|�n�f�O�Qen�p

NÈJ�dPOíJml ^oc fwdDJ ^ n�NeO�fbdÅLb|¥LbOMfdnpo J�O�O�JRQ\MíS�NPd�f ^�q N_NeQ�f [.rcs ��tju r2Q\M�J�O ^ NPdÄf ^ QeOvb [ 
�w�w r l [ J�Jml ^oc f<Lb|¥LbOMfwN\[NPnSO�QedDJMLxMGQ ^o^ fbn#nzyANeMGQedP{kf ^z\ Q\R]Q ^ fbn [.rcs�s�s u yKNeMGQedP{kf ^2\ Q\R]Q ^ fbn [ 
�w�w�wju T�JMS�L c fbnAf ^ Y�ZuS�L cX[ 
�w�w r l|bv c ZuS [ [§NPn&S c QeO�OMN}^	S ^ n�f4Q\MíS6NDNeM�J�d]Q ^ f�N_R_| a fbnoJ aDc | ^ NPd [ QTRDJMNeO�f7N_L c f�M�JML4QeO!MíN~NDfbO�O�J�dPOøL4Qed�R´f	NDNPduf
^&J ^oc OMN}^*fbn2Q ^o^ fbd ^ JMNPd ^ N a n�N¥L7f7S�S�f7S&N¥L7L�ZDnonoJ�dPOGJ�d_^CQ ^ fbnKL7NPOLZPM�d!bIKN}^lQeNuQ7|ÈS ^oc fbn�fÅQen�f ^ ^lN JLM a NPn ^ Qed ^ø^ | a f7SíN\[ a fbnoJ aDc | ^ JML]MíN1NDfbO�� ^oc f]NÈJMS�Lbn�f ^ fÏNPndNÈJMS�Lbn�f ^ fqp
NÈJV�(fbn�fbd ^ JRQeO!MíN1NDfbOMS�n§Y0JMLbJMNPn�f4Qed~ZÄf ^ QeOvb [!rcs�s � R u Y0JL�¸Qenon�NGf ^ QeOvb [ 
�w�w r l&QedaN ^oc f�NÈJV�´fbn�fbd ^ JRQeO.MíN1NDfbOMScbx&L7L7NPnYNÈJ�dPO ^ Ngo JLM a fbdDd_|�n rcs�s�s l [È^oc f�Uun�S ^ NPduf [ ^ c JML c JMS�R]QPS�f�NÃNPdÅQ�S ^ N_L c QPS ^ JML a NPJ�d ^ N\[=K¥JMf�^ [ JMS
^*fbO�O8NDf7SoJLOÇduf�N�[§NPn M�JMLbn�NepsS�L4QeOMfKS ^ ZaNÈJMf7S�n�Q�[§f�^ SY�kZ]Qen�f�M�J�O�O�JLMíf ^ fbn�SCNPn*L7fbd ^ JLMíf ^ fbn�S&N\[-RDJMN\UuOLMdl�^ c J�OMf^oc f�ORQ ^o^ fbnwNPduf [ ^ c JML c JMS aDc |ÈSoJML4QeO�O�|_pvR]QPS�f�N [ JMS	MíNPn�fíQeNuQ aD^ f�N ^ N�MGQPLbn�NepsS�L4QeOMf�S ^ ZaNÈJMf7S�n�Qøn�f4QPL c N\[noJLK�fbn�l|b j Qed�|�NÈJV�(fbn�fbd ^ JRQeO MíN~NDfbOMSwQeO�n�f4QeNÈ| f|i¥JMS ^ RPZ ^z^oc fb| QeO�O=[�N¥L�ZuS<NPd ^oc f#�~Z]Qed ^ JVU]L4Q ^ JMNPd N\[ ^oc fa fbnoJ aDc | ^ JML<S ^ N_L�Q.QedaNÃduN ^ NPd ^oc f	RDJMNeO�f7N¥L c f�M�JML4QeO-haZjiDf7Scb j NPn�f7NcK�fbn [Èa fbnoJ aDc | ^ JML�MíN~NDfbOMS�Qen�f<N\[ ^ fbd
NDf�NÈJML4Q ^ f�N ^ N8NPduf6MGQ)�oNPnFS ^ Q ^ f3KÇQenoJRQ\RDOMfx� aDc NÇS aDc NPnSZuS	nz��ZP���4fbO�O�J]f ^ QeOvb [ 
�w�w�w l [ dDJ ^ n�NeO�fbd�n§�zf7xKdPO�fbO�JMSf ^ QeOvb [Brcs�s t l|bÈv c f�MíN~NDfbOMS&Qen�f2N\[ ^ fbd.duN ^ NÈJMS ^ noJLRPZ ^ f�N ^ N¥N�n j L7W{d ^ J�n�f [8rcs �e� l|b¥xAd}Q ^o^ f�M aD^ N\[.NÈJMS ^ noJ�p
RPZ ^ JMNPd�^lQPS�NDNPduf�R_|íxKS¨QPf�NuQhQedaN \ NPd�n 
�w�w�w l�ZuSoJ�dPO�Q�K�fbn ^ JML4QeOJMíNPduNep�NÈJLMífbduSoJMNPd]QeO-MíN~NDfbO�O�J�dPOabj��Z ^^oc fbJ�nwn�f a n�f7S�fbd ^ Q ^ JMNPd N\[ a n�N¥L7f7S�S�f7S<JMS ^ N_N]NDf ^ QeJ�OMf�N�[§NPn�MíN1NDfbO�O�J�dPOÄQ_^ c NPOMfínoJLK�fbnwJ�d Q]NÈJMS ^ noJLRPZ ^ f�N
^lQ4|�bDv c f	^lQ4|.N\[.MíN1NDfbO�O�J�dPO ^oc f a fbnoJ aDc | ^ NPdÅJ�d�y.oG� j�r MíN1NDfbO nzyAfbJML c fbn ^4[ 
�w�w r u yKfbJML c fbn ^ f ^ QeOvb [

�w�w r l3JMS�R]QPS�f�N�NPd�x3�kZ]QPS�JLM4RDJMN\UuOLM�MíN1NDfbO.npoòQedDdufbn?f ^ yAfbJML c fbn ^4[Prcs�s�� l|bÇg�K�fbd�JV[ ^oc f a n�N¥L7f7S�S�f7S0Qen�fn�fbOMf�KÇQed ^4[e^oc fFn�f a n�f7S�fbd ^ Q ^ JMNPdíN\[ ^oc f a fbnoJ aDc | ^ NPd�O�JLQ�fCQ a NPn�NeZuS=MGQ ^ noJVihS�f7f�MíS ^ N�R´f ^ N¥N2L7NeM a O�JML4Q ^ f�NQ ^&^oc f<noJLK�fbnAS�L4QeOMf�bv c f�JLM a QPL ^ N\[ ^oc f a fbnoJ aDc | ^ NPd.JMS?duN ^ O�JLM�J ^ f�N ^ NhQwS ^ n�NPdPO�L4QenSR$NPddRDJMNeMGQPS�S�nz�lJLO�O�Slf ^l\_^ NeQÈS�f ^ocX[
rcs�s�� u x�M ` �7JRQeduf�f ^ QeOvb [ 
�w�w�
 l [ RPZ ^ J ^<c QPS8Q�NDNeM�J�d]Qed ^ f|�(f7L ^ J�d dkZ ^ noJMfbd ^ Lb|ÈLbOMf ^oc n�NeZPO c c f ^ fbn�Nep^ n�N aDc JML8QedaNÃdDJ ^ noJV[§|_J�dPO#R]QPL ^ fbnoJRQjbuv c fzn�f a n�f7S�fbd ^ Q ^ JMNPd�N\[�R$N ^oc p a noJLMGQeno| a n�N1NjZuL7fbn�SAQedaN�R]QPL ^ fbnoJRQeO
RDJMN\UuOLM SSZ aDa NPn ^ f�N�R_| ^oc f7S�f a n�N~NjZuL7fbn�ShpzJMS ^oc fbn�f|[§NPn�fÃN\[ALbnSZuLbJRQeOCJLM a NPn ^ QeduL7f�[�NPn ^oc f�MíN1NDfbO�O�J�dPON\[?OMNc^ S ^ n�f4Q\M NPnYNDfbn	^lQ ^ fbn��~Z]QeO�J ^ |�b´v c f#�-���=��MíN1NDfbO�nz�lJ�O�OMfbd f ^ QeOvb [�rcs�s\� u-� QenodDJMfbn<f ^ QeOvb [�rcs�s t lJMS�R]QPS�f�N"NPd QfNDf ^ QeJ�OMf�N n�f a n�f7S�fbd ^ Q ^ JMNPd N\[ ^oc fÅL4QenSR´NPd [ dkZ ^ noJMfbd ^ QedaN N�iÈ|~O�fbd Lb|ÈLbOMf7SíJ�duS�J�NDf ^oc f
^lQ ^ fbn&L7NPOLZPM�d!b¥W ^ ^lQPSCL7NeZ a OMf�N�^&J ^oc Qed c |jNÈn�N1NÈ|_d]Q\M�JML4QeOXQedaNøQ ^ n�QeduS a NPn ^ MíN1NDfbO$n�f7SSZDO ^ J�dPO ^ N ^oc f
���B�*�J�]MíN1NDfbO@n§g�K�fbd [.rcs�s tju g�K�fbd�f ^ QeOvb [=rcs�s � l|bux a fbnoJ aDc | ^ JML�MíN~NjZDOMf [ R]QPS�f�NÏNPd��-���=�ÏL7NPduL7f aD^ S
^lQPSAJLM a OMf�Mífbd ^ f�N�J�d ^ Nd��� ���J�8bv c JMSwS ^ ZaNÈ|ÅJMS�[�N¥L�ZuS�f�N NPd ^oc f � n�QedaN j NPnoJ�d [ ^ c JML c JMSwQ�UP[ ^oc S ^ n�f4Q\M�NPnYNDfbn�n \_^ n�Q c OMfbn [�rcs t
� l
[�NPn ^oc f�S ^ ZaNÈJMf�N S ^ n�f ^ L c bXv c fGQeJLM
JMS ^ N�ZDdaNDfbn�S ^ QedaN ^oc f>RDJMNPOMNeOÇJML4QeO�R´f c Q�K¥JMNeZDn8N\[ ^oc JMS8S ^ n�f4Q\M Q ^OMNc^¡h]Nc^ [ ^ c fbd Q�K�fbno| c JLO c R´fbd ^oc JML_RDJMNeMGQPS�S c QPS>R$f7fbd"NeRuS�fbnSK�f�N-b?v c f a ZDn a NÇS�f}N\[zNeZDníS ^ ZaNÈ|JMS ^ N�R´f ^o^ fbnxZDdaNDfbn�S ^ QedaN ^oc f#RDJMNPOMNeOÇJML4QeO a n�N¥L7f7S�S�f7S8Q ^<^oc fíS�L4QeOMfíN\[ � n�QedaN j NPnoJ�d [ QedaNòf7S a f7LbJRQeO�O�|^oc fwL7NPd ^ noJLRPZ ^ JMNPd N\[ a fbnoJ aDc | ^ NPdÅJ�d ^ fbnSM N\[VL4QenSR´NPdÄQedaN}d~Z ^ noJMfbd ^ Scb$v c f�MíN1NDfbO!^&J�O�O.R´f c fbO a [zZDO ^ N
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n�f4QPL cÄ^oc JMS�O�N�QeO.R´f7L4Q\ZuS�f8J ^ ^&J�O�O�QeO�OMN}^ ^ Nøf|i ^ n�Q a NPORQ ^ f [ Q ^K^oc fwnoJLK�fbnzS�L4QeOMf [ua ZDduL ^ Z]QeOVf|i a fbnoJLMífbd ^ QeO
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v c f � n�QedaN j NPnoJ�d,n§TDn�QeduL7f}l�JMSíQ ^ noJLRPZ ^ Qeno| N\[ ^oc f j Qenoduf}noJLK�fbn [ ��t Q~M f4QPS ^ N\[zY�QenoJMS}b?v c f^ N ^ QeO�OMfbdPO ^oc N\[ ^oc f�S ^ n�f4Q\M JMS2Q\R´NeZ ^Tr 
�w Q1M [ [�NPn2QøL4Q ^ L c Mífbd ^ Qen�f4QGN\[ r 
�w�w km2 n�Qen�NeZDdaN 1

10

N\[
^oc f j Qenoduf�L4Q ^ L c Mífbd ^ S8Qen�f4Q�l|bXZ�ZDn�MíN1NDfbOVL7NcK�fbn�S � w Q~M N\[ ^oc fgNDNc^&duS ^ n�f4Q\M a Qen ^ N\[ ^oc f � n�QedaNj NPnoJ�d [ [¼n�NeM ^oc fhZKnSO�f�KPQeO�L7NPdjhaZufbduL7f ^ N ^oc f j QenodufwL7NPdjhaZufbduL7f�b(ZKduf a Qen ^ JML�ZDORQenoJ ^ |ÅN\[ ^oc f � n�QedaNj NPnoJ�d}JMS ^oc f a n�f7S�fbduL7f<N\[�MGQed_| c |1NÈn�Q\ZDO�JML7S�^*NPnSQÈS&O�JLQ�f�NuQ\MíS [ NPO�N�M�J�O�OMS�^&J ^oc O�Q ^ f7S&NPn ^oc n�f7S c NPO�NDScbv c fbn�fzQen�f ��� c |jNÈn�Q\ZDO�JML7S�^*NPnSQÈS&QeO�O´QeOMNPdPO ^oc f�MíN1NDfbOMf�NÃS ^ n�f ^ L c n§T�JLOab_g�b r l|b¥x ^ OMNc^Gh]Nc^ [¥^oc f�Míf4Qed
NÈJMS�L c QenSO�fwJMSAQ\R´NeZ ^3� m3.s−1 b

%��'&)(kg6b r �(v c f#MíN1NDfbOMf�N n�f4QPL c N\[ ^oc f � n�QedaN j NPnoJ�d!b(rA|jNÈn�Q\ZDO�JML7S�^*NPnSQÈS [ o o v&Y QedaN S�Q\M a O�J�dPOa NPJ�d ^ SKQen�fzn�f a n�f7S�fbd ^ f�N-b
�ar w�w�w J�d c Q\RDJ ^ Qed ^ S*Qen�flO�JLK¥J�dPO2J�d ^oc fCL4Q ^ L c Mífbd ^ L7NPnon�f7S a NPdaNÈJ�dPO ^ N ^oc f�MíN1NDfbOMf�N�S ^ n�f ^ L c bPx�MíNPdPO^oc f7S�f �ar w�w�w J�d c Q\RDJ ^ Qed ^ SKNPdDO�| �jr+* Qen�fwL7NPdDduf7L ^ f�N ^ NøQg^lQPS ^ f�^CQ ^ fbn ^ n�f4Q ^ Mífbd ^Ka ORQed ^ npo o v&Y@l

nv�-,/.!�-�10 [ 
�w�w�w l|b r � o o v&Y Qen�f<OMN¥L4Q ^ f�NÃJ�d ^oc JMSAQen�f4Q]n§T�JLOabug�b r l|b

���
��'2 �43�56 879��#;:
�*JMNPOMNeOÇJML4QeO@NuQ ^ Q�^*fbn�fíL7NPO�OMf7L ^ f�N�NjZDnoJ�dPO ^oc f�SYZPM>Mífbn8N\[ 
�w�w r nm[§n�NeM j Q4| ^ NÃx�ZPO�ZuS ^4[ S�f7f�T�JLOabg6b 
 llQ ^ UaK�f	NÈJ�<(fbn�fbd ^ OMN¥L4Q ^ JMNPduS*J�d ^oc fKnoJLK�fbn	n§T�JLOab¥g6b r lFJ�d.NPnYNDfbn ^ N8J�d~K�f7S ^ JLO�Q ^ f ^oc f�^lQ ^ fbn&L7NPOLZPM�d!b

q ORQPS�SoJML4QeO a Qen�Q\Míf ^ fbn�S@^*fbn�fAS�Q\M a OMf�N_�PdDJ ^ n�NeO�fbd [ Q\M>MíNPdDJLZPM [�aDc NÇS aDc Q ^ f7S [ NÈJMS�S�NPOLK�f�N�N�iÈ|~O�fbd [ L c OMNepn�N aDc |¥O�O4=�n§L c O4=�lVQedaNíSSZuS a fbdaNDf�N>MGQ ^o^ fbn�n§v3Q\RDOMfAg�b t l|b��2JMS�S�NPOLK�f�NíNPnSO�QedDJMLAL4QenSR$NPdøQedaN a Qen ^ JML�ZDORQ ^ fNPnSO�QedDJML.L4QenSR$NPd�^*fbn�fdMíf4QPSSZDn�f�N�[�NPO�OMNc^&J�dPO v!ZuS�S�f4Q\ZÈpyi�ZDJ�O�OMf�M�J�d f ^ QeOvb@n 
�w�w�� l|b�v c fdoGo v&Y,^lfbn�f
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S�Q\M a OMf�N NjZDnoJ�dPO ^oc f�SSZPM>MífbnÃN\[ 
�w�w�w bCv c f�S¨Q\Míf a Qen�Q\Míf ^ fbn�S}QPSd[§NPn ^oc f�^CQ ^ fbn}L7NPOLZPM�d ^lfbn�f
Míf4QPSSZDn�f�N-b

%��'&)(3g6b 
 �3rA|jNÈn�NeOÇn�Q\M NjZDnoJ�dPO�MíN1NDfbO�O�J�dPO a fbnoJMN1N-bX�<Q7|ÈS8N\[&f|i a fbnoJLMífbd ^ Q ^ JMNPd!b*NuQenSQ�R]Qen�Sdn r w l�[�NPn
^lQ ^ fbnzL7NPOLZPM�d S�Q\M a O�J�dPOÃQedaN c JLO c OÇn�Q4|_R]Qen�Sgn � l3[�NPn a fbnoJ aDc | ^ JML�S�Q\M a O�J�dPOab w JMS ^oc fxR´f�OÇJ�dDdDJ�dPO.N\[
MGQ7| r st 
�w�w r b
v c f a fbnoJ aDc | ^ NPd&^lQPSÅS�Q\M a OMf�N J�d ^ ^*N"Lbn�NÇS�S�psS�f7L ^ JMNPduS_NjZDnoJ�dPO ^oc f SSZPM>Mífbn}N\[ 
�w�w r �&Q ^ UkQ

�ln�f ^ NPdDdDJMtbn�f�npZ a S ^ n�f4Q\M N\[ ^oc f�n�f4QPL c lwQedaN Q ^ Y�NeM>Míf�ZuS�f�b.�Cf7L4Q\ZuS�f�N\[ ^ n�QeduSSK�fbn�S�f c f ^ fbn�NeO�fbdufbJ ^ |N\[ ^oc f a fbnoJ aDc | ^ NPd
NÈJMS ^ noJLRPZ ^ JMNPd n q Q\�¸Q\ZPR´NPd f ^ QeOvb [@rcs�s tju yANPO�ORQedaN f ^ QeOvb [@rcs�s � l [ MGQed�| S�Q\M a OMf7S
^*fbn�f ^ Q\Q�fbd J�d f4QPL c Lbn�NÇS�S�psS�f7L ^ JMNPdf^&J ^oc Q.S a QPL7f�S ^ f a N\[ ^ ^*NÏNPn ^oc n�f7fgMíf ^ fbn�Scb(x Lbn�NÇS�S�psS�f7L ^ JMNPd JMS^oc fbdfNÈJLK_J�NDf�NÄJ�d ^ N.S�f�K�fbn�QeOVS¨Q\M a O�J�dPO}Qen�f4QPS}b$W{d f4QPL c S�Q\M a O�J�dPOÏQen�f4Q [ Q a f�RPRDOMf_n ^oc fTMíf4Qed SSZDn`[yQPL7fJMS ��


cm2 l*^CQPS ^ Q\Q�fbd}QedaNÃQ�M�J�dDJLM�ZPM QedaN.Q�MGQ)iÈJLM�ZPM a fbn�L7fbd ^ Q\O�fzN\[ ^oc fAnoJLK�fbn�R´N ^o^ NeM L7N}K�fbn�f�N
R�| a fbnoJ aDc | ^ NPdf^*fbn�fíf7S ^ JLMGQ ^ f�N-bkv c f a fbnoJ aDc | ^ NPdf^CQPSwS�Q\M a OMf�NfR_|�S�Lbn�Q a J�dPO]OÇn�QcK�fbO�^&J ^oc QdQ_dDJV[�f
RDORQeNDfwQedaN}Q ^ N_N ^oc RDnSZuS c J�d t�w�w M�O(N\[VS ^ n�f4Q\M;^lQ ^ fbn����	�
����
jb_v c f	^CQPS c J�dPO�S&NeR ^ QeJ�duf�N�^*fbn�f�[§n�Ne�4fbdJLM>Míf�NÈJRQ ^ fbO�|ÏJ�d QíL7N¥NPO!R]Q\O.QedaN ^ Q\Q�fbd ^ N ^oc fwORQ\R´NPn�Q ^ NPno|�b�v c fxUuO ^ n�Q ^ JMNPd ^oc n�NeZPO cÄ^oc fxo c Q ^ MGQed
� T�� q UuO ^ fbn�S2N\[ ^oc f a fbnoJ aDc | ^ NPd�^lQPS c J�dPO�SzNeR ^ QeJ�duf�N Q)[ ^ fbnzS�Lbn�Q a J�dPO c QPS a fbnSM�J ^o^ f�N ^ N�NDf ^ fbnSM�J�duf^oc f��~Z]Qed ^ J ^ | N\[6NÈno|�MGQPS�S [ QPS c p [§n�f7f�NÈno|fMGQPS�S�n§x2TV� j l<QedaN L c O =]b q*c O =�^CQPSTNDf ^ fbnSM�J�duf�N�R�|
UuO ^ n�Q ^ JMNPdÄQedaN}f|i ^ n�QPL ^ JMNPd�^&J ^oc QPL7f ^ NPduf�n s w * l&QPL7L7NPnYNÈJ�dPO ^ NGxKTVI<Z�y n rcs�s�s l|b
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���� � " ���	7 �;� � ��� �� ;�!��"$#
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v c f����B�*�J�xMíN1NDfbOJn§g�K�fbd [1rcs�s tju g�K�fbd�f ^ QeOvb [~rcs�s � l´JMSkL7NeM a NÇS�f�NhN\[ ^oc n�f7f@MíN1NjZDOMf7S@n§T�JLOab¸g6b � Q�l �Qed c |jNÈn�N~NÈ|¥d]Q\M�JML�NPduf [ Q ^ n�QeduS a NPn ^ NPduf�QedaN Q�RDJMNPOMNeOÇJML4QeOFNPduf�b´v c f c |1NÈn�N1NÈ|¥d]Q\M�JML#MíN~NjZDOMf�JMSwQOMNPdPOÇJ ^ ZaNÈJ�d]QeO(NPduf�NÈJLMífbduS�JMNPd]QeOBMíN1NDfbOBR]QPS�f�NGNPd ^oc f \ QeJ�d ^ i?fbd]Qed ^ f��~Z]Q ^ JMNPduS*S�NPOLK�f�N ^oc QedPQÈS ^ N ^oc f

UudDJ ^ f�NÈJ�<(fbn�fbduL7f#Míf ^oc N~N-bkv c f#MíN~NDfbOFQeO�OMN}^�S ^ NÃn�f a n�f7S�fbd ^ [�QPS ^2^ n�QeduS�JMfbd ^ f�K�fbd ^ ScbXv c f ^ n�QeduS a NPn ^
MíN1NjZDOMf�MíN1NDfbOMS ^oc f a n�NeOÇn�f7S�SoJMNPd}N\[.R´N ^oc L7NPduS�fbnSKÇQ ^ JLK�f<QedaN.n�f4QPL ^ JLK�f<SSZPRuS ^ QeduL7f7S [ f�K�fbd a Qen ^ JML�ZDORQ ^ f



�������_����%���'��:��� �����4����%��#��� 
�� r

NPn�NÈJMS�S�NPOLK�f�N-b j NPn�f7NcK�fbn [´^oc fg^lQ ^ fbnwL7NPOLZPM�d L4Qed [$^oc n�NeZPO c S�f�NÈJLMífbd ^ Q ^ JMNPd QedaN fbn�NÇSoJMNPd [ f|iÈL c QedPO�fSSZuS a fbdaNDf�N�MGQ ^o^ fbn�^&J ^oc S ^ Q\RDOMf�NPn�MíNeRDJ�OMf�S�f�NÈJLMífbd ^ ORQ4|�fbn�S8N\[@KÇQenoJMNeZuS ^oc JML�Q_duf7S�S}b(v c f�f7L7NPOMNeOÇJML4QeO
MíN1NDfbOAJMSGQed QeNuQ aD^ Q ^ JMNPd N\[ ^oc f��-���=� MíN~NDfbOTnz�lJ�O�OMfbd f ^ QeOvb [�rcs�s\� u�� QenodDJMfbnøf ^ QeOvb [�rcs�s t l]n§T�JLOabg6b � RBl|b$W ^ S6MíNÇS ^ JLM a NPn ^ Qed ^2a NPJ�d ^ SKN\[0J�d ^ fbn�f7S ^ Qen�f ^oc f�NÈ|¥d]Q\M�JML7SKN\[ aDc | ^ N a ORQedPQ ^ NPd QedaN�R]QPL ^ fbnoJRQa N a ZDORQ ^ JMNPduSwQPS�S�N¥LbJRQ ^ f�N�^&J ^oc ^oc f�f�K�NPOLZ ^ JMNPd N\[@NÈJ�<´fbn�fbd ^z^ | a f7SzN\[*NPnSO�QedDJMLgMGQ ^o^ fbn [ dkZ ^ noJMfbd ^ S8QedaN
NÈJMS�S�NPOLK�f�N N�iÈ|~O�fbd!b?v c fÅL7NPduL7f aD^ Z]QeOKS�L c f�Míf]ZuS�f�N J�d ^oc f]MíN~NDfbOAN\[ aDc | ^ N a ORQedPQ ^ NPd a N a ZDORQ ^ JMNPduS
NÈ|¥d]Q\M�JML7S [ QeOMS�NÃL4QeO�OMf�N ,��4./,������ [ ^CQPS�NDf�K�fbOMN a f�N�R_|�UkQeduL7fbOMN ^ f ^ QeOvb�n rcs�sjr l|b(W ^ JMS�R]QPS�f�N NPd ^oc fJ�d ^ fbn a n�f ^ Q ^ JMNPd N\[lf|i a fbnoJLMífbd ^ SwJ�duL7NPn a NPn�Q ^ J�dPO]MGQenSQ�f�N L4QenSR´NPd J�d ^ N]KPQenoJMNeZuSwL7fbO�O?L7NPduS ^ J ^ Zufbd ^ ScbXW{d^oc f�K�fbn�SoJMNPd N\[����B�*�J� [C^oc Q ^ ^lf c Q�K�ffZuS�f�N [l^oc n�f7f S a f7LbJMf7SÃn�f a n�f7S�fbd ^}^oc f L c O = N\[ ^oc f�^CQ ^ fbnL7NPOLZPM�d��kNÈJRQ ^ NeMíSCQedaNøL c OMNPn�N aDc |ÈL4QPf [ ^ c JML c Qen�f�n�f a n�f7S�fbd ^ Q ^ JLK�f2N\[!^CQ ^ fbnlL7NPOLZPM�d aDc | ^ N a ORQedPQ ^ NPd [QedaN]R´fbd ^oc JMLgNDf ^ QPL c f�N QeOLO�QPf�b�v c fhf�K�NPOLZ ^ JMNPd N\[?NPnSO�QedDJML�MGQ ^o^ fbn>n a Qen ^ JML�ZDORQ ^ f�QedaN�NÈJMS�S�NPOLK�f�N lAQedaNc f ^ fbn�N ^ n�N aDc JMLxR]QPL ^ fbnoJRQ a N a ZDORQ ^ JMNPduSAJMS3R]QPS�f�NÏNPd ^oc f8r \ � MíN1NDfbO@nz�lJ�O�OMfbdÅf ^K\ fbnSKPQeJMS [!rcs � s l|b

%��'&)(´g�b � �´Q�l \ JLM a O�JVU]f�N S�L c f�Míf�N\[ ^oc f#��� ���J��MíN~NDfbOvb h JMS ^oc fg^lQ ^ fbnxNDf aD^ocX[ u ^oc fgK�fbOMN_LbJ ^ | [ Q^oc f�NÈJMS�L c QenSO�f [ Di
QedaN

Pi
Qen�f�NÈJMS�S�NPOLK�f�NòQedaN a Qen ^ JML�ZDORQ ^ f aDc QPS�f7ShN\[ ^oc f�J�psS a f7LbJMf7Scb8RBl \ JLM a O�JVU]f�NS�L c f�MífwN\[ ^oc fg�-���=�_MíN~NDfbOvb q QenSR$NPd [ Nci¥|1O�fbd�QedaNÃd~Z ^ noJMfbd ^ Lb|¥LbOMf7SAQen�fwn�f a n�f7S�fbd ^ f�N-b
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	�����
�	�������
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v c f8noJLK�fbnKJMS�NÈJLK¥J�NDf�NÅJ�d ^oc n�f7fhL7NeM a Qen ^ Mífbd ^ S�n§T�JLOab]g6b � Q�l�� ^oc fT^lQ ^ fbnzL7NPOLZPM�d []^oc f�S�f�NÈJLMífbd ^ SQedaN ^oc f a fbnoJ aDc | ^ NPd!b�Wsd ^oc f a fbnoJ aDc | ^ NPd []a n�N¥L7f7S�S�f7S2Qen�f ^oc f8S�Q\Míf�QPS ^oc NÇS�f8N\[ ^oc f�^lQ ^ fbnzL7NPOLZPM�d [

MíN1NDfbOMf�N_R�|��-���=�8b
����
�)�������	�� +�- ��� �!��" Y0noJLMGQeno| a n�N1NjZuL7fbn�S6OÇn�Nc^ ^oc [§NPO�OMN}^�SKQ aDc N ^ NÇSo|¥d ^oc f7S�JMS�pyJ�non�QeNÈJRQeduL7f8ORQc^ �

P (z) = Pmax(1 − e−
αI(z)
Pmax )e−

βI(z)
Pmax [ ^ c fbn�f Pmax

JMS ^oc f�MGQ)i¥JLMTZPM aDc N ^ NÇSo|¥d ^oc f7S�JMS [ P (z)
QedaN

I(z) aDc N ^ NÇS�|_d ^oc f7SoJMS*QedaN�J�non�QeNÈJRQeduL7f2Q ^ � [ α ^oc fASoOMN a f&N\[ ^oc fCO�JLO c�^ pyO�JLM�J ^ f�N a NPn ^ JMNPdGN\[ P −I
L�ZDnSK�f [QedaN

β ^oc f aDc N ^ NPJ�d c JLRDJ ^ JMNPdÄL7N¥f$#GLbJMfbd ^ b$W{non�QeNÈJRQeduL7f�[�NPO�OMNc^�SzQ>�Cf7fbn�psUkQ\M�R´fbn ^ ORQc^ �
I(z) = I0e

−ηz [
^ c fbn�f η = ηconst + ηchla[chla] + ηsm[SM ]

b
[chla]

QedaN
[SM ]

Qen�f.L7NPduL7fbd ^ n�Q ^ JMNPduSGN\[AL c O =øQedaNSSZuS a fbdaNDf�N�MGQ ^o^ fbncb I0
JMS ^oc fwJ�non�QeNÈJRQeduL7fhQ ^&^oc fwSSZDn`[yQPL7f<N\[ ^oc f a fbnoJ aDc | ^ JML8ORQ7|�fbncbv c f a fbnoJ aDc | ^ NPdÏJMS�K�fbn ^ JML4QeO�O�|_NÈJMS ^ noJLRPZ ^ f�N [ QeO�OMNc^&J�dPO ^ N�L4QeOML�ZDORQ ^ f ^oc f8S�fbOV[�psS c QeNÈJ�dPOabjo fwQPS�SSZPMíf^oc Q ^ R$fbd ^oc JML a noJLMGQeno| a n�N~NjZuL7fbn�S}Qen�fÏduN ^.aDc N ^ NPJ�d c JLRDJ ^ f�N$^ c fbd Q ^o^ QPL c f�N	QedaN aDc N ^ NPJ�d c JLRDJ ^ f�N

^ c fbd�NDf ^ QPL c f�NÏJ�d ^oc f	^CQ ^ fbnKL7NPOLZPM�d�n§rKJ�O�Okf ^ �CNÇS ^ NPd [!rcs�sjr l|b
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 � � Wsd ^oc f a fbnoJ aDc | ^ NPd [ dDJ ^ noJV[§|_J�dPO�R]QPL ^ fbnoJRQ#OÇn�Nc^ ^oc JMS&n�f a n�f7S�fbd ^ f�N�R�|f�
µ = µmax

[O2]
KO2

+[O2]
[NH4]

KNH4
+NH4

Bmax

Bmax+[BN ]
[ ^ c fbn�f µmax

JMS ^oc f�MGQ)iÈJLM�ZPM;OÇn�Nc^ ^oc n�Q ^ f [ Bmax
Q

MGQ)iÈJLM�ZPM RDJMNeMGQPS�S [ Ki
c QeOV[0S�Q ^ ZDn�Q ^ JMNPd�KÇQeOLZuf<N\[ ^oc fwJ�psS a f7LbJMf7S}brKf ^ fbn�N ^ n�N aDc JML�R]QPL ^ fbnoJRQ�OÇn�Nc^ ^oc JMS�n�f a n�f7S�fbd ^ f�N#R�|�� µ = µmax

[subs]
Ksubs+[subs]

[O2]
KO2

+[O2]
[ ^ c fbn�f subsJMS ^oc fwNPnSO�QedDJML8SSZPRuS ^ n�Q ^ f�b

o fKQeO�OMNc^ NÈJ�<´fbn�fbd ^ Q¥J�duf ^ JML7S a Qen�Q\Míf ^ fbn�SlJ�d�^CQ ^ fbnlL7NPOLZPM�dÃQedaNíJ�d a fbnoJ aDc | ^ NPdd[§NPn�R]QPL ^ fbnoJRQ8f�K�fbdc f ^ fbn�N ^ n�N aDc JML8NPnAdDJ ^ noJV[¼|¥J�dPOab
������������� ��� � ��������� +
	'-�
�" " +�.����/- )�� � � ���
�KJMS�S�NPOLK�f�N f|iDL c QedPO�f7S�R´f ^ ^lf7fbd ^oc f�^lQ ^ fbn}L7NPOLZPM�d QedaN ^oc f ^ ^lN R$fbd ^oc JMLÄL7NeM a Qen ^ Mífbd ^ SÏQen�fL4QeOML�ZDORQ ^ f�NdR�|íL7NPduSoJ�NDfbnoJ�dPO ^oc f�NÈJ�<8ZuSoJMNPd ^oc n�NeZPO c.^oc f�O�JLM�J ^ ORQ7|�fbn	� β(Cb −Cw)

nz�CNeZaNÈn�f4Q\Z [Jrcs�s � l|b
β
JMS ^oc f6MGQPS�S ^ n�QeduS`[�fbn*L7N¥f$#GLbJMfbd ^4[ QedaN Ci

JMS ^oc fKL7NPduL7fbd ^ n�Q ^ JMNPd}J�d ^oc f6R´fbd ^oc JML#n b lFQedaN�^CQ ^ fbn	n w lORQ7|�fbn [ β JMS0f|i a n�f7S�S�f�N�QPS β = u∗ASn
c

nz�CNeZaNÈn�f4Q\Z [Prcs�s � l [ ^ c fbn�f A QedaN n
Qen�fCf�M a J�noJML4QeOuL7N¥f$#GLbJMfbd ^ S [

Sc
JMS ^oc f \ L c M�J�N ^ dkZPM�R´fbn�n�Qen�NeZDdaN r w�w�w [�NPnFSSZ a fbn`U]LbJRQeOa^lQ ^ fbn�S�l|b_v c f�[�NPnSM�ZDORQ ^ JMNPd β = Esu∗

^CQPS
ZuS�f�N-b

u∗ =
√

( τ
ρ ) [ ^ c fbn�f τ

JMS ^oc f�Míf4Qed�S c f4QenAS ^ n�f7S�S�QedaN ρ
JMS ^oc f�^CQ ^ fbn6K�NPOLZPM�JMLxMGQPS�S}b

������������� � ������
��!��. � � �!�
� � ���������!"

\ f�NÈJLMífbd ^ Q ^ JMNPd]haZjiDf7S�[§n�NeM ^CQ ^ fbn�L7NPOLZPM�dÅQen�f�NÈJMS ^ noJLRPZ ^ f�N�R´f ^ ^*f7fbd�S�f�NÈJLMífbd ^ QedaN a fbnoJ aDc | ^ NPd
R�|ÄL7NPduSoJ�NDfbnoJ�dPO ^oc f�L7NcK�fbnwL7N¥f$#GLbJMfbd ^ f7S ^ JLMGQ ^ f�N Q ^ ��w * NjZDnoJ�dPO}S�Q\M a O�J�dPOab(W ^ L7NeZDO�N�R´f�QeNuQ aD^ f�N
[§n�NeM Míf7S cÏ^ N#Míf7S c JV[Vduf7L7f7S�S�Qeno|�b
" �/-�
�),����� � ��
�+
��� ��� + "�
�+
� vXn�QeduS`[�fbn�S�[§n�NeM R$fbd ^oc NÇS ^ N�^lQ ^ fbnwL7NPOLZPM�d Qen�f#NÈJ�<(fbn�fbd ^ NDf a fbdaNÈJ�dPONPd ^oc f	R´fbd ^oc JMLhL7NeM a Qen ^ Mífbd ^ b
q NPduL7fbnodDJ�dPO ^oc føS�f�NÈJLMífbd ^ pv^CQ ^ fbníL7NPOLZPM�d f|iDL c QedPO�f7S [3^oc fGfbn�NÇSoJMNPd L4Q a QPLbJ ^ | N\[ ^oc f#h]N}^÷JMShf7S�p^ JLMGQ ^ f�N ^oc QedPQÈS ^ N ^oc f ^ n�QeduS a NPn ^ L4Q a QPLbJ ^ | ^oc f7NPno| nz�CQ\OÇduNPO�N [ rcs���� l|bkx MTZDO ^ J�psS a f7LbJMf7S�Q aDa n�N�QPL cOMf4QeNDS ^ N ^oc f�[§NPnSMTZDORQ ^ JMNPd n j QeO�NÈJ�dufb| [!rcs�s\� l	�

fero = ζ
1

∑

i χi
ρi−ρw

ρi

Phyd

g

n§g6b r l
[ ^ c fbn�f fero

JMS ^oc f<fbn�NÇSoJMNPd}L4Q a QPLbJ ^ |ÃN\[ ^oc f�h]Nc^ [ ζ JMS ^oc f a fbn�L7fbd ^ Q\O�f<N\[ c |1NÈn�Q\ZDO�JML a Nc^lfbn3ZuS�f�N ^ NMGQeJ�d ^ QeJ�d QeO�O ^oc f a Qen ^ JMLbOMf7SAJ�dÅSYZuS a fbduS�JMNPd [ χi
^oc fxMGQPS�S3[§n�QPL ^ JMNPdÅN\[ ^oc fwJ�psS a f7LbJMf7S�J�d ^oc f8L7NeM a Qen ^ p

Mífbd ^ n§S�f�NÈJLMífbd ^ NPn a fbnoJ aDc | ^ NPdBl [ ρi
^oc f�K�NPOLZPM�JMLdMGQPS�S�N\[ ^oc fGJ�psS a f7LbJMf7S [ ρw

^oc fd^lQ ^ fbn#K�NPOLZPM�JML
MGQPS�S [ Phyd

^oc f c |jNÈn�Q\ZDO�JML a Nc^lfbn [ g ^oc f8QPL7L7fbOMfbn�Q ^ JMNPd�NjZuf ^ N#OÇn�Q�K¥J ^ |�b
.�+ " " �!" v c f�f|iDL c QedPO�f7S�R$f ^ ^*f7fbd�^CQ ^ fbn8L7NPOLZPM�dòQedaN ^oc f a fbnoJ aDc | ^ NPd Qen�f�n�f a n�f7S�fbd ^ f�N R�|ÄOMNÇS�S�f7SQedaNÏS�L7NeZDnoJ�dPOab]UXNÇS�S�f7SAQen�fhQ aDa O�JMf�N ^ N ^oc f a fbnoJ aDc | ^ JML8L7NeM>M�ZDdDJ ^ |]NjZDnoJ�dPOíOMNc^,h]Nc^xbUXNÇS�S�f7SGJ�duLbOLZaNDfÅfbn�NÇSoJMNPd n§S�f7f a n�f�K_JMNeZuS|líQedaN a fbnSMGQedufbd ^ OMNÇS�S�f7S [ ^ c JML c Qen�fÅn�f a n�f7S�fbd ^ f�NGR�|"QL7NPduS ^ Qed ^ n�Q ^ f�bvkNwSoJLMTZDORQ ^ f�f|iDL c QedPO�f7S�R´f ^ ^lf7fbd a fbnoJ aDc | ^ NPdøQedaN#^lQ ^ fbnFL7NPOLZPM�d [ f4QPL c S a f7LbJMf7SVJMS0J�NDfbd ^ JVU]f�NGQPSFQa fbnoJ aDc | ^ JML<NPduf<NPn&QPS�QT^CQ ^ fbn�L7NPOLZPM�dÏNPduf�bDY3fbnoJ aDc | ^ JMLhS a f7LbJMf7S&Qen�f<NPdDO�|.SSZPRPM�J ^o^ f�N ^ N a fbnSMGQedufbd ^OMNÇS�S�f7S}bkTuNPn�S�f�NÈJLMífbd ^ f�N ^lQ ^ fbn�L7NPOLZPM�d S a f7LbJMf7S [ ^lf�NDf|Uuduf�N Q}n�f ^ fbd ^ JMNPd L7N¥f$#GLbJMfbd ^ n ret l [ ^ c JML cn�QedPO�f7S�R´f ^ ^lf7fbd w QedaN r b´v c f�n�f ^ fbd ^ JMNPd L7N¥f$#GLbJMfbd ^ NDf7S�LbnoJLR$f7S ^oc f�L4Q a Q\RDJ�O�J ^ | N\[ ^oc f a fbnoJ aDc | ^ NPd^ NgQ�f7f aÃa Qen ^ JMLbOMf7SCJ�duSoJ�NDfzN\[kJ ^ S�MGQ ^ noJVi8b \ N�JV[ Bw

JMS ^oc f�RDJMNeMGQPS�S&N\[VQ�^CQ ^ fbn&L7NPOLZPM�dÏS a f7LbJMf7SlJ�d ^oc fa fbnoJ aDc | ^ JML�L7NeM a Qen ^ Mífbd ^4[(a fbnSMGQedufbd ^ OMNÇS�S�f7S<Qen�f�Q aDa O�JMf�N ^ N ret.Bw
[ ^ c fbn�f4QPS<fbn�NÇSoJMNPd JMSwQ aDa O�JMf�N^ N (1 − ret).Bw

b
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 ��� ��ZDJ ^ fíN\[ ^ fbd ^oc fíf�K�NPOLZ ^ JMNPd N\[�UPiDf�NfRDJMNeMGQPS�S8L4Qed R$f�f|i a ORQeJ�duf�N�R_| ^oc fíf <(f7L ^ N\[ c |_p
NÈn�N1NÈ|_d]Q\M�JML�buT]NPn�J�duS ^ QeduL7f [ NjZDnoJ�dPO�h]N_N1N [È^oc fwS�L7NeZDnoJ�dPOGN\[�UPiDf�N_RDJMNeMGQPS�S�J�duLbn�f4QPS�f7S [ S�N ^oc Q ^ UPiDf�N
RDJMNeMGQPS�S.Q)[ ^ fbn ^oc fÅS a Q ^ fÏL7NeZDO�N
R´f}duf4Qen��4fbn�N n§m2f c O�J�dPO�fbnøf ^ QeOvb [6rcs�s�� l|b��lJLO�O�SGf ^�q OMNÇS�f n rcs � s l
NDf ^ fbnSM�J�duf�N�Q�n�fbORQ ^ JMNPd�R´f ^ ^*f7fbd ^oc f�MGQ\OÇdDJ ^ ZaNDfhN\[=h]N¥N~N�QedaN a fbnoJ aDc | ^ NPd�OMNÇS�S�f7ScbDv c fxMGQ\OÇdDJ ^ ZaNDfN\[6h]N¥N~N L7NPnon�f7S a NPdaNDS ^ N ^oc føn�Q ^ JMN Qmax

Qbase

[ ^ c fbn�f Qmax
JMS ^oc f�MGQ)i¥JLMTZPM h]Nc^ NÈJMS�L c QenSO�f}N\[ ^oc f

h]N¥N~NÏQedaN
Qbase

JMS ^oc fwOMNc^&h]N}^,NÈJMS�L c QenSO�f�bv c fFS�L7NeZDnoJ�dPOzQ ^ f4QPL c�^ JLMífFS ^ f a8c QPS ^ N6R´f?f�KÇQeOLZ]Q ^ f�Nx^&J ^oc NeZ ^ Q_duN}^&J�dPO ^oc f MGQ)i¥JLMTZPM NÈJMS�L c QenSO�fN\[ ^oc f�h]N¥N~N-b?v c fÏJ�duS ^ Qed ^ Qeduf7NeZuSÃSoOMN a f}N\[xNÈJMS�L c QenSO�f n pq
l�JMS [ [�NPníL4QeOML�ZDORQ ^ JMNPd [ Q�MíNPn�fÅn�fbOMf�KPQed ^

KÇQenoJRQ\RDOMf ^oc Qed�h]N_N1N�MGQ\OÇdDJ ^ ZaNDf�b.�l|�ZuSoJ�dPO ^oc JMS<duf�^�KÇQenoJRQ\RDOMf [ ^*fGSSZ aDa NÇS�f ^oc Q ^8^oc f#OÇn�f4Q ^ fbn ^oc f
MGQ\OÇdDJ ^ ZaNDf8N\[�h]N¥N~NÃJMS [È^oc fxOÇn�f4Q ^ fbn ^oc fxNÈJMS�L c QenSO�fwJ�duS ^ Qed ^ Qeduf7NeZuSKSoOMN a fzJMScbTuNPnøf4QPL c f�K�fbd ^ SÃQòLbnoJ ^ JML4QeO2S�OMN a f n pc

l�JMS�NDf|Uuduf�N QPS��
pc = 2Qmax−Qbase

tec

[ ^ c fbn�f tec
JMS ^oc f

NjZDn�Q ^ JMNPd N\[ ^oc fíf�K�fbd ^ b \ ZuL c SoOMN a f7S�^*fbn�fdNDf ^ fbnSM�J�duf�N J�d ^oc f � n�QedaN j NPnoJ�d [ [§NPn ^oc f�|�f4Qen�S 
�w�w�wQedaN 
�w�w rÇ[ QedaN n�fbORQ ^ f�N ^ N�S�L7NeZDnoJ�dPO�KÇQeOLZuf7S�N\[��lJLO�O�S�f ^�q OMNÇS�f�n rcs � s l�R�|òL7NPduSoJ�NDfbnoJ�dPO ^oc f.NPnYNDfbnN\[�MGQ\OÇdDJ ^ ZaNDf�b0x ^ f4QPL c pc
L7NPnon�f7S a NPdaNDSíQ�RDJMNeMGQPS�Sín�f�NjZuL ^ JMNPd"N\[ A(pc) %

b�x ^ f4QPL c ^ JLMíf}S ^ f aX[S�L7NeZDnoJ�dPOøJMSAL4QeOML�ZDORQ ^ f�NÄNPdDO�|.JV[ pq
JMS�OÇn�f4Q ^ fbn ^oc QedÄQ>M�J�dDJLM�ZPM KPQeOLZufhN\[

pc
b �*|}L7NPduSoJ�NDfbnoJ�dPO��lJLO�O�Sf ^#q OMNÇS�f�n rcs � s l [ ^*f.QPS�SSZPMíf ^oc Q ^ [�NPn�MGQ\OÇdDJ ^ ZaNDf.n�QedPOÇJ�dPO�[§n�NeM w ^ N � [ NPdDO�| a fbnSMGQedufbd ^ OMNÇS�S�f7SN¥L7L�ZDn [ [§n�NeM � ^ N � S�L7NeZDnoJ�dPOÅn�QedPO�f7ShO�J�duf4QenoO�|�[¼n�NeM w ^ N t�w * N\[ ^ N ^ QeO RDJMNeMGQPS�S [ Uud]QeO�O�| [ [§n�NeM �

^ N 
�t [È^oc fwS�L7NeZDnoJ�dPOín�QedPO�f7S3[§n�NeM t�w ^ N s t * b�Z�K�fbn2QgMGQ\OÇdDJ ^ ZaNDf8N\[ 
�t [ OMNÇS�S�f7SCn�f a n�f7S�fbd ^�s t * N\[^oc f ^ N ^ QeO8RDJMNeMGQPS�ScbÈrA|jNÈn�NeOÇn�Q\M Qed]QeO�|¥S�JMSlS c Nc^*f�N ^oc Q ^ f <(f7L ^ JLK�fzS�L7NeZDnoJ�dPO ^ JLMíf tea
JMSlOMf7S�S ^oc Qed tec

2R´f7L4Q\ZuS�f ^oc f8J�duS ^ Qed ^ Qeduf7NeZuSzSoOMN a f pq
JMS�K�fbno|ÏSSMGQeO�O�Q ^�^oc f�R$f�OÇJ�dDdDJ�dPOÃN\[ ^oc f�h]N¥N~NÄQedaN�Q ^�^oc f a JMLN\[ ^oc fTh]N¥N~N-b´v c f�L c Qen�QPL ^ fbnoJMS ^ JML ^ JLMíf�N\[@h]N_N1N�JMS ^oc fbd Q�[zZDduL ^ JMNPd N\[ pc

b´v c fgMGQ)i¥JLMTZPM
n�Q ^ f�N\[S�L7NeZDnoJ�dPOGL4QedÄQeOMS�N#R$f<L4QeOML�ZDORQ ^ f�NÄQPS a(pc) = A(pc)
tea(pc)

b
o fGQPS�SSZPMíf ^oc Q ^ QeO�O a fbnoJ aDc | ^ JML>KÇQenoJRQ\RDOMf7ShQen�f�duN ^ S�L7NeZDn�f�Nf^&J ^oc ^oc f�S�Q\Míf#[yQPLbJ�O�J ^ |�bkv c ZuS [ ^lfJ�d ^ n�N1NjZuL7fGQ a Qen�Q\Míf ^ fbn ki

[�NPn ^oc f�J�psS a f7LbJMf7Scb(v c JMS a Qen�Q\Míf ^ fbn8JMS ^oc f�n�Q ^ JMN]R$f ^ ^*f7fbd ^oc f�f <(f7L ^ JLK�fS�L7NeZDnoJ�dPO�[§NPnAf4QPL c J�psS a f7LbJMf7SzQedaN ^oc fxMGQ)iÈJLM�ZPM S�L7NeZDnoJ�dPO�b \ N#[§NPn ^oc f<J�psS a f7LbJMf7S a(pc)
JMS3^lfbJLO c�^ f�N

R�|
ki
bÇv c fAJ�duS ^ Qed ^ Qeduf7NeZuS*OMNÇS�S�f7S*N\[ ^oc f�J�psS a f7LbJMf7SlQen�f c fbduL7fAf��~Z]QeO ^ N ^oc f�n�Q ^ fAN\[(f <´f7L ^ JLK�fKS�L7NeZDnoJ�dPO

^*fbJLO c_^ f�N�R_| ^oc fxRDJMNeMGQPS�Scbuv c f<f�K�NPOLZ ^ JMNPdÄN\[ ^oc f<J�psS a f7LbJMf7S�UPiDf�N�RDJMNeMGQPS�Sgn Bi
l*JMS3OÇJLK�fbd]R_|f�

∂Bi

∂t
= −kia(pq)Bi

n§g6b 
 l
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�8,�� (�g6b r �D�zf7S�LbnoJ aD^ JMNPd�N\[ ^oc fwSoJLMTZDORQ ^ JMNPduScb j N~NÈJVU]L4Q ^ JMNPduSAN\[ a noJLMGQeno| a n�N~NjZuL7fbn�SKQen�f8Q�KÇQeJ�ORQ\RDOMf<J�dv3Q\RDOMfhg6b 
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v c n�f7f8SoJLMTZDORQ ^ JMNPduS�^lfbn�f�MGQeNDf�n§v3Q\RDOMf�g6b r l�J�d�NPnYNDfbn ^ Nøf7S ^ JLMGQ ^ fxMíNPn�f a n�f7LbJMS�fbO�| ^oc f8f <(f7L ^ N\[^oc f a fbnoJ aDc | ^ NPd NPd ^oc fT^lQ ^ fbn<L7NPOLZPM�d!b´v c f ^ JLMíf a fbnoJMN~N�N\[*QeO�O�S�JLM�ZDORQ ^ JMNPduSznSZDduS�[¼n�NeM j Q4| 
�
 th


�w�w r nzNuQ4| 
�
 l ^ N \ f aD^ f�M�R´fbn r rst 
�w�w r nzNuQ4| r 
 � l|b
� � � �.�����k ��­� � � �X�V¢ Á¸�o�¸�­�&�5�4�y  ¢È�5�y� � �4À4�y�¨��
�e���¨�y� � �7À¸�o�¨� Pmax (h−1) 0.5 0.33 × ×

α ((m2sµE−1)h−1) 0.0012 0.0012 × ×
β ((m2sµE−1)h−1) × × × ×�+�­���y�q�&  Pmax (h−1) 0.25 0.167 × ×
α ((m2sµE−1)h−1) 0.0012 0.0012 × ×
β ((m2sµE−1)h−1) × × × ×¬Ç���7�	�e���0�����b�¨� Pmax (h−1) 0.0565 × × 0.0565
α ((m2sµE−1)h−1) 0.0001225 × × 0.0001225
β ((m2sµE−1)h−1) 0.0001 × × ×

ηconst (m−1) ¾ ± ª × × ª¸� »q«
ηchla (m−1.(µg.L−1)−1) ª ± ª � × × ª4� ªqªqª4¾o¿
ηsm (m−1.(mg.L−1)−1) ª ± ªb½ × × ª4� ªqªqª¨ª��

�8,�� (eg�b 
 �+Y0noJLMGQeno| a n�N~NjZuL7fbn�S a Qen�Q\Míf ^ fbn�ScbeWsd ^oc f ^lQ ^ fbnVL7NPOLZPM�d�npo q l [ R´fbd ^oc JMLCQeOLO�QPfFL7NPnon�f7S a NPdaN^ N ^oc fxNDf ^ QPL c f�N�QeOLO�QPf�b

oòQ ^ fbn q NPOLZPM�d \ f�NÈJLMífbd ^ S Y3fbnoJ aDc | ^ NPdI��
µmax (h−1)

w b w � t w b w � t w b w � t
KNH4 (mgNL−1) r b r 
 r b r 
 r b r
KO2 (mgO2L

−1) r b r r b r w b t
Bmax (mgCL−1) × × w b �r�� ^lQ ^ fbnKL7NPOLZPM�d µmax (h−1)

w b w ��� w b r t w b w ��� w b r t w b w ��� w b r t
KsubsmgCL−1 w b r�� w b r w b r�� w b r w b r�� w b r
KO2 (mgO2l

−1)
w b t � w b t w b t � w b t w b t � w b tr�� R$fbd ^oc NÇS µmax (h−1)
w b w�
 w b w�
 w b w�


KsubsmgCL−1 w b r w b r w b r
KO2 (mgO2L

−1)
w b t w b t w b t

	�

� Ñ�Õä×{Ø5ÕäöMÝeÕ²Ñ�æzÙ�â+Þo×{Ò¨Ø{Õ�â���� 
�� Ü�Ò�×{Ò�Ø5à4×5Ø{à+Û�Ü�Õ�ÞFÙ_â¸Þo×5Ò�Ø5Õ²â�ôRÑ�â7×5Õäã+Ò���â4á²áäàÇÞ�Üe×{à+Ñ�à¸Ú�Ö�õ
�8,�� (�g6b � � �CQPL ^ fbnoJRQøQPL ^ JLK_J ^ | a Qen�Q\Míf ^ fbn�S

v c fxZ a S ^ n�f4Q\M NÈJMS�L c QenSO�f�L7NPnon�f7S a NPdaNDS ^ N ^oc fwNeRuS�fbnSK�f�N]KÇQeOLZuf7ScbuTuNPn ^ noJLRPZ ^ QenoJMf7S [ ^lf c Q�K�f�ZuS�f�N^oc f�SoJLM a OMf�n�fbORQ ^ JMNPd � Qtributary

Qref
= (

Stributary

Sref
)α [ ^ c fbn�f \ JMS ^oc f�SSZDn`[�QPL7f�N\[ ^oc f�L4Q ^ L c Mífbd ^ QedaN α

� rÇ[ � bJ�lJMNeO�f7N¥L c f�M�JML4QeO�R´NeZDdaNuQeno|ÅL7NPdaNÈJ ^ JMNPduS8Qen�f ^oc NÇS�f�NeRuS�fbnSK�f�N Q ^2^oc fTZ a S ^ n�f4Q\M N\[ ^oc fhn�f4QPL cQedaNÅQ ^&^oc fwx�ZPR´f ^ J�d�n§S�f7f<Y r QedaNÅY � T�JLOabug6b r l�NjZDnoJ�dPOøSSZPM>Mífbn 
�w�w r buv c f�o o v&Y NeZ ^ h]Nc^�S2Qen�fn�f a n�f7S�fbd ^ f�N]R�|�ZuSoJ�dPOíS¨Q\M a O�J�dPO�SAN\[0SSZPM>Mífbn 
�w�w�w bv c f>�-���=��MíN1NDfbO0NeRkK¥JMNeZuSoO�|ÏJ�duLbOLZaNDf7S8QGOMN ^ N\[ KPQenoJRQ\RDOMf7SwQedaN a Qen�Q\Míf ^ fbn�Scb-��Z ^ QeO�O a Qen�Q\Míf ^ fbn�S
^*fbn�f>NDf ^ fbnSM�J�duf�N ^oc n�NeZPO c aDc |ÈSoJML4QeO?f|i a fbnoJLMífbd ^ Scb´iFQeOLZuf7SwN\[@^CQ ^ fbnwL7NPOLZPM�d [ ^ c JML c ^lfbn�f#ZuS�f�N J�d^oc f \ fbJ�duf�L4Q ^ L c Mífbd ^ n � QenodDJMfbnÃf ^ QeOvb [�rcs�s tju�� QenodDJMfbn.f ^ QeOvb [ 
�w�w�w l [ ^*fbn�fÏduN ^ L c QedPO�f�N NjZDnoJ�dPOSoJLMTZDORQ ^ JMNPduScb0Y�Qen�Q\Míf ^ fbn�S�KPQeOLZuf7ST[�NPn a noJLMGQeno| a n�N1NjZuL7fbn�SíQen�f.n�f|[§fbn�fbduL7f�N J�d ^ Q\RDOMfÃg6b 
 bVv c NÇS�føN\[
R]QPL ^ fbnoJRQGQen�fzO�JMS ^ f�N}J�d ^ Q\RDOMfwg6b � bv c f�U ^o^ f�N�KPQeOLZuf	[�NPn Es

^CQPS ^oc n�f7f ^ JLMíf7S c JLO c fbn6[�NPn a fbnoJ aDc | ^ NPd ^oc Qed�[§NPnAS�f�NÈJLMífbd ^ b$TuNPn2f4QPL c
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in

 h
−

1

pc in (m3.s−1).d−1

a(pc)
f(x)=0,03912.ln(x) − 0,10022 ; R2 = 0,8241

%��'&)(�g6b � � \ L7NeZDnoJ�dPOwORQ�^ NDf�NjZuL7f�Ng[§n�NeM � n�QedaN j NPnoJ�d c |jNÈn�NeOÇn�Q\MíS*Qed]QeO�|ÈSoJMS�NjZDnoJ�dPO<|�f4Qen�S 
�w�w�w QedaN

�w�w r b a(pc)

JMS ^oc f�MGQ)iÈJLM�ZPM�S�L7NeZDnoJ�dPOøn�Q ^ f#NDf a fbdaNÈJ�dPOÃNPd ^oc f�LbnoJ ^ JML4QeO0SoOMN a f pc
N\[ ^oc fhJ�NDf4QeO�JL�4f�Nc |jNÈn�NeOÇn�Q\M]b

NÈJMS�S�NPOLK�f�NÄS a f7LbJMf7SAJ�dÄS�f�NÈJLMífbd ^ S�^lf�ZuS�f�N Es
� w b w�w r t b�TuNPO�OMN}^&J�dPOÏ�zf7xAdPO�fbO�JMSzf ^ QeOvb*n rcs�s t l [ �2fbd ^f ^ r2fbdDno|�n rcs�s�s l []^oc fwL7NPduS ^ Qed ^Aa fbnSMGQedufbd ^ OMNÇS�S�f7S&n�Q ^ f	[�NPn a fbnoJ aDc | ^ NPd�^lQPS ^ Q\Q�fbd ^ N w b w r day−1 bv c fzn�f ^ fbd ^ JMNPdÄL7N_f$#GLbJMfbd ^ n ret l [§NPn ^oc f a fbnoJ aDc | ^ NPdÏJMS ^ Q\Q�fbd ^ N w [ � bDYVQen�Q\Míf ^ fbn�S�[§NPn ^oc f<S�L7NeZDnoJ�dPOQen�fTOÇJLK�fbd�J�d T�JLO�ZDn�f�g�b � b�W:M a NPn ^ Qed ^ JMS ^oc Q ^ duN�U ^o^ J�dPO�^CQPS�NDNPduf�L7NPduL7fbnodDJ�dPO ^oc JMS2ORQ�^xbXZKdDO�| ^oc fS�L7NeZDnoJ�dPOíL7N¥f$#GLbJMfbd ^ n ki

l�[�NPnAQ ^o^ QPL c f�N a noJLMGQeno| a n�N1NjZuL7fbn�S3^lQPS ^ Q\Q�fbd ^ N w [ � b¥xKO�O ^oc f<N ^oc fbn ki
Qen�ff��~Z]QeO ^ N rÇ[ Míf4QedDJ�dPO ^oc Q ^ Q ^o^ QPL c f�N a noJLMGQeno| a n�N~NjZuL7fbn�SFQen�f ^oc f&SSZ aDa NPn ^ N\[´QeO�O ^oc fCN ^oc fbn�KÇQenoJRQ\RDOMf7Scb

xAO�O�RDJMNPOMNeOÇJML4QeO�L7NeM a Qen ^ Mífbd ^ S c Q�K�f ^ N�R´fGJ�dDJ ^ JRQeO�JL�4f�N-b?T]NPn ^oc f�^CQ ^ fbníL7NPOLZPM�d [V^oc f�Míf4QPSSZDn�f�N
Z a S ^ n�f4Q\M�L7NPduL7fbd ^ n�Q ^ JMNPduS}N\[ j Q7| 
�
 th ^*fbn�f a n�N a Q\O�Q ^ f�N QeO�OzQeOMNPdPO ^oc fÅn�f4QPL c ^&J ^oc Q NÈJ�OLZ ^ JMNPdf <(f7L ^ NjZuf ^ N ^oc f�Q���Zufbd ^ Scb�Wsd a fbnoJ aDc | ^ NPd [ NPdDO�| a noJLMGQeno| a n�N1NjZuL7fbn�S [Çc f ^ fbn�N ^ n�N aDc JML2QedaN�dDJ ^ noJV[¼|¥J�dPO
R]QPL ^ fbnoJRQ�^*fbn�fKn�f7S a f7L ^ JLK�fbO�|�J�dDJ ^ JRQeO�JL�4f�N ^ N r gC.m−2 [ 
�w mgC.m−2 QedaN � w mgC.m−2 b�v c fAJ�dDJ ^ JRQeO
KÇQeOLZufÅJ�d NPduf S�f7L ^ JMNPd&NDf a fbdaNDSÃNPd ^oc f�^CQ ^ fbn_NDf aD^oc n c líJ�d ^oc JMS.S�f7L ^ JMNPd$NjZDnoJ�dPO OMN}^ h]N}^xbCUXf ^SSZ aDa NÇS�f ^oc Q ^ B0

JMS ^oc fKJ�dDJ ^ JRQeO-KÇQeOLZuf�b_W�[ h < 0, 8m ^oc fbd B0
JMS ^oc f2J�dDJ ^ JRQeO8KPQeOLZuf�[�NPn ^oc fzS�f7L ^ JMNPd!bÈW�[

0, 8 < h < 2m ^oc fbd ^oc f8J�dDJ ^ JRQeO�KPQeOLZuf8n�QedPO�f7SAO�J�duf4QenoO�|�R$f ^ ^*f7fbd B0
QedaN w b�Wv[

h > 2m ^oc fbd ^oc fbn�fJMSzduNÃJ�dDJ ^ JRQeO*UPiDf�N�RDJMNeMGQPS�S<J�d ^oc f�S�f7L ^ JMNPd!b(x6[ ^ fbn ^oc f�J�dDJ ^ JRQeO�JL�¸Q ^ JMNPdòN\[ ^oc f�S�|¥S ^ f�M [ Q.SoJLMTZDORQ ^ JMNPdnSZDduS*J�døS ^ f4QeNÈ|íS ^ Q ^ fgn§L c Qen�QPL ^ fbnoJMS ^ JML<N\[(OMN}^ h]N}^�l�NjZDnoJ�dPO ^ fbd�NuQ4|¥S}bkyAf7SYZDO ^ SFN\[ ^oc JMSlSoJLM�ZDORQ ^ JMNPd}Qen�fJ�dDJ ^ JRQeO!KÇQeOLZuf7S�[�NPn ^oc f<SoJLM�ZDORQ ^ JMNPduS�^*fxMGQeNDf�b
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� � � 
 � � � � rc� � � � ��w Y � � 
 � Y � � rc� Y � � ��w
q Y M�J�d 
�
 [ ��
 r � [ � � 
�t [ �
� 
 sÈ[ ��� ��� [ �ar 
 �È[Lr��
q Y MGQ)i �
� [ w�t ��w [ ��� ���u[ 
�
 � � [ s�� t �u[ 
�� ��� [ s �
AFDMmean g.m−2 r w�t [ t�� � � [ � � � � [ � � 
�w
� [ t�� r��arÇ[Lr � r t
� [ �\�
AFDMmin g.m−2 
�w [Lrc� r 
 [ ��t rc�È[ � � � � [ s 
 t
� [Lr � t�t [ t �
AFDMmax g.m−2 ��t [ ��� 
 rÇ[ �
� 
�� [ w s ��t [ ��� ��
 [ �ar ��
 [ t�tL c O =

mean mg.m−2 �k� w [ 
�t � �
� [ ��
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�w rÇ[ � � � ��w [ �k� � �e� [ ��� � w sÈ[ �jrL c O =
max mg.m−2 rc�jrÇ[ s w r t�
 [ t � ��t sÈ[ ��t r w r � [ ��s ��� t [ t
� � s��È[ � �

hmean cm
t�t [ � t �È[ � t �u[ �et 

� [ ��t 
�� r � [ 
�t

�7�DUkQ>�ln�f ^ NPdDdDJMtbn�f u Y �DY3NeM>Míf�ZuS�f8Lbn�NÇS�S�psS�f7L ^ JMNPd_[§NPO�OMN}^*f�N�R�| ^oc f<S�Q\M a O�J�dPOdNuQ ^ f
q Y,�DL7N}K�fbn a fbn�L7fbd ^ Q\O�f8n�f a n�f7S�fbd ^ Q ^ JLK�fhN\[ ^oc fwS¨Q\M a OMf�NÏLbn�NÇS�S�psS�f7L ^ JMNPdTuNPn

AFDM
QedaNÏL c O8=>� mean

�jMíf4Qed]KPQeOLZuf8N\[0QeO�OXS�Q\M a OMf7S
min

QedaN
max

�jM�J�d�QedaN�MGQ)iÅQcK�fbn�Q\O�fx^*fbJLO c_^ f�N]R_|ÃL7N}K�fbn a fbn�L7fbd ^ Q\O�f
hmean

�jMíf4Qed�^lQ ^ fbn�NDf aD^oc
�;,��4(�g6b � �]g�i a fbnoJLMífbd ^ QeO a fbnoJ aDc | ^ JML�KÇQeOLZuf7S�n���ZDO�|_psx�ZPO�ZuS ^ 
�w�w r l|b

v c f>MGQ)i¥JLMTZPM N\[�x2T�� j NeRuS�fbnSK�f�N J�dòY�NeM>Míf�ZuS�f.NPdòNPdufíS�Q\M a OMf�^lQPS �
�e� gAFDM.m−2 [
^ c fbn�f4QPS ^oc f�f7S ^ JLMGQ ^ JMNPdøN\[ ^oc f6MGQ)iÈJLM�ZPM RDJMNeMGQPS�S?n�fbORQ ^ f�N ^ N ^oc f&noJLK�fbnlLbn�NÇS�S�psS�f7L ^ JMNPd�n ^ Q\Q¥J�dPO8J�d ^ NQPL7L7NeZDd ^8^oc f�L7N}K�fbn�Q\O�fGN\[ ^oc f�noJLK�fbn�R´N ^o^ NeM R�| ^oc f a fbnoJ aDc | ^ NPdòQPSwQdM�J�dDJLMTZPM QedaN QdMGQ)i¥JLMTZPMa fbn�L7fbd ^ Q\O�f}lln�QedPO�f�N�R´f ^ ^lf7fbd �ks QedaN � � gAFDM.m−2 n§v�Q\RDOMf<g6b � l|bDv c JMS a fbn�L7fbd ^ Q\O�fwN\[.R´N ^o^ NeML7NcK�fbn�Q\O�f�^&J�O�O´QeO�OMNc^ ^ N8L7NeM a Qen�f2SoJLM�ZDORQ ^ JMNPdÃNeZ ^oa Z ^ S ^&J ^oc.^oc f6M�J�dDJLMTZPM QedaN�MGQ)iÈJLM�ZPM NeRuS�fbnSK�f�N
�~Z]Qed ^ J ^ JMf7SAN\[0x2T�� j QedaNÏL c O =wQ ^ f4QPL c Lbn�NÇS�S�psS�f7L ^ JMNPd!bv c fwNeRuS�fbnSK�f�N]KÇQeOLZuf7S�J�d ^ fbnSM N\[0xKTV� j [ ^&J ^oc NeZ ^A^ Q\Q¥J�dPOíJ�d ^ N.QPL7L7NeZDd ^2^oc fwL7NcK�fbn a fbn�L7fbd ^ Q\O�f [Qen�f8S�O�JLO c�^ O�| c JLO c fbn ^oc Qed ^oc f ^ | a JML4QeO�NPduf8J�dÅd]Q ^ ZDn�QeOVS ^ n�f4Q\MíS#� AFDM < 70 g.m−2 QedaN�L c O =
< 300 mg.m−2 nz�lJLO�O�SFf ^*\_^ NeQÈS�f ^ocX[arcs�s�� u x�M ` �7JRQedufAf ^ QeOvb [ 
�w�w�
 l|b_IKf�K�fbn ^oc fbOMf7S�SFx�M ` �7JRQeduf�f ^ QeOvb
n 
�w�w�
 l�NeRuS�fbnSK�f�N�Q�MGQ)i¥JLMGQeOjRDJMNeMGQPS�SVJ�d ^oc f � Qen�NPdDduflnoJLK�fbn?N\[ 330 gAFDM.m−2 bev c f�MGQ)i¥JLMTZPM
RDJMNeMGQPS�S�J�d Qen ^ JVU]LbJRQeOCS ^ n�f4Q\MíS�L4Qed n�f4QPL c 200 gAFDM.m−2 n§x�M ` �7JRQeduf [ 
�w�w�w l|b j NPn�f7NcK�fbn [ NeZDnL c O =íNeRuS�fbnSKÇQ ^ JMNPduShQen�f�K�fbno| c JLO c L7NeM a Qen�f�N ^ N ^oc f�O�J ^ fbn�Q ^ ZDn�f�bVZKdufGf|i a ORQed]Q ^ JMNPd L7NeZDO�N�R´f ^oc Q ^^oc f � n�QedaN j NPnoJ�díJMS?d~Z ^ noJMfbd ^ pynoJML c n§v�Q\RDOMfKg�b t l*^&J ^oc K�fbno|íS c QeO�OMNc^ S�f7L ^ NPn�Scb�v c f7S�f�OMN_L4QeO$L7NPdaNÈJ ^ JMNPduSQeO�OMNc^ Q c JLO cÏa noJLMGQeno| a n�N~NjZuL7fbn�S�OÇn�Nc^ ^oc b

��'2��'2 ���95��;7�3 ����"$# "��  ;� �9563 ���  ;�!" � �;��� � �
v3Q\RDOMfGg�b t S c Nc^�S�Q�OÇn�f4Q ^ KÇQenoJRQ\RDJ�O�J ^ | N\[�L c O =>Z a S ^ n�f4Q\M:L7NPdaNÈJ ^ JMNPduS�n a NPJ�d ^ Y r l [ RPZ ^w^oc f#[§n�fqp

�~ZufbduLb|íN\[kS�Q\M a O�J�dPO]np^*f7f�Q¥O�|GNPn ^ ^&JML7fzQxMíNPd ^oc l@NDN¥f7Sod�� ^ QeO�OMN}^ ^ N�NeRuS�fbnSK�f6[�QPS ^ L c O =�KPQenoJRQ ^ JMNPduSlJ�d
^lQ ^ fbnwL7NPOLZPM�d!b(x2S<QdOÇJLK�fbd L c O = a n�N\UuOMfg[¼n�NeM Z a S ^ n�f4Q\M ^ N�NDN}^&duS ^ n�f4Q\M�n�f7SSZDO ^ S�[§n�NeM Z a S ^ n�f4Q\M
KÇQenoJRQ ^ JMNPduS�N\[�L c O = [ NuQ ^ Q]^*fbn�fÃSoJLM a O�|fZuS�f�N ^ N]KÇQeO�J�NuQ ^ f ^oc f�OÇOMNeR]QeOlS a Q ^ JRQeO ^ n�fbdaN N\[ ^oc føL c O =
[§n�NeM Z a S ^ n�f4Q\M ^ N�NDNc^&duS ^ n�f4Q\M�QedaN ^ N�OÇJLK�f}Q��~Z]Qed ^ JVU]L4Q ^ JMNPd N\[ ^oc fÃL c O =�b�x&L ^ Z]QeO�O�| ^oc fdMíNep
NDfbOln�f a n�f7S�fbd ^ S ^oc fdOÇOMNeR]QeO ^ n�fbdaN N\[AL c O =ÃQeO�OlQeOMNPdPO ^oc f�MíN1NDfbOMf�N S ^ n�f ^ L c ^&J ^oc S�JLOÇdDJVU]L4Qed ^ L c O =L7NPduL7fbd ^ n�Q ^ JMNPduS>n§T�JLOabDg6b t l|b
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 [ ��� l � [ t � n � [ � � l r w [Lrcs n t [ � � l�wZ j n
mgC,L−1 l rÇ[ �et n w [ � r l 
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 [ � � n rÇ[Lr�� l 
 [ ��� n w [ ��� l 
 [ � t n w [ ��s lY*Z j n
mgC,L−1 l w [ 
�� n w [Lr�r � l w [ t�w n w [Lr�� � l w [ � 
 n w [Lr � s l w [ � � n w [Lr � s l w [ �\� n w [ ��� w lv�� ^ f�M a fbn�Q ^ ZDn�f u Z 
 �PNÈJMS�S�NPOLK�f�NÏN�iÈ|~O�fbd u \¥j �uSYZuS a fbdaNDf�N�MGQ ^o^ fbnI2r � �uQ\M>MíNPdDJLZPM u IzZ 
 �ÈdDJ ^ noJ ^ f u IzZ � �ÈdDJ ^ n�Q ^ f7S u Y*Z � � aDc NÇS aDc Q ^ f7S u L c O =��DL c OMNPn�N aDc |_O�OVQY*Z j � a Qen ^ JML�ZDORQ ^ f8NPnSO�QedDJMLxMGQ ^o^ fbn u �wZ j �PNÈJMS�S�NPOLK�f�NÏNPnSO�QedDJMLxMGQ ^o^ fbn

�8,�� (3g6b t �kx.K�fbn�Q\O�fíN\[�^lQ ^ fbn�L7NPOLZPM�dòS�Q\M a OMf7ScbXd � r w [ S ^ QedaNuQenYN�NDf�K¥JRQ ^ JMNPd JMS�R´f ^ ^lf7fbd RDn�QPLYQ�f ^ S}b
Pi
Qen�f ^oc f8S�Q\M a O�J�dPO a NPJ�d ^ STn§T�JLOabug�b r l

q NPduL7fbnodDJ�dPO ^oc f a fbnoJ aDc | ^ NPd [ S�Q\M a O�J�dPO�S�^lfbn�fxMGQeNDfTNjZDnoJ�dPO.QíSYZuL7L7f7S�SoJMNPdÅN\[*h]N¥N~NDS�n§T�JLOab�g6b 
 l|bv c f�S�L7NeZDnoJ�dPO8ORQ�^ ^CQPS NDf�NjZuL7f�N#[§n�NeMûf|i a fbnoJLMífbd ^ QeOJNuQ ^ Qjb�v c f�SoJLMTZDORQ ^ f�N�KÇQeOLZuf7SFQen�fCJ�døQ\OÇn�f7f�Mífbd ^
^&J ^oc�^oc fCf|i a fbnoJLMífbd ^ S*[�NPn0f4QPL c S�Q\M a O�J�dPO<f�K�fbd ^ n§T3JLOabPg6b � l|bÇv c ZuS ^oc f�KPQeOLZuf7SVN\[ a Qen�Q\Míf ^ fbn�S0n�fbORQ ^ f�N^ N	OÇn�Nc^ ^oc QedaNíS�L7NeZDnoJ�dPO8S�f7f�M ^ N	R$f&L7NPduSoJMS ^ fbd ^ b�v c JMSFL7NPduSoJMS ^ fbduLb|�JMS?Q�Uun�S ^ S ^ f a [�NPn ^oc f3KÇQeO�J�NuQ ^ JMNPdN\[ ^oc f�MíN~NDfbOvb
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xKS@[�NPnCL c O;=2J�d ^oc f�^lQ ^ fbn�L7NPOLZPM�d [D^oc f�[§n�f��kZufbduLb|.N\[�S�Q\M a O�J�dPO�NDN¥f7Sod�� ^ QeO�OMNc^ ^ N�NeRuS�fbnSK�f��~ZDJMLYQ�wZ j KÇQenoJRQ ^ JMNPduS?J�d�^lQ ^ fbn*L7NPOLZPM�d!b�v c f3MíN~NDfbO]n�f a n�f7S�fbd ^ S ^oc f�OÇOMNeR]QeO a Q ^o^ fbnodGN\[(�wZ j f�K�NPOLZ ^ JMNPduSQeO�O3QeOMNPdPO ^oc f	MíN1NDfbOMf�N}n�f4QPL c ^&J ^oc SoJLOÇdDJVU]L4Qed ^ L7NPduL7fbd ^ n�Q ^ JMNPduSgn§T�JLOabug6b � l|b
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v c føn�f|[�fbn�fbduL7fÃSoJLM�ZDORQ ^ JMNPd JMS�J�d"Q\OÇn�f7f�Mífbd ^ ^&J ^oc ^oc f�OÇn�f4Q ^ Q\M>MíNPdDJLZPM [�QeO�O&NeRuS�fbnSK�f�N J�d ^oc f

Z a S ^ n�f4Q\M a Qen ^ N\[ ^oc f�n�f4QPL c NPd ��ZDO�| � th nzNuQ4| �\� l?QedaN ��ZDO�| r � th nzNuQ4| �e� l�n§T�JLOab_g6b � l|b t�w * N\[ ^oc fS�Q\M a O�J�dPO�SKJ�daNÈJML4Q ^ f ^oc JMS�NÈn�QPS ^ JML�Q\M>MíNPdDJLZPM NDf7Lbn�f4QPS�f�b$v c JMS�NDf7Lbn�f4QPS�f8L4Qed�n�f4QPL c9rÇ[ � mgN.l−1 J�d^oc f Uun�S ^k^ fbdTQ_J�OMNeMíf ^ fbn�SVN\[ ^oc f�MíN1NDfbOMf�Nhn�f4QPL c n§S�f7f���ZDO�| � th l|b¸v c fb|8Qen�f*duN ^ NjZuf ^ NKQ�NÈJ�OLZ ^ JMNPd�f <(f7L ^
R´f7L4Q\ZuS�f ^oc f c |jNÈn�Q\ZDO�JML*L7NPdaNÈJ ^ JMNPduS0Qen�flS ^ Q\RDOMf�b¸v c JMS*NDf7Lbn�f4QPS�fFJMS=NjZuf ^ N6R´N ^oc8^oc f a noJLMGQeno| a n�N1NjZuL7fbn�S
OÇn�Nc^ ^oc QedaN ^oc f8dDJ ^ noJVU]L4Q ^ JMNPd�NjZuf ^ NÃQ ^o^ QPL c f�NÄdDJ ^ noJV[¼|¥J�dPO�R]QPL ^ fbnoJRQ�n§S�f7f ^oc fhn�f|[§fbn�fbduL7f�SoJLMTZDORQ ^ JMNPdNPdÃT3JLOab_g6b � l|b¥v c fKNPdDO�|>OÇn�N}^ ^oc QedaNødDJ ^ noJVU]L4Q ^ JMNPdÃJ�d ^oc f�^lQ ^ fbn&L7NPOLZPM�dfn§S�f7f ^oc fKn�f7SSZDO ^ SlN\[ ^oc fKI2YSoJLMTZDORQ ^ JMNPdòNPd T3JLOab´g6b � l2L4Qed�� ^ f|i a ORQeJ�d ^oc f#NDf7Lbn�f4QPS�f�b(W ^ JMS ^oc f�L4QPS�f ^ N_N [ ^ c fbd NPdDO�|ÄL7NPduSoJ�NDfbnoJ�dPO^oc fhdkZ ^ noJMfbd ^ Z aD^ Q\Q�f�[�NPn�UPiÈf�N a noJLMGQeno| a n�N1NjZuL7fbn�OÇn�N}^ ^oc n§S�f7f ^oc f8n�f7SSZDO ^ SzN\[ ^oc f�I��	SoJLMTZDORQ ^ JMNPdNPdÅT�JLOab]g�b � l|b \ N ^oc fxNDf7Lbn�f4QPS�f8N\[FQ\M>MíNPdDJLZPM L7NPduL7fbd ^ n�Q ^ JMNPdÄJMS�MíNÇS ^ O�|_NÈnoJLK�fbd]R�|}dDJ ^ noJVU]L4Q ^ JMNPdÄJ�d^oc f a fbnoJ aDc | ^ NPd [D^oc fwN ^oc fbn a n�N¥L7f7S�S�f7S6R$fbJ�dPOíN\[0SSMGQeO�OMfbn�JLM a NPn ^ QeduL7f8NPd ^oc f8Q\M>MíNPdDJLZPM R]QeORQeduL7f�bv c f_MíN~NDfbO&JMS�^*fbO�OKSYZDJ ^ f�N ^ N n�f a n�f7S�fbd ^ JLM a NPn ^ Qed ^ Q\M>MíNPdDJLZPM NDf7Lbn�f4QPS�f�[¼n�NeM Z a S ^ n�f4Q\M ^ N
NDNc^&duS ^ n�f4Q\M [ RPZ ^ ^ c fbdgZ a S ^ n�f4Q\M L7NPduL7fbd ^ n�Q ^ JMNPd�JMS3OMNc^*fbn0NPd ��ZDduf � th

nzNuQ4| � � l3QedaNhx�ZPO�ZuS ^�r rstnzNuQ7| s 
 l�n�Qen�NeZDdaN w [ 
 mgN.l−1 l [ dDJ ^ noJV[¼|¥J�dPOdR]QPL ^ fbnoJRQÃQen�fhO�JLM�J ^ f�N�R�|�Q\M>MíNPdDJLZPM
L7NPduL7fbd ^ n�Q ^ JMNPd [
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%��'&)(ug6b t � q*c O;=�J�d ^oc f	^lQ ^ fbnKL7NPOLZPM�d!b q NeM a QenoJMS�NPd]R´f ^ ^*f7fbd�SoJLM�ZDORQ ^ JMNPdÅNeZ ^oa Z ^ SKQedaN.S¨Q\M a O�J�dPO�SJ�d ^oc n�f7f a NPJ�d ^ S�n P2, P4, P5
lAN\[ ^oc f � n�QedaN j NPnoJ�d!b fPi

QedaN
sPi
n�f a n�f7S�fbd ^ n�f7S a f7L ^ JLK�fbO�| ^oc fTU]fbO�NQedaNÏSoJLMTZDORQ ^ f�N]KÇQeOLZuf7SAQ ^&a NPJ�d ^ Pi

b

f|i a ORQeJ�dDJ�dPO ^oc f�^lf4Q\Q�KPQenoJRQ ^ JMNPduS3N\[ ^oc f a n�N\UuOMf*QeOMNPdPO ^oc f�MíN1NDfbOMf�Nwn�f4QPL c b}�Cf7L4Q\ZuS�f�o o v&Y�NeZ ^ h]N}^�SQen�f a fbnSMGQedufbd ^ J�d ^oc f MíN1NDfbO [ Qed_|�NÈJ�<´fbn�fbduL7f7S�R´f ^ ^lf7fbd�SoJLMTZDORQ ^ JMNPduS?QedaNxMíf4QPSSZDn�f�Mífbd ^ S0N_L7L�ZDn=^&J ^ocOMNc^,Z a S ^ n�f4Q\M Q\M>MíNPdDJLZPM L7NPduL7fbd ^ n�Q ^ JMNPd!b

� H�� ��� �BX��
�����YF��


�������
 
 � � �� ��������9� ��3/�	� "$# � ��" �!3/: �

v c f}f�KPQeOLZ]Q ^ JMNPd N\[<S ^ NPn�Q\O�fÃJMS>NÈJ #GL�ZDO ^ R´f7L4Q\ZuS�f [ NjZuf ^ N ^oc f a fbnoJ aDc | ^ JML_OÇn�Nc^ ^ocX[F^oc fbn�fÃJMS�duN
RDJMNPOMNeOÇJML4QeOKS ^ f4QeNÈ| S ^ Q ^ fÃJ�d ^oc fÃnoJLK�fbn�npR�| L7NPduSoJ�NDfbnoJ�dPOòNPdDO�| a fbORQ\OÇJML a n�N_L7f7S�S�f7S [ JV[ ^oc f�R$NeZDdaNuQeno|L7NPdaNÈJ ^ JMNPduSKQen�f<S ^ f4QeNÈ| [ Q�S ^ f4QeNÈ|�RDJMNPOMNeOÇJML4QeOkS ^ Q ^ fwL7NeZDO�N�R´fzn�f4QPL c f�N l|b�v c f ^ N ^ QeO-RDJMNeMGQPS�S�UPiDf�NÏNPd^oc f�R$N ^o^ NeM N\[ ^oc fd^ c NPOMf�MíN1NDfbOMf�N S ^ n�f ^ L c n�QedPO�f7S#R´f ^ ^lf7fbd t�w�w kgC

QedaN � [ � tC
n§T�JLOabVg6b s l|bv c f�RDJMNeMGQPS�S�KÇQenoJRQ ^ JMNPduS�Qen�fdNjZuf ^ N ^oc f c |jNÈn�Q\ZDO�JML�KPQenoJRQ ^ JMNPduS}bkW{daNDf7f�N NjZDnoJ�dPO c |jNÈn�Q\ZDO�JMLøS ^ f4QeNÈ|S ^ Q ^ f ^oc f a fbnoJ aDc | ^ NPd JMSíQeOL^lQ7|ÈS>OÇn�N}^&J�dPOGnm[¼n�NeM j Q7| 
�� th ^ N ��ZDO�| � th l [ RPZ ^ ^ c fbd Q ^ n�QeduSoJMfbd ^S ^ Q ^ f�N¥L7L�ZDn�S�n¼ORQ ^ fbn ^oc Qed ��ZDO�| � th l ^oc f a fbnoJ aDc | ^ NPdøJMS*QeOL^CQ7|ÈS*SS^&J ^ L c J�dPO�R´f ^ ^lf7fbd.S�L7NeZDnoJ�dPO�nzNjZDnoJ�dPO

h]N¥N~N lCQedaN_OÇn�N}^&J�dPO�n�Q)[ ^ fbn3h]N¥N~N [ NjZDnoJ�dPOín�f7L7NPOMNPdDJL�¸Q ^ JMNPdBl|b
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May, the 23th (T=22)
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July, the 26th (T=86)
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August, the 16th (T=107)

0

200

400

600

800

1000

1200

1400

954 960 966 972 978 984 990 996

m
gc

hl
a.

m
-2

km

August, the 30th (T=121)

%��'&)(Vg�b � ��m a S ^ n�f4Q\M�p�NDN}^&duS ^ n�f4Q\M a n�N\UuOMf7S�N\[ a fbnoJ aDc | ^ JML a noJLMGQeno| a n�N~NjZuL7fbn�S}b q NeM a QenoJMS�NPd
R´f ^ p
^*f7fbdÄNeRuS�fbnSK�f�N QedaNÏSoJLM�ZDORQ ^ f�N�KÇQeOLZuf7Scba�lORQPLYQ}O�J�duf7SAJ�d ^oc fxMGQeJ�dÄQenSM]b]�<QPS c O�J�duf7S2Qen�fwJ�d ^ fbnonSZ aD^ f�NQPL7L7NPnYNÈJ�dPO ^ N>NÈJLK�fbn�S�JMNPduSKQedaNÏL7NPdjhaZufbduL7f7Scb


������'2 

�  " ����3 ����"$# "�� ��3/�	� "$#

v c fíL4QenSR$NPd�haZjiDf7Swf|i a NPn ^ f�NòNeZ ^ N\[ ^oc f�S�|¥S ^ f�M Qen�f�duN ^8^oc fíS�Q\Míf�J�d S ^ f4QeNÈ| NPn<J�d ^ n�QeduSoJMfbd ^c |jNÈn�Q\ZDO�JML�S ^ Q ^ f�b$v c f�T�JLO�ZDn�f�g6b r w JMS2Q a JML ^ ZDn�f�N\[ ^oc f�So|¥S ^ f�M Q ^2^ ^*N�NuQ ^ f7S>n���ZDO�| � rd QedaN ��ZDO�|
� th l�� ^oc f_Uun�S ^ NPduf n§T�JLOabFg�b r w Q�l�n�f a n�f7S�fbd ^ S ^oc fÏSo|ÈS ^ f�M Q)[ ^ fbn � w NuQ4|¥SøN\[ a fbnoJ aDc | ^ JML_OÇn�N}^ ^oc
^&J ^oc NeZ ^ NÈJMS ^ ZDnSR]QeduL7f7S8QedaN ^oc f�S�f7L7NPdaNÄNPduf]n§T�JLOab´g6b r w RBl2n�f a n�f7S�fbd ^ S ^oc f�f <(f7L ^ N\[ ^oc fgUun�S ^ h]N_N1NQ)[ ^ fbn ^oc f<OMNPdPO c |jNÈn�Q\ZDO�JML8S ^ f4QeNÈ|.S ^ Q ^ f�bW ^ Q aDa f4Qen�S ^oc Q ^Aa Qen ^ JML�ZDORQ ^ f�NPnSO�QedDJMLTMGQ ^o^ fbnKJMS ^ n�Q aDa f�N�R�| a fbnoJ aDc | ^ NPdfNjZDnoJ�dPOøOMN}^ h]Nc^ n§T�JLOabg6b r w Q�l|b q NeM a Qen�f�N ^ N N ^oc fbn>haZjiDf7S [0^oc fÏOMNÇS�S�f7SíN\[ a Qen ^ JML�ZDORQ ^ fÅL4QenSR´NPd
[§n�NeM ^oc f_^lQ ^ fbn.L7NPOLZPM�d^ Nc^CQenYN ^oc f a fbnoJ aDc | ^ NPd Qen�f#K�fbno|ÅJLM a NPn ^ Qed ^ b3UXNÇS�S�f7S<L4Qed n�f4QPL c sjr kgC.d−1 [ ^ c fbd J�d a Z ^ S�npZ a S�p^ n�f4Q\M [ Q���Zufbd ^ S�QedaN$o o v&Y;haZjiDf7S�løn�f a n�f7S�fbd ^ rc��s kgC.d−1 b q NPd~K�fbn�S�fbO�| [&a fbnoJ aDc | ^ NPd	JMSÅQedJLM a NPn ^ Qed ^ S�NeZDn�L7f�N\[�NÈJMS�S�NPOLK�f�N NPnSO�QedDJMLíL4QenSR$NPdf^&J ^oc n�f�O�QenYNDS ^ N ^oc f#^lQ ^ fbnhL7NPOLZPM�d!bXY3fbnoJ aDc | ^ NPda n�N1NjZuL7f7S r�r � kgC.d−1 [ L7NeM a Qen�f�N ^ N ^oc fzJ�d a Z ^ Sgn �
�e� kgC.d−1 [§NPn ^oc f	Z a S ^ n�f4Q\M L7NPdaNÈJ ^ JMNPd�QedaN

�� r kgC.d−1 [�NPn ^ noJLRPZ ^ QenoJMf7S*QedaN>o o v&Y J�d a Z ^ S�l|b���ZDnoJ�dPOhQ�h]N¥N~N�f�K�fbd ^ n§T�JLOabÇg6b r w RBl [�a fbnoJ aDc | ^ JMLL7NPd ^ noJLRPZ ^ JMNPd ^ N ^oc fT^CQ ^ fbn8L7NPOLZPM�d L4QenSR´NPdÄJMS�NÈJ�<(fbn�fbd ^ NjZuf ^ NÃS�L7NeZDnoJ�dPOab(Y�fbnoJ aDc | ^ NPd�R´f7L7NeMíf7S8QS�NeZDn�L7f�N\[*L4QenSR´NPdÄfbJ ^oc fbn�[�NPn a Qen ^ JML�ZDORQ ^ f�S a f7LbJMf7SzNPn�[�NPn�NÈJMS�S�NPOLK�f�N�S a f7LbJMf7Scb \ L7NeZDn�f�N Y*Z j JMS ^oc fbd
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%��'&)(ug6b � �D�wZ j J�d ^oc f	^lQ ^ fbn�L7NPOLZPM�d!b q NeM a QenoJMS�NPd]R´f ^ ^*f7fbd�SoJLM�ZDORQ ^ JMNPdÅNeZ ^oa Z ^ SKQedaN.S¨Q\M a O�J�dPO�SJ�d ^oc n�f7f a NPJ�d ^ S�n P2, P4, P5
lAN\[ ^oc f � n�QedaN j NPnoJ�d!b fPi

QedaN
sPi
n�f a n�f7S�fbd ^ n�f7S a f7L ^ JLK�fbO�| ^oc fTU]fbO�NQedaNÏSoJLMTZDORQ ^ f�N]KÇQeOLZuf7SAQ ^&a NPJ�d ^ Pi

b

Qed}JLM a NPn ^ Qed ^ S�NeZDn�L7f�[§NPn ^oc f�^CQ ^ fbnAL7NPOLZPM�dÅY*Z j n§v c f<S�L7NeZDn�f�N�haZjiÃJMS�Z a}^ N s�� kgC.d−1 [ ^ c fqpn�f4QPS	Z a S ^ n�f4Q\M haZjiÄJMS r ��
 kgC.d−1 QedaN ^oc f ^ noJLRPZ ^ QenoJMf7SwL7NPd ^ noJLRPZ ^ JMNPdòJMS r � s kgC.d−1 l|b´g�K�fbd JV[
NÈJMS�S�NPOLK�f�N�haZjiDf7Szn�f�MGQeJ�d JLM a NPn ^ Qed ^ n r�r 
 kgC.d−1 l [ J�d a Z ^ S�haZjiDf7S�R´f7L7NeMífhORQenSO�fbO�| a n�f�NDNeM�J�d]Qed ^
n r ��t�w kgC.d−1 [�NPn�Z a S ^ n�f4Q\M;haZji.QedaN � r 
 kgC.d−1 [�NPn ^ noJLRPZ ^ QenoJMf7S�haZjiDf7S�l|b¥v c fz�<Z j f|i a NPn ^ f�N
haZji�n�f4QPL c f7S 
 [ � tC.d−1 NjZDnoJ�dPO�h]N_N1N f�K�fbd ^ Scb(v c JMS�haZjiÄJMS	OÇn�f4Q ^ fbn ^oc Qed ^oc f ^ N ^ QeOVN\[ ^oc f�J�d a Z ^ SQedaNÄS�L7NeZDn�f�NÅL4QenSR´NPd�haZjiDf7Scb�W ^ S c Nc^�SzQ>haZuS c J�dPOøf <(f7L ^ N\[ ^oc f�^lQ ^ fbn<L7NPOLZPM�dÄ�wZ j NjZDnoJ�dPOdh]N_N1Nf�K�fbd ^ S}bv c flT�JLO�ZDn�fCg6b r�r n�f a n�f7S�fbd ^ S ^oc f ^ f�M a NPn�QeODf�K�NPOLZ ^ JMNPdíN\[�f|i a NPn ^ f�N�haZjiÈf7S�M�J�d~ZuS ^oc f*J�d a Z ^ haZjiDf7S
npZ a S ^ n�f4Q\M:L7NPdaNÈJ ^ JMNPduS [ Q���Zufbd ^ S [ NeZ ^oa Z ^ S�N\[3^lQPS ^ f�^lQ ^ fbn ^ n�f4Q ^ Mífbd ^�a ORQed ^ S�l [ L7NPnon�f7S a NPdaNÈJ�dPO ^ N^oc fwduf ^ L4QenSR$NPd f|i a NPn ^ Q ^ JMNPd N\[ ^oc f � w Q1M N\[ ^oc f�MíN~NDfbOMf�N�S ^ n�f ^ L c b$��ZDnoJ�dPOøOMN}^,h]N}^;nm[§n�NeM j Q7|

�� th nzNuQ7| 
�
 l�QedaN ��ZDO�| ^oc f � th nzNuQ4| ��� lSlCL4QenSR´NPd�f|i a NPn ^ Q ^ JMNPd�JMS�n�fbORQ ^ JLK�fbO�|ÏS ^ Q\RDOMf8Qen�NeZDdaN ��t�w^ N � w�w kgC.d−1 bÈv c f a f4Q\QGN\[ rÇ[ � tC.d−1 NeRuS�fbnSK�f�N}NPd ��ZDO�| ^oc f � th nzNuQ7| � � lFJMS3NjZuf ^ N�S�L7NeZDnoJ�dPO
n§T�JLOabug6b r�r l|bv c fÄL4QenSR´NPd	f|i a NPn ^ Q ^ JMNPd NjZuf ^ N9NDf ^ QPL c f�N a noJLMGQeno| a n�N~NjZuL7fbn�SÏn�f4QPL c f7S 
�t�w kgC.d−1 bCv c f
MGQ)iÈJLM�ZPM;NDf ^ QPL c f�N a noJLMGQeno| a n�N1NjZuL7fbn�S*f|i a NPn ^ Q ^ JMNPd.JMS 
�t�w kgC.d−1 nzNuQ4| �e� NPd.T�JLOab�g6b r 
 lFf�K�fbdJV[ ^ N ^ QeO a noJLMGQeno| a n�N~NjZuL7fbn�Søf|i a NPn ^ Q ^ JMNPd L4Qed"n�f4QPL c t�w�w kgC.d−1 nzNuQ7| � � NPd"T�JLOab?g�b r�r l|b?v c f
OÇn�Nc^ ^oc a n�N¥L7f7S�S�f7S8N¥L7L�ZDnonoJ�dPOÅJ�d ^oc f�^CQ ^ fbn�L7NPOLZPM�d Qen�f�NDf a fbdaNDfbd ^ N\[ ^oc f�R´NeZDdaNuQeno| L7NPdaNÈJ ^ JMNPduS [f|i a ORQeJ�dDJ�dPO ^oc ffNÈJ�<´fbn�fbduL7f�R$f ^ ^*f7fbd ^oc f ^ N ^ QeO8f|i a NPn ^ Q ^ JMNPd	N\[�L c O = QedaN ^oc f a Qen ^ NjZuf ^ N ^oc f
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June, the 6th (T=36)
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July, the 4th (T=64)
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July, the 18th (T=78)
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August, the 1rst (T=92)

%��'&)(´g�b � �(m a S ^ n�f4Q\M�p�NDN}^&duS ^ n�f4Q\M a n�N\UuOMf7S<N\[lQ\M>MíNPdDJLZPM
J�d ^oc fg^lQ ^ fbnwL7NPOLZPM�d!b \ JLMTZDORQ ^ JMNPd I��JMS�^&J ^oc NeZ ^ dDJ ^ noJV[§|_J�dPO�R]QPL ^ fbnoJRQøJ�d a fbnoJ aDc | ^ NPd QedaNÅSoJLMTZDORQ ^ JMNPd I2Y JMS6^&J ^oc NeZ ^za fbnoJ aDc | ^ NPd9n§v�Q\RDOMfg6b r l|bViFQeO�J�NuQ ^ JMNPd N\[ ^oc f.dDJ ^ noJVU]L4Q ^ JMNPd QeOMNPdPO ^oc f�MíN~NDfbOMf�N S�f7L ^ NPncb�T�JViDf�N dDJ ^ noJV[¼|¥J�dPOfR]QPL ^ fbnoJRQ Qen�fa n�f�NDNeM�J�d]Qed ^ b

NDf ^ QPL c f�N�L c O8=�b

�������� ��� � ����#�3�5 ���
v c fKJLM a QPL ^ N\[ ^oc f a fbnoJ aDc | ^ NPdÏNPd ^oc fzL4QenSR´NPd}f|i a NPn ^ Q ^ JMNPd}N\[ ^oc f�^ c NPOMf�MíN1NDfbOMf�NÃS ^ n�f ^ L c ^CQPSf7S ^ JLMGQ ^ f�N
n§T�JLO.g�b r 
 l|b�v c f a n�f7S�fbduL7f�N\[ a fbnoJ aDc | ^ NPd SoJLO c_^ O�|ÏJ�duLbn�f4QPS�f7S ^oc f�f|i a NPn ^ Q ^ JMNPdÄN\[l�<Z j [

^ c JML c n�f a n�f7S�fbd ^ S ^oc f�MGQeJ�dÏJLM a QPL ^ N\[ ^oc f a fbnoJ aDc | ^ NPdÅNPd ^oc fznoJLK�fbn6RDJMNeO�f7N¥L c f�M�JML4QeO=[zZDduL ^ JMNPdDJ�dPOabWsd	S ^ f4QeNÈ| S ^ Q ^ f [ Q ^o^ QPL c f�N a noJLMGQeno| a n�N~NjZuL7fbn�S�O�fbdufbn�Q ^ fòQ S ^ NPn�Q\O�f N\[��wZ j ^oc n�NeZPO c L7fbO�OMS
MíNPn ^ QeO�J ^ | J�d ^oc f a fbnoJ aDc | ^ JML}ORQ7|�fbncbFY�Qen ^ N\[ ^oc JMSíS ^ NPn�Q\O�fÃJ�duLbn�f4QPS�f7Sø�wZ j L7NPduL7fbd ^ n�Q ^ JMNPd J�d ^oc f
^lQ ^ fbnwL7NPOLZPM�d ^oc QedPQÈS ^ N ^oc f#NÈJ�<8ZuSoJMNPd ^oc n�NeZPO c ^oc fTR´NeZDdaNuQeno|ÏORQ4|�fbncb8o c fbd Q�h]N_N1N�N¥L7L�ZDn�S [�^oc fn�f7SoJ�NDfbduL7f ^ JLMífzN\[.^lQ ^ fbn6NDf7Lbn�f4QPS�f7S�[¼n�NeM � NPn � NuQ7|ÈS ^ N�Qen�NeZDdaN 
�w c NeZDn�SCJ�d ^oc fKn�f4QPL c b \ N#NjZDnoJ�dPOQ�h]N¥N~N [ QeO�O ^oc fA�<Z j N\[ ^oc f�^lQ ^ fbnlL7NPOLZPM�døL7NeZDO�N>R´f&f|i a NPn ^ f�N>R_|�Q�haZuS c J�dPO8f <´f7L ^ b�v c f&f|i a NPn ^ f�N
haZji N\[h�wZ j NjZuf ^ N a fbnoJ aDc | ^ NPd JMSdZ a ^ N ��w�w kgC.d−1 n§T�JLOablg�b r 
 l�^ c fbn�f4QPS c ZPMGQed J�d a Z ^ SQen�fANPdDO�| r ��w kgC.d−1 n a Qen ^ JML�ZDORQ ^ f<QedaN�NÈJMS�S�NPOLK�f�NøL4QenSR$NPdBl|b_v c f�NDNc^&duS ^ n�f4Q\M;NDf�OÇn�QeNuQ ^ JMNPdÃN\[ ^oc JMSf|i a NPn ^ f�N�NPnSO�QedDJML�MGQ ^o^ fbn?L7NeZDO�N�f|i a ORQeJ�d c Q\�¸QenYNDNeZuS0N�iÈ|1O�fbd#NDf a OMf ^ JMNPduSFNPn�n�fbORQ ^ JLK�fbO�| c JLO c NeRuS�fbnSK�f�N
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%��'&)($g6b s �$vkf�M a NPn�QeOVf�K�NPOLZ ^ JMNPdÄN\[ ^ N ^ QeO a fbnoJ aDc | ^ JML�L4QenSR´NPdÅJ�d ^oc f�^ c NPOMf�MíN1NDfbOMf�NÄS ^ n�f ^ L c b Ctot
�

^ N ^ QeO*NPnSO�QedDJMLøL4QenSR$NPd [ SSZPM N\[&Y?r�� n a noJLMGQeno| a n�N1NjZuL7fbn�S�l [ Y*Z j n a Qen ^ JML�ZDORQ ^ føNPnSO�QedDJMLdMGQ ^o^ fbn�l [�wZ j nzNÈJMS�S�NPOLK�f�N}NPnSO�QedDJML�MGQ ^o^ fbn�l&QedaN_�Cx q v npR]QPL ^ fbnoJRQeO!RDJMNeMGQPS�S3R$N ^oc}c f ^ fbn�N ^ n�N aDc JML�QedaNÃdDJ ^ noJ�p
[§|_J�dPO~l|b

OMf�K�fbO(N\[3�wZ j Z a S ^ n�f4Q\M N\[�Y�QenoJMScb \ N�J ^ Q aDa f4Qen�S ^oc Q ^C^oc f�MíNÇS ^ JLM a NPn ^ Qed ^ JLM a QPL ^ N\[ a fbnoJ aDc | ^ NPd^ N ^oc fzSo|¥S ^ f�M [ J�d ^ fbnSM N\[3L4QenSR´NPd [ JMS�Qed.J�duLbn�f4QPS�f<N\[3�wZ j f|i a NPn ^ Q ^ JMNPdÏf�K�fbd�NjZDnoJ�dPO#h]N¥N1Nøf�K�fbd ^ SNPn&J�d c |1NÈn�Q\ZDO�JMLhS ^ f4QeNÈ|.S ^ Q ^ f�n§T3JLOab]g6b r 
 l|b
� F��gX�	 � ���YF��

�CQPS�f�N"NPd f|i ^ fbduSoJLK�fÏS�Q\M a O�J�dPO L4Q\M a QeJLOÇduS.QeJLM�J�dPO Q ^ L c Qen�QPL ^ fbnoJL�7J�dPO ^oc f_^CQ ^ fbnd�~Z]QeO�J ^ |"QedaN^oc f ^ JLMífÅQedaN S a Q ^ JRQeO a fbnoJ aDc | ^ JML_RDJMNeMGQPS�S�KÇQenoJRQ\RDJ�O�J ^ | [ Q a fbnoJ aDc | ^ JML_MíN~NDfbO�^lQPS�NDf7S�JLOÇduf�N [ L4QeO�J�p
RDn�Q ^ f�N QedaNÄJLM a OMf�Mífbd ^ f�N J�d ^ N]��� ���J� [ ^ c JML c ^lQPSzJ�dDJ ^ JRQeO�O�|�NDf7S�JLOÇduf�N�[�NPn	OÇn�f4Q ^ fbn<S ^ n�f4Q\M
NPnYNDfbn�S
MíN1NDfbO�O�J�dPOabDIKN}^lQeNuQ7|ÈS [ ��� ���J� [ ^ c JML c J�duLbOLZaNDf7S�QeO�O´n�fbOMf�KPQed ^ RDJMNPOMNeOÇJML4QeOXL7NeM a Qen ^ Mífbd ^ Sgnp^lQ ^ fbn&L7NepOLZPM�d [ S�f�NÈJLMífbd ^ SøQedaN a fbnoJ aDc | ^ NPdBl [ L4Qed
R´fÏQ aDa O�JMf�N ^ N QÄnoJLK�fbníduf ^ ^lNPnSQ [ ^ c fbn�f a n�N_L7f7S�S�f7SíQen�fc f ^ fbn�NeO�fbduf7NeZuScb�2NeM�J�d]Q ^ J�dPO a fbnoJ aDc | ^ JML a n�N¥L7f7S�S�f7S ^*fbn�f c | a N ^oc f7SoJL�4f�N.QedaN.Qen�f ^ N1NuQ7|��~Z]Qed ^ JVU]f�N ^oc QedPQÈS ^ N ^oc f
MíN1NDfbO [ ^ c JML c QeO�OMN}^�S ^ N f|i ^ n�Q a NPORQ ^ f}f|i a fbnoJLMífbd ^ QeO�NuQ ^ Q ^ N ^oc f�^ c NPOMf � w km
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