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Context

Lakes in the world: The Titicaca lake:

= Many lakes around the world have experienced a Historical records of Lake Titicaca's water levels
reduction in their water levels (Wurtsbaugh et al., show a variation of 5 m, with the lowest levels in

2017). 1944 and the highest in 1986 (Ronchail et al.,
2014).

= |Lakes are sensitive to variations in inflows,
precipitation, and evaporation (Setegn et al., 2011).

These fluctuations have primarily been attributed
to climate variability (Lima et al. 2021).




Hydrological processes in lacustrine hydrosystems
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What are the natural hydrological processes that occur in the
upstream catchments?

Precipitation (rain and snow), sublimation, ice melt, snow melt,
evapotranspiration, groundwater exchanges, runoff.

What are the anthropogenic activities that can impact the
catchment functioning?

Water withdrawals (i.e. irrigation and domestic uses),
reservoirs management.

What are the hydrological processes that impact the lake?

Upstream inflow, direct precipitation and evaporation,
groundwater losses and gain, downstream outflow, . . .



PhD questions

Main scientific questions

= What are the hydrological processes that control interannual and seasonal
water level variations of large lakes in semi-arid environments?

= How could these processes be altered by the potential effects of climate
change?

Additional questions

= How can we represent or capture the hydrological processes in a complex
and poorly gauged hydrosystem?

= Which processes are dominant on the interannual and seasonal hydrological
response of lakes and which can be considered as local and negligible? To
what extent is it convenient not to include some local or insignificant
processes?

= Any question about future scenarios (lake drying when the water level is
below of outlet)



Developing an integrated modeling chain

Two main goals

= Representing the hydrological processes that control interannual and seasonal
variations in the water level of large lakes (daily time step over a multidecadal
past and future period).

= Assessing the potential impacts of projected climate change on water
management.

Technical challenges associated to the modeling chain
= Development and implementation of a model adapted to a poorly gauged region.

* Modeling chain that includes: snow accumulation, ice and snow melt, rainfall-
runoff, basin-scale irrigation, water consumption, and the lake (inflows and
outflows).

= Building of climate change and water management scenarios.



Study area




The Lake Titicaca hydrosystem
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Precipitation and temperature (GMET dataset)

Annual precipitation (1980-2015) Annual air temperature (1980-2015)
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Glaciers
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Glacier area
Randolf Glacier Inventory V6.0

= ~300 glaciers
= j.e.270 km?(0.5% of the total area)

Glacier volume
Based on Farinotti et al. (2019)

= Glacier volume (we): 12 km?3
= j.e.~1% of the lake volume (930 km3)



11

Available

data




Availability of precipitation and temperature data in space

and over time

Precipitation (110 stations)
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What precipitation data are available? (over time)
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Gridded Meteorological Ensemble Tool (GMET)

Tool
- yiembro del ensamblg M
= GMET is an algorithm for the probabilistic ol
interpolation of point data of precipitation and - ol
temperature (Clark and Slater, 2006; Newman et ':5.
al., 2015). e
¥

= Based on this algorithm, a gridded product was
generated for Bolivia and its transboundary basins
in 2017.

= GMETv1.0 Bolivia has 30 ensemble members. The
average of the ensembles was used.

Main characteristic

= Variables: precipitation, mean temperature and
diurnal range

= Spatial resolution: ~5 km
= Temporal resolution: daily
= Period: 1/01/1980-31/09/2016



Available control data (in space) — snow and hydrology

Remotely-sensed

snow cover duration (2000-2016)
4".3‘ ‘% -

Snow cover duration Source: MODIS snow products
. 97 Spatial resolution: 500 m
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Models

W WEAP: Titicaca_Poopo ModelV
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Integrated modeling chain at the daily time step

Hydrological model (catchment model)
= Snow and ice modeling

= Production (soil moisture) and routing

Irrigation model

= Phenological dynamics of crops (Kc)
= Land use dynamics

= Estimated net ET crop

= Return flows

Lake model

= |nflows (surface and groundwater)
= Direct precipitation and evaporation
= Bathymetry relationship between water volume and water levels

= Qutflow (downstream, groundwater losses)




Snow and ice modeling: spatial disaggregation

Catchment delimitation

Identify glaciers Elevation bands

“™_- Rivers "

~...- Contour lines C:)? Glaciers C;/S Non-glaciated C:B Catchment

Final disaggregation




Zongo site for calibration

* The Zongo glacier is the most studied glacier near the study - ,
area. F >
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~ | ® Discharge gauge ¥ 5874
A Snow pit
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* It has data since the early 1990s. i

* Some of the data collected are precipitation, temperature,
humidity, wind, radiation, mass balances, ELA, etc.

Madid:

* The area of the Catchment up to the Tubo station is 3.6 km2. £ &
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Snow and glacier model performance in Zongo

Model Parameters Does the model have internal consistency?

N Parameter Unit Comments
1 T o c— Mass balance
S Ixe RMSE= 360.7 mm; NSE= 0.68
2 T, °C Fixed 336 -
l o . 36 4
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Hydrological models

Soil Moisture Model (SMM)
part of WEAP

Model free parameters (7
could move to 9):
Et= f(z1.ke, PET) Rainfall-runoff (7):

Génie Rural a 4 parametres en journalier (GR4J)

Rainfall-Runoff (4):
W— x1: maximum capacity of the
En

Pn production store (mm).

& Kc: Crop coefficient | /N x2: groundwater exchange
Pe= [l SeutemLy, SiACeRURa-= - SO i E Ps  Pn-Ps coefficient (mm)
Melt rate) | f(z1.LAI Po) Sw: Soil water capacity (mm). . e . - .
r — RRF: Runoff resistance factor. S < x3: one day ahead maximum
T L Sw Pl Ks: Root zone conductivity. store H s capacity of the routing store (mm).
£l i f : irecti r 4: time base of unit hydrograph
l Percolation = |1 ki 10 f: Preferred flow direction. ; /”\ X y
f(z1,ks.f) Dw: Deep water capacity. 097 0> 1 UH1 (days).
K,: Deep conductivity U”J e T
Baseflow = ‘I4 2;—“4
f(ZZ, k2) 09 0l
Routing F .
Source: Yates et al. (2005) store XJI - Fex) ; Fxa)
Or od

This model was applied in previous
study in lake Titicaca hydrosystem in
monthly time step over 1980-2015

Source: Perrin et al. (2003)
(Lima-Quispe et al., 2021)
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Runs and model performance: SMM-WEAP

Defined ranges for Monte Carlo simulation

Parameters Value Unit
Crop coeficient (Kc) [0.8 -1.5] -
Soil Water Capacity (Sw) [50 - 400] mm g
Runoff Resistante Factor (RRF) [1-20] - ]
Root Zone Conductivity (Ks) [0.5-10] mm/d ‘g
Prefered Flow Direction (PFD) [0.3-0.9] -
Deep Water Capacity (Dw) [50 - 500] mm
Deep Conductivity (Dc) [0.3 - 15] mm/d
Solid threshold [Ts] -1 C
Liquid threshold [TI] 3 C 0 100 200 300 400 500 600 700
7 free parameters for calibration Observed [CMS]

o 2 fixectj: parameters of snow accumulation and melting . Calibration in Ramis station

uns setup 600
e Calibration method: random hypercube sampling ésoo
* Number of runs: 10 000 g7
» Calibration metrics: NSE, KGE, NSElog (LNS) § 200
 Calibration period: 1985-2015 o I\ \ | \
* Evaluation pe riod: Non ,00’9\/ &,o“’ /QO),Q\’ /00),0” /&,0\’ ,0%/0\/ 90),0\’ /@9\/ ,00’/0\/ /QO),Q\’ ,@9\/ 90,9\’ &,0\/ 90),0'\’ ,00’9\/ 'Qo),o“’
* Precipitation input: GMET CEC T I T I I S I It Gt S G

Modeled

Observed

* PET input: Pisco (Huerta et al. 2022)



PhD prospects
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Hydrological
modeling

Data collection and processing: PCP, Temp, and Q (Peru}

Data collection and processing: HR, VWV

Data collection and processing: PE, SH

Data collection and processing: Q (Bolivia)

Review satellite data set

Literature review [uncertainty, reg. of parameters, etc)

Collect irrigation data

Model implementation and calibration

Analysis of outputs model

Future
scenarios

Literature review (downscaling, uncertainty, etc)

Download climate model dataset

Assess the performance of the models

Building climate scenarios

Collection of management strategies

Develop land use scenarios

Runs of future scenarios and analysis

Papers

JP1 {Hydrological modeling) - submitted

IP2 (Future scenarios) - submitted

Thesis

PhD questions and literature review

Manuscript draft

Review of the manuscript

Manuscript final version

Defense

Courses

Scientific and related to the thesis (40 hrs)

Transversal (40 hrs)

Professional (40 hrs)

Stays

France

Peru

Bolivia

Thesis
committee

First thesis committee

Second thesis committee
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