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Who is this Course for?

-In this introductory course, you will learn 
about fundamentals of hydrologic 
modeling.

-You should have some background in 
hydrology and relevant processes (e.g., 
evapotranspiration, runoff, infiltration).

-We build a hydrologic model from scratch 
to show how different components of the 
hydrologic cycle interact with each other. 
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Types of Models

Physically-Based Models
These models are based on governing equations such as conservation 
of mass, the momentum equation, etc. The disadvantage of physically 
based models is that they require complicated numerical solving 
techniques and large amount of input data. 

Conceptual Models
Conceptual models describe the processes with simple (typically linear) 
mathematical equations. Conceptual models are much simpler than 
physically-based models from a mathematical viewpoint. 

Empirical Models
Empirical models are based on empirical analysis of observed input 
(e.g., rainfall) and output (discharge) data. Disadvantages: often not 
transferable to other locations; understanding of the relevant physical 
processes can be difficult to ascertain; and  the model may not valid if 
the study area experiences land use or climate change.
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Precipitation

Rainfall Snow

• Snowmelt
• Snow Accumulation

• Infiltration
• Direct Runoff

        If T > Tt  :  Rainfall

         If T ≤ Tt  :   Snow

         Tt.  :  Threshold temperature  (0 oC / 32 oF)

Precipitation separation into rainfall and snow based on 
temperature:
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tsnowmelt = DD.(T – Tt )

 Snowmelt  ([LT-1]):    snowmelt rate as water equivalent
 DD ([Lθ-1T-1]) :          degree-day factor
 T ([θ]):                       mean daily air temperature
 Tt ([θ]):                      threshold temperature

Snowmelt Model





=IF(C32>$C$9,MAX(E31-$C$10*(C32-$C$9),0),E31+D32)

If  T ≤ Tt  :    Snowt-1 + Snowt

       If T > Tt  :    Snowt-1 - DD.(T-Tt)

       Tt.  :  Threshold temperature  (0 oC / 32 oF)

NOTE: The MAX function in the above statement is used to prevent negative 
values of snow height! 

T > Tt T ≤ Tt



snowmelt = DD.(T-Tt)

=IF(C32>$C$9,MAX(E31-$C$10*(C32-
$C$9),0),E31+D32)

 NOTE: The MAX function in the above statement is used to 
prevent negative values of snow height! 
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If  T < Tt  :  Liquid	Water =	0
       If T > Tt   : Liquid	Water =	P+Sm
       Tt.  :  Threshold temperature  (0 oC / 32 oF)

IF(C32>$C$9,D32+MIN(E31,$C$10*(C32-$C$9)),0)
T > Tt T ≤ Tt

Liquid	Water =	P	+	Sm
P=	Rainfall (Precipitation in	Liquid	Form)
Sm=	Snowmelt

NOTE: The MIN function in the above statement is used to prevent 
negative values
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Soil Moisture = Initial Soil Moisture (SMi) + Liquid Water – 
Effective Precipitation (Peff) – Actual Evapotranspiration
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Peff  ([L])  effective precipitation or direct runoff
SM  [L]      actual soil-moisture
FC  ([L])    maximum soil storage capacity
b  ([-])        model parameter
P  ([L])      depth of daily precipitation

Field capacity (FC) : describes maximum soil 
moisture storage in the catchment. The higher the 
amount of soil moisture; the more precipitation 
contributes to runoff production. 
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Peff  ([L])  effective precipitation or direct runoff
SM  [L]      actual soil-moisture
FC  ([L])    maximum soil storage capacity
b  ([-])        model parameter
P  ([L])      depth of daily precipitation

Field capacity (FC) : describes maximum soil 
moisture storage in the catchment. The higher the 
amount of soil moisture; the more precipitation 
contributes to runoff production. 
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Runoff Coefficient Liquid Water

For a given soil-moisture deficit, b determines the amount of rain or snowmelt which contributes to runoff. 
The graph shows that for a specific soil moisture, the higher the b, the lower the runoff coefficient. Further, 
as the soil moisture (SM) approaches the field capacity (FC); the runoff coefficient increases.
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=(F32*(G31/$C$11)^$C$12)
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Soil Moisture = Initial Soil Moisture (SMi) + Liquid Water – 
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PEa  ([L]) : adjusted potential evapotranspiration (none negative)
C  ([θ-1]) :   model parameter
T  ([θ]) :     mean daily air temperature
Tm  ([θ]) :  long term mean monthly air temperature
PEm  ([L]) : long term mean monthly potential evapotranspiration

a m mPE (1 C (T T )) PE= + × - ×

The model parameter C is used to improve model performance when 
the mean daily temperature deviates considerably from its long-term 
mean. The soil moisture and the actual  evapotranspiration are 
coupled through the use of the soil moisture limit, Soil Permanent 
Wilting Point (PWP). 



Ea  ([L])       Actual evapotranspiration
  PWP  ([L])  Soil Permanent Wilting Point

When the soil moisture is above the PWP, actual 
evapotranspiration occurs at the same rate as 
potential evapotranspiration. PWP is the soil-
moisture limit for evapotranspiration (when the 
soil moisture is less than PWP, the actual 
evapotranspiration is less then the adjusted 
evapotranspiration). 

a a

a a

SME PE    for   SM < PWP
PWP

E PE               for   SM PWP

= ×
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PWP

SM FC

PEa ([L]) : adjusted potential evapotranspiration
Ea   ([L]) : actual evapotranspiration

a a

a a

SME PE    for   SM < PWP
PWP

E PE               for   SM PWP

= ×

= ³



a m mPE (1 C (T T )) PE= + × - ×

=(1+$C$13*(C32-INDEX($A$16:$A$27,B32)))*INDEX($C$16:$C$27,B32)



PWP

SM FC

a a

a a

SME PE    for   SM < PWP
PWP

E PE               for   SM PWP

= ×

= ³

=IF(G31>=$F$13,I32,I32*(G31/$F$13))
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Soil Moisture = Initial Soil Moisture (SMi) + Liquid Water – 
Effective Precipitation (Peff) – Actual Evapotranspiration

=G31+F32-H32-J32
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This module estimates the runoff at the catchment 
outlet based on the bucket model (reservoir) 
concept. Here, the system consists of two 
conceptual reservoirs one above the other. 

The first reservoir is used to model the near 
surface flow, and the second reservoir is used to 
simulate the base flow.  The reservoirs are directly 
connected to each other through the use of a 
constant percolation rate (Qperc). 

Runoff
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Q0  ([L3T-1])  near surface flow
Q1  ([L3T-1])  Interflow
Qperc  ([L3T-1])  Percolation
Q2  ([L3T-1])  base flow
K0  ([T-1])  subsurface storage constant
K1  ([T-1])  interflow storage constant
Kperc  ([T-1])  percolation storage constant
K2  ([T-1])  base flow storage constant
Si  ([L])  upper reservoir water level (WL)
Sb  ([L])  lower reservoir WL
L  ([L])  threshold for subsurface flow
Asc  [L2]  Sub-catchment area

Bucket Model Concept





L

=K31+H32-MAX(0,K31-$F$9)*$F$8-K31*$F$10 -K31*$F$12
(S1-L)* K0 (S1)* K1 Initial S1 (Sperc)* Kperc Peff

S1 = Q initial + Qsurface- Q0 - Q1 - Qperc
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=L31+K31*$F$12-L31*$F$11

S2 = Q initial - Q2 + Qperc

Q initial

(S1)* Kperc Initial S2 (S2)* K2 





Q0 = K0 .(S1-L). A

Q1 = K1 . S1 . A

Q2 = K2 . S2 . A

K0 > K1 > K2
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=MAX(0,K31-$F$9)*$F$8+K31*$F$10+L31*$F$11

K0 (S1-L) K1 (S1) K2 (S2)



Surface Flow

Interflow

Base Flow

Runoff

=MAX(0,K31-$F$9)*$F$8+K31*$F$10+L31*$F$11

K0 (S1-L) K1 (S1) K2 (S2)

=M32*$C$8*1000/(24*3600)

Q (mm/day) Watershed Area (km2)

Convert   Q (mm/d)   to   Q (m3/s)
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Error	(%)	of	total	runoff
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Error	(%)	of	total	runoff



=(O32-N32)^2

=(O32-$F$23)^2
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Objective Function 1:

Minimum total runoff error
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Click 
Here to 

Download 
Toolbox

https://drive.google.com/file/d/1sdPJm6dS29SJ36I4X1KDf9icM7mQbHdU/view?usp=sharing
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Data



Global Heat Wave Data: 
https://www.nature.com/articles/sdata2018206

Global Drought Data: 
http://www.nature.com/articles/sdata20141 



Global Heat Wave Data: 
https://www.nature.com/articles/sdata2018206

Global Drought Data: 
http://www.nature.com/articles/sdata20141 

Global Snow Drought Data: 
https://figshare.com/collections/Global_Snow_Drought_Data_Set/5055179



Overarching Question: we introduce 
a multi-method global heatwave 
and warm-spell data record and 
analysis toolbox (named GHWR)

Highlight: GHWR also introduces the 
standardized heat index (SHI) as a 
generalized statistical metric to 
identify heatwave/warm-spells. 

Data Link:
https://www.nature.com/articles/sd
ata2018206

GHWR, A Multi-Method Global 
Heatwave and Warm-Spell Record 
and Toolbox

Raei E., Nikoo M.R., AghaKouchak A., 
Mazdiyasni O., Sadegh M., 2018, GHWR, A 
Multi-Method Global Heatwave and Warm-
Spell Record and Toolbox, Scientific Data, 119, 
188-196

https://www.nature.com/articles/sdata2018206
https://www.nature.com/articles/sdata2018206


Overarching Question: How do snow 
drought characteristics vary across 
the globe over the last 40 years?

Highlight: Snow droughts or snow 
water equivalent (SWE) deficits 
became more prevalent, intensified, 
and lengthened across many parts 
of the world. 

Data Link:
https://figshare.com/collections/Glo
bal_Snow_Drought_Data_Set/50551
79

Global Snow Drought Hotspots and 
Characteristics

Huning, L.S. and AghaKouchak, A., 2020. Global 
snow drought hot spots and 
characteristics. Proceedings of the National 
Academy of Sciences, 117(33), pp.19753-
19759.

https://figshare.com/collections/Global_Snow_Drought_Data_Set/5055179
https://figshare.com/collections/Global_Snow_Drought_Data_Set/5055179
https://figshare.com/collections/Global_Snow_Drought_Data_Set/5055179
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Process-informed Nonstationaty Extreme Value Analysis (ProNEVA)

ProNEVA Matlab Toolbox

Link to Download ProNEVA

Process-informed 
Nonstationary Extreme 
Value Analysis (ProNEVA) 
is a software package 
designed to facilitate 
extreme value analysis 
under both stationary 
and nonstationary 
assumptions. The source 
code of the toolbox is 
freely available along 
with a Graphical User 
Interface (GUI) – Ragno et 
al., 2019, AWR.

https://drive.google.com/file/d/1umFg_qU_a3rjwydViX-G9aedSUoLdXBM/view?usp=sharing


ProNEVA Matlab Toolbox GUI

1

3

2

Process-informed Nonstationaty Extreme Value Analysis (ProNEVA)

Link to Download ProNEVA

https://drive.google.com/file/d/1umFg_qU_a3rjwydViX-G9aedSUoLdXBM/view?usp=sharing


Process-informed Nonstationaty Extreme Value Analysis (ProNEVA)

Ragno E., AghaKouchak A., Cheng L., Sadegh, M., 2019, A Generalized Framework for Process-
informed Nonstationary Extreme Value Analysis, Advances in Water Resources, 130, 270-282.

ProNEVA Matlab Toolbox



Multivariate Copula Analysis Toolbox (MvCAT)           Link to Download
Multi-hazard Scenario Analysis Toolbox (MhAST)       Link to Download

Sadegh et al., 2017, Water Resources Research
Sadegh et al., 2018, Geophysical Research Letters

https://drive.google.com/file/d/14lffMRGnEVmOcmS67ncNYYa_AhcIgKv9/view?usp=sharing
https://drive.google.com/file/d/0B7WocXKv7ju4TWZxT29TeVpQNDQ/view?usp=sharing&resourcekey=0-VWSTO6a6HN_xKOsWQyTYxw


Multi-hazard Scenario Analysis Toolbox (MhAST)

Sadegh et al., 2018, Geophysical Research Letters

1.  Estimates the most likely scenario on any critical 
layer (isoline): highest density on any critical 
layer

2. Includes different Hazard Scenarios (e.g., AND, 
OR, Kendall).

3. Uncertainty analysis and posterior distribution 
of the  parameter using a Bayesian MCMC 
approach
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Mountain Snowpack Response to 
Different Levels of Warming

Huning and AghaKouchak, 2018, PNAS



Motivation

Distribution of two climatic drivers in the present climate (green), a 
future climate with a shift in mean, variability and correlation 
between the drivers (Future 1, blue) and a future climate with an 
increase in dependence in the upper tail of both drivers (Future 2, 
purple) - Zscheischler J., et al., 2018.

Example for the left panel: Coastal flooding caused by extreme 
precipitation and surge (or fluvial flooding and ocean flooding)

Example for right panel: Wildfires with humidity (y-axis) and 
temperature/wind (x-axis). 
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