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Introduction

Potomac Basin
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Figure: Extent of the Potomac river basin indicated by the
gray shape; rivers are represented by blue lines.

The Potomac river basin, also known as
the Potomac watershed, is located on
the East Coast of the USA across West
Virginia, Virginia, Pennsylvania,
Maryland, and the District of Columbia
According to the Interstate Commission
on the Potomac River Basin, about 600
million gallons per day (mgd) is used for
water supply, of which 500 mgd is for
the Washington area

About 1.6 billion gallons is used daily
for power plant cooling and other
industrial uses. Most of it is returned to
the streams,

Sufficient quantities of clean water are
essential for human needs and also for
ecosystem health
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Introduction

Annual Precipitation (mm)
o Climate variability also plays an
m important role in the region’s water
- supply alongside increasing demand
H . .. . .
e o In particular precipitation, the main
H ..
source of water, varies inter-annually
- and makes it challenging to plan for
water allocation within the basin
o o o e o o o e e o e e o o o Understanding seasonal to inter-annual

variations in water availability within the

Figure: Basin-averaged annual precipitation time series from basin due to climate variability is
NASA's Tropical Rainfall Measuring Mission (TRMM) important for planning water resources
Multi-satellite Precipitation Analysis (TMPA) from 1998 to management

2018. Substantial year-to-year variations are seen, with the

mean around 394mm
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Introduction

Figure: Map of the Potomac river basin showing mean
precipitation from 1998 to 2018 based on TMPA.

The mean precipitation map from
TMPA shows spatial pattern of
precipitation over the basin

The central basin receives relatively
lower precipitation compared to the
eastern and western portions of the
basin.

In this study, we focus on assessing the
spatial and temporal variability of water
availability in the Potomac Basin using
a hydrologic model

Understanding seasonal to inter-annual
variations in water availability within the
basin due to climate variability is
important for planning water resources
management
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Problem Definition

The Water Budget equation
The water budget equation for a river basin, considering that there is no surface, sub-surface, or groundwater net

inflow/outflow in the watershed, and that surface runoff and baseflow contribute to discharge, is expressed as

AS = Pr — ER — RO — Baseflow

o AS is the change in water storage in the basin surface (snow amount, soil moisture) and sub-surface (root
zone moisture, groundwater) water storage components,

@ Pr is Precipitation,

o ET is Evapotranspiration, a combination of evaporation from bare soil and wet canopy, and transpiration
from each vegetation type,

@ RO is the Surface Runoff, a function of soil wetness and soil infiltration capacity, and

o Baseflow, or the Sub-surface Runoff, is the portion of the precipitation that is sustained between
precipitation events, and is a function of surface and sub-surface soil moisture.

The available water over the basin, referred to as the water budget or the water balance, can be estimated by
subtracting ET, surface and sub-surface runoff from the precipitation.
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Problem Definition

o We use Variable Infiltration Capacity (VIC), a hydrologic model, to estimate the water budget components

@ VIC uses precipitation, surface temperature and wind data as daily inputs; evapotranspiration, runoff and
baseflow are some of its outputs

@ In this study we use precipitation estimates from the Global Precipitation Measurement(GPM) mission;
specifically, we use Integrated Multi-satellitE Retrievals for GPM (IMERG)data derived by merging passive
microwave measurements from a constellation of satellites,calibrated with those from the GPM Core
Observatory, and adjusted with measurements from global rain gauge networks

@ We aim to assess how intra-seasonal variability of precipitation within the basin affects water budget
estimates based on this

o Further, using a sensitivity analysis, we want to quantify how the errors in the IMERG precipitation influence
water budget components, both spatially and temporally
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Problem Definition

Sensitivity Analysis

Sensitivity Analysis (SA) can be defined as
“The study of how uncertainty in the output of a model (numerical or otherwise) can be apportioned to different
sources of uncertainty in the model input”.

@ A few common purposes, or settings, are:
> Factor Prioritization aims to rank input factors by their relative contribution to the output variability
> Factor Fixing identifies if any factor has a negligible effect on output variability
» Mapping aims to determine the region of input variability that significantly alters output, producing extreme
values as an example.

@ We conduct a simple form of SA by varying (perturbing) precipitation from a nominal value based on its
distribution using a simulation model, and assess the impacts of the simulation results via visual inspection.
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Model Description

Variable Infiltration Capacity (VIC)
Macroscale Hydrologic Model

Cell Energy and Moisture Fluxes

Grid Cell Vegetation Coverage

e

E Vanabfe Infiltration Curve
i=id1-(1-AY™)

Semi-distributed, macro-scale hydrological model

@ Can be used to understand hydrological processes
in almost real-time

@ Developed by Liang et al. as a research model
around 1994

@ Physically based model to be coupled with global
circulation model (GCM) simulations
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@ Can be run in either a water balance or a Wy
water-and-energy balance mode Baseflow Curve
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@ Requires a minimum one year of spin-up time ;
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https://arset.gsfc.nasa.gov/vater/vebinars/VIC18
Image from Open Access VIC Documentation
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Model Assumptions

Variable Infiltration Capacity (VIC)
Macroscale Hydrologic Model

Cell Energy and Moisture Fluxes
o Water and surface energy budgets are computed o -

independently for each grid cell; variations at a
sub-grid level are modeled statistically

Grid Cell Vegetation Coverage

e

E Vanabre Infiltration Curve
i=id1-(1-AY™)
i

o Water is assumed to enter a grid cell from
atmosphere (precipitation) only

@ It is assumed that there is no channel flow,
sub-surface flow, or recharge to soil from the river

=
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o It is assumed that groundwater flow is relatively
small compared to surface and sub-surface flow

0A A 1
Fractional Area

Wy =W W,
@ These assumptions are generally valid for grid areas
o Baseflow Curve
larger than 3 km and smaller than 2 .
@ VIC results are post-processed separately to H R
simulate stream flow i E S
W, Woe w2

https://arset.gsfc.nasa.gov/vater/vebinars/VIC18
Image from Open Access VIC Documentation
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Input data for VIC

o All datasets are downloaded for 76° — 80° W, 37° — 41°N, between Jan 2016 and Dec 2017

@ VIC requires the following input data at each grid point:

Variable Source Temporal
Resolution
Precipitation GPM-IMERG Daily
Surface air temperature MERRA-2 Daily
Surface wind speed MERRA-2 Daily
Land cover type MODIS Yearly
Leaf Area Index MODIS Monthly
Surface Albedo MODIS Monthly
Initial soil moisture conditions  Precipitation climatology - Static
Soil Characteristics HWSD Static
Annual Precipitation IMERG Static
Elevation SRTM Static

@ The model uses data from Jan 2016 to Mar 2017 for spin up, and daily water budget components are

analyzed for April through September 2017

@ There are a total of 387 grid points/cells in our dataset, and 639 days of data for each grid cell
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Data Preparation Tools

@ The various data sources must be collated and rearranged in a format such that at each grid point, the
entire time series of all the inputs are available

o Additionally, a set of parameter files (global, soil, precipitation etc.) will provide VIC instructions on how to
read in the data and what to do with it

@ Pre-processing and post-processing scripts written in Python by Kel Markert are available on github. Some
packages required are Python2 specific

@ An HDF to GeoTIFF conversion tool required to process MODIS data has also been installed on taki; it
re-projects MODIS data into WGS84 format

o Finally, the stable version of VIC written in C is also installed in the Team 1 directory
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https://github.com/KMarkert/servir-vic-training

Projection and Aggregation

e MODIS data is available in sinusoidal grids (10° x 10° tile) in HDF file format, which needs to be converted
into geographical (WGS84) projection

@ HEG has a GUI but it is practically impossible to do the conversion for all the files that way. So we first
generated a parameter file for each of Land Cover, LAl and SW Albedo from the GUI

@ The parameter file generated for Land Cover can be used for all Land Cover files, and so on

@ Using a bash script to loop over all files, HEG can be run from the command line using the parameter files
we generated
resample -p MyParameter.prm
For longer runs this can be submitted as batch jobs via slurm
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Projection and Aggregation

o Leaf Area Index (LAI) and Shortwave (SW) Albedo (from MODIS) are converted to monthly format - one
value for each month for each grid point. Since they don't vary a lot, we can use monthly averaged data
instead of daily data:

> LAI has a native temporal resolution of 8 days; we use weighted averages to get monthly values
> SW Albedo is available daily and is averaged to get monthly data
o Northward (v) and Eastward (u) wind component variables (from MERRA-2) are combined as wind speed
by v/ u? + v2 for each spatio-temporal component of the data
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Preprocessing and Final steps

This is an outline of the major data preprocessing steps required before VIC can be run:
Q Create a grid template of 0.1° x 0.1° resolution for the Potomac basin shapefile
@ Align all raster datasets to the grid template - SRTM, Elevation and Slope, IGBP land cover, soil and
precipitation
© Format input files to create parameter files which would be read by VIC:
> Snow parameter file from on SRTM, which contains information on the number and structure of snow bands
Soil parameter file based on precipitation, elevation, slope and soil characteristics

Vegetation parameters and vegetation library based on IGBP LC and MODIS datasets
Meteorological forcings from MODIS, GPM IMERG and MERRA-2

vvyy
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Runtimes

@ VIC took under 2 minutes to run for our use case; we expect it to scale with the duration and the number of
grid points in our data

@ The major time bottleneck was the pre-processing part of the data; The MODIS pre-processing took around
1 hour and the meteorological forcings took around 2 hours to be generated

@ The remaining data pre-processing (usually involving the parameter files and raster creation) each took the
order of seconds

Majumder, Walid, Zheng Assessing Water Budget Sensitivity to Precipitation Forcing Errors in Potomac River Basin Using VIC Model



Outline

© Water Budget outputs from VIC
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Outputs of interest

@ Our main focus is on assessing the variability of the water budget components between April and September
2017

o Evapotranspiration, runoff and baseflow are available as daily output for each grid point from the model

@ The water balance can then be converted into volume based on the area of the basin and sub-basins, and
further analysis can be done on it

@ We looked at these components both for each month, and for each grid point
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Water budget components between April and September 2017

Water Budget components between April and September 2017
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Figure: Basin-averaged monthly mean precipitation (red),
evapotranspiration (green) and runoff and base flow (blue) between April
and September 2017.

Precipitation in May, July, and August
is much higher than that for April, June,
and September during 2017

Runoff and baseflow are highest in May
but lower in July and August; ET is
lower than precipitation in April, May
and July

ET in the basin depends on vegetation
cover and surface energy fluxes while
runoff depends on vegetation cover and
soil moisture conditions

Precipitation has a higher intra-seasonal

variation compared to ET and runoff
which leads to variation in water balance
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Monthly precipitation in the Potomac Basin
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Monthly water balance in the Potomac Basic

April (mm) May (mm) June (mm)
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Monthly spatial distributions of precipitation and water balance

@ The central and northern parts of the basin appears to have received larger amounts of precipitation in May,
July, and August; positive water balance is observed in May and July

@ The negative water balance in April, June, and September is consistent with the lower rate of precipitation
in those months while ET and runoff values remain comparable or even higher compared to other months

@ The distribution of water balance has a similar pattern with the spatial distribution of rainfall, especially the
one in April and May.

@ During June to September, we believe that increase in vegetation would increase ET within the basin,
resulting in higher loss of water to the basin
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Total Precipitation and Water Balance Between April and September 2017

Total Precipitation

Total Water Budget
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@ A higher rate of precipitation in the western-central region of Potomac basin and a lower value in the
southwest corner is seen

@ There is also water deficit across the entire basin, including a visible band at the northern part of the
Potomac basin, where much larger negative values can be seen

@ We will be examining ET, Runoff, terrain, and snow conditions to explain the presence of this band
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Outline

© Water budget sensitivity to precipitation forcing errors
@ Spatio-temporal features of the data
@ Sensitivity analysis
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Spatio-temporal features of the data

Our data consists of 387 grid points from Jan 2016 to Sep 2017

o Temporally, we found that for over 90% of all grid points there was either no temporal structure or can have
an MA(1) model fitted to it; i.e every day's data is correlated with the innovation/error component of the
previous day

@ For each grid point, we assume the data to be independent and identical in distribution
@ This assumption will not be valid if our data stretches back a few more years

@ Spatially, we plotted correlograms and looked at the correlations between adjoining data points; for the
majority of the data, this value was not high

@ Due to time and data constraints we were unable to explore avenues like variogram analysis or looking at
directional spatial dependence

@ For the purposes of this analysis, we have assumed the data to have no spatial structure
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Temporal analysis

Figure: ARIMA(p,d,q) models for annual precipitation

ARIMA(p.d.) models for annual precipitation
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Spatial analysis
@ Our main interest is in the second point of the correlogram which corresponds approxiately to the 0.1°
distance between grid points

@ This is the correlogram for Jan 29 2016 across all grid points. We will get the same value for each day and
see how it behaves throughout our dataset
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Spatial analysis

Figure: Histogram of spatial correlation between grid points
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@ The truncation on the left corresponds to the days without precipitation
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Simulation Algorithm to generate resampling distribution

For each grid point in our data,

> Estimate the proportion of zeros for the cell as the sample proportion, po

» Fit a Gamma distribution to the positive section of the data, parameterized by its mean fip and coefficient of
variation ¢y

> Generate k = 100 i.i.d. samples each of size 639 based on the above parameters

> Run the model with each sample, and estimate the water budget based on the output the Standard Error at
each point, as well as the Interquartile Range

@ Plot summary statistics and visualize the resampling distribution of the water balance between April and
September 2017

Inflate the Coefficient of Variation by 50% and 100%. Plot its effect on the variability in the water balance
measured in terms of Standard Error and IQR

@ Inflating Coefficient of Variation instead of the bias allows us to measure change in variability while avoiding
bias to our estimates
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Standard errors (SE) of the resampling distribution of total water balance

Original CV (mm) 1.5 x CV (mm) 2.0 x CV (mm)
5 S S

Latitude (degree)

S Lo ] b
~79.650 ~78.938 ~78.225 ~77.513 ~76.800 ~79.650 ~78.938 ~78.225 ~77.513 ~76.800 ~79.650 ~76.938 ~78.225 ~77.513 ~76.800
Longitude (degree) Longitude (degree) Longitude (degree)

1050 725

127.5 1500 1
Water Budget Sensitivity (mm)

@ We can see that the northern area as well as a diagonal channel in the southwest area are most sensitive to
forcing errors

@ We don't see a lot of difference when inflating precipitation errors, but that might be because of extreme
values in the data

@ To resolve this, we also look at output IQR instead of Standard Deviation as a measure of sensitivity to
precipitation forcing errors

Majumder, Walid, Zheng Assessing Water Budget Sensitivity to Precipitation Forcing Errors in Potomac River Basin Using VIC Model



Interquartile range (IQR) of the resampling distribution of total water balance

Original IQR (mm) 1.5 x IQR (mm) 2.0 x IQR (mm)

39.638

Latitude (degree)

S
79650 ~78.938 78,225 ~77.513 ~76.800
Longitude (degree)

S
~79.650 ~78.938 ~78.225 ~77.513 =76.800 50 ~78.938 ~78.225 ~77.513 ~76.800

Longitude (degree) Longitude (degree)

645 750 855
‘Water Budget Sensitivity (mm)

@ The northern region still shows the highest variability; changes in the southwest channel are also more
pronounced

@ While it might seem obvious, note that precipitation data from different sources are often assimilated to
come up with a single estimate (our IMERG dataset is one such case), a process which can lead to an
underestimation or overestimation of its dispersion

@ VIC will carry over these features in its output ensembles, which is motivation to choose a precipitation
input that best reflects the systemic variability of the process
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Monthly summary statistics of the resampling distribution of water balance

Majumder, Walid,

Figure: Mean and 95% empirical confidence interval for monthly water budget
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Monthly summary statistics of the resampling distribution of water balance

@ While there is some bias present in our estimates, it follows the patterns we observed in our data

@ Our main interest however is in the variability of the estimates

cv Apr  May Jun Jul  Aug Sep
Original 425 393 354 398 3.68 265
CVx1l5 6.69 571 592 544 527 310
CV x2 9.17 728 577 664 664 4.48

Table: Lengths of the empirical 95% Confidence intervals

o We have already seen that some parts of the basin are more affected by the inflated CV than others
@ We also see that April and May estimates are most sensitive to variability in the data

@ Running a calibrated model for longer duration would allow us to do further inference on this
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Outline

© Summary and future work
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Summary

o We were able to run a full scale hydrological model on taki. This required the installation of multiple tools,
getting data from different sources and aligning them all. We streamlined the process and have put a
framework in place that allows scalability

@ We estimated the water budget for the Potomac river basin using VIC for the months of April to September
2017. For a calibrated model, the output leads to further analysis and policy decisions

@ We have also visualized which areas’ and which months’ water budget are most sensitive to precipitation
forcing errors

o We started exploring the spatial modeling of precipitation data for use in hydrology forecasts
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Next Steps

Use more data for spin-up; extend the water budget predictions to a longer duration
Calibrate VIC for better output

Explore fitting spatio temporal models to the data

Use the available precipitation errors from GPM-IMERG to simulate better resampling distributions

This project was an exercise in methodology and some preliminary analysis. The framework required for inference
is in place. Better estimation tools - model calibration and data quality checks on the physical front,
spatio-temporal model fitting on the statistical front, and parallelization from an HPC perspective are the next
steps, and each aspect can be extended into further research topics.
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Thank You!
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