
A Comparison of Stochastic Precipitation Generation Models for
the Potomac River Basin

Author: Gerson C. Kroiz, Mentor: Matthias K. Gobbert

Department of Mathematics and Statistics, UMBC

Senior Thesis, Spring 2020

Abstract

Weather ensembles are an integral part of weather forecasting and can also be used
to test the sensitivity and performance of climate models. Among meteorological vari-
ables, simultaneous simulation of precipitation at multiple sites presents unique chal-
lenges since precipitation has a semi-continuous distribution. We compare Robertson’s
hidden Markov model setup with Wilks’ Multivariate Markov Chain based generator
to see how well they recreate the spatiotemporal characteristic of gridded satellite pre-
cipitation estimates. Our results show that the Wilks method does a better job of
capturing spatial correlations, while the HMM model can estimate and simulate longer
durations of time.

1 Introduction

The modeling and forecasting of precipitation play a significant role in determining water
allocation and resource management for regions that depend on precipitation as a primary
water source. It is important to model both its seasonal and inter-annual variations, and
one method of achieving this is through precipitation generators. Using a dynamical or
statistical model created from historical precipitation data, these generators can produce
time series of multivariate synthetic data representative of the general rainfall patterns of
the region and allow us to study its statistical properties. The synthetic data aims to
replicate pairwise spatial correlations and extreme weather events over long periods of time
that might show up in the historical data. These models are used at different spatial and
temporal resolutions, and our interest lies in modeling multi-site daily precipitation. For
the precipitation generation, this work considers daily precipitation over the Potomac river
basin. On the East Coast of the USA, the basin is the primary source of water for the region
and receives large portions of its water supply from rainfall. The data source used for this
study was the GPM-IMERG L3 1 Day VO6 [1] dataset for the months July to September
from 2001–2018, resulting in 1656 days worth of data. With a 0.1◦ × 0.1◦ resolution, the
GPM-IMERG data set divides the basin into a 387 point grid space. Using the daily GPM-
IMERG data, we aim to simulate synthetic rainfall data over each location of the 387 point
grid.

The first precipitation generator for satellite precipitation estimates of the Potomac River
Basin that we used is a hidden Markov model (HMM). HMMs are a flexible class of models
which have been widely used for simulating daily rainfall based on observed weather station
data by structuring the model to have precipitation amounts dependent on a finite number
of hidden weather states [2, 6]. The state process is assumed to be a Markov chain, and
conditional on the state, the emission process is modeled at each location using a mixture
of a delta function at zero, and one or more Exponential or Gamma distributions.
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Figure 1: Extent of the Potomac river basin on the East Coast of the USA indicated by the
gray shape; rivers are represented by blue lines. The Potomac originates at two separate
sources in West Virginia and Virginia, and drains into the Chesapeake Bay which connects
to the Atlantic ocean on the Eastern side of the map.

The other method explored in this study is another widely used model called the Wilks
approach [7]. Wilks modeled precipitation occurrences and precipitation amounts separately.
The occurrences are modeled at each location as a first-order, two-state Markov process for
dry and wet days, and amounts are modeled using a Gamma distribution. The Markov chain
process at each location captures the temporal correlation, and the use of Gaussian copulas
allows for explicit specification of spatial correlation for both the amounts and occurrences.

This work is organized as follows. Section 2 describes how both models were implemented
into code. Using these models, Section 3 compares the performance of the synthetic data
from the two methods against historical data. Section 4 draws conclusions about the models
based on the results in the previous section.

2 Generating Synthetic Data

2.1 Hardware and Software

The hardware used in the computational studies is part of the UMBC High Performance
Computing Facility (hpcf.umbc.edu). The study used CPU nodes with two 18-core Intel
Xeon Gold 6140 Skylake CPUs (2.3 GHz clock speed, 24.75 MB L3 cache, 6 memory channels)
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and 384 GB memory. The nodes are connected by a network of four 36-port EDR (Enhanced
Data Rate) InfiniBand switches with 100 Gb/s bandwidth and 90 ns latency.

The precipitation data has been preprocessed using Python scripts developed by Kel
Markert for the NASA SERVIR training on hydrologic modeling using VIC. The code is avail-
able at https://github.com/KMarkert/servir-vic-training and was run using Python

2.7.x on taki. The software used for the majority of the hidden Markov model computa-
tions is the MVNHMM toolbox developed by Sergey Kirshner [3] and Padhraic Smyth and
available at http://www.sergeykirshner.com/software/mvnhmm. The toolbox was devel-
oped for Linux and was installed and used on taki. Ancillary scripts written in Python

3.6.x and R 3.6.x were used extensively in the analysis.

2.2 HMM Code Development

Within the MVNHMM toolbox, the main functions used in this study were the Baum-Welch
algorithm for estimation, the Viterbi algorithm for the generation of most likely estimated
states, and the simulation algorithm. Calling any of these actions requires a specialized
parameter file. We wrote scripts with Python 3.6.4 for automating the generation of pa-
rameter files and running the models with relative ease using batch jobs, and also used the
mpi4py library to parallelize the tasks of grid-search for optimum parameters and model
estimation and simulation for different locations in parallel. Parallelization allows for the
creation and execution of multiple parameter files simultaneously, leading to overall time
reductions when running a study consisting of parameter variations. The number of desired
parameter files can be requested via the batch scripts used to run the code.

2.3 Wilks Code Development

The code for the Wilks Method is written entirely in R and is a transcription of the steps
described in Mhanna and Bauwens [5]. While the model is meant to run on each month
separately and has scope for parallelization, we ran it on the entire three months for a more
straightforward comparison with the HMM. The input is a text file with the IMERG data,
from which the parameters of both the occurrence and amounts are estimated. Ancillary
functions are defined and sourced from a secondary file. The code runs entirely in serial and
generates a text file with simulated data for as many years as we require.

2.4 Statistical Analysis

The bulk of the statistical analysis was carried out in R 3.6.3. The MVNHMM toolbox
was still used to run the Baum-Welch and Viterbi algorithms since it is the only available
software that can fit a mixture of emission distribution. For the HMM, a script was written in
Python to extract information from the generated parameter files, which was then imported
into R for the remaining part of the study. This was necessary since the toolbox does not
have a mechanism to simulate correlated emissions or states. All plots for the two models
were generated using the ggplot2 library in R.
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3 Results from the HMM and Wilks Model

3.1 Temporal Distribution of the Synthetic Data

(a)

(b)

Figure 2: Daily total precipitation over the basin for 2018 based on IMERG (red) and
simulated data using (a) HMM (green) and (b) Wilks method (green).

Figure 2 displays the daily total precipitation amounts from July to October of 2018. In
both plots, the red line shows the same IMERG data. These are compared to the green
lines, from HMM in Figure 2 (a) and from the Wilks method in Figure 2 (b). From Figure
2 (a), we see that the HMM data is representative of the IMERG data, suggesting that the
model does an adequate job of simulating average precipitation events. This conclusion is
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determined by the similarities in the troughs and peaks of the graph. From Figure 2 (b), the
Wilks model is also capable of simulating average precipitation events. When comparing the
two figures, there are subtle differences. In Figure 2 (b), the Wilks data has a peak slightly
above 10,000 mm. The HMM data in Figure 2 (a) does not display precipitation values
past 6,000 mm. Based on this observation, the Wilks model does a better job of capturing
extreme events, where the HMM data does not simulate extreme events well. However,
the IMERG 2018 data displays extreme events over 15,000 mm, well above the maximum
amounts of daily precipitation simulated from either model. These figures suggest that both
methods are capable of capturing temporal correlation over three month periods but lose
some degree of accuracy for simulating extreme precipitation events.

3.2 Extreme Precipitation Events of the Synthetic Data

Figure 3: Distribution of daily average basin precipitation from IMERG data (red) from
2001–2018 and synthetic data from the HMM (green) and Wilks method (blue)

Figure 3 shows box plots of the daily average amounts of precipitation for the HMM, Wilks
method, and the IMERG data. A box plot is a visual representation of the distribution of a
quantitative variable in terms of a five point summary - the three horizontal lines represent
the first quartile (lower boundary of the box), the median (middle of the box) and the third
quartile (upper boundary of the box), whereas the lower and upper ends of the vertical
lines (known as the whiskers) represent the minimum and maximum values. Points beyond
the whiskers on either side are considered outliers. The similarities in the median values
and interquartile range (values between first and third quartile) for each of the models and
the IMERG data support the evidence that both models are capable of modeling average
precipitation events. Similar to the previous plots, the short tails for the HMM data in
Figure 3 suggests that the HMM struggles with capturing extreme precipitation events when
compared to the synthetic data. The longer tails of the Wilks data shows that the Wilks
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Figure 4: Distribution of daily maximum basin precipitation from IMERG data (red) from
2001–2018 and synthetic data from the HMM (green) and Wilks method (blue)

model has higher accuracy with simulating extreme precipitation amounts. While the HMM
struggles with capturing extreme events over the entire basin, the high median value and
long tail of extreme cases in Figure 4 shows that the HMM data at individual locations can
replicate extreme values both within the range and well above the precipitation amounts of
the IMERG data.
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3.3 Spatial Correlation of the Synthetic Data

Figure 5: Pairwise spatial correlation between grid points for historical IMERG (red) com-
pared with synthetic data from HMM (green) and Wilks model (blue) based on 18 years of
data

Figure 5 displays the spatial correlation for locations within the data of the HMM, Wilks
method, and IMERG. From Figure 5, the lower median and interquartile ranges of the two
models suggest that they both struggle with capturing spatial correlation. As the spatial
correlation of the IMERG data in the figure appears to increase for the later months, both
models fail to capture this correlation. However, especially in July, the box plot of the Wilks
data more accurately represents the spatial correlation of the IMERG data compared to the
results from the HMM.

The generic HMM configuration used in this thesis fails to simulation spatial correlation
between two grid points. However, further adjustments and the addition of Gaussian copulas
to generate spatially correlated precipitation amounts presented in [4] significantly improved
the spatial correlation. The report further shows that addition of Gaussian copulas improves
the model’s ability to simulate precipitation over long periods of time and extreme events.

4 Conclusions

In this thesis, we applied a hidden Markov model and the Wilks model to remote sensing
data from GPM-IMERG over the Potomac river basin and examined how the synthetic data
produced by the model compares to historical data described in Section 1. For spatiotemporal
models of multi-site daily precipitation like the HMM and the Wilks model used in this work,
there are three major data features we want to capture and replicate in synthetic data: spatial
correlation between locations in the region, rainfall amounts and occurrences for long periods
of time, and the extreme weather events of the region. In Section 3, we discussed model
performance for the HMM and Wilks Model based on these metrics.
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Temporal correlation shown in Figure 2 (a) and (b) displays that both models are capable
of simulating average precipitation events. Figure 3 shows that Wilks model does a much
better job of capturing extreme precipitation amounts for the entire basin. For spatial
correlation, Figure 5 shows that both models can struggle with replicating the observed
data, but the Wilks model is slightly more accurate. However, [4] shows further adjustments
to the HMM that improve the model’s simulation of spatial correlation.

The results gathered in this work suggest that the two models capture spatial correlations
between locations in the region, the rainfall amounts and occurrences for long periods of time,
and the extreme weather events of the region at different levels of accuracy. For capturing
precipitation events for long periods of time, the Wilks method models each month separately
as accuracy of estimation may decrease for longer periods of time. The HMM is capable
of capturing precipitation events for longer durations. For simulating extreme precipitation
events, the Wilks model displayed higher levels of accuracy compared to the HMM. However,
as shown in Figure 4, the HMM is capable of capturing extreme precipitation amounts
at individual locations. The Wilks method does a slightly better job of capturing spatial
correlation, but both models could be improved to further the accuracy of this correlation.
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