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As Earth's climate continues to warm, extreme weather events like
severe storms and oods are becoming more common, endangering
many lives. To help keep people safe, we have developed a
computer model called DTE Hydrology—kind of like a scienti ¢ video
game—that can warn people if ooding is likely in their area. This
model is known as a “digital twin” of the Earth because it is almost
like having a computer-based copy of the planet! Measurements of
rainfall and soil moisture can be collected both on Earth and from
satellites, and the model can use these data to predict the likelihood
of ooding in a given area. We can also use DTE Hydrology to
“experiment” on Earth's digital twin, to learn more about what cause s
ooding. In the future, we hope to use this system to save even more
lives by predicting landslides and monitoring wild res, too.

Imagine that you are on summer break, butit has beenrainingfo rdays.
How boring! You have slept in each morning, played all your fa vorite
online games, watched movies, and texted with your friends...but now

you are out of ideas. You daydream about enjoying the summer su n
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FLASH FLOOD

Rapid ooding in a
local area that usually
happens a short time
after heavy rainfall.

with your friends, maybe swimming or shing in the nearby river.
Hopefully the rain will stop soon! You walk to the window to check
the weather, and are shocked to see that the houses just down the
hill are up to their windows in muddy water...and the rising water is
quickly approaching your house! Trees, trash, and even a few c ars
are oating by; you see rescue boats at a nearby home, helping yo ur
neighbors who had climbed onto their roof to escape the rising water.

A ash ood !

HUMANS ARE CHANGING EARTH'S WEATHER...FOR THE
WORSE

While this scene might sound like the start of a suspenseful disa ster
movie, the daily news tells us that such scenarios are also happen ing
in real life. In the summer of 2021, intense storms led to  ash
ooding in Europe . Rivers and streams rose quickly, causing the
deaths of at least 243 people, most of them in Germany. On an even
larger scale, unusually heavy monsoon rains in the summer of 2 022
caused extreme ooding in Pakistan , causing the deaths of 1,739
people—including 647 children—and injuring almost 13,000 others. In
addition to causing deaths and injuries, oods can Kill crops, r educing
our food supply; and they can cause major damage to homes, roads
hospitals, and power grids, grinding normal life to a halt. Pakis tan's
oods caused an estimated $30 billion in damage, for example.

Human activities that release carbon dioxide and other greenhou se
gases into the atmosphere are warming the Earth and changing
our climate. As temperatures continue to rise, the number and
severity of oods is predicted to increase, but oods are not the
only problem—scientists predict increases in both the frequenc vy and
intensity of other dangerous weather-related events as well, like
landslides, droughts, and wild res (for more information abou t how
climate change is increasing extreme weather events, see this FYM
article or this one).

WATER, WATER EVERYWHERE

While it is clearly important to do all we can to reduce greenhouse  gas
emissions and combat climate change, in the short term we mustals o
gure out ways to protect people from extreme weather events like
oods. One of the reasons oods can cause many deaths and injuri  es
is because they are di cult to predict. As the name implies, ash oods
happen quickly—people in their paths often have little warning, so  they
do not have enough time to evacuate. If there was an accurate system
that could predict which areas were likely to ood, people in those
areas could be warned in advance, and they could move to safety in
time. Such a system could potentially save many human lives.
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WATER CYCLE

The complex processes
through which Earth's
water is “recycled” as it
moves through

di erent states (liquid,
solid, and gas).
Processes of the water
cycle include
precipitation,
evaporation,

and condensation.

PRECIPITATION

Water falling from
clouds in the form of
rain, snow, sleet, or hail.

Figure 1

While accurate
prediction of ooding
requires knowledge of
the entire water cycle,
several components of
the cycle are
particularly important.
Precipitation (rain,
snow, sleet) falls from
the clouds and

ows o the land into
rivers and streams. This
runo increases the
water level in rivers and
streams. The amount of
runo is dependent on
soil moisture. Soil that
is already saturated
with water can hold
less precipitation,
resulting in more runo
and greater ood risk. If
runo causes rivers and
streams to over ow
their banks, ooding
can occur.

SOIL MOISTURE

The amount of water
contained in the soil.
The higher the soil
moisture, the more
saturated the soil and
the less precipitation it
can absorb.

RUNOFF

Water that does not
soak into the soil and
instead ows o of the
land and into rivers and
streams, increasing
their levels.

Detailed knowledge of the water cycle is necessary for understanding
why ooding happens and guring out how to predict it. Three main
components of the water cycle are particularly important when it
comes to ooding and ood prediction: precipitation , soil moisture
and runo (Figure 1). Precipitation is water released from clouds in
the form of rain, hail, snow, or sleet. As you probably know, the m ore
precipitation there is, the higher the risk of ooding. But soil mo isture,
which is a measure of the water content of the soil, also plays a
role. The more water there is in the soil, the less “room” there is for
additional rainwater. If the soil is saturated and cannot absorb an vy
more water, any precipitation that falls will become runo — owing
along the ground to Il rivers and streams, which can then rise and
cause oods.

Precipitation

Mountains

Figure 1

While this explanation may sound simple, there are many more
processes involved in the water cycle , and they all interact with
each other in ways that are di cult to predict. Additionally, human s
in uence the water cycle and a ect the likelihood of oods—not ju st
through climate change but also by cutting down forests, building
cities and roads, and certain types of farming. All these natural a nd
manmade complexities make it extremely di cult to predict exac tly
when and where oods will happen.
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COMPUTER MODEL

Any computer-based
representation of a
complex situation

or system.

DIGITAL TWIN

A computer-based
representation of a
real-life system or
process, built to match
the real-life situation
closely enough to
allow users to
experiment and ask
“what if” questions.

Figure 2

DTE Hydrology is like a
scienti ¢ “video game”
that can help scientists
to predict the risk of
ooding. The computer
model allows scientists
to “experiment” by
entering di erent
values for the amounts
of precipitation and soil
moisture, to see
whether those
conditions increase the
ood risk in a certain
area. In the example,
the amount of
precipitation is kept
constant, but you can
see that increased soil
moisture increases
ood risk.
Governments could
use a computer model
like this to protect
people, by calling for
evacuations when
ooding is likely, for
example.

EARTH'S DIGITAL TWIN

Obviously, scientists cannot do experiments with Earth's weather to
learn how to predict oods. So, how can we learn what would happen

if, for example, 15 cm of rain fell on an area with moderately satur ated
soil? Would local rivers and streams ood, and how much? To stud vy
situations that are dicult to experiment on directly, scientists ¢ an
develop a realistic simulation, kind of like a scientic video g ame,
that accurately recreates conditions on Earth. This “game” is cal led
a computer model . Using this “game,” scientists can ask “what if’
guestions like the one above—they can tweak the amount of rainfall,
soil moisture, and other conditions, to see how much rivers or stre  ams
would rise in a certain area ( Figure 2). This is almost like having
a computer-based copy of the Earth to experiment on, which is
why these models are called digital twins of the Earth (DTEs). Our
group has been developing a DTE focused on Earth's water-related
processes. We call it DTE Hydrology, and we hope that one day it wi |l
help predict whether a ood is likely to happen in  your area.
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® Soil moisture ___?

@‘ Flood Risk: Low?
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Figure 2

A“FLOOD” OF DATA

To predict ooding in real life, DTE Hydrology needs a huge am ount
of data about the actual conditions on Earth. As we mentioned
earlier, the two main processes that contribute to runo —and the
ooding that occurs when there is too much of it—are precipitation
and soil moisture. These two factors can be measured directly
(right where they are happening) or remotely (from somewhere
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RESOLUTION

The level of detail of a
measurement, both in
terms of how “zoomed
in” measurements are
and how close together
they are taken

over time.

else) [1, 2]. Direct measurement of precipitation can be done using
rain gauges, which capture and collect rainwater so that it can
be measured (in inches or centimeters) after each rain event. Soi |
moisture can be directly determined by taking soil samples and
measuring how much water they contain ( Figure 3A). While direct
measurements are extremely accurate, not all areas of Earth can b e
measured, and conditions constantly change with the weather and
seasons—so direct measurement gives us limited information. Remote
measurements often involve satellite images of Earth. Satellites ¢ an
be equipped with imaging systems that can take digital images of a
very large area or even of the entire Earth—which is a big advantage
over direct measurements. Scientists can interpret these images to
learn about many conditions on Earth, including precipitation a nd
soil moisture.

The usefulness of satellite images for predicting oods or other
weather-related events depends on their resolution , or level of
detail. Precipitation and soil moisture—and therefore the potentia |
for ooding—can vary a lot over small distances, so satellite im ages
will obviously be more useful for ood prediction if they can “zoo m
in” on small areas (Figure 3B). Which would make you feel safer: a
low-resolution ood-prediction system that could only predict th at
a ood is likely to happen somewhere within a 100-km radius of your
home, or a high-resolution system that could tell you ooding was
likely within 1 km of your home? Another aspect of resolution has to
do with how often a satellite takes an image of the same location.
The higher this type of resolution, the more closely satellite data
match the actual situation on Earth, in real time. Flooding events can
develop quickly and occur over very short time periods. Again , which
would make you feel safer—a ood-prediction system that collects
data once every 3 days, or one that collects data once an hour? Some
modern satellites can provide extremely high-resolution data, wh ich
are excellent for ood prediction|[ 3].

THE FUTURE OF FLOOD PREDICTION

We are still developing DTE Hydrology, using a combination of d irect
and remote measurements. This is a lot of data to deal with, but
there is more! While this article focuses on precipitation and soi |
moisture, we also collect measurements on evaporation, snow dep th,
and the volume of water moving through rivers. You can check out
DTE Hydrology yourself here. So far, our computer model covers an
area of 1,580,000 km? in the Mediterranean basin, but we are working
to expand it to eventually include all of Europe.

When fully developed, DTE Hydrology will be able to do much
more than predict oods...it may be able to accurately predict
landslides and monitor wild res. As climate change continues an d
we face more—and more dangerous—extreme weather events,
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Figure 3

(A) To collect data on
precipitation and soil
moisture for a
computer model, rain
gauges and soil
moisture sensors can
be placed in various
locations on Earth.
While these devices are
very accurate, it is

di cult to get enough
direct measurements
to create an accurate
computer model. (B)
Satellites that take
images of Earth from
space can provide a lot
of data. To be most
useful, these remote
images must be high
resolution, which
means they must be
able to “zoom in” on
small areas and take
images often, to
capture rapidly
changing conditions.

Rain gauge

Soil moisture
sensor

ii

Very accurate

BUT...measurements must be close
together in space and time

-l

Low Medium High

resolution resolution resolution

Figure 3

early-detection systems that can predict oods and other natural
disasters can help to save the lives of adults and children across the
world. Running “what if” scenarios using DTE Hydrology can also help
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scientists to better understand the complexities of Earth's water cycle
allowing European countries to balance their water use among vario  us
needs, including communities, industries, and farms. Water is our
planet's most precious resource—living things cannot exist wi thout it.
With DTE Hydrology, we aim to protect life on Earth: both by warning
humans of dangerous, water-related events and by safeguarding o ur
planet's water resources for future generations.
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YOUNG REVIEWERS

KAVIN, AGE: 14

| am Kavin and | am studying in Grade 9 in high school. My interest s are piano,
cars, debating, reading historic novels and art. | am also inter ested in saving the
environment by building energy e cient cars rather than switich ing completely to

electric cars. | play tennis, basketball and badminton. | also like to play video games
and code various computer programs using Java as well. My favorite s ubjects in
school are Mathematics and Chemistry.

MOMO, AGE: 11

Momo loves to travel the world and see new places. Even so, she is a self-proclaimed
couch potato when she is at home. The two extremes can coexistino  ne person! Her
favorite couchmate is her fuzzy and a ectionate dog, Lita.

AUTHORS
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| am 44 years old with a fantastic family and four nice (and someti mes) terrible
children from 9 to 17 years old. My wife is very good in family manag ement. |
love sports, especially the competition. | play padel and | do tourname nts—I won
a couple this year! | also like running, beach volley, and walki ng in the mountains.

In winter | like to ski, in summer | do not like to go to the sea! Well , | also have a
job. I am a research director at the National Research Council, Research Institute for
Geo-Hydrological Protection (CNR-IRPI) in Perugia. | have writt en many (too many?)

journal papers (190C) and refereed 80C conference proceedings/book chapters.

| lead and participate in several national and international r esearch projects with

many colleagues around the world. | coordinate a fantastic rese arch group in Perugia

(currently 22 people of di erent nationalities, from Iran, India , China, France...). |
love my job, | love science, and | love trying to discover new thin gs. Research is
like sport—it is a competition, and when you lose you are angry, bu t you are also
happy to know that there is room for improvement! *  |uca.brocca@irpi.cnr.it
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