
European Commission - 
Research & Innovation - Participant Portal 
Proposal Submission Forms
European Research Council Executive Agency

Page 1 of 25H2020-ERC-POC-2016.pdf Ver 1.01 20151022 Last saved 09/02/2016 11:57:53

Table of contents

Section Title Action

1 General information

2 Participants & contacts

3 Budget

4 Ethics

5 Call-specific questions

Horizon 2020
Call: ERC-2016-PoC 

 (Call for proposals for ERC Proof of Concept Grant)
Topic: ERC-PoC-2016

Type of action: ERC-POC  
  (Proof of Concept Grant)

Proposal number: 727233

Proposal acronym: PACODOM

Deadline Id: ERC-2016-PoC

How to fill in the forms
The administrative forms must be filled in for each proposal using the templates available in the submission system. Some 
data fields in the administrative forms are pre-filled based on the previous steps in the submission wizard.  

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.



European Commission - 
Research & Innovation - Participant Portal 
Proposal Submission Forms
European Research Council Executive Agency

Page 2 of 25

Proposal ID 727233 Acronym PACODOM

H2020-ERC-POC-2016.pdf Ver 1.01 20151022 Last saved 09/02/2016 11:57:53

1 - General information

Proposal title* Parameterising Convective Dust Storms in Operational Forecast Models

Note that for technical reasons, the following characters are not accepted in the Proposal Title and will be removed: < > " &

Duration in months* 18

Topic ERC-PoC-2016

Call Identifier ERC-2016-PoC

Type of Action ERC-POC

Deadline Id ERC-2016-PoC

Acronym PACODOM

Related ERC Project ID number* 257543

End date of the related ERC project(DD/MM/YYYY) 30/09/2015

Free keywords
mineral dust, moist convection, parameterisation, weather, climate, air quality
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Abstract*

Sand and Dust Storms (SDS) are extreme weather phenomena that represent a serious hazard for life, health, property, 
environment and economy in many countries, particularly in some of the least developed ones. Airborne dust particles play 
a significant role in different aspects of weather, climate and atmospheric chemistry. In the last years, the development of 
global and regional SDS forecasts has intensified because of their potential to mitigate impacts upon transportation, energy 
production, health and agriculture. While operational forecast models are skillful when SDS are caused by synoptic-scale 
weather systems, they are severely limited to forecast ‘haboobs’ – immense walls of blowing sand and dust formed by cold 
outflows from deep moist convection –, which are by far the most damaging among dust storm types. One outstanding 
outcome of the ERC Desert Storms project is the development of a novel parameterisation for dust emission by haboobs, 
based on the convective outflow behaving as a density current. In PACODOM Desert Storms researchers will transfer this 
cutting-edge technology to two globally leading centres in operational weather, dust and climate prediction (Barcelona 
Supercomputing Center, European Centre for Medium-Range Weather Forecasts) to make a leap forward in our ability to 
forecast SDS globally, and therefore drastically improve mitigation potential. Both are partners of the Sand and Dust Storm 
Warning Advisory and Assessment System of the World Meteorological Organization, an initiative endorsed by more than 
40 countries, whose mission is to enhance their ability to deliver timely and quality SDS forecasts, observations, information 
and knowledge to users. The transfer of this new technology will improve air quality and weather predictions, benefitting a 
wide range of commercial and non-commercial users. A full operational implementation of the new approach will give ERC 
Desert Storms a lasting legacy and great international visibility.

Remaining characters 6

In order to best review your application, do you agree that the above non-confidential proposal title 
and abstract can be used, without disclosing your identity, when contacting potential reviewers?* Yes No

Has this proposal (or a very similar one) been submitted in the past 2 years in response to a call for 
proposals under the 7th Framework Programme, Horizon 2020 or any other EU programme(s)? Yes No

Please give the proposal reference or contract number.

692752
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Declarations

1) The Principal Investigator declares to have the explicit consent of all applicants on their participation and on the content of 
this proposal.*

2) The Principal Investigator declares that the information contained in this proposal is correct and complete. 

3) The Principal Investigator declares that this proposal complies with ethical principles (including the highest standards of 
research integrity — as set out, for instance, in the European Code of Conduct for Research Integrity  — and including, in 
particular, avoiding fabrication, falsification, plagiarism or other research misconduct).

4) The Principal Investigator hereby declares that (please select one of the three options below):

- in case of multiple participants in the proposal, the coordinator has carried out the self-check of the financial capacity of the 
organisation on http://ec.europa.eu/research/participants/portal/desktop/en/organisations/lfv.html or to be covered by a 
financial viability check in an EU project for the last closed financial year. Where the result was “weak” or “insufficient”, the 
Principal Investigator confirms being aware of the measures that may be imposed in accordance with the  
H2020 Grants Manual (Chapter on Financial capacity check).

- in case of multiple participants in the proposal, the coordinator is exempt from the financial capacity check being a public 
body including international organisations, higher or secondary education establishment or a legal entity, whose viability is 
guaranteed by a Member State or associated country, as defined in 
the H2020 Grants Manual (Chapter on Financial capacity check).

- in case of a sole participant in the proposal, the applicant is exempt from the financial capacity check.

5) The Principal Investigator hereby declares that each applicant has confirmed to have the financial and operational 
capacity to carry out the proposed action. Where the proposal is to be retained for EU funding, each beneficiary applicant 
will be required to present a formal declaration in this respect.

The Principal Investigator is only responsible for the correctness of the information relating to his/her own organisation. Each applicant 
remains responsible for the correctness of the information related to him/her and declared above. Where the proposal to be retained for EU 
funding, the coordinator and each beneficiary applicant will be required to present a formal declaration in this respect.

According to Article 131 of the Financial Regulation of 25 October 2012 on the financial rules applicable to the general budget of the Union 
(Official Journal L 298 of 26.10.2012, p. 1) and Article 145 of its Rules of Application (Official Journal L 362, 31.12.2012, p.1) applicants 
found guilty of misrepresentation may be subject to administrative and financial penalties under certain conditions. 
  
Personal data protection 
Your reply to the grant application will involve the recording and processing of personal data (such as your name, address and CV), which 
will be processed pursuant to Regulation (EC) No 45/2001 on the protection of individuals with regard to the processing of personal data by 
the Community institutions and bodies and on the free movement of such data. Unless indicated otherwise, your replies to the questions in 
this form and any personal data requested are required to assess your grant application in accordance with the specifications of the call for 
proposals and will be processed solely for that purpose. Details concerning the processing of your personal data are available on the 
privacy statement. Applicants may lodge a complaint about the processing of their personal data with the European Data Protection 
Supervisor at any time. 
  
Your personal data may be registered in the Early Warning System (EWS) only or both in the EWS and Central Exclusion Database (CED) 
by the Accounting Officer of the Commission, should you be in one of the situations mentioned in:  
- the Commission Decision 2008/969 of 16.12.2008 on the Early Warning System 
 (for more information see the Privacy Statement), or 
- the Commission Regulation 2008/1302 of 17.12.2008 on the Central Exclusion Database 
 (for more information see the Privacy Statement).
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List of participants
# Participant Legal Name Country

1 KARLSRUHER INSTITUT FUER TECHNOLOGIE Germany

2 UNIVERSITY OF LEEDS United Kingdom

3 BARCELONA SUPERCOMPUTING CENTER - CENTRO NACIONAL DE SUPERCOMPUTACION Spain

4 EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS United Kingdom
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Short name KIT

2 - Administrative data of participating organisations
Host Institution
PIC
990797674

Legal name
KARLSRUHER INSTITUT FUER TECHNOLOGIE

Short name: KIT 
  
Address of the organisation

Town KARLSRUHE

Postcode 76131

Street   KAISERSTRASSE 12

Country Germany

Webpage www.kit.edu

Legal Status of your organisation

Research and Innovation legal statuses

Public body .................................................... yes Legal person .............................. yes

Non-profit ...................................................... yes

International organisation .................................. no

International organisation of European interest ...... no

Secondary or Higher education establishment ....... yes

Research organisation ..................................... yes

SME self-declared status................................... 2011 - no

SME self-assesment ........................................  unknown

SME validation sme..........................................  unknown

Based on the above details of the Beneficiary Registry the organisation is not an SME (small- and medium-sized enterprise) for the call.

NACE Code: 721 - Research and experimental development on natural sciences and engineering

Enterprise Data
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Short name KIT

Department(s) carrying out the proposed work

Department name Institute of Meteorology and Climate Research

Street KAISERSTRASSE 12

Town KARLSRUHE

Same as organisation address

Department 1

not applicable

Country Germany

Postcode 76131
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Short name KIT

Principal Investigator
The following information of the Principal Investigator is used to personalise the communications to applicants and the 
evaluation reports. Please make sure that your personal information is accurate and please inform the ERC in case your e-
mail address changes by using the call specific e-mail address:

For Proof-of-Concept Applicants: ERC-PoC-applicants@ec.europa.eu 
 

The name and e-mail of contact persons including the Principal Investigator, Host Institution contact are read-only in 
the administrative form, only additional details can be edited here. To give access rights and contact details of 
contact persons, please save and close this form, then go back to Step 4 of the submission wizard and save the 
changes. 
 

Researcher ID orcid.org/0000-0001-9856-619X

Last Name* KNIPPERTZ

First Name(s)* Peter

Last Name at Birth Knippertz

Male FemaleGender*

Title Prof.

Nationality* Germany

Country of residence* Germany

Date of Birth* (DD/MM/YYYY) 28/10/1972 Place of Birth* Gummersbach

Contact address Same as organisation address

Current organisation name Karlsruhe Institute of Technology

Current Department/Faculty/Institute/ 
Laboratory name Institute of Meteorology and Climate Research

Street KAISERSTRASSE 12

Postcode/Cedex 76131

Country* Germany

Town* KARLSRUHE

Country of Birth* Germany

Phone*                        +49 72160843565

Phone2 / Mobile         +49 1628460512

E-mail* peter.knippertz@kit.edu

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.
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Short name KIT

Contact address of the Host Institution and contact person

The name and e-mail of Host Institution contact persons are read-only in the administrative form, only additional 
details can be edited here. To give access rights and contact details of Host Institution, please save and close this 
form, then go back to Step 4 of the submission wizard and save the changes. Please note that the submission is 
blocked without a contact person and e-mail address for the Host Institution.

Organisation Legal Name KARLSRUHER INSTITUT FUER TECHNOLOGIE

Town KARLSRUHE Postcode 76131

Street KAISERSTRASSE 12

First name* Kristine Last  name* Bentz

E-Mail* kristine.bentz@kit.edu

Position in org. Officer for EU Funding

Department KIT Research Office (FOR)

Phone2/Mobile +xxxx xxxxxxxxxxxx

Same as organisation address

Country Germany

Phone    +49 721 608 45192

Same as organisation

Other contact persons

First Name Last Name E-mail Phone

Georgia Wessels georgia.wessels@kit.edu +49 721 608 45194
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Short name UNIVLEEDS

Partner organisation
PIC
999975426

Legal name
UNIVERSITY OF LEEDS

Short name: UNIVLEEDS 
  
Address of the organisation

Town LEEDS

Postcode LS2 9JT

Street   WOODHOUSE LANE

Country United Kingdom

Webpage www.leeds.ac.uk

Legal Status of your organisation

Research and Innovation legal statuses

Public body .................................................... yes Legal person .............................. yes

Non-profit ...................................................... yes

International organisation .................................. no

International organisation of European interest ...... no

Secondary or Higher education establishment ....... yes

Research organisation ..................................... no

SME self-declared status................................... 2011 - no

SME self-assesment ........................................  unknown

SME validation sme..........................................  unknown

Based on the above details of the Beneficiary Registry the organisation is not an SME (small- and medium-sized enterprise) for the call.

NACE Code: 853 - Higher education

Enterprise Data
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Short name UNIVLEEDS

Department(s) carrying out the proposed work

Department name School of Earth & Environment

Street WOODHOUSE LANE

Town LEEDS

Same as organisation address

Department 1

not applicable

Country United Kingdom

Postcode LS2 9JT
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Short name UNIVLEEDS
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Short name UNIVLEEDS

Contact address of the partner organisation and contact person

The name and e-mail of Partner Organisation contact persons are read-only in the administrative form, only 
additional details can be edited here. To give access rights and contact details of Partner Organisation, please save 
and close this form, then go back to Step 4 of the submission wizard and save the changes. The contact person 
needs to be added as 'Main Contact' for the Partner Organisation.

Organisation Legal Name UNIVERSITY OF LEEDS

Town LEEDS Postcode LS2 9JT

Street WOODHOUSE LANE

First name* John H. Last  name* Marsham

E-Mail* j.marsham@leeds.ac.uk

Position in org. Associate Professor

Department School of Earth & Environment

Phone2/Mobile +xxxx xxxxxxxxxxxx

Same as organisation address

Country United Kingdom

Phone    +44(0)1133436422

Same as organisation

Other contact persons

First Name Last Name E-mail Phone

Vicky Jackson v.s.jackson@leeds.ac.uk

Denise Nicholas d.nicholas@leeds.ac.uk

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.
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Short name BSC

Partner organisation
PIC
999655520

Legal name
BARCELONA SUPERCOMPUTING CENTER - CENTRO NACIONAL DE SUPERCOMPUTACION

Short name: BSC 
  
Address of the organisation

Town BARCELONA

Postcode 08034 

Street   Calle Jordi Girona 31

Country Spain

Webpage www.bsc.es

Legal Status of your organisation

Research and Innovation legal statuses

Public body .................................................... yes Legal person .............................. yes

Non-profit ...................................................... yes

International organisation .................................. no

International organisation of European interest ...... no

Secondary or Higher education establishment ....... no

Research organisation ..................................... yes

SME self-declared status................................... 2011 - no

SME self-assesment ........................................  unknown

SME validation sme..........................................  unknown

Based on the above details of the Beneficiary Registry the organisation is not an SME (small- and medium-sized enterprise) for the call.

NACE Code: 72 - Scientific research and development

Enterprise Data
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Short name BSC

Department(s) carrying out the proposed work

Department name Earth Science

Street Calle Jordi Girona 29

Town Barcelona

Same as organisation address

Department 1

not applicable

Country Spain

Postcode 08034

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.



European Commission - 
Research & Innovation - Participant Portal 
Proposal Submission Forms
European Research Council Executive Agency

Page 16 of 25

Proposal ID 727233 Acronym PACODOM

H2020-ERC-POC-2016.pdf Ver 1.01 20151022 Last saved 09/02/2016 11:57:53

Short name BSC
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Short name BSC

Contact address of the partner organisation and contact person

The name and e-mail of Partner Organisation contact persons are read-only in the administrative form, only 
additional details can be edited here. To give access rights and contact details of Partner Organisation, please save 
and close this form, then go back to Step 4 of the submission wizard and save the changes. The contact person 
needs to be added as 'Main Contact' for the Partner Organisation.

Organisation Legal Name BARCELONA SUPERCOMPUTING CENTER - CENTRO NACIONAL DE SUPERCOMPUTAC

Town Barcelona Postcode 08034

Street Calle Jordi Girona 29

First name* Carlos Last  name* Pérez García-Pando

E-Mail* carlos.perezga@nasa.gov

Position in org. Associate Researcher

Department Earth Science

Phone2/Mobile +xxxx xxxxxxxxxxxx

Same as organisation address

Country Spain

Phone    +34934137716

Same as organisation

Other contact persons

First Name Last Name E-mail Phone

Marina Azor marina.azor@bsc.es +34934134082
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Short name ECMWF

Partner organisation
PIC
999916741

Legal name
EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

Short name: ECMWF 
  
Address of the organisation

Town READING

Postcode RG2 9AX

Street   SHINFIELD PARK

Country United Kingdom

Webpage www.ecmwf.int

Legal Status of your organisation

Research and Innovation legal statuses

Public body .................................................... yes Legal person .............................. yes

Non-profit ...................................................... yes

International organisation .................................. yes

International organisation of European interest ...... yes

Secondary or Higher education establishment ....... no

Research organisation ..................................... yes

SME self-declared status...................................  unknown

SME self-assesment ........................................  unknown

SME validation sme..........................................  unknown

Based on the above details of the Beneficiary Registry the organisation is not an SME (small- and medium-sized enterprise) for the call.

NACE Code: - - Not applicable

Enterprise Data
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Short name ECMWF

Department(s) carrying out the proposed work

Department name Copernicus Atmosphere Monitoring Service

Street SHINFIELD PARK

Town READING

Same as organisation address

Department 1

not applicable

Country United Kingdom

Postcode RG2 9AX
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Short name ECMWF
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Short name ECMWF

Contact address of the partner organisation and contact person

The name and e-mail of Partner Organisation contact persons are read-only in the administrative form, only 
additional details can be edited here. To give access rights and contact details of Partner Organisation, please save 
and close this form, then go back to Step 4 of the submission wizard and save the changes. The contact person 
needs to be added as 'Main Contact' for the Partner Organisation.

Organisation Legal Name EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

Town READING Postcode RG2 9AX

Street SHINFIELD PARK

First name* Angela Last  name* Benedetti

E-Mail* angela.benedetti@ecmwf.int

Position in org. Senior Scientist

Department Copernicus Atmosphere Monitoring Service

Phone2/Mobile +xxxx xxxxxxxxxxxx

Same as organisation address

Country United Kingdom

Phone    +44 118 949 9063

Same as organisation

Other contact persons

First Name Last Name E-mail Phone

Hilary Mepham hilary.mepham@ecmwf.int +44 1189499210

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.
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3 - Budget

Participant Number 
in this proposal Organisation Short Name Organisation Country

Total eligible 
costs/€ 

 (including 25% 
indirect costs)

?

Requested 
grant/€

1 KIT DE   13 750   13 750

2 UNIVLEEDS UK   78 152   78 152

3 BSC ES   54 763   54 763

4 ECMWF UK   2 375   2 375

Total   149 040   149 040

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.
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4 - Ethics issues table
1. HUMAN EMBRYOS/FOETUSES Page

Does your research involve Human Embryonic Stem Cells (hESCs)? Yes No

Does your research involve the use of human embryos? Yes No

Does your research involve the use of human foetal tissues / cells? Yes No

2. HUMANS Page

Does your research involve human participants? Yes No

Does your research involve physical interventions on the study participants? Yes No

3. HUMAN CELLS / TISSUES Page

Does your research involve human cells or tissues (other than from Human Embryos/
Foetuses, i.e. section 1)?

Yes No

4. PERSONAL DATA  Page

Does your research involve personal data collection and/or processing?   Yes No

Does your research involve further processing of previously collected personal data 
(secondary use)?

Yes No

5. ANIMALS Page

Does your research involve animals? Yes No

6. THIRD COUNTRIES Page

In case non-EU countries are involved, do the research related activities undertaken in 
these countries raise potential ethics issues? 

 

Yes No

Do you plan to use local resources (e.g. animal and/or human tissue samples, genetic 
material, live animals, human remains, materials of historical value, endangered fauna or 
flora samples, etc.)? 

Yes No

Do you plan to import any material - including personal data - from non-EU countries into 
the EU? 

For data imports, please fill in also section 4. 
For imports concerning human cells or tissues, fill in also section 3.

Yes No

Do you plan to export any material - including personal data - from the EU to non-EU 
countries? 
For data exports, please fill in also section 4. 
For exports concerning human cells or tissues, fill in also section 3.  

Yes No

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.
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Could the situation in the country put the individuals taking part in the research at risk? Yes No

7. ENVIRONMENT & HEALTH and SAFETY Page

Does your research involve the use of elements that may cause harm to the 
environment, to animals or plants? 
For research involving animal experiments, please fill in also section 5.

Yes No

Does your research deal with endangered fauna and/or flora and/or protected areas? Yes No

Does your research involve the use of elements that may cause harm to humans, 
including  research staff? 
For research involving human participants, please fill in also section 2.

Yes No

8. DUAL USE   Page

 Does your research have the potential for military applications? Yes No

9. MISUSE Page

 Does your research have the potential for malevolent/criminal/terrorist abuse? Yes No

10. OTHER ETHICS ISSUES Page

Are there any other ethics issues that should be taken into consideration? Please specify Yes No

I confirm that I have taken into account all ethics issues described above and that, if any ethics issues 
apply, I will complete the ethics self-assessment and attach the required documents. ✖

How to Complete your Ethics Self-Assessment

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.



European Commission - 
Research & Innovation - Participant Portal 
Proposal Submission Forms
European Research Council Executive Agency

Page 25 of 25

Proposal ID 727233 Acronym PACODOM

H2020-ERC-POC-2016.pdf Ver 1.01 20151022 Last saved 09/02/2016 11:57:53

5 - Call specific questions
  Eligibility

I acknowledge that I am aware of the eligibility requirements for applying for this ERC call as specified in 
the ERC Work Programme 2016, and certify that, to the best of my knowledge my application is in 
compliance with all these requirements. I understand that my proposal may be declared ineligible at any 
point during the evaluation or granting process if it is found not to be compliant with these eligibility 
criteria.*

✖

I confirm that the proposal that I am about to submit draws substantially on an existing or recently 
finished ERC funded frontier research grant. ✖

The PACODOM project aims to implement a new parameterisation for convective dust storms developed as part of the ERC 
Starting Grant "Desert Storms" into the operational forecast models run by the European Centre for Medium-Range Weather 
Forecasts and Barcelona Supercomputing Center. The parameterisation is a direct outcome of Desert Storms and has been 
published in the Journal of Atmospheric Sciences (Pantillon et al. 2015). The scheme has further been developed and tested with 
new model data (Pantillon et al. 2016, Journal of Geophysical Research, accepted subject to minor revisions). Thus, so far the new 
parameterisation has only been used in a research environment. Developing it towards operational usage is an important next 
step that can only be achieved through direct collaboration with operational services.

Data-Related Questions and Data Protection 
(Consent to any question below is entirely voluntary. A positive or negative answer will not affect the evaluation of your 

project proposal in any form and will not be communicated to the evaluators of your project.)

For communication purposes only, the ERC asks for your permission to publish your name, the proposal 
title, the proposal acronym, the panel, and host institution, should your proposal be retained for funding.

Yes No

Some national and regional public research funding authorities run schemes to fund ERC applicants that 
score highly in the ERC's evaluation but which can not be funded by the ERC due to its limited budget. In 
case your proposal could not be selected for funding by the ERC do you consent to allow the ERC to 
disclose the results of your evaluation (score and ranking range) together with your name, non-
confidential proposal title and abstract, proposal acronym, host institution and your contact details to such 
authorities? This consent is entirely voluntary and refusal to give it will in no way affect the evaluation of 
your proposal.

Yes No

The ERC is sometimes contacted for lists of ERC funded researchers by institutions that are awarding 
prizes to excellent researchers. Do you consent to allow the ERC to disclose your name, non-confidential 
proposal title and abstract, proposal acronym, host institution and your contact details to such 
institutions? This consent is entirely voluntary and refusal to give it will in no way affect the evaluation of 
your proposal.

Yes No

The Scientific Council of the ERC has developed a monitoring and evaluation strategy in order to help it 
fulfil its obligations to establish the ERC's overall strategy and to monitor and quality control the 
programme's implementation from the scientific perspective. As provided by section 3.10 of the  
ERC Rules for Submission, a range of projects and studies may be initiated for purposes related to 
monitoring, study and evaluating implementation of ERC actions. Do you consent to allow the third 
parties carrying out these projects and studies to process the content of your proposal including your 
personal data? 
The privacy statement on grants explains further how your personal data is secured. This consent is 
entirely voluntary and refusal to give it will in no way affect the outcome of the evaluation of your 
proposal.

Yes No
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ERC Proof of Concept Grant 2016 

  Part B 
 

Section 1: The idea - Innovation potential 

a. Succinct description of the idea to be taken to proof of concept 
Sand and Dust Storms (SDS) are extreme weather phenomena that represent a serious hazard for life, health, 
property, environment and economy in many countries, particularly in some of the least developed ones. 
Moreover, airborne dust particles play a significant role in different aspects of weather, climate and atmospheric 
chemistry. In the last years, the development of global and regional SDS forecasts has intensified because of 
their potential to mitigate impacts upon transportation, energy production, health and agriculture. While 
operational forecast models are skillful when SDS are caused by synoptic-scale weather systems, they are 
severely limited to forecast ‘haboobs’ – immense walls of blowing sand and dust formed by cold outflows from 
deep moist convection – which are by far the most damaging among dust storm types. One outstanding outcome 
of the ERC Desert Storms project is the development of a novel parameterisation for dust emission by haboobs, 
based on the convective outflow behaving as a density current. In PACODOM Desert Storms researchers will 
transfer this cutting-edge technology to two globally leading centres in operational weather, dust and climate 
prediction (Barcelona Supercomputing Center, BSC; European Centre for Medium-Range Weather Forecasts, 
ECMWF) to make a leap forward in our ability to forecast SDS globally, and therefore drastically improve 
mitigation potential. Both are partners of the Sand and Dust Storm Warning Advisory and Assessment System 
(SDS-WAS) under the framework of the World Meteorological Organization (WMO), an initiative endorsed by 
more than 40 countries, whose mission is to enhance their ability to deliver timely and quality SDS forecasts, 
observations, information and knowledge to users. The transfer of this new technology will improve air quality 
and weather predictions, benefitting a wide range of commercial and non-commercial users in Europe and 
beyond. A full operational implementation of the new approach will give ERC Desert Storms a lasting legacy 
and great international visibility. 

b. Demonstration of Innovation Potential 
SDS severely compromise air quality, disrupt ground and air transportation due to poor visibility, affect 
commercial solar energy production systems by reducing solar insolation, and damage croplands and livestock. 
Two recent examples illustrate the magnitude and effects of this hazard. In September 2015 a dust storm in 
Syria/Iraq (entitled “Dustpocalypse” by the Washington Post) that also affected Israel, caused five deaths 
and 3580 cases of asphyxia, dyspnea, breathlessness and asthma. Earlier in the season, Tehran (Iran) experienced 
a dust storm that caused chaos across the city, with at least four people reported dead, 30 injured and flights from 
the international airport cancelled. Dust storms in the so-called “dust belt” have always been a regular 
occurrence but there is evidence that they are happening much more frequently as a result of changes in land and 
water use and also climate change. For example, between 2000 and 2009 the frequency of dust storms increased 
by 70 to 170% in the western provinces of Iran, when compared with the preceding 30 years [1]. In addition, 
airborne dust particles significantly affect weather and climate through their influences on thermal and solar 
radiation, cloud microphysics, atmospheric chemistry and the carbon cycle via the fertilization of ecosystems 
through iron and other nutrients contained in dust. 
Such significant effects of dust and the potential for mitigation have motivated researchers and operational 
services to include dust in weather models with increasing sophistication [2]. The global dust cycle involves the 
lifting of particles by strong near-surface winds, vertical transport through mixing in the planetary boundary 
layer or deeper convective or frontal motions, horizontal transport through synoptic- to planetary-scale wind 
systems and finally removal by gravitational settling, turbulence or precipitation on land and into oceans. All 
these processes are parameterised in global or regional atmospheric models that represent dust effects 
dynamically. Dust-lifting winds remain a key uncertainty in dust predictions [3,4]. This is largely due to the 
strongly nonlinear dependence of emissions on peak winds, which are often underestimated in models and even 
analysis data. Dust-lifting winds can be generated by a range of meteorological processes, spanning scales from 
few meters to thousands of kilometres. While emission caused by synoptic scale high- and low-pressure systems 
and their fronts are usually satisfactorily represented in numerical weather prediction (NWP) models, at least 
qualitatively, uncertainties are substantial at smaller scales, e.g. in relation to dry and moist convection.    
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The ERC-funded Desert Storms project (ended September 2015) at the Karlsruhe Institute of Technology (KIT) 
and University of Leeds (UoL) substantially advanced our understanding of crucial meteorological uncertainties 
in dust emission and developed concepts to improve the way emission is treated in numerical models (see 31 
publications in Appendix). A particular focus of the project was on daytime downward mixing of momentum 
from nocturnal low-level jets, convective cold pools and small-scale dust devils and plumes. To achieve this, 
Desert Storms undertook: (a) a detailed analysis of observations including station data, measurements from 
recent field campaigns, analysis data and novel satellite products, (b) a comprehensive comparison between 
output from a wide range of global and regional dust models, and (c) extensive sensitivity studies with regional 
and large-eddy simulation models in realistic and idealized set-ups to explore effects of resolution and model 
physics. In contrast to previous studies, all evaluations were made on a process level concentrating on specific 
meteorological phenomena. Amongst the outstanding results from Desert Storms are works on the climatological 
relevance, the physical understanding and the modelling of haboobs in the Sahel and Sahara, the world's largest 
dust source. Haboobs are caused by downdrafts from deep moist convection that spread at the surface as a cold 
pool with a sharp leading edge. The abrupt increase in wind speed often creates a dramatic, fast moving “wall of 
dust” (Fig. 1 left). Desert Storms research showed that haboobs: (a) cause at least a third of summertime dust 
emission in the Sahel / southern Sahara (consistent with observations [5]); (b) are difficult to observe from space 
due to cloud contamination; and (c) are lacking in models using convective parameterisations (all global and 
most regional models), as those do not resolve cold pools. Both the catastrophic Syrian/Iraqi and Iranian SDS 
events mentioned above were related to haboobs and were completely missed by operational models across the 
board, demonstrating the urgent need to improve the representation of such storms.  

 
FIG. 1: Left: Haboob approaching Tehran.  Right: Conceptual model developed by [6], which uses the 
downdraft mass flux from the convection scheme, Mdd, and the environmental steering wind, Uenv, to derive a 
distribution of near surface winds. 
As a response, Desert Storms researchers developed a novel parameterisation that links grid-scale quantities with 
probabilities of winds exceeding a given threshold within a gridbox, which can be used to drive a dust emission 
scheme [6]. The parameterisation is based on the assumption that the downdraft mass flux from the convection 
scheme spreads out radially in a cylindrical cold pool (Fig. 1 right). The winds from the parameterisation were 
tested “offline” (no impact of soil moisture) using the UK Met Office’s Unified Model and the German Weather 
Service’s COSMO model [7]. The parameterisation is calibrated with convection-permitting runs and applied to 
convection-parameterised runs, and successfully produces the extensive area of dust-generating winds from cold 
pool outflows over the Sahara. Location and timing of dust-generating winds are only weakly sensitive to the 
parameters of the conceptual model. Biases are related directly to biases caused by the convection scheme (e.g. 
geographical distribution, diurnal cycle). Overall, the results demonstrate that a simple parameterisation corrects 
a major and long-standing limitation in dust models and arguably one of the largest sources of error in dust 
forecasting. In PACODOM, the parameterisation of [6] will be integrated into two world-leading state-of-the-art 
operational forecast models used to predict dust concentrations and standard weather parameters, i.e. those 
operated by BSC and ECMWF. Something like this has never been attempted before and the resulting model 
will have unique capabilities. As the forecast products generated by BSC and ECMWF are used by a wide range 
of commercial and non-commercial users in Europe and beyond, the potential economic and societal benefits are 
enormous. Haboobs have been observed over all major dust source areas worldwide [8] and the produced dust 
can be transported over long distances, such that forecast improvements can be expected to go well beyond 
Africa and the Middle East. Moreover, since dust affects the atmosphere through radiation and other processes, 
improvements of global weather and climate prediction can also be expected.  
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Section 2 – Expected Impact  

a. Economic and/or societal benefits 
PACODOM will significantly improve the skills of forecasts at two of the world’s leading providers of global 
and regional dust and weather information [2,9]. At ECMWF, the EU-funded “Global and regional Earth-system 
(Atmosphere) Monitoring using Satellite and in-situ data” (GEMS) and “Monitoring Atmospheric Composition 
and Climate” (MACC) projects were the first European attempts at establishing an integrated analysis and 
forecasting system for atmospheric composition and paved the way for the current “Copernicus Atmospheric 
Monitoring Service” (CAMS). The CAMS system includes sophisticated online chemistry and aerosol schemes 
including dust and utilizes satellite data for optimal initialization with a 4D-Var assimilation system. The global 
modelling system is also used to provide the boundary conditions for an ensemble of regional models that 
produce 4-day forecasts of air quality for Europe. The BSC develops and provides operational regional and 
global dust forecasts with the NMMB/BSC-CTM, a multi-scale atmospheric chemistry and weather prediction 
system (see e.g. Fig. 2). In addition, the BSC hosts (together with the Spanish Weather Service, AEMET) the 
World Meteorological Organization (WMO) Sand and Dust Storm Warning Advisory and Assessment System 
(SDS-WAS) Regional Center for Northern Africa, Middle East and Europe (NA-ME-E, http://sds-was.aemet.es), 
which coordinates research and operational communities to enhance the ability of countries to deliver timely and 
quality SDS forecasts, observations, information and knowledge to users. The SDS-WAS was established in 
2007 as a federation of partners in response to the intention of 40 WMO member countries to improve 
capabilities for more reliable SDS forecasts that contribute to risk reduction in many areas and benefit society. In 
addition to NA-ME-E, there is an Asian Node (hosted by China). More than 15 organizations currently provide 
daily dust forecasts in different geographic regions. Both the NMMB/BSC-CTM and CAMS systems contribute 
to multi-model ensemble dust prediction for the WMO SDS-WAS and the International Cooperative for Aerosol 
Prediction (http://icap.atmos.und.edu). Europe is therefore in a unique position to provide services related to dust 
prediction thanks to national and European initiatives and international collaboration.  

  
However, despite the enormous recent efforts and substantial progress, models like those run by the BSC and 
ECMWF still struggle to reliably reproduce many aspects of the dust cycle, particularly convective dust storms 
as demonstrated in Desert Storms and illustrated by the example shown in Fig. 2 and the Syrian/Iraqi case 
mentioned above. Similarly, the Tehran case of June 2015 was the subject of a coordinated modelling effort by 
the contributors to the NA-ME-E mode: no operational model was able to capture the magnitude and exact 
location of the event. Models tend to have better skills at synoptic scales due to resolution and parameterizations. 
However, for the Tehran haboob not even a high resolution run of the ECMWF model at 16km resolution was 
able to provide a skillful synopsis of the event. This study shows the need for further improvements of dust 
forecasting at the mesoscales, when dust storms are the strongest and have the biggest impact on society, 
especially when they happen close to cities. By capturing an emission process missing in global models, the new 
parameterisation should improve the forecast of SDS and the seasonal and geographical distribution of dust in 
source regions, Europe and indeed globally. These improvements will immediately create economic and societal 
benefit in the following areas: 
o Air pollution: SDS frequently cause unhealthful levels of dust particles in (semi-)arid environments but also 

far from sources through long-range transport [10]. According to the World Health Organisation, air 
pollution is now the world's single biggest environmental health risk, linked to ~7M premature deaths a year 
(~1 in 8 in 2012). Saharan dust contributes significantly to PM10 exceedances in southern Europe [11,12] 
and sometimes even as far as the UK [13]. Through EU regulations these have substantial financial 

FIG. 2: Left: Satellite-based 
estimate of aerosol optical depth 
(AOD) over the Sahara at 09 
UTC 29 June 2012 showing 
remnants of a haboob over 
Algeria, Niger and Chad. Right: 
9-hour forecast of clear-sky dust 
optical depth by the 
NMMB/BSC-Dust system for the 
same time. 
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implications for the countries affected. Dust has also been associated to Meningitis outbreaks [14] that, in 
some West African countries, are responsible for more infant deaths than malaria [15]. 

o Severe weather: Intense dust storms with high winds and low visibility are a natural hazard and dust 
forecasts are being increasingly used to issue warnings. Europe has many interests and infrastructure in dust 
regions (e.g. oil and gas, civil aviation, military and increasingly solar power).   

o Agriculture: SDS cause loss of crop and livestock. Sandblasting results loss of plant tissue, which reduces 
photosynthetic activity and therefore growth, reproduction and development of grain, fibre or fruit [16]. 
Improved SDS forecasts could help mitigation and adaptation actions to be taken in advance, including 
harvesting of maturing crops, sheltering livestock and changing the time of planting. 

o Photovoltaic energy production: Dust reduces the output of solar panels, especially systems relying on 
direct solar radiation [17]. The solar energy industry requires insolation forecasts to help predict optimal 
hours of operations and contributions to the power grid. Respective products from the ECMWF have over 
400,000 users, mostly commercial companies. The massive increase in solar-generated power expected in 
the dust-rich Middle East/North Africa region will increase the need for such information massively, 
providing an economic opportunity for information providers.    

o Weather prediction: Incorporating radiative effects of dust in models can improve weather forecasts in 
directly affected and remote regions [18–22]. Therefore better dust forecasts can be expected to create 
measurable improvements in weather variables such as temperature, wind and precipitation.  

o Climate projections: Dust affects climate through radiation, cloud impacts and by coupling with the carbon 
cycle. Particularly monsoon systems, on which millions rely for their annual rains, are sensitive to changes 
in dust. As stressed by the IPCC, however, dust projections and their impacts remain highly uncertain [23]. 
Operational centres are increasingly using ’seamless’ model frameworks with weather forecast evaluation 
feeding into climate model assessment [24]. A new parameterisation automatically becomes part of the 
standard scientific configuration for the next model upgrades. For example, the CAMS systems feeds into 
the ECMWF’s Numerical Weather Prediction forecast at all scales (medium-range, monthly and seasonal).  

Therefore given the wide usage of operational products generated by BSC and ECMWF, a sizeable benefit in 
diverse areas of the public and private sectors across Europe and beyond is highly likely. 

b. Commercialisation process and/or any other exploitation process  
This project will not develop a product that can be commercialised. Instead it is planned to exploit research 
results through implementation of a new parameterisation into state-of-the-art operational weather and air quality 
forecasting systems. This is only possible in close collaboration with operational weather and dust services.  

c. Proposed plans  
Competitive analysis. The scheme by [6] is a completely new approach not yet realised in operational weather 
forecasting. The only similar approaches currently existing are basic gust parameterisations for moist 
convection, which do not take into account the specific behaviour of cold pools (e.g. [25] used in NASA’s 
climate model), and one highly complex parameterisation of propagating, sub-grid cold pools that is fully 
coupled with the parameterisation of sub-grid convection [26], as currently employed in the French climate 
model LMDZ but not used for aerosol or weather forecasting. The large complexity of the scheme and the 
intimate coupling with other schemes makes this approach very hard to port to other models. 
Testing, technical reports. As detailed in section 3, there will be ample testing of the new parameterisation at 
various stages of the work plan. If the parameterisation becomes part of the operational system, the details of the 
implementation will be documented in technical reports by BSC and ECMWF. This will help propagating the 
technology to other operational centres, e.g. those involved in SDS-WAS. 
IPR position and strategy. The parameterisation by [6] is published and can freely be used. Once implemented 
into operational models, the concrete realisation of the parameterisation will become part of that model and fall 
under the pertinent legal regulations. Typically, model code and output are available for non-commercial 
research purposes and to partner organisations (see e.g. http://www.ecmwf.int/en/terms-use). 
Industry/sector contacts. In this project academic researchers will interact with operational forecast centres. A 
wide range of public and private sector users will be affected through the direct or indirect use of operational 
forecast products (see section 2a). Furthermore, if PACODOM can demonstrate the value of its approach, it will 
become sufficiently low-risk for private companies (e.g. Fugro-GEOS) or public-private consortia (e.g. DNIcast, 
www.dnicast-project.net) producing dust or solar energy forecasts to consider implementation.  
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Section 3: The proof of concept plan 

a. Plan of the activities 
The aim of PACODOM is to lead to a measurable improvement of forecast skill in operational global prediction 
models. The main target is hazardous convective dust storms, but improvement is expected to reach beyond dust 
variables (through couplings with radiation), beyond Africa (through teleconnection and long-range transport) 
and beyond weather timescales (i.e. climate response to aerosol radiative forcing). The main planned activities in 
chronological order are (timings in Fig. 3):  
o Meeting 1 (M1): Kick-off meeting at BSC in Barcelona with all team members; introduction of postdocs to 

senior researchers; discussion of technical and scientific details of the work plan and overall project.  
o Task 1 (T1): Implementation of the parameterisation code in test versions of the current operational systems 

at ECMWF and BSC, including the coupling between the cold pool parameterisation and the dust scheme; 
initial tests of the performance relative to the original system using the most advanced forecast verification 
methods (i.e. computing skill scores comparing forecasts with available satellite and in-situ observations) 
established at the two centres and the WMO SDS-WAS Regional Centre.  

o Task 2 (T2): Separate calibration of the parameterisation for BSC and ECMWF models using the approach 
and high-resolution COSMOS model data as employed by [7]; comparison between the two systems. 

o Meeting 2 (M2): Midterm meeting at KIT in Karlsruhe with all team members; discussion of achievements, 
surprises and problems; potentially decision about application of contingency options (see below). 

o Task 3 (T3): Sensitivity tests with respect to the treatment of soil moisture generated by convective 
precipitation in the dust emission process (disregarded in [6,7]); possibly re-tuning using same data as in T2. 

o Task 4 (T4): Generation of hindcasts for a longer period in a pre-operational mode; evaluation of hindcasts, 
again using the same forecast verification methods as in T1 to test effects on forecasts worldwide. 

o Meeting 3 (M3): Concluding meeting at UoL in Leeds; discussions of project results and possible follow-up 
activities, e.g. as part of SDS-WAS; writing of final report and technical documentations. 

Tasks 1–4 will be largely executed in parallel with the BSC and ECMWF modelling systems. Direct exchanges 
between the postdocs and discussions at the project meetings will ensure model intercomparison and consistency 
of implementation, although different choices may be made due to the differences between the two models. The 
use of two models will allow us to evaluate the impact of the parent model on the success of the parametrisation.   

Activity  /  Month 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 
T1: Implementation                    
T2: Calibration                   
T3: Soil Moisture                   
T4: Pre-operational 
mode 

                  

Project meetings M1        M2         M3 
FIG. 3: Gantt chart indicating planned timings of the activities in PACODOM. 
The risk of failure for the PACODOM project are very small because: 
- The project builds on pre-existing knowledge from [6,7] that will be integrated into operational systems. 
- Data necessary for tuning the operational implementations already exist (1-year COSMO simulation [7])  
- Consortium has strong expertise in all relevant areas (atmospheric dynamics, modelling, data assimilation, 

forecasting, validation, interactions with users). All members are recognised at the international level. 
A number of risks have been identified for which specific responses can be prepared to avoid negative impacts: 
- Senior researcher leaving the project. This risk is very small as all involved PIs are well-established scientists 

with long-term positions. Since all partners are strongly committed to the project, there will be a clear 
motivation for the respective institute to nominate a suitable colleague to take over the vacated position.  

- Postdoc leaving the project. This risk is very small, as we are seeking to find experienced people to be shared 
with other projects (50% posts), who have a longer-term perspective at UoL and BSC. If such a case occurs, 
we will distribute the work to other existing postdocs in these institutions with similar experience. 

- A critical task is delayed or of unsatisfactory result. Risk is very small, because any problem will be 
discussed in regular telecons or meetings and the project relies to a large extent on pre-existing knowledge. 

- Consortium not agreeing on an issue. There is a clear plan of actions and common goal to improve forecasts.  
Generally, the PIs will identify risks at the earliest possible stage and suggest efficient countermeasures. 
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b. Project-management plan 
PI Knippertz will have the overall responsibility of the project coordination (see Fig. 4), ensuring execution of 
tasks in an efficient and timely manner. Lead beneficiary KIT will be responsible for the financial and scientific 
reporting to the EU. Technical work and other day-to-day tasks related to the two operational models will be 
executed by two postdocs supervised by Carlos Pérez García-Pando at BSC and John Marsham at UoL. 
Marsham will coordinate interaction with others at UoL working on the CAMS system (e.g. Graham Mann, see 
section 4). Pérez García-Pando and Benedetti will serve as main points of contact at BSC and ECMWF, 
respectively, and make sure access to all necessary resources is provided. Benedetti will organize the UoL 
postdoc’s visits to ECMWF and introduce her/him to the CAMS system and relevant individuals at ECMWF. 
Direct exchanges between the postdocs will ensure model intercomparison and consistency of implementation. 
Effective communication between all team members will be achieved through e-mail and bi-monthly telephone- 
or videoconferences, where problems or delays in the technical work and scientific interpretation of results will 
be discussed. Three project meetings (section 3a) will provide a forum for more extensive and detailed 
discussions on all relevant project matters. 

 
 
c. Description of the team 
Prof Dr Peter Knippertz (PI), Professor of Meteorology at KIT, initiated, conceived and successfully led ERC 
Desert Storms from 2010–2015. He is an internationally renowned expert on the dynamics of dust storms and 
lead editor of a comprehensive book on Mineral Dust. He (co-)authored 93 journal articles, 45 of which address 
dust-related topics (h-index 27, Web of Science). He has led several national and international projects and 
currently coordinates the EU consortium DACCIWA (www.dacciwa.eu). Knippertz has (co-)convened a session 
on dust at the European Geosciences Union Annual Assembly for 9 years. The main developer of the new 
parameterisation, Dr Florian Pantillon, recently moved to a 4-year position at KIT. He is keen to support 
PACODOM through advice on technical and scientific detail and participation in project meetings.  
Dr John H. Marsham, Associate Professor at UoL, has been involved in Desert Storms from the proposal stage 
and took over the UoL component in 2013. He is an expert in atmospheric dust (21 papers, 433 citations), 
tropical meteorology and convection (h-index 16, Web of Science). He was awarded the RMetS's L F 
Richardson prize and the EMS's Young Scientist Award for his outstanding publications. He has been PI or Co-I 
of several projects on dust, African meteorology and forecasting (Fennec, IFADS, SWAMMA, Future Climate 
for Africa). Dr Graham Mann will support activities at UoL through his expertise with the CAMS model. 
Dr Angela Benedetti, Senior Scientist at ECMWF, has over a decade of expertise in aerosol assimilation. She 
has been involved in the GEMS and MACC projects from the outset, and she still closely works with the CAMS 
team. She collaborates with several international scientists on aerosol prediction issues and has recently 
coordinated a chapter on dust numerical prediction [2]. Benedetti has co-authored numerous publications in 
aerosol science and serves in various international panels (WMO SDS-WAS, WMO Global Atmosphere Watch 
(GAW) Science Advisory Group on Aerosols, Aeolus-ADM Mission Advisory Group). 
Dr Carlos Pérez García-Pando, currently Associate Research Scientist at the NASA Goddard Institute for 
Space Studies and Columbia University, will return to BSC in September 2016 as Group Leader of the 
Atmospheric Composition group. Thanks to the international recognition of his contributions to basic, applied 
and cross-disciplinary aspects of SDS, he was awarded with an AXA Research Fund Chair in October 2015. He 
is the main developer of the aerosol component of the NMMB/BSC-CTM model and played a key role in 
establishing WMO SDS-WAS and the Regional Center in Barcelona. He has 46 peer-reviewed papers (h-Index: 
24, 2370 citations, Google Scholar), 20 chapters in books, proceedings and reports and 26 invited presentation. 
He has participated in 27 international and national projects (in 6 of them as PD, PI or co-PI). 

Overall	Project	
Coordina1on	

	
			Knippertz	 Coordina1on	NMMB/

BSC-CTM	Model	
											
		Pérez	García-Pando		

Coordina1on	
CAMS	Model	

	
Marsham	

Postdoctoral	
Work	

	
T.B.D.	

Technical	
Advice	

	
Benede>	

Model	Intercomparison	

Postdoctoral	
Work	
	

								T.B.D	

FIG. 4: Schematic depiction of 
the implementation of 
PACODOM showing the roles 
of the six involved scientists 
together with the main 
communication pathways. 
Green / turquoise colours 
indicate the two modelling 
systems. 
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Section 4: The budget  
 
a. Resources (incl. project costs)  
 

Cost Category Total in Euro  

Direct 
Costs 

Personnel 

PI 7,100 
Senior Staff 8,819 
Postdocs 86,413 
Students 0  
Other  0  

i. Total Direct costs for Personnel (in Euro) 102,332 
Travel  14,900  
Equipment 0 

Other goods 
and services 

Consumables 0 
Publications (including Open Access fees), etc. 0 
Other (please specify) 2000  

ii. Total Other Direct Costs (in Euro) 16,900 
A – Total Direct Costs (i + ii) (in Euro) 119,232 
B – Indirect Costs (overheads) 25% of Direct Costs (in Euro) 29,808 
C1 – Subcontracting Costs (no overheads) (in Euro) 0 
C2 – Other Direct Costs with no overheads (in Euro) 0 
Total Estimated Eligible Costs (A + B + C) (in Euro) 149,040 
Total Requested EU Contribution (in Euro) 149,040 
 

b. Justification (description of the budget)  
 
Personnel 
The main resource needed in this project is postdoc hours to do the implementation, testing and tuning of the 
parameterisation with the operational forecasting systems. The project is tentatively planned to start on 01 
December 2016 and to run for 18 months with both postdocs working 50% of their time on the project.  

The first postdoc position is requested for the BSC (35,000€) under the supervision of Carlos Pérez García-
Pando. We will seek a person with experience and knowledge of the operational system at BSC, including the 
dust component, who will be able to execute the work in an efficient and competent way.  

The second postdoc position is requested for the University of Leeds (51,413€) under the supervision of John 
Marsham and will concentrate on the work with the CAMS model through a remote log-on to the ECMWF 
system. Working at the university guarantees close contact with related research in projects building on Desert 
Storms and an integration of the researcher in an academic environment. At the same time there is long-standing 
experience at UoL in working with the ECMWF model remotely (particularly in the group led by Ken Carslaw 
and involving Graham Mann), such that direct exchange with other more experienced staff is possible, 
particularly if technical problems arise. Three one-week long stays of the Leeds postdoc at the ECMWF in 
Reading are planned to directly work with involved ECMWF scientists and operational experts.  

2% of the salary of Co-PI Marsham (3,039€), 3% of the salary of Perez García-Pando (4,410€) and 5% of the 
salary of project leader Knippertz (7,100€) are requested to cover the time they will dedicate to the supervision 
and management of the project. At UoL, Dr Graham Mann has long-standing expertise with technical 
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development work using the ECMWF CAMS model. 1% of his salary (1,370€) is requested to facilitate the UoL 
Postdoc’s work with this system.   

 
Other direct costs 
As explained in section 3, three one-day project meetings are planned (beginning, middle and end of project 
period). These will take place in Barcelona, Karlsruhe and Leeds. In total this will require 1 trip within the UK 
(300€) and 13 international trips for about 800€ each (including a trip of Florian Pantillon to the kick-off 
meeting in Barcelona), totalling 10,700€. In addition, funds are requested for each postdoc to attend one 
international conference or workshop, totalling 2,400€. Travel funds are also needed for three one-week long 
stays of the Leeds postdoc at ECMWF (1,800€ in total). Therefore a total travel budget of 14,900€ is requested. 

Towards the end of the project, the results of the implementation of the scheme in the two operational models as 
well as some evaluation results showing the expected added value will be published in technical reports that 
should enable other centres to use this approach in their own models. The results will also be advertised through 
information channels established by the SDS-WAS. 1500€ are requested to cover expenses related to these 
outreach activities (e.g. costs of publishing technical reports, travel to WMO meetings). 

Technical support, computer hardware and computing time, as well as data storage, are in kind contributions 
from BSC and ECMWF. At UoL 500€ are requested for data storage, particularly the large COSMO model 
dataset used for the calibration of the parameterisation in the CAMS model. 

No equipment or consumables are requested for this project. 
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ABSTRACT

Cold pool outflows, generated by downdrafts frommoist convection, can generate strong winds and therefore

uplift of mineral dust. These so-called haboob convective dust storms occur over all major dust source areas

worldwide and contribute substantially to emissions in northern Africa, the world’s largest source. Most large-

scale models lack convective dust storms because they do not resolve moist convection, relying instead on

convection schemes. The authors suggest a parameterization of convective dust storms to account for their

contribution in such large-scale models. The parameterization is based on a simple conceptual model, in which

the downdraft mass flux from the convection scheme spreads out radially in a cylindrical cold pool. The pa-

rameterization is tested with a set ofMet OfficeUnifiedModel runs for June and July 2006 overWest Africa. It

is calibrated with a convection-permitting run and applied to a convection-parameterized run. The parame-

terization successfully produces the extensive area of dust-generating winds from cold pool outflows over the

southern Sahara. However, this area extends farther to the east and dust-generating winds occur earlier in the

day than in the convection-permitting run. These biases are caused by biases in the convection scheme. It is

found that the location and timing of dust-generating winds are weakly sensitive to the parameters of the

conceptual model. The results demonstrate that a simple parameterization has the potential to correct a major

and long-standing limitation in global dust models.

1. Introduction

In a thunderstorm, the melting, evaporation, and sub-

limation of hydrometeors generate downdrafts that

forma spreading cold pool at low levels (Byers 1949). The

cold pool is denser than its environment and therefore

spreads as a density current (e.g., Simpson 1999). The

cold pool plays a dual role in the life cycle of the

thunderstorm: it increases the low-level atmospheric

stability and locally inhibits convection but additionally

lifts the surrounding, warmer air and triggers new con-

vective cells (Byers 1949).

The cold pool outflow creates a front of wind gusts at its

leading edge. Over arid ground, the wind gusts can be

strong enough to lift mineral dust. This process was first

documented in peer-reviewed literature for Karthoum

and described as ‘‘haboob’’ (Sutton 1925). Since then,

haboobs have been reported over all major sources of

mineral dust worldwide [see Knippertz (2014), and ref-

erences therein]. Dust uplift is found in cold pool out-

flows of different space and time scales: mesoscale

convective systems (Houze 2004) can produce long-lived

haboobs (Roberts and Knippertz 2014); small, strong

downdrafts (microbursts; Fujita 1985) can produce
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short-lived haboobs (Miller et al. 2008); even small cold

pools from precipitating congestus can produce dust

uplift (Marsham et al. 2009). As all processes are re-

lated to convection, they are referred to as convective

dust storms.

Convective dust storms of different origins have been

observed over the Sahara during recent field campaigns:

created by orographic convection over the northwestern

Sahara [during the Saharan Mineral Dust Experiment

(SAMUM;Knippertz et al. 2007)]; embedded within the

monsoon flow over the southern Sahara [during the

African Monsoon Multidisciplinary Analysis (AMMA;

Flamant et al. 2007; Bou Karam et al. 2008)] and over

the western Sahara [during the Geostationary Earth

Radiation Budget Intercomparison of Longwave and

Shortwave Radiation (GERBILS; Marsham et al.

2008b)]; and over the central Sahara, from locally gen-

eratedmoist convection, as well as mesoscale convective

systems that propagate from the Sahel [from Fennec

supersite observations (Marsham et al. 2013b; Allen

et al. 2013)]. Observational (Marsham et al. 2008b,

2013b) and modeling studies (Heinold et al. 2013) sug-

gest that convective dust storms contribute a large

fraction of dust emission over the Sahara in summer.

The Sahara is the main source of mineral dust world-

wide, and convective dust storms may contribute to the

local and remote impacts of Saharan dust on health,

oceanic biochemistry, and atmospheric dynamics [see

Knippertz and Todd (2012) for a review of mineral dust

over the Sahara].

Investigating the systematic impact of convective dust

storms is challenging: the ground observation network is

sparse over the Sahara, and convective clouds often hide

dust in satellite observations (Heinold et al. 2013; Kocha

et al. 2013). Furthermore, most operational models lack

convective dust storms (Marsham et al. 2011; Garcia-

Carreras et al. 2013), since they do not explicitly resolve

convection and rely on parameterization schemes. Pa-

rameterization schemes lack microbursts, because they

do not account for subgrid-scale winds. Parameterization

schemes also lack mesoscale convective systems, because

they do not account for grid-scale organization of con-

vection (e.g., Knippertz and Todd 2012). A parameteri-

zation of convective dust storms is needed to account for

their contribution to dust uplift in large-scale models.

Several authors have parameterized wind gusts ac-

cording to convective downdrafts: Nakamura et al.

(1996) assumed conservation of horizontal momentum

in downdrafts to compute peak wind gusts in numerical

weather prediction models; Redelsperger et al. (2000)

defined subgrid gustiness as a function of the downdraft

mass flux to enhance surface fluxes in global circulation

models; Cakmur et al. (2004) scaled a probability

distribution of subgrid wind with the downdraft mass flux

to compute dust uplift in global circulation models.

Building on these previous studies, we suggest a param-

eterization of subgrid winds for dust uplift based on the

downdraft mass flux of a convective parameterization

scheme. Our parameterization aims at remaining simple

in order to be applied online or offline to anymodel with a

mass-flux convection scheme. It contrasts with the in-

tegrated approach of Hourdin et al. (2014), which im-

proves the representation of wind and dust emissions in a

global model—although it does not address the issue of

convective dust storms—but requires a complete modifi-

cation of subgrid parameterization schemes. Our param-

eterization also complements statistical downscaling

methods, which improve dust emissions in global models

but still lack the contribution from convective dust storms,

such as the one by Ridley et al. (2013).

Section 2 describes the configuration of the model

runs used to formulate the parameterization, compares

their representation of cold pools and dust-generating

winds, and details the reference used to calibrate the

parameterization. Section 3 explains and illustrates the

conceptual model of the parameterization and its tun-

ing. Section 4 gives the results of the parameterization

for both the geographical distribution and diurnal cycle.

Finally, section 5 concludes the paper and discusses

perspectives for future work.

2. Model runs

a. Configuration

The parameterization of convective dust storms is

based on a set of model runs with theMet Office Unified

Model. The Unified Model uses a seamless approach,

from weather forecast to climate projection and from

limited area to global domain (Walters et al. 2011). In

the framework of the Cascade project, the model was

run in a limited area configuration over West Africa at

different spatial resolutions, with and without parame-

terizations of moist convection and for different time

periods during the summer 2006. The Cascade project

allowed an investigation of the representation of tropical

convection (Pearson et al. 2010, 2014; Birch et al. 2014a),

its impact on the monsoon (Marsham et al. 2013a; Birch

et al. 2014b), and its impact on dust emission (Marsham

et al. 2011; Heinold et al. 2013).

The present study is mainly based on two runs with 4-

and 12-km grid spacings for the 60-day period from

1 June to 30 July 2006. Diagnostics for convective mass

fluxes, which are essential for the formulation of the

parameterization of convective dust storms, were saved

during this time period only. Additional runs for the
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10-day period from 25 July to 3 August 2006 are also

discussed, because themodel was run at higher resolution

with 1.5-km grid spacing for this time period, in addition

to the 4- and 12-km grid spacings. As convective mass

fluxes were not saved for this 10-day period, the addi-

tional runs cannot be used for the parameterization of

convective dust storms. The relevant characteristics of

the different runs are summarized in Table 1.

The model was run over limited area domains on a ro-

tated cylindrical grid. Figure 1 illustrates the orography,

soil fraction, and surface roughness over the 12-km do-

main. Figure 1a further displays the 4- and 1.5-km do-

mains. Operational analyses from the European Centre

for Medium-Range Weather Forecasts (ECMWF) pro-

vided the initial conditions and lateral boundaries for the

12-km runs (Table 1). The 12-km runs provided the lateral

boundaries conditions for the nested 4-km runs. The 4-km

run for the 10-day period, in turn, provided the lateral

boundaries for the nested 1.5-km run. Terrain-following

hybrid coordinates were used in the vertical, with 70 levels

starting at 2.5m in the 4- and 1.5-km runs andwith 38 levels

starting at 10m in the 12-km run (Table 1). The model

configuration is detailed in Pearson et al. (2010).

The 1.5- and 4-km runs fundamentally differ in their

representation of convection, as compared to the 12-km

run: the convection is permitted to develop explicitly with

1.5- and 4-km grid spacings, while it is parameterized with

12-km grid spacing (Table 1). In the Unified Model, the

parameterization of moist convection is based on a con-

vective available potential energy (CAPE) closure

(Gregory and Rowntree 1990). Following a parcel theory

modified by entrainment and detrainment, an ensemble

of subgrid convective clouds is described by updraft and

downdraft mass fluxes. Updrafts are initiated if a layer is

positively buoyant; ascent occurs until the parcel be-

comes negatively buoyant. In turn, downdrafts are ini-

tiated as a fraction of updrafts if a layer is negatively

buoyant; descent occurs until the parcel becomes posi-

tively buoyant or too close to the surface.

b. Representation of cold pools

Figure 2 compares the representation of cold pools in

the 1.5-, 4-, and 12-km runs on 31 July 2006 (10-day pe-

riod; Table 1). The respective peak of the diurnal cycle of

precipitation is illustrated; it occurs at 1200 UTC in the

12-km run (Fig. 2g), instead of at 1700 UTC in the 1.5-

and 4-km runs (Figs. 2a,d). The parameterization scheme

triggers convection too early in the 12-km run (Marsham

et al. 2013a; Birch et al. 2014b; Pearson et al. 2014), which

is a common and well-documented issue in tropical re-

gions (Yang and Slingo 2001; Dai 2006; Nikulin et al.

2012; Bechtold et al. 2014). Note that the three runs are

not expected to look the same at any particular time

because they are only constrained at the lateral bound-

aries. The panels in Fig. 2 are used for illustration

purposes only.

In both the 1.5- and 4-km runs, convective cells produce

strong precipitation above 10mmh21 (Figs. 2a,d). The

evaporation, melting, and sublimation of hydrometeors

create cold pools at low levels with temperature contrast

above 5K (Figs. 2b,e). The outflow of cold pools produces

strong surface winds above 10ms21 (Figs. 2c,f). Convec-

tive cells produce small, circular cold pools, which grow

and merge into larger, more complex structures. In con-

trast, the convection scheme produces weak precipitation

below 10mmh21 in the 12-km run (Fig. 2g). The evapo-

ration of precipitation is too weak and too widespread to

produce distinct cold pools (Fig. 2h). The 12-km run

therefore lacks high winds resulting from convective cold

pool outflows (Fig. 2i).

This qualitative comparison suggests that the 4- and

1.5-km runs offer a similar representation of convection

and strongly contrast with the 12-km run. Earlier studies

showed that convection in the 1.5- and 4-km runs occurs

with a good timing compared to satellite observations,

while convection occurs too early in the 12-km run

(Marsham et al. 2013a; Birch et al. 2014b; Pearson et al.

2014). Furthermore, the development and growth of con-

vective organization is weakly sensitive to the resolution

between the 1.5- and 4-km runs (Pearson et al. 2014).

Weisman et al. (1997) also found that the structure and

evolution of mesoscale convective systems varied little

between runs with 4- and 1-km grid spacing, although

convection was slightly delayed with the coarser grid

spacing. In contrast with the 1.5- and 4-km runs, the 12-km

run lacks organized convection (Birch et al. 2014a; Pearson

et al. 2014) and cold pools (Marsham et al. 2011, 2013a;

Heinold et al. 2013).

TABLE 1. Relevant characteristics of the model runs discussed in the text.

Period (days) Dates Grid spacing (km) Vertical levels Lateral boundaries Convection Mass-flux diagnostics

10 25 Jul–3 Aug 1.5 70 4-km run Explicit

10 25 Jul–3 Aug 4 70 12-km run Explicit

10 25 Jul–3 Aug 12 38 ECMWF analyses Parameterized Not available

60 1 Jun–30 Jul 4 70 12-km run Explicit

60 1 Jun–30 Jul 12 38 ECMWF analyses Parameterized Available
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A quantitative comparison is given by the frequency

of surface wind speed over the Sahara in the runs during

the 10-day period (Fig. 3). While the 12-km-run distri-

bution drops near 12ms21, the 4-km run matches the

1.5-km run and captures the tail of distribution up to

20m s21. Convective dust storms contribute most of the

tail of distribution (not shown). This further supports

that the representation of cold pool outflows is similar in

the 4- and 1.5-km runs. Johnson et al. (2014) also show

that the timing and structure of a convective outflow are

successfully represented with a 4-km grid spacing. The

4-km run is then the only available run that explicitly

represents convection and captures the cold pool out-

flows during the 60-day period, for which the convective

mass-flux diagnostics were saved (Table 1). As obser-

vations are sparse over the Sahara, the 4-km run is used

as a reference for the parameterization of convective

dust storms. It provides robust statistics with a large

number (many hundreds) of convective dust storms that

develop during the 60-day period.

c. Dust uplift potential

Dust uplift occurs when the friction velocity reaches a

threshold that depends on soil properties, such as miner-

alogy, roughness elements, andmoisture (Marticorena and

Bergametti 1995; Shao and Lu 2000). The friction velocity

was not saved in the runs.We therefore estimate dust uplift

from the 10-m wind speed, which largely controls the

friction velocity. Several authors have directly computed

the friction velocity from the 10-m wind speed (e.g.,

Cakmur et al. 2004; Miller et al. 2008; Ridley et al. 2013;

Fiedler et al. 2013). Here we followMarsham et al. (2011)

and compute the dust uplift potential (DUP):

DUP5 nU3
10

�
11

Ut

U10

� 
12

U2
t

U2
10

!
, (1)

with n the fraction of bare soil,U10 the 10-m wind speed,

and Ut 5 7ms21 a fixed threshold for dust uplift. DUP

isolates the atmospheric control from the soil control on

dust uplift and thus can easily be computed offline

without a full model for dust emission. Heinold et al.

(2013) showed that DUP is largely consistent with both

the diurnal cycle and the geographical distribution of

dust emission fluxes from such a full model. Marsham

et al. (2013b) further showed that DUP correlates with

observed dust over the central Sahara.

The geographical distribution of DUP exhibits similar

patterns in the 4- and 12-km runs (Fig. 4). Highest DUP is

found over the Saharan heat-low region from eastern

Mauritania to northern Mali (188–228N, 128–28W) and

over the BodéléDepression in northern Chad (168–208N,

158–208E).HighDUP is found over southwesternAlgeria

FIG. 1. (a)Orography, (b) soil fraction, and (c) surface roughness in

the 12-km run. The thick and thin boxes in (a) show the nested 4- and

1.5-km domains, respectively.
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FIG. 2. Example of convection on 31 Jul 2006 in the (a)–(c) 1.5-, (d)–(f) 4-, and (g)–(i) 12-km runs: (a),(d),(g) instantaneous precipitation

rate (mmh21); (b),(e),(h) 950-hPa temperature (K); and (c),(f),(i) 10-m wind speed (m s21).
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(248–278N, 58W–08), where it is related to the flow around

the Hoggar Mountains (Birch et al. 2012) and over

northeastern Niger (208–248N, 108–188E). High DUP is

also found along the coast of Mauritania and Western

Sahara, where the Atlantic inflow produces strong winds

during the afternoon and evening (Grams et al. 2010).

Apart from the Atlantic coast, the areas of high DUP

coincide with the areas of highest fraction of bare soil

(Fig. 1b). However, the pattern of bare soil does not

directly impact the pattern of DUP: omitting n in Eq. (1)

produces a similar pattern of DUP (not shown). Instead,

the low roughness length over bare soil (Fig. 1c) allows

for strong winds that result in high DUP (Fig. 4). The

sharp border in DUP along the Sahel (near 168N in

Fig. 4) matches the strong gradient in roughness length

(Fig. 1c). The roughness length increases over mountain

ranges, because it accounts for subgrid orography

(Fig. 1a). High roughness length prevents strong winds

and DUP over the Tibesti (198–248N, 168–208E) and

Hoggar (228–278N, 38–138E) mountain ranges (Fig. 4).

Figure 5 displays the diurnal cycle of DUP over the

Sahara. A strong peak occurs in the morning and is at-

tributed to the breakdown of the nocturnal low-level jet

(Knippertz 2008; Fiedler et al. 2013). The 12-km run

underestimates the amplitude of the peak compared to

the 4-km run (Fig. 5). In contrast, the 12-km run over-

estimated the amplitude of the peak during the 10-day

period, because of a deeper Saharan heat low and,

thus, a stronger pressure gradient compared to the 4-km

run (Marsham et al. 2013a; Heinold et al. 2013). Here,

the 12-km run exhibits a shallower Saharan heat low

than the 4-km run (contours in Fig. 4). This demon-

strates how sensitive the monsoon circulation is to the

time period and representation of convection in a given

model (Marsham et al. 2013a). The weaker pressure

gradient in the 12-km run results in weaker nocturnal

low-level jets and therefore weaker DUP in themorning

compared to the 4-km run (Fig. 5). Heinold et al. (2013)

showed that low-level jets can form in aged cold pools

such that some of the differences between the two runs

may indirectly be related to the lack of organized con-

vection in the 12-km run.

A second, weaker peak in DUP occurs in the after-

noon, in both 4- and 12-km runs (Fig. 5). This peak is

attributed to dry convection in the boundary layer,

which reaches its peak in the afternoon and which was

observed to enhance dust uplift (Chaboureau et al. 2007;

Marsham et al. 2008a). DUP then remains high in the

evening in the 4-km run, while it drops in the 12-km run.

The weaker DUP in the 12-km run was attributed to the

lack of convective dust storms in the evening during the

10-day period (Marsham et al. 2011; Heinold et al. 2013).

The contribution of convective dust storms to DUP in

the 4-km run is discussed below.

d. Identification of convective dust storms

Convective dust storms need to be identified in the

4-km run, which is used as a reference to calibrate the pa-

rameterization. Following Heinold et al. (2013), surface

winds are attributed to convective dust storms if they

occur within 40km of a grid point of rapid cooling and

strong vertical velocities. These conditions are met at the

leading edge of cold pool outflows (see example of cold

pool outflow in section 3a). Additional conditions in po-

tential temperature and wind divergence suggested by

Heinold et al. (2013) were found redundant here with the

conditions in cooling and vertical velocity, respectively.

A visual inspection of several cold pool outflows in the

4-km run delivered thresholds _Tt 521Kh21 for tem-

perature tendency and jwjt 5 0.5m s21 for vertical ve-

locity of updrafts and downdrafts. The 1-h temperature

tendency is computed on the 133-m model level and

defined as the anomaly with respect to the 5-day average

of the diurnal cycle, while the vertical velocity is taken

on the 1605-m model level. The choice of 1-h tendency

and 5-day average was constrained by the organization

of model data, while the choice of model levels was

driven by the strongest signature of cold pools in tem-

perature tendency and vertical velocity.

The thresholds are close to thosedefinedbyHeinold et al.

(2013). Figure 6 shows the diurnal cycle of identified con-

vective dust storms using a range of _Tt and jwjt. Regardless

FIG. 3. Probability density function of the 10-mwind speed in the

1.5- (black curve), 4- (blue curve), and 12-km runs (red curve). The

wind speed is taken from 25 Jul to 3 Aug 2006 over the area in-

dicated by the boxes in Fig. 4.
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of thresholds, DUP from convective dust storms quickly

increases from 1300 UTC to reach its peak at 1800 UTC,

consistent with the peak rain at this time (Marsham et al.

2013a; Birch et al. 2014b; Pearson et al. 2014). This con-

tributes to the overall DUP peak in the afternoon (blue

curve in Fig. 5). DUP from convective dust storms then

declines until 0600 UTC (Fig. 6), when rainfall is low and

the strong surface stable layer inhibits cold poolmomentum

fromreaching the surface.Aweakpeakoccurs at 0900UTC

during the breakdown of the nocturnal low-level jet

(Fig. 5). This is consistent with cold pool momentum being

mixed down to the surface as dry convection erodes the

stable layer (Heinold et al. 2013).

Heinold et al. (2013) found low sensitivity to the exact

thresholds used. Here, multiplying _Tt or jwjt by a factor of

2 increases DUP by 33% and 24%, respectively (red

curves in Fig. 6). Dividing _Tt or jwjt by a factor of 2 de-

creases DUP by 42% and 20%, respectively (blue curves

in Fig. 6). These results suggest that the uncertainty in the

contribution of convective dust storms is on the order of

30%. The uncertainty accounts both for spurious rejection

of cold pool outflows and for spurious identification of

other processes. While isolated cold pools are distinct,

however, their identification is ambiguous when they are

embedded in the monsoon flow or evolve into nocturnal

low-level jets (Heinold et al. 2013).

3. Conceptual model

To address the problem of lacking cold pool dust

emission in models with parameterized convection, we

FIG. 4. Dust uplift potential from themodel wind (shading;m3 s23) and 925-hPa geopotential

height (contours below 790m; interval of 5 gpm) averaged from 1 Jun to 30 Jul 2006 in the (a) 4-

and (b) 12-km runs. The geopotential height is omitted where it lies below the model orog-

raphy. The displayed area is the northern part of the 4-km domain (Fig. 1). The dust uplift

potential is defined in section 2c. The boxes show the area used to compute the probability

density function in Fig. 3 and the diurnal cycles in Figs. 5 and 6.
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now present the conceptual model on the basis of which

our parameterization of convective dust storms is built.

Section 3a presents the general formulation, while sec-

tion 3b shows an illustrative example, which is used to

tune the parameterization in section 3c.

a. Formulation

The parameterization is based on the conceptual

model of convective dust storms that is illustrated in

Fig. 7: the downdraft mass fluxMdd (kg s
21) spreads out

radially in a cylindrical cold pool of radius R and height

h. To ensure conservation of mass, the propagation

speed of the cold pool must be

C5
Mdd

2pRhr
, (2)

with r the average density of the cold pool. The con-

ceptual model matches a developing cold pool in the

4-km run: a strong convective downdraft (Figs. 8b,d)

spreads out radially in a cylindrical cold pool and creates

strong winds at its leading edge (Figs. 8a,c).

When a cold pool propagates as a density current, its

radius increases and its propagation speed decreases.1 In

contrast, convective parameterizations assume the quasi

equilibriumof subgrid boundary layer processes (Bechtold

et al. 2014). A parameterization of propagating subgrid

cold pools therefore requires the complete coupling with

the parameterization of subgrid convection (Grandpeix

and Lafore 2010). Such a coupling is beyond the scope of

ourwork.We rather base our parameterization on a single,

static cold pool of representative size (with sensitivity to

assumptions of size tested in section 3c). The conceptual

model is therefore independent of the model time step if

applied online or of the temporal sampling of model out-

put if applied offline.

Surface friction lifts the leading edge of a density cur-

rent, which forms a ‘‘nose’’ (Simpson 1999). The deve-

loping cold pool in the 4-km run exhibits such a nose, with

its strongest wind at height zmax ’ 100m (Fig. 8c). Below

zmax, turbulence mixes the surface layer. We assume the

surface layer has constant potential temperature (i.e.,

neutral stability) and that below zmax the radial wind

speed follows a logarithmic profile:

Ur(z)5
u*

k
ln(zmax/z0) , (3)

with z the height above ground, u* the friction velocity,

k5 0:41 the von Kármán constant, and z0 the roughness

length. Above zmax, the radial wind speed decreases with

height (Fig. 8c). While the internal flow of the cold pool

is directed forward at low levels, it is directed backward

closer to the top levels (Simpson 1999). For simplicity,

we assume the radial wind speed decreases linearly with

height above zmax and vanishes at height h. The thin

black arrows illustrate the vertical profile of the radial

wind in Fig. 7.

Combining the logarithmic profile below zmax and the

linear profile above, the maximum radial wind speed at

the leading edge must satisfy

Ur(zmax)5aC (4)

at zmax, with

a5 h

"
zmax

ln(zmax/z0)2 1

ln(zmax/z0)
1

1

2
(h2 zmax)

#21

(5)

to ensure conservation of mass. With typical values

zmax 5 100m and z0 5 1023m, a increases from a’ 1:1

for h5 zmax to a5 2 for h � zmax; a height h5 240m

delivers the value a5 1:5 that was observed in thun-

derstorm outflows (Goff 1976).

Within the cold pool, we assume Mdd to be homoge-

neous. To ensure conservation of mass, the radial wind

speed must read

FIG. 5. Diurnal cycle of dust uplift potential from themodel wind

in the 4- (blue curve) and 12-km runs (red curve). The dust uplift

potential is averaged from 1 Jun to 30 Jul 2006 over the area dis-

played in Fig. 4.

1 The theoretical propagation speed of a cold pool follows

C}R21/3 } t21/4 if the downdraft mass flux is sustained (Parker

1996) and C}R21 } t21/2 if the downdraft mass flux is stopped at

some point (Simpson 1999).
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Ur(r)5
r

R
Ur(R) , (6)

with r the distance from the center of the cold pool (thin

black arrows in Fig. 7). Based on observations of strong

downdrafts, Holmes and Oliver (2000) also used Eq. (6)

to describe the wind speed for r,R. In addition, they

suggested an empirical model of the form

Ur(r)5 e2[(r2R)/R
0
]2Ur(R) (7)

for r.R, with R0 ’ 0:5R a radial length scale. We apply

this empirical model to account for the smooth decrease

in wind speed beyond the leading edge of the cold pool

(Figs. 8a,c).

The developing cold pool in the 4-km run exhibits

asymmetric wind speeds (Figs. 8a,c), because the

downdraft transports horizontal momentum from

higher levels (Figs. 8b,d). Following Parker (1996), we

write the steering speed of the cold pool:

Cst5 0:65Uenv , (8)

where Uenv is the environmental steering wind. The

relevant layer forUenv is where the downdraft originates

from and not where it spreads out (Fig. 7). We assume

that the steering wind within the cold pool (gray arrows)

follows the vertical profile of the radial wind (black ar-

rows). The maximum steering wind therefore reads

Ust(zmax)5aCst (9)

at zmax, with a given by Eq. (5).

Following Holmes and Oliver (2000), the total wind

is obtained from the vector addition of radial and

steering wind:

Utot(r)5
r

R
Ur(r)1Ust . (10)

The conceptual model does not explicitly account for

the vertical wind shear. The wind shear sustains cold

pools in organized convective systems (Rotunno et al.

1988) but does not impact the propagation of a cold pool

as a density current (Parker 1996).

b. Illustration

Equations (2)–(10) describe the conceptual model. In

the following,we apply them to the developing cold pool in

the 4-km run (Fig. 8). The downdraft mass flux is com-

puted from the vertical velocity wdd of downdrafts as

Mdd5

ð
A
rwdd dA , (11)

with A the area of the cold pool. The downdraft mass flux

reaches its peak Mdd 5 1:53 109 kg s21 on the 1605-m

model level (Fig. 8b). The average environmental wind

within the cold pool reaches Uenv 5 4:5m s21 and blows

west-southwestward on the same model level. A visual es-

timate gives parameters R5 20 km, R0 5 0:33R (Fig. 8a),

h5 2 km, and zmax 5 100m (Fig. 8c); additional parameters

are r5 1 kgm23 and z0 5 53 1023 m in the model run.

Given the estimated parameters, the conceptual

model yields C5 6:0m s21 [Eq. (2)], a5 1:9 [Eq. (5)],

FIG. 6. Diurnal cycle of dust uplift potential attributed to convective dust storms in the 4-km run: sensitivity to

thresholds in (a) _Tt and (b) jwjt . The dust uplift potential is averaged from 1 Jun to 30 Jul 2006 over the area

indicated by the boxes in Fig. 4.
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Ur(zmax)511:5m s21 [Eq. (4)], andUst(zmax)55:7m s21

[Eqs. (8) and (9)]. The radial wind at zmax is computed

from Eqs. (6) and (7); then the total wind at zmax is

computed from Eq. (10). Finally, the total wind is ex-

trapolated to z5 10m from Eq. (3). Alternatively, the

friction velocity can be computed from the total wind in

Eq. (3). The total wind is set to vanish at distance

r5R1R0 from the center, to avoid the environmental

wind extending outside of the cold pool.

Figure 9 illustrates the resulting wind field. The con-

ceptual model captures the asymmetric structure of the

cold pool outflow and its magnitude in the 4-km run

(Figs. 8a,c). The exact intensity of surface winds can be

obtained by tuning the parameters carefully. The strong

wind speed along the downdraft at the center of the cold

pool (Figs. 8c,d) is lacking in the conceptual model

(Fig. 9b), but it does not affect the surface wind. New

updrafts and downdrafts at the leading edge of the cold

pool (Figs. 8b,d) are also lacking, as expected, in the

conceptual model, but they play a minor role during the

early development of the cold pool.

The 4-km run exhibits variability in the structure of

cold pool outflows (Fig. 2f). The conceptual model does

not account for finescale processes that impact the de-

velopment of cold pools [e.g., surface inhomogeneities;

Lothon et al. (2011)]. However, the crescent shape of

surface winds (Fig. 9) matches the typical structure of

cold pool outflows in the 4-km run (Fig. 2f). This sug-

gests that the simple assumptions of the conceptual

model (Fig. 7) deliver a realistic, albeit idealized, rep-

resentation of cold pool outflows.

c. Tuning

The downdraft mass flux computed from the vertical

velocity of downdrafts [Eq. (11)] reaches Mdd 5 1:53
109 kg s21 in the developing cold pool of the 4-km run

(Fig. 8). In contrast, the downdraft mass-flux diagnostic

computed in the convective parameterization scheme

barely reaches 1.5 3 107kg s21 over the Sahara in the

12-km run (Fig. 10a). Two reasons explain this difference in

magnitude. First, the radius of parameterized convective

cells in the 12-km run must be on the order of 1 km to

remain of subgrid size, while the radius of the developing

cold pool in the 4-km run reachesR5 20km. Second, the

downdraft mass flux of the convection scheme is typically

too weak, because of the lack of explicit representation of

subgrid variability. In particular, a more intense down-

draft mass flux would overstabilize the lower layers

(B. Shipway 2014, personal communication).Cakmur et al.

(2004) scaled the downdraft mass flux of the convection

scheme with an empirical constant b5 10 to compute

subgrid wind for dust uplift. Following Cakmur et al.

(2004), we scaleMdd with an arbitrary factor f 5 10 in the

conceptual model, unless stated otherwise.

Several parameters control the wind speed in the

conceptual model: R [Eq. (2)], h [Eqs. (2) and (5)], zmax

[Eqs. (3) and (5)], and R0 [Eq. (7)]. We constrain the

geometry of cold pool outflows to reduce the number of

free parameters to one: based on the developing cold

pool in the 4-km run (Fig. 8), we set h/R5 0:1,

zmax 5 100m, and R0/R5 0:33. The parameterization

now depends on R only. Using a different constraint on

the geometry of the cold pool requires a different tuning

of R but weakly impacts the resulting DUP.

The free parameter R is tuned for the average pa-

rameterized DUP to match the average reference DUP

(the calibration area is discussed in section 4). The pa-

rameterized DUP is computed from the parameterized

subgrid wind and averaged over the grid cells in the

12-km run, while the reference DUP is computed from

the model wind attributed to convective dust storms in

the 4-km run. Using a trial-and-error method, the best

match of the parameterized DUP with the reference

DUP is found for R5 2:0 km. The constraint on the

geometry of cold pools gives h5 0:2 km. Parameterized

downdrafts of subgrid scale spread out in cold pools of

subgrid scale as expected. Their radius corresponds to

the typical radius of microbursts (Fujita 1985).

An additional, hidden parameter of the conceptual

model is the height at which Uenv is taken. Figure 10b

illustrates the distribution of Uenv over the Sahara at

different model levels in the 12-km run. The distri-

bution of Uenv is computed where Mdd is positive only

(i.e., where the parameterization will be applied).

Increasing the height between 2210 and 4210m

quickly shifts the distribution to stronger Uenv.

The distribution is more stable below and above this

range of heights (not shown). This shows that the

chosen level strongly impacts the value of Uenv in the

FIG. 7. Schematic of the conceptual model, with Mdd as the

downdraft mass flux; Uenv as the environmental steering wind;

C and Cst as the propagation and steering speeds of the cold pool,

respectively; h and R as the height and radius of the cold pool, re-

spectively; and zmax as the height of maximum wind. Thin black and

gray arrows illustrate the radial and the steering wind within the

cold pool, respectively. See section 3a for a detailed discussion.
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parameterization. However, the chosen level weakly

impacts the surfacewind: a typicalUenv 5 5m s21 (Fig. 10b)

yields Cst 5 3ms21 [Eq. (8)]. In comparison, a typical

Mdd 5 53 106 kg s21 (Fig. 10a) scaled by f 5 10 yieldsC5
20ms21 [Eq. (2)]. The height at which Uenv is taken is

therefore not expected to strongly affect the DUP

overall but may impact DUP locally if high Uenv com-

bines with low Mdd. Here, the 3130-m level was chosen

as a compromise between weaker and stronger envi-

ronmental winds (Fig. 10b).

4. Space and time distribution of convective dust
storms

DUP from convective dust storms is first discussed in

the 4-km run. Identified convective dust storms produce

FIG. 8. Example of a cold pool outflow at 1500UTC 1 Jul 2006 in the 4-km run: (a),(c) wind speed (shading;m s21)

and (b),(d) vertical velocity (shading; m s21), in (a),(b) horizontal and (c),(d) vertical cross sections, showing the

section-parallel wind (vectors above 3m s21 according to the scale) and potential temperature (contours every 1K)

in the cross sections. Horizontal scales are in kilometers, and vertical scales are in meters. The red lines in (a) and

(b) show the trace of (c) and (d), respectively.
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DUP over the southern Sahara mainly (around 188N,

Fig. 11a), where the monsoon flow brings the necessary

moisture to trigger convection. Highest DUP is found

over the Saharan heat low from eastern Mauritania to

northern Mali, as for the total DUP (Fig. 4a). In con-

trast, low DUP is found over the Bodélé Depression

in northern Chad and over southwestern Algeria

(Fig. 11a), consistent with known wind sources that are

not related to cold pools in these regions (Washington

and Todd 2005; Birch et al. 2012). Local concentrations

of DUP are found over southern Algeria and north-

eastern Niger, in the vicinity of mountain ranges

(Fig. 4a), consistent with orographic triggering of moist

convection.

The parameterization of convective dust storms in the

12-km run succeeds at producing high DUP over the

southern Sahara (around 188N, Fig. 11b). The parame-

terized DUP is shifted eastward compared to DUP from

identified convective dust storms in the 4-km run

(Fig. 11a). The eastward shift in the location of DUP is

due to the eastward shift in the location of precipitation

between the 12- and the 4-km runs (contours in Fig. 11).

The location of precipitation is coupled with the pres-

sure gradient of the Saharan heat low (contours in Fig. 4)

through the dynamics of the monsoon (Marsham et al.

2013a; Birch et al. 2014b). The parameterized DUP

further lacks local concentrations in the vicinity of

mountain ranges compared to the 4-km run (Fig. 11)

because of the relative lack of moist convection in the

vicinity of mountain ranges in the 12-km run.

Although most DUP over the Sahel south of 168N is

attributed to convective dust storms in the 4-km run, it

remains small compared to DUP over the Sahara

(Figs. 4a and 11a). The parameterized DUP extends

farther south across the Sahel (Fig. 11b). This appears

more realistic than the sharp border in the 4-km run,

as convective dust storms have been observed along a

transect around 148N at the beginning of the monsoon

(Marticorena et al. 2010). The high roughness length

over the Sahel (Fig. 1c) prevents strong winds in

the model runs; it is possibly too high for the beginning

of the monsoon, when the vegetation has not yet

developed.

High DUP is also attributed to convective dust storms

along the coast in the 4-km run (Fig. 11a). The Atlantic

inflow is identified as a cold pool outflow, because its

front propagates as a density current (Grams et al. 2010).

However, the Atlantic inflow does not result from con-

vection; it is therefore excluded from the calibration

area (boxes in Fig. 11). The northern and eastern mar-

gins of the nested 4-km domain are also excluded from

the calibration area to avoid contamination from the

lateral boundaries. The calibration area also excludes

FIG. 9. Parameterization applied to the example of Fig. 8: wind

speed (shading; m s21) and parallel wind (vectors above 3m s21

according to the scale) in (a) horizontal and (b) vertical cross

sections. Horizontal scales are in kilometers, and the vertical scales

are in meters. The red line in (a) shows the trace of (b).
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the area south of 158N, because the reference 4-km run

may underestimate DUP over the Sahel.

As seen in Fig. 6, DUP from convective dust storms

exhibits a strong diurnal cycle in the 4-km run (Fig. 12,

blue curve). Convective dust storms contribute 27% of

the total DUP from 1300 to 0600 UTC and 16% of

the total daily DUP over the calibration area displayed

in Fig. 11a. The parameterized DUP succeeds at

exhibiting a strong diurnal cycle (Fig. 12, red curve). As

expected, however, the peak of parameterized DUP

occurs at 1200 UTC instead of 1800 UTC in the 4-km

run because convection is triggered too early in the

12-km run (Marsham et al. 2013a; Birch et al. 2014b;

Pearson et al. 2014). The parameterized DUP then

decreases too quickly after the peak since the moist

convection is too short lived in the 12-km run. As the

parameterization is calibrated with the daily DUP, the

amplitude of the peak is overestimated compared to

the 4-km run (Fig. 12). Therefore, the main biases in

timing and amplitude of DUP are due to biases in the

convective parameterization scheme and not to the

parameterization of convective dust storms.

5. Conclusions

We suggest a parameterization of convective dust

storms for models with mass-flux convection schemes.

The parameterization is based on a set of Unified

Model runs over West Africa for June and July 2006. It

is applied to a convection-parameterized run with

12-km grid spacing, which lacks convective dust storms.

A convection-permitting run with 4-km grid spacing

captures the dynamics of convective dust storms and is

used as a reference for validation and tuning.

Our conceptual model of convective dust storms

follows simple assumptions (Fig. 7). The downdraft

mass flux—a known value from the convective pa-

rameterization scheme—spreads out radially in a static,

cylindrical cold pool. The resulting radial wind adds to

the steering wind of the downdraft. Together, they

follow a logarithmic profile below the ‘‘nose’’ of the

cold pool and decrease linearly with height above. The

conceptual model reproduces the structure and mag-

nitude of wind speed for a developing cold pool in the

reference run.

The parameterization produces a distribution of sub-

grid wind in each grid cell of the 12-km run. It is cali-

brated to match the integrated dust-generating winds

[dust uplift potential (DUP)] from identified convective

dust storms over the Sahara in the reference run. The

geometry of the cold pools is constrained in the pa-

rameterization based on a developing cold pool in the

reference run. The only free parameter is the radius of

the cold pools, which is taken as constant for the whole

domain and the whole period. The calibration delivers a

radius of 2.0 km, consistent with the subgrid downdraft

mass fluxes producing subgrid cold pools.

The parameterization of convective dust storms suc-

cessfully produces high DUP over the southern Sahara.

The parameterized DUP is more spread out than in the

reference run: it lacks local concentrations over the

central Sahara and extends farther east over the south-

ern Sahara. Over the Sahel, the parameterized DUP

extends farther south and appears more realistic than

FIG. 10. Schematic of the conceptual model, with Mdd as the downdraft mass flux; Uenv as the environmental

steering wind;C and Cst as the propagation and steering speeds of the cold pool, respectively; h and R as the height

and radius of the cold pool, respectively; and zmax as the height of maximum wind.
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the reference run, which shows a sharp border at 168N.

The parameterization of convective dust storms also

successfully produces a strong diurnal cycle of DUP.

The parameterized DUP peaks 6 h earlier and reaches

higher amplitude than in the reference run.

Compared to the reference run, differences in the

geographical distribution of parameterized convective

dust storms originate from differences in the monsoon

flow between the model runs. Differences in the timing

of convective dust storms also originate from differ-

ences in the timing of convection between the model

runs. The dynamics of the West African monsoon (e.g.,

Marsham et al. 2013a) and the diurnal cycle of tropical

convection (e.g., Bechtold et al. 2014) are known issues

for modeling and are topics of active research. These

issues are separate from the lack of convective dust

storms addressed here, and solving them is beyond the

scope of this paper.

The results suggest that the new parameterization

allows a useful estimate of dust uplift due to convective

dust storms. The distribution and timing of DUP are

weakly sensitive to the parameters of the conceptual

model if the radius of cold pools is carefully calibrated.

The main uncertainty originates from the calibration,

which is sensitive to the model resolution, the chosen

domain and period, the identification of convective dust

storms, and the estimate of dust uplift in the reference

run. The uncertainty, however, remains small compared

to large uncertainties in the estimation of dust uplift from

models and observations (Huneeus et al. 2011).

As the parameterization produces a distribution of

subgrid wind, it can be implemented in a full model for

FIG. 11. Dust uplift potential from convective dust storms (shading; m3 s23) and precipitation

(smoothed contour at 20mm) averaged from 1 Jun to 30 Jul 2006 in the (a) 4- and (b) 12-km

runs. Convective dust storms are (a) identified in the 4-km run and (b) parameterized in the

12-km run. The boxes show the area used to compute the diurnal cycle in Fig. 12.
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dust emission. If required, the parameterization can al-

ternatively produce a distribution of subgrid friction

velocity. A more accurate estimate of dust uplift can

then be used instead of the simple DUP to tune the

parameterization for the full model. The uplifted dust

will then be transported beyond the grid cell, mixed, or

deposited by the meteorology of the model. Through

both wetting of the soil and scavenging, convective

precipitation within a column may reduce the efficiency

of convective dust storms in that column in a full dust

model. To account for the spatial separation between

the gust front and the precipitation in a realistic con-

vective dust storm, the best approach may be to switch

off the soil moisture effect and the scavenging during

time steps when the parameterization is activated. A

more detailed investigation of this effect is left for future

applications in a fully online coupled system.

Further work is needed to test the sensitivity of the

parameterization to different periods, grid spacings,

and models. Current parameters of the conceptual

model may vary: for example, the radius of cold pools,

which is expected to increase with increasing grid

spacing. Parameterized convective dust storms would

have more realistic dimensions with grid spacings on

the order of 100 km. Additional parameters may be

included in the conceptual model: for example, the

vertical wind shear, which is crucial for the organiza-

tion of convection (Rotunno et al. 1988). If proven

robust, the parameterization will substantially improve

the representation of a key ingredient to dust emission

and allow studies of the impact of convective dust

storms in large-scale weather and climate models that

use mass-flux convection schemes.
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Abstract. Recent field campaigns have shown that haboob dust storms,3

formed by convective cold pool outflows, contribute a significant fraction of4

dust uplift over the Sahara and Sahel in summer. However, in-situ observa-5

tions are sparse and haboobs are frequently concealed by clouds in satellite6

imagery. Furthermore, most large-scale weather and climate models lack ha-7

boobs, because they do not explicitly represent convection. Here a one-year-8

long model run with explicit representation of convection delivers the first9

full seasonal cycle of haboobs over northern Africa. Using conservative es-10

timates, the model suggests that haboobs contribute one fifth of the annual11

dust-generating winds over northern Africa, one fourth between May and Oc-12

tober, and one third over the western Sahel during this season. A simple pa-13

rameterization of haboobs has recently been developed for models with pa-14

rameterized convection, based on the downdraft mass flux of convection schemes.15

It is applied here to a set of
:::
two

:
model runs with different horizontal reso-16

lutionsand convection schemes, and assessed against the explicit run. The17

parameterization succeeds in capturing the geographical distribution of ha-18

boobs and their seasonal cycle over the Sahara and Sahel. It can be tuned19

to
:::
the

:
different horizontal resolutionsand convection schemes but depends20

on the representation of the monsoon in the parent model. Different formulations21

are further
:
,
::::
and

:::::::::
different

::::::::::::::
formulations

::::
are

:
discussed with respect to the fre-22

quency of extreme events. The results show that the parameterization is re-23

liable and may solve a
::::::
major

::::
and

:
long-standing issue in simulating dust storms24

in large-scale weather and climate models.25
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1. Introduction

“Haboobs” [Sutton, 1925] are dust storms formed by the cold pool outflows from moist26

convective storms. Such storms vary in scale from hundreds of metres [Marsham et al.,27

2009] to hundreds of kilometres [Roberts and Knippertz , 2014]. They are observed over28

most arid areas around the world, and over the Sahel and Sahara in particular, which are29

the main sources of mineral dust worldwide [see Knippertz , 2014, for a review]. Recently,30

the first ever detailed in-situ observations of meteorology and dust over the central Sahara31

showed that haboobs contribute about
::
at

:::::
least

:
half of dust emissions in summer [Marsham32

et al., 2013a; Allen et al., 2013, 2015]. Apart from this and earlier field campaigns over the33

fringes of the Sahara [Knippertz et al., 2007; Flamant et al., 2007; Bou Karam et al., 2008;34

Marsham et al., 2008; Marticorena et al., 2010], detailed observations are rare in the region.35

Haboobs can hardly be distinguished in the sparse surface observations of meteorology36

and dust, and they are frequently concealed by clouds in satellite imagery [Heinold et al.,37

2013; Kocha et al., 2013]. Numerical modeling is therefore crucial to better understand38

the role of haboobs over the Sahara and in the global dust cycle. However, large-scale39

weather and climate models often lack haboobs, because they rely on parameterization40

schemes for subgrid convection that do not represent the cold pools and their propagation41

[Marsham et al., 2011; Garcia-Carreras et al., 2013; Heinold et al., 2013; Largeron et al.,42

2015; Sodemann et al., 2015]. Statistical parameterizations of subgrid winds can improve43

the modeling of dust emissions at coarse resolution, but they are not able to represent44

haboobs [Ridley et al., 2013].45
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To correct this major and long-standing limitation of large-scale dust models, Pantillon46

et al. [2015, hereafter PKMB15] suggested a simple parameterization of haboobs based on47

the downdraft mass flux of convection schemes. The parameterization of haboobs requires48

a model run with explicit convection for calibration. The available model data limited the49

results of PKMB15 to the western Sahel and Sahara and to the June-July 2006 period.50

Here, an unprecendented model run with explicit convection over the whole of northern51

Africa and for the whole year 2006 extends the original work of PKMB15 and offers new52

perspectives. The new model run allows estimating the seasonal cycle of haboobs and53

thus testing the parameterization over the different parts of the Sahara, now including54

the eastern Sahel and Sahara as well as the Atlas Mountains. The parameterization is ap-55

plied to a set of
:::
two

:
model runs with different configurations

::::::::::
horizontal

::::::::::::
resolutions, which56

further allows assessing its sensitivitywith respect to the resolution and to the convection57

scheme of the atmospheric model. Different formulations of the parameterization are also58

discussed to better represent the intensity of haboobs.59

Section 2 describes the configuration of the model runs, the estimate of dust-generating60

winds, the identification of haboobs, and the different formulations of the parameteriza-61

tion. Section 3 evaluates the representation of precipitation and dust-generating winds in62

the different runs, as compared to satellite and surface observations. Section 4 compares63

the distribution of explicit and parameterized haboobs in the different model runs and64

discusses the sensitivity to the model configuration as well as to the formulation of the65

parameterization. Finally, Section 5 gives the conclusions of the paper and guides the use66

of the parameterization in large-scale weather and climate models.67
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2. Data and Methods

2.1. Model Runs

2.1.1. Configuration68

This paper is based on one-year-long runs using the model of the Consortium for69

Small-scale Modeling [COSMO, Baldauf et al., 2011] in Climate Mode (COSMO-CLM).70

COSMO-CLM is the community model of the German regional climate research. It was71

run over Africa for the year 2006 using ERA-Interim reanalyses [Dee et al., 2011] as inital72

and lateral boundary conditions with the different configurations summarized in Table 1.73

Based on the configuration of the Coordinated Regional climate Downscaling Exper-74

iment [CORDEX; Panitz et al., 2014], COSMO-CLM was run over the whole of Africa75

in a control run with parameterized convection (hereafter CTRL-P) with 0.44◦ (about76

50 km) grid spacing and in a higher-resolution sensitivity run, also with parameter-77

ized convection (hereafter HIRES-P), with 0.22◦ (about 25 km) grid spacing, both with78

35 terrain-following vertical levels. Both runs used the Tiedtke [1989] parameterization79

scheme for moist convection, which is based on a grid-scale moisture convergence closure.80

The model configuration was identical to that detailed in Panitz et al. [2014], except81

for a shorter time period and for additional model outputs of convective diagnostics.82

An additional sensitivity run used the ? parameterization scheme for moist convection83

(hereafter BECH-P), which uses a convective available potential energy (CAPE) closure.84

85

In an unprecedented computational effort, COSMO-CLM was also run with 0.025◦
86

(about 2.8 km) grid spacing, which allows explicit representation of moist convection and87

thus of haboobs (hereafter EXPL). Following Gantner and Kalthoff [2010], the number88
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of vertical levels was increased to 50 to better represent tropical deep convection. EXPL89

was run over a domain spanning almost all of Africa north of the equator (Figure 1).90

This domain was reduced compared to the other model runs due to high computational91

costs. Sensitivity runs with 0.44◦ grid spacing showed that increasing the domain size92

from northern Africa to the whole of Africa improved the timing of monsoon but did not93

significantly impact the results overall.94

2.1.2. Verification95

The Tropical Rainfall Measuring Mission (TRMM) product 3B42 [Huffman et al., 2007]96

version 7, combining observations from several satellites and from rain gauges, is used to97

assess the modeled precipitation. It provides 3-hourly, spatially homogeneous observations98

on a 0.25◦ horizontal grid.99

Surface observations from SYNOP stations are used to assess the modeled wind. They100

provide 3-hourly observations of 10-m wind averaged over 10 min. Following Cowie et al.101

[2014], reported observations of wind speed above 55 kt (about 28 m s−1) are considered102

spurious and thus excluded. SYNOP stations are sparse over northern Africa, and over103

arid zones in particular (see their geographical distribution in Figure 7a). Moreover,104

the actual frequency of observations varies from region to region, e.g., with night-time105

observations lacking over most of the Sahel [see Cowie et al., 2014, for a critical discussion106

of the quality of the SYNOP data over northern Africa]. The observations must therefore107

be interpreted with caution.108

2.1.3. Estimate of Dust-Generating Winds109

Dust uplift depends on both atmospheric and soil controls. As the focus here is on110

the model representation of haboobs and not of dust sources, dust-generating winds are111
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estimated with the dust uplift potential [DUP, Marsham et al., 2011]:112

DUP = νU3
10

(
1 +

Ut

U10

)(
1 − U2

t

U2
10

)
, (1)113

with ν the fraction of bare soil, U10 the 10-m wind speed, and Ut the threshold for dust114

uplift. DUP is based on the parameterization of Marticorena and Bergametti [1995] and115

isolates the atmospheric control, thus dust uplift over a uniform surface is expected to116

depend on DUP only. A station- and season-dependent threshold Ut taken from Cowie117

et al. [2014] is used for the observed winds, while a space- and time-uniform threshold118

Ut = 7 m s−1 taken from Marsham et al. [2011] is used for the modeled winds in the119

absence of gridded values to use in the model. Although this gives a small mis-match in120

the thresholds between observations and model, Cowie et al. [2014] shows that it is the121

seasonal cycle in winds, not in thresholds, that determines the seasonal cycle in DUP.122

2.1.4. Identification of Haboobs123

Haboobs are detected in EXPL to tune the parameterization of haboobs in the other124

runs. Following Heinold et al. [2013], the leading edge of cold pools is automatically125

identified by thresholds for rapid cooling and strong updrafts. As in PKMB15, these126

thresholds are defined as -1 K h−1 on the anomaly in temperature tendency with respect127

to the mean diurnal cycle and 0.5 m s−1 on the vertical velocity, respectively. The temper-128

ature tendency is taken on the 925-hPa pressure level rather than at 2-m height, because129

the stable layer can prevent cold pools from reaching the surface at night [Heinold et al.,130

2013]. The vertical velocity is taken on the 850-hPa pressure level, which shows a strong131

signal of updraft during cold pool propagation [e.g., Knippertz et al., 2009; Roberts and132

Knippertz , 2014]. The surface wind is then attributed to a convective storm within 40133

km of the identified leading edge of the cold pool. Although this automated identification134
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largely matches a manual identification, it exhibits sensitivity to the chosen thresholds135

when the cold pools weakly contrast with their environment [Heinold et al., 2013]. The136

chosen thresholds are rather conservative and the identification therefore misses some of137

the haboobs. Sensitivity tests in PKMB15 suggests a relative uncertainty on the order of138

30%.139

2.2. Parameterization of Haboobs

2.2.1. Original Formulation140

Haboobs are parameterized in the 0.44◦ and 0.22◦ runs following the conceptual model of141

PKMB15. The conceptual model is illustrated in Figure 2 and briefly described here. The142

downdraft mass flux from the convection scheme Mdd (kg s−1) spreads out in a cylindrical143

cold pool that propagates radially with speed144

C =
Mdd

2πRhρ
(2)145

with R the radius, h the height, and ρ the density of the cold pool. Within the cold pool,146

the wind speed increases linearly with increasing radius up to the leading edge R (black147

arrows in Figure 2), then decreases exponentially with radial length scale R0 beyond R148

(not shown). The wind speed also increases logarithmically with increasing height up to149

the “nose” of the cold pool zmax, with a rate depending on the roughness length z0, then150

decreases linearly above zmax until it vanishes at height h (black arrows in Figure 2). The151

cold pool is further steered with speed Cst = 0.65Uenv, with Uenv the environmental wind152

at the height where Mdd originates from. Within the cold pool, the steering wind (gray153

arrows in Figure 2) follows the vertical profile of the radial wind (black arrows). The154

total wind is finally obtained as the vector addition of the radial and steering winds. For155
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the sake of simplicity, the cold pool is considered static between two time steps.
:::::
Here

::::
the156

:::::::::::::::::
parameterization

:::
of

:::::::::
haboobs

::
is

::::::::
applied

:::::::
offline

:::
to

:::::::
hourly

:::::::
model

:::::::::
outputs,

:::::::::
between

::::::
which

::::
the157

::::
cold

:::::
pool

:::
is

:::::::::::
considered

:::::::
static.

:
The conceptual model is thoroughly described in PKMB15.158

The parameters of the conceptual model are tuned for the DUP from parameterized159

haboobs to match the DUP from haboobs identified in EXPL, on average over time and160

space. Based on an example of a developing cold pool in PKMB15, the parameters are161

set to h = R/10, R0 = R/3, and zmax = 100 m. In the original formulation, the radius of162

cold pools R is taken as constant, thus Equation 2 becomes163

C =
5Mdd

πR2ρ
(3)164

and R is the only free parameter. As in PKMB15, Mdd from the Tiedtke [1989] scheme165

is further scaled with an arbitrary factor of 10 to reach realistic values. In contrast, Mdd166

from the ? scheme reaches higher values by one order of magnitude and thus does not167

need to be scaled.168

2.2.2. Alternative Formulation169

While the frequency of DUP from identified haboobs decreases quasi logarithmically170

(blue curve in Figure 3), the frequency of DUP from parameterized haboobs is skewed,171

with quicker decrease for low DUP and slower decrease for high DUP in CTRL-P and172

HIRES-P (solid red and orange curves in Figure 3). In particular, the frequency of extreme173

DUP is overestimated. The skew is even stronger in BECH-P (solid green curve in Figure174

3). To reduce the skew, the surface area of the cold pool πR2 is taken as proportional175

to the downdraft mass flux Mdd and the vertical velocity of downdrafts wdd is taken as176
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constant, i.e.,177

Mdd = πR2ρwdd. (4)178

Equation 2 then becomes179

C = 5wdd, (5)180

thus the propagation speed is constant and wdd is the only free parameter. Note that181

Mdd still controls the integrated DUP through the surface area of the cold pool πR2 in182

Equation 4. The constant propagation speed of cold pools in the alternative formulation183

is typical of mesoscale convective systems [Houze, 2004], while the constant radius of cold184

pools in the original formulation is typical of downbursts [Fujita and Byers , 1977], both185

being observed sources of haboobs.186

The alternative formulation successfully reduces the skew and the frequency of extreme187

DUP in CTRL-P (dashed red curve in Figure 3). However, the alternative formulation188

weakly impacts on the frequency of DUP in HIRES-P (dashed orange curve in Figure189

3)and the improvement is unclear in BECH-P (dashed green curve in Figure 3). Both190

formulations are therefore retained and compared in the rest of the paper. The parameter-191

ized DUP is further limited to 104 m3 s−3 with both formulations to prevent too extreme192

events linked to very intense Mdd.193

2.2.3. Gust Formulation194

Following Nakamura et al. [1996], the maximum possible 10-m wind speed from con-195

vective gusts U10,conv can be estimated from the downdraft convective available potential196

energy (DCAPE) and the horizontal momentum carried by a convective downdraft:197

U10,conv =

√
α
∫ H

0
2g
θd − θ

θ
dz + βU2

H (6)198
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with H the height at which the downdraft starts, g the acceleration due to gravity, θd199

and θ the potential temperature of the downdraft and the environment, respectively, UH200

the horizontal wind speed at height H, and α and β two tuning parameters. Although201

this formulation was originally suggested by Nakamura et al. [1996] for convective gusts202

in the midlatitudes, a similar formulation was suggested by Grandpeix and Lafore [2010]203

to parameterize the propagation speed of subgrid cold pools over Africa.204

A parameterization of convective gusts using Equation 6 is integrated in the Tiedtke205

[1989] scheme in COSMO, with the tuning parameter α = 0.2 [Schulz and Heise, 2003].206

The transport of horizontal momentum is not accounted for (i.e., β = 0) to avoid unreal-207

istic strong gusts in cases of weak convection below a strong jet, and a threshold of 0.015208

mm h−1 in convective precipitation is required to avoid too frequent gusts in light rain209

[Heise, 2006]. Here, U10,conv was output without any threshold in convective precipita-210

tion, because the precipitation can evaporate before reaching the ground in haboobs over211

the Sahara. DUP is computed from U10,conv using Equation 1 and scaled to match the212

DUP from identified haboobs on average over time and space. The scaling parameter σ213

represents the fractional surface of the grid cells over which convective gusts occur. The214

frequency of DUP with the gust formulation (dotted red and orange curves in Figure 3)215

matches that of identified dust storms at low DUP (blue curve in Figure 3) but drops at216

higher DUP and misses the tail of the distribution. The gust formulation is not available217

for BECH-P, because it is not integrated in the ? scheme in COSMO.218

3. Evaluation of the Model Runs

The model runs are compared and assessed against available observations for precip-219

itation and wind. The evaluation is focused on the arid and semi-arid regions where220
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haboobs occur. Six areas of identical size
:::::::::
covering

::::
the

::::::
same

:::::::::
number

::
of

:::::
grid

:::::
cells

:
are de-221

fined and discussed in various parts of the paper (Figure 1): 27.5◦N-35◦N and 15◦W-10◦E222

(hereafter the Atlas, which also includes northern Algeria) or 10◦E-35◦E (hereafter the223

Mediterranean), 20◦N-27.5◦N and 15◦W-10◦E (hereafter the Sahara West) or 10◦E-35◦E224

(hereafter the Sahara East), and 12.5◦N-20◦N and 15◦W-10◦E (hereafter the Sahel West)225

or 10◦E-25◦E (hereafter the Sahel East). Although haboobs also occur over the Arabian226

Peninsula, the evaluation is restricted to northern Africa.227

3.1. Precipitation

The observations exhibit three distinct regimes of precipitation (Figure 4a). First, the228

tropical regime controlled by the monsoon over the Sahel West and East. Second, the229

subtropical regime over the Atlas and Mediterranean, with precipitation concentrating on230

the moutains and on the sea. Third, the dry regime with very weak precipitation over the231

Sahara West and East. These regimes show different seasonal cycles. The precipitation232

reaches a strong peak in August over the Sahel West and East (black curves in Figure233

5e,f) due to the maximal northward extension of the monsoon. The precipitation reaches234

a weaker peak in January over the Atlas and Mediterranean (black curves in Figure 5a,b)235

due to the maximal activity of midlatitude systems. The precipitation finally exhibits236

both peaks but with weaker amplitude over the Sahara West and East (black curves in237

Figure 5c,d).238

The model runs differ in their representation of the monsoon. The EXPL run captures239

the northward extension (Figure 4b), as well as the timing but underestimates the ampli-240

tude compared to the observations (blue curves in Figure 5e,f). The CTRL-P and HIRES-241

P runs also capture the northward extension of the monsoon (Figure 4c, d) and better242
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capture the amplitude but exhibit too early onset and too late retreat (red and orange243

curves in Figure 5e,f). In contrast, the BECH-P run overestimates both the northward244

extension (Figure 4e) and the amplitude of the monsoon (green curves in Figure 5e,f).245

The model runs agree better in the representation of the subtropical regime, as they all246

underestimate the observed precipitation in fall and winter over the Atlas and Mediter-247

ranean (Figure 5a,b). This suggests that the model resolution and the convection scheme248

play a minor role in the representation of the subtropical compared to the tropical regime.249

The model runs differ again in the representation of the dry regime over the Sahara West250

and East, where EXPL and HIRES-P lack any precipitation whereas CTRL-P exhibits251

tracks of individual systems and BECH-P extends the monsoon far northward (Figures252

4b-e
:::
b-d

:
and 5c,d).253

The observations exhibit a clear diurnal cycle of precipitation (black curve in Figure 6).254

They reach a peak in the afternoon when convection is triggered, then decrease slowly255

in the evening when organized convective systems propagate, and decrease quicker in the256

morning when the systems disaggregate. This diurnal cycle is mainly influenced by the257

tropical regime, since the diurnal cycle exhibits a smaller amplitude in the subtropical258

and dry regimes (see Figure S1 for the diurnal cycle of precipitation over each area). Note259

that the area-averaged diurnal cycle in Figure 6 is not expected to be found at any single260

location
:
a
:::::::::::
composite

:::
of

:::::
local

::::::::
diurnal

:::::::
cycles

:::::
that

:::::::::
strongly

:::::
vary

:::::::::::::::
geographically, as organized261

convective systems tend to form over moutain ranges and propagate to the west [Fink and262

Reiner , 2003; Laing et al., 2008].263

Apart from BECH-P, the model runs
::::
The

::::::::
model

::::::
runs

:::::::::
strongly

::::::::::
contrast

::::::
with

::::
the264

:::::::::::::
observations

:::::
and

:
exhibit a surprisingly similar diurnal cycle of precipitation consider-265
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ing their different representation of convection. The EXPL run exhibits a diurnal cycle266

of weak amplitude, where precipitation slowly increases in the afternoon and evening to267

peak at night (blue curve in Figure 6). This
::::
The

::::::
delay

:::::::::::
compared

:::
to

:::::
the

:::::::::::::
observations268

::::::
(black

:::::::
curve

:::
in

:::::::
Figure

::::
6)

:
suggests that the lifetime of organized convective systems is269

overestimated
::
in

:::::::
EXPL

:
(V. Maurer, manuscript in preparation, 2015

:::::
2016). The CTRL-P270

and HIRES-P runs peak at noon (red and orange curves in Figure 6), which is expected271

with parameterized convection. However, the precipitation also increases in the evening272

and at night. Finally, BECH-P exhibits a primary peak at noon but also a secondary273

peak at night. The modeled diurnal cycles in Figure 6 are also influenced by the tropical274

regime mainly but are found in the other regimes as well, albeit with smaller amplitude275

(see Figure S1 for the diurnal cycle of precipitation over each area).276

3.2. Dust Uplift Potential

The density of the SYNOP network drops over arid zones, thus some single stations277

are crucial to capture the relevant processes for dust emission. In particular, the station278

of Faya in northern Chad exhibits the highest observed DUP (18◦N, 19◦E in Figure 7a).279

Faya is located in the Bodélé Depression, which is known as a major source of dust due280

to the strong low-level jet in winter and spring [Washington and Todd , 2005]. The station281

of Bordj Badji Mokhtar in southern Algeria also exhibits high observed DUP (21◦N, 1◦E282

in Figure 7a). Bordj Badji Mokhtar is located close to the center of the Saharan heat283

low in summer, which is also a major source of dust [Marsham et al., 2013a; Allen et al.,284

2013, 2015]. Further stations exhibit high DUP over northeastern Sudan and over central285

Algeria, as well as near the Atlantic and Mediterranean coasts. In contrast, the stations286

exhibit lower DUP over the western Sahel and over the Libyan Desert (Figure 7a).287
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The model runs capture the observed pattern of DUP overall but differ regionally.288

They succeed in exhibiting highest DUP over the Bodélé Depression around Faya, high289

DUP over central Algeria and near the Atlantic and Mediterranean coasts, as well as290

low DUP over the Libyan Desert (Figure 7b-e
::::
b-d). In contrast, the model runs

::::::
locally291

fail in exhibiting high DUP
:
,
:::::
e.g., over the southern Sahara around Bordj Badji Mokhtar.292

The model runs furthermore overestimate DUP over the western Sahel, where the match293

between the sharp meridional gradient in modeled DUP and in roughness length (contours294

in Figure 1) suggests a too low roughness length in the model
::::
(see

::::
also

::::::::
Figure

:::
S2

::::
for

::
a295

:::::::
scatter

:::::
plot

:::
of

::::::
DUP

:::::::::
between

::::::::::::::
observations

::::
and

::::::::
EXPL

::::::::::::
subsampled

::::
at

:::::::::
SYNOP

::::::::::
stations).296

Beyond the geographical pattern, the magnitude of DUP increases with increasing model297

resolution (Figure 7c,d,b), in particular over mountain ranges (contours), and decreases298

when convection is parameterized with the ? scheme instead of the Tiedtke [1989] scheme299

(Figure 7e).300

The observed and modeled DUP are further compared with respect to their seasonal301

and diurnal cycles. To compensate for the varying density of SYNOP stations between302

the different areas, the observed DUP is first averaged between the stations of each area303

then between the areas. The observed DUP is scaled with the fraction of land over each304

area
::::
The

::::::::::
observed

::::::
DUP

::
is

::::::::::::
aggregated

:::::
over

::::::
each

:::::
area

::::
and

:::::::
scaled

::::::
with

::::
the

::::::::
fraction

:::
of

:::::
land305

:::
for

::::::::::::
comparison

:::::
with

::::
the

:::::::::
modeled

::::::
DUP.

:::::::::::
Although

:::
the

:::::::::::::
comparison

::
is

::::::::
affected

:::
by

::::
the

::::::::
density306

::
of

:::::::::
stations

::::
and

::::
the

:::::::::::
frequency

::
of

::::::::::::::
observations,

::::::::
results

::::
are

::::::::::
consistent

::::::
with

:::::::::::::
subsampling

::::
the307

:::::::::
modeled

:::::
wind

:::
to

::::
the

:::::::::
location

:::::
and

:::::
time

:::
of

:::::::::::::
observations

:::::
(see

:::::::
Figure

::::
S3

:::
for

::::
the

::::::::::::
correlation308

::
of

:::::::::
seasonal

:::::
and

::::::::
diurnal

:::::::
cycles

:::
of

::::::
DUP

:::::::::
between

::::::::::::::
observations

:::::
and

:::::::
EXPL

:::::::::::::
subsampled

:::
at309

::::::::
SYNOP

::::::::::
stations). As dust uplift is unlikely on elevated ground, elevations over 800 m310
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are excluded from the modeled DUP. They are, however, included in the observed DUP,311

because 4 SYNOP stations are concerned only. Among them is the crucial station of312

Bordj Badji Mokhtar, which is located at 816 m above sea level, but which elevation313

remains below 800 m in the model orography (contours in Figure 7b-e). Although the314

comparison is biased by the density of stations and the frequency of observations, results315

are consistent with subsampling the modeled wind to the location and time of observations316

(see Figure S2 for the correlation of seasonal and diurnal cycles of cubed wind between317

SYNOP observations and EXPL run).
:::::
b-d).

:
318

The observed DUP reaches a strong seasonal peak in winter over the Sahel East (black319

curve in Figure 8f) due to the contribution of the strong low-level jet, in Faya in particular.320

It also reaches a seasonal peak in winter over the Atlas and Mediterranean (black curves321

in Figure 8a,b) due to midlatitude systems such as lee cyclones over the Atlas and Sharav322

cyclones [Alpert and Ziv , 1989] over the Mediterranean. In contrast, the observed DUP323

reaches a seasonal peak in summer over the Sahara West (black curve in Figure 8c), which324

matches the monsoon cycle (Figure 5c). The observed DUP finally
:::::::
Finally,

::::
the

::::::::::
observed325

:::::
DUP

:
exhibits a rather flat seasonal cycle over the Sahara East and Sahel West (Figure326

8d,e). In the diurnal cycle, the observed DUP reaches a peak in the morning (black327

curve in Figure 9) due to the downbreak of the nocturnal low-level jet [Fiedler et al.,328

2013], then slowly decreases in the afternoon due to dry convection in the boundary layer329

[Parker et al., 2005] and remains low at night due to the stable layer inhibiting strong330

surface winds (see Figure S3
::
S4

:
for the diurnal cycle of DUP over each area).331

The model runs capture the observed morning peak and its slow decrease in the diurnal332

cycle of DUP, although delayed, and again with magnitude depending on the model333
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resolution and convection scheme (Figure 9). However, the model runs lack the observed334

winter peak in the seasonal cycle of DUP over the Sahel East (Figure 8f), which suggests335

that they underestimates the contribution of the low-level jet [see Fiedler et al., 2013, for a336

discussion of the representation of the nocturnal low-level jet and its breakdown in models].337

The model runs also lack the observed winter peak over the Atlas and Mediterranean338

(Figure 8a,b), which suggests that they underestimate the contribution of midlatitude339

systems to DUP. The model runs better match the observations over the Sahara West,340

where they reach a seasonal peak in summer (Figure 8c). The model runs also reach a341

seasonal peak in summer over the Sahel West (Figure 8e), which strongly overestimates342

the observed DUP and again suggests a too low roughness length in the model (contours343

in Figure 1).344

3.3. Discussion

The strong circulation of the Saharan heat low, as well as monsoon surges, contribute345

to the summer peak in DUP over the Sahara West (Figure 8c). In addition, further346

processes also contribute to the summer peak in modeled DUP. Mesoscale convective347

systems produce strong surface winds at the leading edge of cold pools (Figure 10a).348

Although they are driven by moist convection, they generally do not produce surface349

precipitation over the Sahara, where the evaporation is too strong. Mesoscale convective350

systems are found in EXPL only, because their formation and propagation require the351

explicit representation of convection [Marsham et al., 2011; Garcia-Carreras et al., 2013;352

Heinold et al., 2013; Largeron et al., 2015; Sodemann et al., 2015].353

The parameterized runs also exhibit some organization of convection but mostly with354

weak surface winds. However, cases of extreme surface winds created by deep cyclones355
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are found in CTRL-P and HIRES-P (Figure 10b). The deep cyclones form in August356

and September over the Sahel and migrate westward then northwestward into the Sahara.357

The single case illustrated here contributes most of the September DUP over the Sahel358

West and Sahara West in CTRL-P. A few of such cyclones are also responsible for the359

precipitation over the Sahara West in CTRL-P (Figure 4c) and for the peak in September360

over the Sahel West in CTRL-P and HIRES-P (Figure 5e).361

At first sight, the modeled deep cyclones match the concept of Soudano-Saharan de-362

pressions, whose exact definition and meteorological characteristics are somewhat unclear363

[Schepanski and Knippertz , 2011]. They also exhibit similarities with tropical cyclones,364

which can form in August and September from African easterly waves, but exclusively off-365

shore [e.g., Berry and Thorncroft , 2005]. We therefore suggest that the deep cyclones are a366

model artifact and are due to the failure of the convective parameterization in releasing the367

atmospheric instability through mesoscale convective systems. This is consistent with such368

cyclonesnot being found in BECH-P, which uses a different convective parameterization369

(Table 1)
::::
The

:::::::::::
convective

::::::::::::::::::
parameterization

::::::::::::
contributes

::::::
little

:::
to

:::
the

::::::::::::::
precipitation

:::::::::::
associated370

:::::
with

::::
the

:::::
deep

::::::::::
cyclones,

:::::::
which

:::::
thus

:::::
only

::::::::
weakly

::::::
affect

::::
the

::::::::::::::::::
parameterization

:::
of

:::::::::
haboobs.371

4. Haboobs in the Model Runs

The spatial distribution, seasonal and diurnal cycles of haboobs are given here for the372

different model runs. The identified haboobs are first discussed in the EXPL run and373

compared to those observed during field campaigns. The parameterized haboobs are then374

discussed for the other
::::::::
CTRL-P

:::::
and

:::::::::::
HIRES-P

:
runs, using the different formulations of375

the parameterization, and compared to those identified in EXPL.376
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4.1. Explicit Haboobs

The EXPL run exhibits high DUP from haboobs in relation with both orographic con-377

vection and the monsoon flow. Highest DUP is found in the Atlas area, over the mountain378

range itself and over the southern foothills (Figure 11a). High DUP is also found over a379

wide region in the Sahel West area, over the Hoggar Mountains in the Sahara West, and380

over Sudan in the Sahel East area. In contrast, low DUP is found in the dry Sahara East381

and Mediterranean areas, as well as over the southern part of the Sahel West area. As382

in the DUP from the model’s total wind (Figure 7), a sharp meridional gradient over the383

Sahel West (Figure 11a) matches that in roughness length (contours in Figure 1).384

To some extent, the pattern of DUP from haboobs (Figure 11a) matches the pattern of385

total DUP (Figure 7b), with high DUP over the Atlas and the Sahel West, and low DUP386

over the Sahara East. The contribution of haboobs to the total DUP, however, contrasts387

between the areas and is generally higher where the total DUP is higher (white contours388

in Figure 11a
:::::::
Figure

::::
11f). It reaches 28 % over the Sahel West but 9 % only over the389

Sahara East, and 18 % on average over all areas (Table 2). The contribution of haboobs390

is higher during the May-October period, when it reaches 24 % on average and up to 33391

% over the Sahel West. As in the seasonal and diurnal cycles, elevations below 800 m392

only are considered here.393

Haboobs exhibit a strong seasonal cycle in EXPL, with high activity in spring and394

summer in the different areas. In the Atlas area, DUP reaches a primary peak in May395

and a secondary peak in July (blue curve in Figure 12a). Haboobs in the area are related396

to upper-level troughs from the midlatitudes, which reduce the atmospheric stability and397

favor convection [Knippertz et al., 2007]. The low DUP in the Mediterranean and Sahara398
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East areas exhibits similar seasonal cycles but with much smaller amplitudes (blue curves399

in Figure 12b,d). Over the Sahel West and East and the Sahara West, the seasonal400

cycle is controlled by the monsoon. DUP in the Sahel West quickly increases in May to401

reach a primary peak in June during the monsoon onset, then reaches a secondary peak402

in August during the monsoon maximum before quickly decreasing in September during403

the monsoon retreat (blue curve in Figure 12e). The August peak has larger amplitude404

than the June peak in the Sahara West and Sahel East areas, where the monsoon flow405

arrives later in the season (blue curves in Figure 12c,f). The different areas exhibit similar406

diurnal cycles of DUP, which increases in the afternoon to reach a peak or a plateau in407

the evening, then decreases at night (blue curve in Figure 13; see Figure S4
::
S5

:
for the408

diurnal cycle of haboobs over each area).409

These results are consistent with the available observations of haboobs, although the410

modeled DUP and the observed frequency of storms are different diagnostics and thus can411

be compared qualitatively only. Several haboobs were observed in May-June 2006 over412

southern Morocco during the Saharan Mineral Dust Experiment (SAMUM) field campaign413

[Knippertz et al., 2007]. Frequent cold pools from moist convection were further observed414

over the area in May-September during the 2002-2006 period [Emmel et al., 2010] at415

surface stations of the Integrated Approach to the Efficient Management of Scarce Water416

Resources in West Africa (IMPETUS) project. The highest activity was observed in417

August and attributed to the midlevel transport of moisture from the Sahel [Knippertz418

et al., 2003; Knippertz , 2003]. These results were confirmed when the study was extended419

to the 2002-2012 period and to northern Algeria and Tunisia [Redl et al., 2015]. They420

validate the high DUP found over the Atlas in EXPL (Figure 11a). The relatively low421
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modeled activity in August (blue curve in Figure 12a) may be due to a lack of moisture422

transport from the Sahel in the model or to a lower activity in August 2006 compared to423

other years.424

Over the Sahel West, haboobs were observed in June 2006 during the African Monsoon425

Multidisciplinary Analysis (AMMA) field campaign [Flamant et al., 2007; Bou Karam426

et al., 2008]. Intense haboobs were further observed over the area from the end of May427

to the end of July during the 2006-2008 period at the AMMA Sahelian Dust Transect of428

3 stations aligned around 14◦N [Marticorena et al., 2010]. The majority of the haboobs429

were observed in the evening, which is consistent with high evening DUP in EXPL (blue430

curve in Figure 13). These results also validate the primary peak in modeled DUP in431

June (blue curve in Figure 12e). The secondary peak in modeled DUP in August suggests432

a too weak seasonal cycle of roughness length in the model.433

To the best of the authors’ knowledge, haboobs were not documented over the other434

areas in 2006, thus the modeled DUP is assessed against observations from other years.435

Over the Sahara West, haboobs were observed at Bordj Badji Mokhtar in June 2011436

and 2012, at night mostly [Marsham et al., 2013a; Allen et al., 2013, 2015]. This is437

consistent with the secondary peak in modeled DUP in June (blue curve in Figure 12c)438

and with the higher modeled DUP between 18 and 06 UTC (blue curve in Figure 13).439

In contrast with Bordj Badji Mokhtar, few haboobs were observed at Zouerate, northern440

Mauritania, in June 2011 [Todd et al., 2013], which is also consistent with the lower441

modeled DUP over that region (Figure 11a). Over the Sahel East, the first climatology of442

haboobs reported cases over Khartoum between May and October and highest activity in443

June [Sutton, 1925]. This agrees with the modeled activity from May to September but444
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contrasts with the modeled peak in August (blue curve in Figure 12f). This also suggests445

a too weak seasonal cycle of roughness length in the model, although the 1916-1923 period446

documented by Sutton [1925] may not be comparable to 2006. Finally, the low DUP over447

the Sahara East and the Mediterranean areas (blue curves in Figure 12b,d) is consistent448

with the extreme dryness of the Libyan Desert [e.g., O’Hara et al., 2006] and thus the449

lack of moist convective storms.450

The modeled DUP in EXPL can also be compared to the modeled DUP in the run with451

explicit convection used in PKMB15. This run was performed with the UK Met Office452

Unified Model [Walters et al., 2011] using a 4-km grid spacing over the western Sahel and453

Sahara for the June-July 2006 period (hereafter the 4-km run). The EXPL and 4-km454

runs agree on the high DUP from haboobs over northern Mali, while high DUP over the455

Hoggar at Aı̈r Moutains is found is EXPL only (compare Figure 11a here with Figure456

11a in PKMB15), which suggests stronger orographic convection in EXPL than in the457

4-km run. The two runs differ in the location of the sharp meridional gradient in DUP,458

which is again closely related to the pattern of roughness length (compare the contours in459

Figure 1 with Figure 1c in PKMB15). Despite the differences in the spatial distribution,460

the two runs compare well in the contribution of haboobs to the total DUP, with 16 %461

in the 4-km run (PKMB15) and 22 % in EXPL over the same area and time period. The462

spatial distribution in EXPL is weakly impacted by considering the whole year instead of463

the June-July period only (compare Figure S5
:::
S6

:
with Figure 11a).464

However, the diurnal cycle differs markedly between the two runs, as the 4-km run465

exhibits a strong and narrow peak at 18 UTC (Figure 12 in PKMB15), while EXPL466

exhibits a weak and broad peak between 18 and 00 UTC (blue curve in Figure 13). A467
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weak and broad peak at 00 UTC is also found in EXPL over the western Sahel and Sahara468

for the June-July period only as in PKMB15 (Figure S6
::
S7). The difference in diurnal469

cycle of DUP is consistent with the difference in the diurnal cycle of precipitation, which470

exhibits a too strong and narrow peak in the 4-km run [Marsham et al., 2013b; Birch et al.,471

2014] and a too weak and broad peak in EXPL (blue curve in Figure 6) as compared to472

TRMM observations. This suggests that haboobs are too short-lived in the 4-km run and473

too long-lived in EXPL.474

4.2. Parameterized Haboobs

The parameterization of haboobs in CTRL-P ,
::::
and HIRES-P , and BECH-P, is tuned to475

match the DUP averaged over the whole year 2006 and over all areas in EXPL, excluding476

elevations over 800 m. The root-mean-square error (RMSE) of the parameterization is477

also computed with respect to EXPL (Table 3). The spatial RMSE is first computed478

from the annual DUP interpolated on the 0.44◦ grid then averaged over all areas, while479

the seasonal RMSE is first computed from the monthly DUP over each area then averaged480

over all months and all areas.481

The different runs require different tuning parameters. With the original formulation,482

the tuning parameter R approximately scales with the grid spacing between CTRL-P483

and HIRES-P (Table 3). In Equation 3, this compensates for Mdd approximately scaling484

with the grid surface area, i.e., the square of the grid spacing. With the alternative485

formulation, the tuning parameter wdd weakly changes with the grid spacing between486

CTRL-P and HIRES-P (Table 3). This is due to C not depending on Mdd in Equation487

5. Between CTRL-P and BECH-P, the parameters R and wdd decrease and increase,488

respectively (Table 3), which accounts for higher Mdd in CTRL-P after scaling with the489
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arbitrary factor 10. Finally, with the gust formulation
:::::::::::
(Equation

::
6), the tuning parameter490

σ increases between CTRL-P and HIRES-P (Table 3), which compensates for DCAPE491

decreasing with grid spacing.492

The parameterization captures the geographical pattern of identified haboobs in EXPL493

(Figure 11a) but with some sensitivity to the model run and to the formulation. When494

applied to CTRL-P with the original formulation, the parameterization succeeds in ex-495

hibiting highest DUP over the Atlas area, high DUP over a wide region in the Sahel West496

area, and low DUP over the Sahara East (Figure 11b). The parameterization, however,497

misses local features of DUP and lacks the sharp meridional gradient in the southern498

part of the Sahel West area. Using the alternative formulation weakly affects the spatial499

distribution of parameterized DUP, with differences in local features only (Figure 11c).500

In contrast, using the gust formulation strongly impacts on the spatial distribution. The501

large region of high DUP is shifted from the Sahel West to the Sahara West and the region502

of low DUP is extended from the Sahara East to the Mediterranean (Figure 11d). This503

suggests that computing the DCAPE in the deep Saharan boundary layer overestimates504

the parameterized DUP. The northward shift in DUP increases the spatial RMSE as505

compared to the original and alternative formulations, which perform equally well (Table506

3).507

Applying the parameterization to HIRES-P instead of CTRL-P produces smaller-scale508

features, as expected from the higher resolution, but weakly affects the spatial distri-509

bution, either with the original formulation (Figure 11e), or with the alternative and510

the gust formulations (not shown). The spatial RMSE slightly increases in HIRES-511

P as compared to CTRL-P but the original and alternative formulations again per-512
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form equally well, whereas the gust formulation exhibits higher spatial RMSE (Table513

3). Applying the parameterization to BECH-P produces a scattered spatial distribution,514

with lower DUP over the Sahel West and higher DUP over the Sahara East (Figure 11f).515

This is consistent with the scattered and northward-extended precipitation in BECH-P516

(Figure 4e). Using the alternative instead of the original formulation slightly improves the517

spatial distribution (not shown), but both exhibit high spatial RMSE as compared to the518

CTRL-P and HIRES-P runs (Table 3). This shows that, although the parameterization519

of haboobs can be tuned for different convection schemes, the resulting DUP depends520

on the representation of the monsoon, which in turn depends on the convection scheme521

[Marsham et al., 2013b; Birch et al., 2014] .522

The parameterization also succeeds in reproducing the seasonal cycle of haboobs related523

to the monsoon over the Sahel West and East and the Sahara West. With the original524

formulation applied to CTRL-P, the parameterization captures the primary peak in June525

over the Sahel West (solid red curve in Figure 12e) and in August over the Sahara West526

and the Sahel East (solid red curves in Figure 12c,f). The parameterization also captures527

the weaker seasonal cycle over the Mediterranean and Sahara East areas (solid red curves528

in Figure 12b,d). In contrast, the parameterization poorly captures the seasonal cycle529

over the Atlas, where it overestimates the weak peak in February and underestimates the530

stronger peaks in May and July (solid red curve in Figure 12a). This suggests that the531

parameterization produces too high DUP in the convection embedded in winter storms,532

and too low DUP in the convection favored by upper-level troughs in spring and summer.533

The parameterization also overestimates the weak peak in February over the Mediter-534

ranean, Sahara West, and Sahel West areas (solid red curves in Figure 12b,c,e). The535
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parameterization, however, overall improves the seasonal cycle of DUP in the CTRL-P536

model run (dashed red curve in Figure 8).537

As for the spatial distribution, applying the parameterization to HIRES-P instead of538

CTRL-P weakly impacts on the seasonal cycle, although the amplitude increases over539

the Sahel West and East (solid orange curves in Figure 12e,f). This is consistent with540

the higher amplitude of the monsoon cycle in HIRES-P (orange curves in Figure 5e,f).541

The higher amplitude of DUP increases the seasonal RMSE as compared to CTRL-P542

(Table 3). Applying the parameterization to BECH-P shifts the seasonal cycle earlier543

over the Sahel West and East and the Sahara West, and increases its amplitude over the544

Sahara East (solid green curves in Figure 12c-f). This is consistent with the earlier and545

amplified monsoon cycle in BECH-P (green curves in Figure 5c-f), and also increases the546

seasonal RMSE as compared to CTRL-P (Table 3). As for the spatial distribution again,547

using the alternative formulation weakly affects the seasonal cycle, although DUP slightly548

decreases in winter and increases in spring and summer (dashed curves in Figure 12). This549

improves the seasonal cycle and decreases the seasonal RMSE in CTRL-P and HIRES-P550

, but exaggerates the seasonal cycle and further increases the seasonal RMSE in BECH-P551

(Table 3).552

In contrast with the alternative formulation, using the gust formulation strongly changes553

the seasonal cycle. After increasing during the monsoon onset, DUP stagnates over the554

Sahel East and even drops over the Sahel West (dotted curves in Figure 12e,f). This is555

due to the asymmetry in DCAPE between the monsoon onset and retreat, which matches556

the observed dust uplift over the Sahel
::::
and

:::::::::
southern

::::::::
Sahara

:
[Marsham et al., 2008]. Over557

the Atlas area, the gust formulation reaches a peak in August (dotted curves in Figure558
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12a), which also matches the observed frequency of haboobs [Emmel et al., 2010]. This559

however contrasts with the seasonal cycle of haboobs in EXPL (blue curves in Figure560

12a,e,f), which therefore suggests that the match between the gust formulation and the561

observations is due to compensating errors. The
::::::::
Finally,

:::::
the

:
weak peak in February562

finally vanishes with the gust formulation (dotted curves in Figure 12), which improves563

the seasonal cycle. The gust formulation still shows the highest seasonal RMSE for both564

CTRL-P and HIRES-P (Table 3).565

As expected from Figure 6, the
::::
The

:
parameterization does not succeed in capturing the566

diurnal cycle of haboobs. With all formulations and applied to all runs, the parameterized567

DUP increases quicker in the morning and reaches its peak earlier in the afternoon as568

compared to EXPL (Figure 13). This is consistent with the parameterized convection569

being triggered too early
::::::::
reaching

::::
its

::::::
peak

:::
at

::::::
noon

:
(Figure 6), which is a known issue570

in the Tropics [e.g., Marsham et al., 2013b; Birch et al., 2014]. The amplitude increases571

but the diurnal cycle is weakly impacted when using the alternative formulation (dashed572

curves in Figure 13). In contrast, the amplitude of the diurnal cycle strongly increases with573

the gust formulation (dotted curves). This shows that the DCAPE exhibits a stronger574

diurnal cycle than the downdraft mass flux, which again suggests that computing the575

DCAPE in the deep Saharan boundary layer overestimates the parameterized DUP. The576

relative amplitude of the different formulations is consistent between the different areas577

(see Figure S4
:::
S5

:
for the diurnal cycle of haboobs over each area).578

::::::
When

:::::::
added

:::
to

::::
the

::::::
DUP

:::::
from

::::
the

:::::::::
resolved

:::::::
model

::::::
wind,

::::
the

:::::::::::::::
parameterized

::::::
DUP

:::::::
overall579

:::::::::
improves

::::
the

::::::::::
seasonal

::::::
cycle

:::
in

::::::::::
CTRL-P

:::::
and

:::::::::::
HIRES-P

:::::::::
(dashed

:::::::
curves

:::
in

::::::::
Figure

:::
8)

:::
as580

::::::::::
compared

:::
to

::::::::
EXPL.

::::::::::
However,

::::
this

::::::
total

::::::
DUP

:::::
still

:::::::::
exhibits

::::::::::::
substantial

:::::::
biases,

:::::::
which

::::
can581
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::
be

:::::::::::
explained

::::
by

::::::::
several

::::::::
factors.

:::::
On

::::
the

:::::
one

:::::::
hand,

::::
the

::::::::::::::::::
parameterization

::::::
itself

:::::::::
exhibits582

::::::
biases

:::
as

:::::::::::
compared

:::
to

::::::::
EXPL,

:::::
e.g,

::::
the

:::::::::::::::::
underestimation

:::
of

::::::
DUP

::::::
from

::::::::::
haboobs

:::::
over

::::
the583

:::::
Atlas

:::
in

:::::::
spring

:::::
and

:::::::::
summer

::::::::
(Figure

::::::
12a).

::::::
The

:::::::
tuning

:::
of

::::
the

::::::::::::::::::
parameterization

:::::
may

:::::
also584

:::::::::::
contribute

:::
to

::::
the

:::::::::::::::::::
underestimation,

:::
as

:::
it

:::::
uses

::::
the

::::::::
rather

::::::::::::::
conservative

::::::::::::::
identification

:::
of585

::::::::
haboobs

:::
in

:::::::
EXPL

:::
as

::
a
:::::::::::
reference.

::::
On

::::
the

::::::
other

:::::::
hand,

::::
the

:::::::::::
resolution

::
is

::::::::::
expected

:::
to

::::::
affect586

:::
the

:::::::::
resolved

:::::::
winds

:::::::::::::::
independently

::
of

::::::::::
haboobs,

:::::
e.g.,

::::
over

:::::::::
complex

:::::::::::::
topography,

:::
or

:::
for

::::::::
specific587

:::::::::
processes

::::::
such

::
as

::::
the

::::::::::
low-level

::::
jet.

:::::
The

::::::::::
resolution

:::::::::::::
furthermore

::::::
leads

:::
to

::::
the

:::::::::::::::
overestimation588

::
of

::::::
DUP

:::::
from

:::::::::
resolved

:::::::
winds

:::::
over

::::
the

::::::
Sahel

::::::
West

:::
in

:::::::::
summer,

:::::::
where

::::
the

::::::::::::::::
representation

::
of589

:::
the

::::::::::
monsoon

:::
is

::::::::
affected

:::::::::
(Figure

::::
5e)

::::
and

::::::
deep

:::::::::
cyclones

:::::::::
develop

::::::::
(Figure

::::::
10b)

::
in

::::::::::
CTRL-P590

::::
and

:::::::::::
HIRES-P.

::::
The

:::::::::::::::::::
parameterization

:::::::::
therefore

:::::::
offers

:
a
:::::::::
solution

::::
for

::::
the

:::::::::::
important

::::::
issue

::
of591

:::::::
lacking

:::::::::
haboobs

:::
in

::::
the

:::::::
model

::::::
runs

:::::
with

:::::::::::::::
parameterized

::::::::::::
convection,

:::::
but

::::::
other

:::::::
biases

:::::
need592

::
to

:::
be

:::::::::
carefully

:::::::::::::
investigated

:::
in

::::::
these

::::::
model

::::::
runs.

:::::::::
Finally,

::::
the

:::::::::::::::
parameterized

:::::
DUP

::::::::::
improves593

:::
the

::::::::
diurnal

::::::
cycle

:::
in

::::::::::
CTRL-P

:::::
and

::::::::::
HIRES-P

:::::::::
(dashed

:::::::
curves

:::
in

::::::::
Figure

::
9)

:::
as

:::::::::::
compared

:::
to594

:::::::
EXPL,

::::
but

:::::::::
through

::
a
::::::::
general

:::::::::
increase

:::
in

::::::
DUP

::::::
only.

:
595

5. Conclusion

Haboobs occur over most dust sources worlwide and contribute to about
::
at

:::::
least

:
half of596

dust emissions over the central Sahara in summer
::::::::::::::::::::::::::::::::::::::::::::::::::
[Marsham et al., 2013a; Allen et al., 2013, 2015] .597

However, they are absent from most large-scale weather and climate models, which do598

not explicitely represent convection and thus haboobs. Here, an unprecendented one-599

year-long run with explicit convection delivers the first full seasonal cycle of haboobs over600

the different arid regions of northern Africa. This computationally very expensive run601

further allows testing a simple parameterization based on the downdraft mass-flux of the602
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convection scheme, originally developed in PKMB15, in a set of additional model runs603

with parameterized convection.604

The explicit run exhibits two contrasting regimes. Highest DUP (dust uplift potential,605

i.e., dust-generating winds) from haboobs is found in the subtropical regime over the Atlas606

and northern Algeria, where it reaches its peak in spring and summer due to midlatitude607

troughs. High DUP from haboobs is also found in the tropical regime over the Sahel608

and the western Sahara, where it reaches its peak in summer due to the monsoon flow.609

The results are consistent with observations of haboobs during the few field campaigns610

over these areas, as well as with an earlier explicit run restricted to the western Sahel611

and Sahara, and to a shorter time period. Low DUP from haboobs is finally found over612

the dry eastern Sahara. The contribution of haboobs to the total DUP reaches 18 % on613

average
:::::::::
annually

:
over northern Africa, 24 % between May and October, and up to 33 %614

over the western Sahel during that period.615

The parameterization succeeds in capturing the spatial pattern of DUP from haboobs as616

compared to the explicit run. The parameterization also succeeds in capturing the seasonal617

cycle due to the monsoon in the tropical regime, while it struggles with the seasonal cycle618

due to midlatitude systems in the subtropical regime. The parameterization can be tuned619

for the model resolution and for an alternative formulation with weak impact on the spatial620

and temporal distributions. However, the distributions depend on the representation of621

the monsoon. In particular
::
In

:::::::::
contrast, using a different convection scheme extends the622

monsoon northward, which in turn
::::::::::::
formulation

::::::
based

:::
on

:::::::::
DCAPE

:
shifts the parameterized623

DUP northward and worsens the results. Using a formulationbased on DCAPE creates624

similar effects
::::::
With

::::
the

:::::::::
original

:::::
and

::::
the

::::::::::::
alternative

::::::::::::::
formulation,

:::::
the

::::::::::::::::::
parameterization625
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:::::::::
improves

::::
the

:::::::::
seasonal

::::::
cycle

::
of

::::::
DUP,

::::::::::
although

::::
the

:::::::
overall

:::::::::::::
performance

:::::::::
remains

::::::::::::
constrained626

::
by

:::::::
other

:::::::::::
limitations

:::
in

::::
the

:::::::
model

:::::
runs.627

The main limitations are common to both explicit and parameterized runs. The diurnal628

cycle of haboobs differs between parameterized and explicit DUP, but also between explicit629

DUP from two different models, which is consistent with differences in the diurnal cycle630

of precipitation and emphasizes the uncertainty in modeling convective organization. The631

seasonal cycle in the subtropical regime contrasts between parameterized and explicit DUP632

from haboobs, but also between explicit and observed DUP, which is again consistent with633

differences in the seasonal cycle of precipitation and suggests a model deficiency in this634

regime. Finally, the spatial distribution differs over the Sahel West between parameterized635

and explicit DUP from haboobs, but also between modelled and observed DUP, which636

shows the high sensitivity to the roughness length in this area.637

The results are also subject to uncertainties in the spatial and seasonal distribution638

of haboobs. One part of the uncertainty lies in the identification of haboobs in the639

explicit run, which becomes ambiguous when the cold pools evolve into complex structures640

[Heinold et al., 2013], the identification being rather conservative here. The other part of641

the uncertainty lies in the scarcity of surface observations, which lack both spatial and642

temporal sampling over northern Africa [Cowie et al., 2014]. Furthermore, identifying643

haboobs is challenging and must often be done manually, even with high-resolution data644

[Engerer et al., 2008; Provod et al., 2015]. This raises the need for more observations645

over northern Africa, or for new algorithms to identify haboobs in available satellite and646

surface observations, as recently suggested by Redl et al. [2015].647
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Despite the limitations discussed above, the results presented here show that the pa-648

rameterization originally developed by PKMB15 is robust with respect to the model649

and its resolution, as well as to the formulation with constant radius or constant prop-650

agation speed of cold pools. The parameterization is simple and can be used online651

or offline, providing that the downdraft mass flux is stored, in large-scale weather and652

climate models with mass-flux convection schemes. It can thus be implemented in653

full dust models and the results be compared with extensive observations beyond the654

SYNOP winds considered here, as, e.g., aerosol optical depth (AOD) from satellites and655

AERONET stations. The parameterization
::::
may

:::
in

:::::::::::
particular

::::::::::::
compensate

::::
for

::::
the

::::
too

::::
low656

:::::
AOD

:::::
over

::::::::::::::
summertime

::::::
West

:::::::
Africa

:::
in

:::::::::::
large-scale

:::::
dust

::::::::
models

:::::::::::
compared

:::
to

:::::::::::::
observations657

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
[e.g., Johnson et al., 2011; Ridley et al., 2012; Guirado et al., 2014; Cuevas et al., 2015] .658

::
It

:
has potential to solve a long-standing issue in simulating dust storms.659
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Figure 1. Domain and orography in the EXPL model run. Contours
::::
Red

:::::::::
contours

:
show

the roughness length at typical values of 0.05 and 0.1 m to mark the border between arid and

vegetated areas. The areas defined in Section 3 are marked by boxes and labelled.

D R A F T January 14, 2016, 2:57pm D R A F T

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.



PANTILLON ET AL.: MODELING HABOOB DUST STORMS X - 43

z
max

R

M
dd

CCst

Uenv

h CstC

Figure 2. Schematic of the conceptual model, with Mdd the downdraft mass flux, Uenv the

environmental steering wind, C and Cst the propagation and steering speeds of the cold pool,

respectively, h and R the height and radius of the cold pool, respectively, and zmax the height of

maximum wind. Thin black and gray arrows illustrate the radial and the steering wind within

the cold pool, respectively. From Pantillon et al. [2015]. c©American Meteorological Society.

Used with permission.
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Figure 3. Probability distribution function of DUP computed over the year 2006 and over all

domains displayed in Figure 11 from haboobs identified in EXPL and parameterized in CTRL-P

, HIRES-P, and BECH-P
::::::::::
HIRES-P with the original, the alternative, and the gust formulation

(Table 3).
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Figure 4. Spatial distribution of precipitation rate averaged over the year 2006 in the TRMM-

3B42 observation product (a) and in the EXPL (b), CTRL-P (c),
:::
and

:
HIRES-P (d) , and BECH-P

(e) model runs (Table 1). The boxes mark the areas defined in Section 3.
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Figure 5. Seasonal cycle in precipitation rate averaged over each area marked by a box in

Figure 4 in the TRMM-3B42 observation product and in the EXPL, CTRL-P, HIRES-P, and

BECH-P
::::::::::
HIRES-P model runs (Table 1).
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Figure 6. Diurnal cycle in precipitation rate averaged over the year 2006 and over all areas

marked by boxes in Figure 4 in the TRMM-3B42 observation product and in the EXPL, CTRL-P,

HIRES-P, and BECH-P
::::::::::
HIRES-P

:
model runs (Table 1).

D R A F T January 14, 2016, 2:57pm D R A F T

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.



X - 48 PANTILLON ET AL.: MODELING HABOOB DUST STORMS

Figure 7. Spatial distribution of DUP averaged over the year 2006 from the observed wind

at SYNOP stations (a) and from the resolved model wind in the EXPL (b), CTRL-P (c),
:::
and

HIRES-P (d) , and BECH-P (e) model runs (Table 1). The DUP in (a) is overplotted in (b-e
:::
b-d)

for comparison. The contours in (b-e
::::
b-d) show the 800-m elevation in the model

::::
runs. The boxes

mark the areas defined in Section 3.
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Figure 8. Seasonal cycle in DUP averaged over each area marked by a box in Figure 7 from

the observed wind at SYNOP stations and from the resolved model wind in the EXPL, CTRL-P,

HIRES-P, and BECH-P
::::::::::
HIRES-P model runs (Table 1). The dashed curve

::::::
curves

:
show the total

DUP from the resolved model wind and the haboobs parameterized with the original formulation.
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Figure 9. Diurnal cycle in DUP averaged over the year 2006 and over all areas marked by

boxes in Figure 7 from the observed wind at SYNOP stations and from the resolved model wind

in the EXPL, CTRL-P, HIRES-P, and BECH-P
::::::::::
HIRES-P

:
model runs (Table 1).

::::
The

::::::::
dashed

::::::
curves

::::::
show

::::
the

::::::
total

::::::
DUP

::::::
from

::::
the

:::::::::
resolved

:::::::
model

::::::
wind

::::
and

::::
the

::::::::::
haboobs

:::::::::::::::
parameterized

:::::
with

:::
the

:::::::::
original

:::::::::::::
formulation.

D R A F T January 14, 2016, 2:57pm D R A F T

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.



PANTILLON ET AL.: MODELING HABOOB DUST STORMS X - 51

Figure 10. Examples of storms in the model runs: mesoscale convective system at 1800 UTC

03 August 2006 in EXPL (a) and deep cyclone at 0600 UTC 10 September 2006 in CTRL-P (b).

Contours show the 925-hPa temperature every 5 K in (a) and the mean-sea-level pressure every

5 hPa in (b).
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Figure 11. Spatial distribution of DUP averaged over the year 2006 from haboobs identified in

EXPL (a), parameterized in CTRL-P with the original formulation (b), the alternative formula-

tion (c), and the gust formulation (d), and parameterized in HIRES-P (e) and BECH-P (f) with

the original formulation. The white contours in (a) show where the identified haboobs contribute

more than 25 %
:
,
::::
and

:::
as

::::::
ratio

:
of the DUP from the total model wind. The black contours show

the 800-m elevation
:::::
DUP

:
in the model

:::::::
EXPL

:::
(f). The boxes mark the areas defined in Section

3.
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Figure 12. Seasonal cycle in DUP averaged over each area marked by a box in Figure 11 from

haboobs identified in EXPL and parameterized in CTRL-P , HIRES-P, and BECH-P
:::::::::
HIRES-P

with the original, the alternative, and the gust formulation (Table 3).

D R A F T January 14, 2016, 2:57pm D R A F T

This proposal version was submitted by Peter KNIPPERTZ on 14/02/2016 18:35:06 Brussels Local Time. Issued by the Participant Portal Submission Service.



X - 54 PANTILLON ET AL.: MODELING HABOOB DUST STORMS

Figure 13. Diurnal cycle in DUP averaged over the year 2006 and over all areas marked by

boxes in Figure 11 from haboobs identified in EXPL and parameterized in CTRL-P , HIRES-P,

and BECH-P
::::::::::
HIRES-P

:
with the original, the alternative, and the gust formulation (Table 3).
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Table 1. List of model runs with principal characteristics of their configuration.

Name Grid spacing Vertical levels Moist convection Domain
CTRL-P 0.44◦ (50 km) 35 Tiedtke [1989]

:::::::::::::::
Parameterized

:
Africa

HIRES-P 0.22◦ (25 km) 35 Tiedtke [1989]
:::::::::::::::
Parameterized

:
Africa

BECH-P 0.44◦ (50 km) 35 ? Africa EXPL 0.025◦ (2.8 km) 50 Explicit northern Africa

Table 2. DUP attributed to haboobs in the explicit run, averaged over the whole year 2006

and over the May-October period only, in m3 s−3 and as fraction of the total DUP in brackets.

Atlas Mediterranean Sahara West Sahara East Sahel West Sahel East All
Whole year 6.1 (21%) 1.7 (10%) 5.6 (17%) 1.5 (9%) 8.0 (28%) 5.0 (16%) 4.6 (18%)
May-Oct 9.2 (25%) 1.9 (12%) 10.3 (21%) 2.0 (11%) 15.3 (33%) 9.7 (27%) 8.1 (24%)

Table 3. Tuning of the parameterization for each run and formulation, and spatial and

seasonal root-mean-square error (RMSE) of DUP (in m3 s−3) with respect to EXPL.

Run Formulation Tuning Spatial RMSE Seasonal RMSE
CTRL-P Original R = 6.0 km 3.39 3.26
CTRL-P Alternative wdd = 5.0 m s−1 3.42 3.17
CTRL-P Gusts σ = 0.09 3.81 3.87
HIRES-P Original R = 3.5 km 3.56 3.60
HIRES-P Alternative wdd = 5.4 m s−1 3.57 3.20
HIRES-P Gusts σ = 0.12 3.88 3.78

BECH-P Original R = 4.0 km 3.97 3.60BECH-P Alternative wdd = 7.0 m s−1 3.95 4.06height
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