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ACCELERATING CONVERGENCE OF A NATURAL

CONVECTION SOLVER BY CONTINUOUS DATA

ASSIMILATION

ELIZABETH HAWKINS

Abstract. The Picard iteration for the Boussinesq model of natural convection can be an at-

tractive solver because it stably decouples the fluid equations from the temperature equation (for
contrast, the Newton iteration does not stably decouple). However, the convergence of Picard for
this system is at best linear, but slows as the Rayleigh number increases, eventually failing for
even moderately sized Rayleigh numbers. We consider this solver in the setting where sparse so-

lution data is available, e.g. from data measurements or solution observables, and enhance Picard
by incorporating the partial solution data into the iteration using a continuous data assimilation

(CDA) approach. We prove that our approach scales the linear convergence rate by H
1
2 , with

nudging velocity (or both velocity and temperature) producing the best results. This implies that
when Picard is converging, CDA will accelerate convergence, and when Picard is not converging,
CDA (with enough partial solution data) will enable convergence. In the case of noisy partial so-

lution data, we prove that the linear convergence rate of the nonlinear residual is similarly scaled

by H
1
2 but the accuracy is limited by the accuracy of the partial solution data. This is overcome

by using CDA-Picard to achieve a specific tolerance for the residual and then switching the solver

to Newton. Several numerical tests illustrate the effectiveness of the proposed methods. These
tests show that CDA style nudging adapted to an iteration (instead of a time stepping scheme)
enables convergence at much higher Rayleigh number.
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1. Introduction

Fluid flows with varying temperature (or density) can be modeled by the Boussi-
nesq system for non-isothermal flow/natural convection. This multiphysics model
can be observed in nature in atmospheric models and katabatic winds, in ventila-
tion design, dense gas dispersion, insulation with double pane window, and solar
collectors [12], to just name a few examples. We consider the Boussinesq system
on a finite, connected domain Ω ⊂ Rd (d = 2, 3) with boundary Γ1 ∪ Γ2. We de-
note u to be the fluid velocity, p is the pressure, T is the temperature (or density),
ν > 0 is the kinematic viscosity of the fluid, κ > 0 the thermal diffusivity, f the
external forcing term, and Ri > 0 the Richardson number which accounts for the
gravitational force and thermal expansion of the fluid. This system is given by

(1)


u · ∇u+∇p− ν∆u = f +Ri T ēd, in Ω,

∇ · u = 0 in Ω,

u · ∇T − κ∆T = g in Ω,

where ed is a unit vector in Rd where the last element is one. with no-slip boundary
conditions for velocity and mixed homogenous Dirichlet and homogenous Neumann
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for temperature (the latter of which corresponds to perfect insulation):

(2)


u = 0 on ∂Ω,

T = 0 on ∂Γ1,

∇T · n = 0 on ∂Γ2.

The physical constants that the model relies on are expressed as the Reynolds
number Re, the Prandtl number Pr, and the Rayleigh number Ra, which are given
by

Re = ν−1, P r =
ν

κ
, Ra = Ri Re2 Pr.

For any set of problem data (ν, Ri, κ, f, g), the system (1)-(2) is known to admit
weak solutions [5]. Under a smallness condition on this problem data, the system
is known to be well-posed; for sufficiently high Ra, this system may lose uniqueness
[5]. (see Section 2)

The Picard iteration is a common method for solving the system (1)-(2), and is
given by

(3)


uk · ∇uk+1 +∇pk+1 − ν∆uk+1 = f +Ri T ēd, ,

∇ · uk+1 = 0,

uk · ∇T k+1 − κ∆T k+1 = g,

together with (2) for uk+1 and T k+1. Note that the system equations (3) decouple
because the velocity term in the heat transport equation is known. This makes
each iteration of Picard efficient since one can first solve for T k+1 and then solve an
Oseen Problem for uk+1 and pk+1. Picard admits stable solutions for any problem
data and produces unique solutions provided the problem data satisfies a smallness
condition on the problem data (see Section 2). However, this iteration converges
linearly for sufficiently small problem data (see Section 2) but the linear convergence
rate decreases as Ra increases and fails for even moderate Ra [27, 37].

The purpose of this paper is to improve Picard for the Boussinesq equations
in the setting of where partial solution data is available, by incorporating contin-
uous data assimilation (CDA) style nudging into the Picard iteration (a method
we will call CDA-Picard). Partial solution data may be available from physical
experiments, measurements of physical phenomena, or even from a high resolution
simulation where passing all solution data is too expensive. Note that the collected
partial solution data could include noise, such as that which occurs from physical
measurements.

We have recently shown that CDA ideas help in solving steady Navier-Stokes
equations (NSE) using Picard [35, 23], which is perhaps surprising since CDA is
designed for continuous in time assimilation. We consider herein a natural extension
of this idea to multiphysics problems. Analysis of this type of CDA applied to
Boussinesq poses significant extra difficulties and considerations compared to NSE,
and it turns out to give some unexpected results. This is because the Boussinesq
equations are given by NSE coupled to a heat transport equation, which includes
extra nonlinear terms. Furthermore, unlike NSE, Boussinesq has the unknown
variable T as well as u thus CDA nudging is applicable to multiple variables. Hence,
there are extra cases to consider for CDA applied to the Boussinesq equations:
nudging both u and T , nudging just u, and nudging just T .

CDA is performed using an interpolant IH where H is representative of the
spacing of collected partial solution data and IH(u) and IH(T ) are interpolants of
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the partial solution data projected in the solution space. Thus, CDA-Picard for the
Boussinesq equations takes the form (together with (2))

(4)


uk · ∇uk+1 +∇pk+1 − ν∆uk+1 + µ1IH(uk+1 − u) = f +Ri T k+1 ēd,

∇ · uk+1 = 0,

uk · ∇T k+1 − κ∆T k+1 + µ2IH(T k+1 − T ) = g,

where µ1 > 0 and µ2 > 0 are user chosen nudging constants. For simplicity we
restrict (4) to the case where IH(u) and IH(T ) are data collected at the same
locations. Because IH(u) and IH(T ) may come from collected data it is a natural
assumption that the partial solution data includes noise (inaccuracies). This will
inevitably affect the convergence and accuracy of CDA-Picard and therefore we
investigate this case as well.

CDA was first proposed by Azouani, Olson, and Titi in 2014 [2] for time de-
pendent systems and has since been applied to a wide variety of time dependent
problems including NSE and turbulence [2, 32, 21, 7], the Cahn-Hilliard equation
[14], planetary geostrophic modeling [20], Benard convection [17], and many others.
Interest in CDA has increased in the last decade leading to many improvements
to the algorithm and uses for it, such as for sensitivity analyses [15], parameter
recovery [8, 9], numerical methods and analyses [28, 30, 34, 14, 24, 29]. Of recent
interest is modification to the algorithm such as adaptive nudging [11] and direct
enforcement [13]. There have also been several works investigating the use of the
algorithm with restrictions on the observational data, including measurement error
[4, 10, 22] and partial observations of the problem variables [17, 19, 18, 20].

We prove herein that in the absence of noise in the partial solution data, CDA-
Picard has a convergence rate that is improved by a factor of H

1
2 compared to

Picard, when nudging both u and T . We also prove that when nudging just u there
is a similar improvement, but not when nudging just T where there is a partial
scaling of the convergence rate. This is surprising, since in the time dependent
case, it is sufficient to nudge just T to achieve long time accuracy [19]. Note that
a partial scaling of the convergence rate is still an improvement (under certain
conditions) but just not as much of an improvement as expected. We also prove
that CDA-Picard using noisy partial solution data similarly scales the convergence
rate of the residual by H

1
2 and concurrently the limit solution accuracy is bounded

by the accuracy of the partial solution data. We find the limit solution of CDA-
Picard with noisy partial solution data is typically within the convergence basin
of Newton, meaning that a modified method incorporating Newton can overcome
the accuracy limitations caused by the noisy partial solution data and provide an
effective nonlinear solver.

We remark that while CDA is a tool to utilize available data to gain improved
convergence (under certain conditions), it can also be used alongside other nonlinear
acceleration techniques without issue such as Anderson acceleration in [35, 33] or
preconditioned Newton [25] by using CDA-Picard as the preconditioner in place
of Picard. Hence, CDA should not be considered a direct competitor for other
nonlinear acceleration techniques but instead should be considered as defining a
data-informed variation of the desired method that can converge faster than the
original method.

This paper is arranged as follows. First we present notation, and then stability
and convergence results for Picard in Section 2. These Picard results are known, and
will be important for comparison in the analysis that follows. Then we give analysis
in Section 4 for CDA-Picard when nudging both u and T , just u, and just T . Section
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5 considers these same questions as Section 4 but with noisy partial solution data.
In Section 6 we apply the proposed methods to 2D and 3D benchmark problem
both with and without noise, and propose a modification of CDA-Picard with noisy
partial solution data to incorporate Newton.

2. Preliminaries

Let Ω ⊂ Rd (d = 2 or 3) be a connected domain with boundary ∂Ω = Γ1 ∪ Γ2

satisfying meas(Γ1 ∩ Γ2) = 0. Let (·, ·) and ∥ · ∥ denote the L2(Ω) inner product
and L2(Ω) norm, respectively. We define the pressure, temperature, velocity and
divergence free velocity solution spaces as

Q =

{
q ∈ L2(Ω) :

∫
Ω

q dΩ = 0

}
,

D =
{
S ∈ H1(Ω) : S|Γ1 = 0

}
,

X =
{
v ∈ H1 : v|∂Ω = 0

}
,

V = {v ∈ X : (∇ · v, q) = 0 ∀q ∈ Q} .

Let X∗, V ∗, and D∗ represent the dual spaces of X, V , and D, respectively. We
use (·, ·) to also denote the dual pairings of these spaces. For z ∈ X, V, or D, it is
known that the Poincaré inequality holds:

∥z∥ ≤ Cp∥∇z∥,

where Cp > 0 is a constant depending only on Ω.

Let b : X ×X ×X → R and b̂ : X ×D×D → R denote the trilinear functionals
given by:

b(u, v, w) := (u · ∇v, w) +
1

2
((∇ · u)v, w),

b̂(u, v, w) := (u · ∇s, t) +
1

2
((∇ · u)s, t).

These trilinear functionals defined above are skew-symmetric,

b(u, v, v) = 0 and b̂(u, s, t) = 0.

We will bound b and b̂ herein using the well known bounds [31]: ∀u, v, w ∈ X,
s, t ∈ D, ∃Cs > 0 depending only on |Ω| such that

|b(u, v, w)| ≤ Cs∥∇u∥∥∇v∥∥w∥1/2∥∇w∥1/2,(5)

|b̂(u, s, t)| ≤ Cs∥∇u∥∥∇s∥∥t∥1/2∥∇t∥1/2,(6)

and

|b(u, v, w)| ≤ C1/2
p Cs∥∇u∥∥∇v∥∥∇w∥,(7)

|b̂(u, s, t)| ≤ C1/2
p Cs∥∇u∥∥∇s∥∥∇t∥.(8)

2.1. Boussinesq preliminaries. The system (1)-(2) is known to admit stable so-
lutions for any Ra > 0 [5], which can be proven similarly to the analogous result for
the steady NSE by using the Leray-Schauder theorem. However, uniqueness for (9)
requires a smallness condition on the problem data. These results are provided be-
low and we give the proofs for the following results in the appendix for completeness.
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The Galerkin weak formulation of the Boussinesq equations takes the form: Giv-
en f ∈ X∗ and g ∈ D∗, find (u, p, T ) ∈ X×Q×D satisfying ∀(v, q, w) ∈ (X×Q×D)

b(u, u, v)− (p,∇ · v) + ν(∇u,∇v) = (f, v) +Ri(T ēd, v),

(∇ · u, q) = 0,

b̂(u, T,w) + κ(∇T,∇w) = (g, w).

Note that the perfect insulation condition ∇T ·n|Γ2 is weakly enforced. The spaces
X,Q, and D satisfy an LBB condition. Therefore the problem can be reformulated
using V as: Given f ∈ V ∗ and g ∈ D∗, find (u, T ) ∈ V × D satisfying for all
(v, w) ∈ V ×D

(9)

{
b(u, u, v) + ν(∇u,∇v) = (f, v) +Ri(T ēd, v),

b̂(u, T, w) + κ(∇T,∇w) = (g, w).

Lemma 2.1. Any solution to the Boussinesq equations (9) satisfies the a priori
estimate

∥∇T∥ ≤ ∥∇T∥ ≤ κ−1∥g∥D∗ =: M2,(10)

∥∇u∥ ≤ ∥∇u∥ ≤ ν−1∥f∥V ∗ +RiC2
pν

−1M2 =: M1.(11)

Lemma 2.2. Let α1 = Csν
−1M1 and α2 = Csκ

−1M2. If C2
pν

−1Ri, C
1/2
p (α2 +

α1) < 1, then the solutions to (9) are unique.

Remark. The constants α1 and α2 can be expressed in terms of Re, Pr, and Ra:

α1 = Cs Re2∥f∥V ∗ + C2
p Ra∥g∥D∗ and α2 = Cs Re2 Pr2∥g∥D∗ .

2.2. The Picard iteration for the Boussinesq equations. We provide results
for Picard applied to the Boussinesq equation (3) and include the proofs in the
appendix for completeness. These results are similar to those found in [25, 31].

The weak formulations for Picard for the Boussinesq system takes the form: Find
(uk+1, T k+1) ∈ V ×D satisfying ∀(v, w) ∈ V ×D,

(12)

{
b(uk, uk+1, v) + ν(∇uk+1,∇v) = (f, v) +Ri(T k+1 ēd, v),

b̂(uk, T k+1, w) + κ(∇T k+1,∇w) = (g, w).

Note that the Picard iteration decouples the temperature equation and thus solving
(12) is a two-step process where one first solves a scalar convection-diffusion problem
and then an Oseen problem. Effective preconditioners for these linear systems exist
in the literature [3, 16, 26, 6].

Lemma 2.3. Any solution to the Picard iteration for the Boussinesq equations
satisfies the a priori estimate: for any k = 1, 2...,

∥∇T k∥ ≤ M2,

∥∇uk∥ ≤ M1.

Lemma 2.4. The Picard iteration (12) with problem data satisfying

min
{
1− ν−1C2

pRi

2 , 1− κ−1C2
pRi

2

}
> 0, admits a unique solution.
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Lemma 2.5. Consider the Picard iteration (12) with problem data satisfying
C2

pν
−1Ri < 1 and

C
1/2
p (α1 + α2) < 1. Then the iteration converges linearly with rate C

1/2
p (α1 + α2).

In particular we have

∥∇(T − T k+1)∥ ≤ C1/2
p α2∥∇(u− uk)∥,

and

∥∇(u− uk+1)∥ ≤ C1/2
p (α1 + α2)∥∇(u− uk)∥.

Remark. Recall that Lemma 2.2 gives the sufficient condition for uniqueness of

Boussinesq solutions C2
pν

−1Ri, C
1/2
p (α1 + α2) < 1. This means that the condi-

tions for convergence of Picard and the uniqueness of solutions to the Boussinesq
equations are the same.

3. Finite Element Discretization

We now provide a finite element framework for Boussinesq. CDA as given herein
acts on a coarse mesh, thus the results in the following section should be considered
in a finite element space.

Let τh be a mesh on Ω with maximum element length h, and let Pk(τH) denote
the degree k continuous Lagrange finite element defined on τh. Then we define
the finite element spaces Xh = Pk(τH) ∩ X and Dh = Pk(τh) ∩ D. Then the
weak formulation of CDA-Picard for the Boussinesq equations is given by: Given
f ∈ Xh

∗ and g∗ ∈ Dh
∗, find (u, T ) ∈ Xh ×Dh satisfying

(13)

{
b(uk, uk+1, v) + ν(∇uk+1,∇v) = (f, v) +Ri(T k+1 ēd, v),

b̂(uk, T k+1, w) + κ(∇T k+1,∇w) = (g, w).

We similarly define a coarse mesh τH(Ω) with maximum element length H ≥ h,
and for simplicity we assume that the nodes of τH are also nodes of τh. Let Pk(τH)
denote the degree k continuous Lagrange finite element defined on τH . Then we
define the finite element spaces XH = Pk(τH) ∩ X and DH = Pk(τH) ∩ D. We
define the interpolation operator IH on τH(Ω). We assume that IH satisfies: ∃ a
constant CI independent of H satisfying

∥IHv − v∥ ≤ CIH∥∇v∥ ∀v ∈ Xh and Dh,(14)

∥IHv∥ ≤ CI∥v∥ ∀v ∈ Xh and Dh.(15)

In our numerical tests, we take IH to be the L2 projection onto XH = P0(τH),
however all the presented analysis holds for any interpolant satisfying (14)-(15).

Remark. Throughout this paper, the constants Cs, Cp, and CI are O(1) constants.

4. Convergence of CDA-Picard for Boussinesq equations with (accurate)
partial solution data

We now provide analytical results for CDA-Picard that uses accurate partial
solution data. We begin by providing results for CDA-Picard when nudging both
u and T , and then for nudging only u or T . To prove convergence, we will use the
weighted H1 norm

∥v∥∗ :=

√
1

4C2
IH

2
∥v∥2 + ∥∇v∥2.
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This weighted H1 norm naturally arises in the CDA-Picard analysis. For small H,
the ∗-norm is essentially equivalent to the L2(Ω) norm. Following [23], a modified
analysis with additional assumptions could allow for L2 norm estimates instead.

We have the following bounds on the L2(Ω) norm.

Lemma 4.1. For any v ∈ Xh,Dh all of the following hold:

∥v∥1/2∥∇v∥1/2 ≤ (CIH)1/2∥v∥∗,
∥v∥ ≤ Cp∥v∥∗,

∥v∥ ≤ C1/2
p (CIH)1/2∥v∥∗.

Proof. Using Young’s inequality and the definition of the ∗-norm we obtain

(16) ∥v∥1/2∥∇v∥1/2 =

(
1

4CIH
∥v∥2 + CIH∥∇v∥2

)1/2

≤ (CIH)1/2∥v∥∗.

Using (16) and the Poincare inequality we get

∥v∥ ≤ Cp∥∇v∥ ≤ Cp∥v∥∗,

∥v∥ = C1/2
p ∥v∥1/2∥∇v∥1/2 ≤ C1/2

p (CIH)1/2∥v∥∗.

�

We first assume that partial solution data is known at some set of points in Ω.
Then the weak formulation of CDA-Picard for the Boussinesq equations (4) is given
by: Given f ∈ Xh

∗ and g∗ ∈ Dh
∗, find (u, T ) ∈ Xh ×Dh satisfying

(17)


b(uk, uk+1, v) + ν(∇uk+1,∇v) +µ1(IH(uk+1 − u), IH(v))

= (f, v) +Ri(T k+1 ēd, v),

b̂(uk, T k+1, w) + κ(∇T k+1,∇w) +µ2(IH(T k+1 − T ), IH(w))

= (g, w).

Note that the term µ1(IH(uk+1 − u), IH(v)) does not follow the usual rules for the
Galerkin weak formulation and may be considered a variational crime, if IH is not
the L2 projection onto XH . However, this results in µ not having an analytical
upper bound. This lack of an upper bound for µ has been observed numerically in
many CDA paper [28, 30, 34, 14, 24, 29, 13] therefore it is desirable to have analysis
which reflects this.

4.1. Convergence of CDA-Picard nudging both u and T . We begin analyz-
ing CDA-Picard (17) without noise when nudging both u and T , and then consider
the case of nudging just u and just T which use similar techniques.

Remark. The small problem data conditions, α1 + α2 < 1, given in Section 2.2
and Section 1 is not required for the CDA theorems, and is therefore not assumed.
The lemmas and conditions provided in Section 2.2 and Section 1 are included for
completeness.

Theorem 4.1. Let µ1 ≥ ν
4C2

IH
2 , µ2 ≥ κ

4C2
IH

2 , Ri ν−1C2
p < 1, C

−1/2
p

4
3 (CIH)1/2 < 1

and 4
3

√
CIH(α1 + α2) < 1. Then CDA-Picard converges linearly with rate at least

4
3

√
CIH(α1 + α2):

∥u− uk+1∥∗ + (1− 4

3
Ri ν−1C2

p)∥T − T k+1∥∗ ≤ 4

3
(α1 + α2)(CIH)1/2∥u− uk∥∗.
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The conditions µ1 ≥ ν
4C2

IH
2 , µ2 ≥ κ

4C2
IH

2 should be interpreted as requiring µi

be large enough for the given H. In practice this is usuallly done by taking µi to
be large, such as µi = 1000.

Remark. The condition Ri ν−1C2
p < 1 is the condition for well-posedness of the

Boussinesq equations from Lemma 2.2. In the analysis, it appears together with
the restriction
C−1

p
4
3

√
CIH ≤ 1. The analysis can be changed slightly to give the restriction

4
3Ri ν−1C

3/2
p < 1 or the restriction Ri ν−1C

3/2
p < 1 and

√
CIH ≤ 3

4 .

Remark. Without CDA, Lemma 2.5 shows a sufficient condition for Picard con-
vergence is

C
1/2
p (α1 + α2) < 1, and the convergence rate is C

1/2
p (α1 + α2). Theorem 4.1 thus

shows how CDA improves convergence rate and even enables convergence when
Picard fails: the right hand side is scaled by H

1
2 .

Proof. Let ek+1 = u− uk+1 and ek+1
T = T − T k+1. We subtract (9) from (17) and

set v = ek+1 and w = ek+1
T . Then we add and subtract terms to get

b(ek, ek+1, ek+1) + b(ek, u, ek+1) + b(u, ek+1, ek+1)

+ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 = Ri(ek+1
T ēd, e

k+1),

b̂(u, ek+1
T , ek+1

T ) + b̂(ek, ek+1
T , ek+1

T ) + b̂(ek, T, ek+1
T )

+κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 = 0.

The skew symmetry of b and b̂ vanishes four nonlinear terms yielding{
ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 = Ri(ek+1

T ēd, e
k+1)− b(ek, u, ek+1),

κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 = −b̂(ek, T, ek+1
T ).

We next use Lemma 4.1, (5), and Lemma 2.1 to upper bound the right hand side
as

(18)


ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 ≤ RiC

3/2
p (CIH)1/2∥ek+1

T ∥∗∥ek+1∥∗
+α1ν(CIH)1/2∥ek∥∗∥ek+1∥∗,

κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 ≤ α2κ(CIH)1/2∥ek∥∗∥ek+1
T ∥∗.

Next we lower bound the left hand sides using the interpolation bound and the
triangle inequality via

ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 = ν
4∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 + 3ν

4 ∥∇ek+1∥2,
≥ ν

4C2
IH

2 ∥ek+1 − IH(ek+1)∥2 + µ1∥IH(ek+1)∥2

+3ν
4 ∥∇ek+1∥2,

≥ ν
4C2

IH
2 (∥ek+1 − IH(ek+1)∥2 + ∥IH(ek+1)∥2)

+3ν
4 ∥∇ek+1∥2,

≥ ν
4C2

IH
2 ∥ek+1∥2 + 3ν

4 ∥∇ek+1∥2,
≥ 3ν

4 ∥ek+1∥2∗,
κ∥∇ek+1

T ∥2 + µ2∥IH(ek+1
T )∥2 = κ

4 ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 + 3κ
4 ∥∇ek+1

T ∥2,
≥ κ

4C2
IH

2 ∥ek+1
T − IH(ek+1

T )∥2 + µ2∥IH(ek+1
T )∥2

+3κ
4 ∥∇ek+1

T ∥2,
≥ κ

4C2
IH

2 ∥ek+1
T ∥2 + 3κ

4 ∥∇ek+1
T ∥2,

≥ 3κ
4 ∥ek+1

T ∥2∗,
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by assumptions on µi being sufficiently large. Using this in (18) and simplifying
yields {

∥ek+1∥∗ ≤ 4
3ν

−1RiC
3/2
p (CIH)1/2∥ek+1

T ∥∗ + 4
3α1Cp(CIH)1/2∥ek∥∗,

∥ek+1
T ∥∗ ≤ 4

3α2Cp(CIH)1/2∥ek∥∗.
Finally adding the equations gives the desired result. �

Theorem 4.2. Let µ1 ≥ ν
4C2

IH
2 , µ2 ≥ κ

4C2
IH

2 , Ri ν−1C2
p < 1, C

−1/2
p

4
3 (CIH)1/2 < 1

and
4
3

√
CIH(α1 + α2) < 1. Then the residual of CDA-Picard converges linearly with

rate at least 4
3

√
CIH(α1 + α2):

∥uk+1−uk∥∗+(1− 4

3
Ri ν−1C2

p)∥T k+1−T k∥∗ ≤ 4

3
(α1+α2)(CIH)1/2∥uk−uk−1∥∗.

Remark. The conditions and rates for convergence of the error and residual for
CDA-Picard are equivalent.

Proof. Let ek+1 = uk − uk+1 and ek+1
T = T k − T k+1. We subtract (22) at time k

and time k + 1, add and subtract terms, and set v = ek+1 and w = ek+1
T to get

(19)


b(ek, uk, ek+1) + b(uk, ek+1, ek+1) + ν∥∇ek+1∥2 +µ1∥IH(ek+1)∥2

= Ri(ek+1
T ēd, e

k+1),

b̂(ek, T k, ek+1
T ) + b̂(uk, ek+1

T , ek+1
T ) + κ∥∇ek+1

T ∥2 +µ2∥IH(ek+1
T )∥2

= 0.

The skew symmetry of b and b̂ vanishes nonlinear terms in (19) yielding,{
b(ek, uk, ek+1) + ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 = Ri(ek+1

T ēd, e
k+1),

b̂(ek, T k, ek+1
T ) + κ∥∇ek+1

T ∥2 + µ2∥IH(ek+1
T )∥2 = 0.

The solutions uk, T k for k = 1, ... satisfy the same stability bound as Lemma 2.3.
We use this and (5) to obtain

ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 ≤ RiC
3/2
p (CIH)1/2∥ek+1

T ∥∗∥ek+1∥∗
+α1ν(CIH)1/2∥ek∥∗∥ek+1∥∗,

κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 ≤ α2κ(CIH)1/2∥ek∥∗∥ek+1
T ∥∗.

We lower bound the left hand side analogously to Theorem 4.1,{
∥ek+1∥∗ ≤ 4

3ν
−1RiC

3/2
p (CIH)1/2∥ek+1

T ∥∗ + 4
3α1(CIH)1/2∥ek∥∗,

∥ek+1
T ∥∗ ≤ 4

3α2(CIH)1/2∥ek∥∗.
Finally we add the equations and simplify to get the desired results.

�
If we nudge just u then this is equivalent to setting µ2 = 0 in (17) which gives

the following result.

Corollary 4.1. Let µ1 ≥ ν
4C2

IH
2 , µ2 = 0, Ri ν−1C2

p < 1, C
−1/2
p

4
3 (CIH)1/2 < 1

and (CIH)1/2( 43α1 + C
1/2
p α2) < 1. Then CDA-Picard converges linearly with rate

at least (CIH)1/2( 43α1 + C
1/2
p α2):

∥u− uk+1∥∗ + (1− 4

3
ν−1RiC3/2

p )∥∇(T − T k+1)∥ ≤ 4

3
(CIH)1/2(α2 + α1)∥u− uk∥∗,
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Proof. Let ek+1 = u− uk+1 and ek+1
T = T − T k+1. We subtract (9) from (17) and

set v = ek+1 and w = ek+1
T . Analagously to Theorem 4.1 we add and subtract terms

and using the skew symmetry of b and b̂ vanishes four nonlinear terms yielding{
ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 = Ri(ek+1

T ēd, e
k+1)− b(ek, u, ek+1),

κ∥∇ek+1
T ∥2 = −b̂(ek, T, ek+1

T ).

We use Lemma 4.1, (5), Lemma 2.1 to upper bound the right hand side as

(20)


ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 ≤ RiC

3/2
p (CIH)1/2∥∇ek+1

T ∥∥ek+1∥∗
+α1ν(CIH)1/2∥ek∥∗∥ek+1∥∗,

κ∥∇ek+1
T ∥2 ≤ α2C

1/2
p (CIH)1/2κ∥ek∥∗∥∇ek+1

T ∥.

Next we lower bound the left hand sides using the interpolation bound and the
triangle inequality as in Theorem 4.1 and use this in (20) to get{

∥ek+1∥∗ ≤ 4
3ν

−1RiC
3/2
p (CIH)1/2∥∇ek+1

T ∥+ 4
3α1(CIH)1/2∥ek∥∗,

∥∇ek+1
T ∥ ≤ α2C

1/2
p (CIH)1/2∥ek∥∗

Finally adding the equations gives the desired result. �

If we nudge just T then this is equivalent to setting µ1 = 0 in (17) which only
gives the following result (where convergence is not improved for H → 0).

Corollary 4.2. Let µ1 = 0, µ2 ≥ ν
4C2

IH
2 , Ri ν−1C2

p < 1, and

(C
1/2
p α1 +

4
3

√
CIHα2) < 1. Then CDA-Picard converges linearly with rate at least

(C
1/2
p α1 +

4
3

√
CIHα2):

∥∇(u−uk+1)∥+(1−ν−1RiC2
p)∥T−T k+1∥∗ ≤ (C1/2

p α1+
4

3
α2(CIH)1/2)∥∇(u−uk)∥.

Proof. Let ek+1 = u− uk+1 and ek+1
T = T − T k+1. We subtract (9) from (17) and

set v = ek+1 and w = ek+1
T . Analagously to Theorem 4.1 we add and subtract

terms and using the skew symmetry of b and b̂ vanishes 4 terms yielding{
ν∥∇ek+1∥2 = Ri(ek+1

T ēd, e
k+1)− b(ek, u, ek+1),

κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 = −b̂(ek, T, ek+1
T ).

We use Lemma 4.1, (5), (7), Lemma 2.1 to upper bound the right hand side as

(21)


ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 ≤ RiC2

p∥ek+1
T ∥∗∥∇ek+1∥

+α1νC
1/2
p ∥∇ek∥∥∇ek+1∥,

κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 ≤ α2κ(CIH)1/2∥∇ek∥∥ek+1
T ∥∗.

Next we lower bound the left hand sides using the interpolation bound and the
triangle inequality analogously to Theorem 4.1 and use this in (21) to get{

∥∇ek+1∥ ≤ RiC2
p∥ek+1

T ∥∗ + α1C
1/2
p ∥∇ek∥,

∥ek+1
T ∥∗ ≤ 4

3α2(CIH)1/2∥∇ek∥.

Finally adding the equations gives the desired result. �

This corollary shows that nudging just T can improve the convergence rate
(though less so than nudging just u) since it scales α2. However, if α1 is suffi-
ciently large then nudging T may have little to no effect on convergence. We do
note that this bound is not sharp.
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Therefore, with accurate partial solution data there is a direct correlation be-
tween convergence, accuracy, and the amount of solution data collected H. Fur-
thermore, CDA does not worsen the restrictions of Picard, so it can only improve
convergence properties.

5. CDA-Picard for Boussinesq equation with noisy partial solution data

We suppose now that the partial solution data has noise (error) given by some
ϵ(x), meaning that we have partial solution data given by u + ϵu and T + ϵT
at the data points. Then the weak formulation of CDA-Picard for the Boussinesq
equations (4) with noise is given by: Given f ∈ X∗ and g∗ ∈ D∗, find (u, T ) ∈ X×D
satisfying

(22)


b(uk, uk+1, v) + ν(∇uk+1,∇v) +µ1(IH(uk+1 − (u+ ϵu)), IH(v))

= (f, v) +Ri(T k+1 ēd, v),

b̂(uk, T k+1, w) + κ(∇T k+1,∇w) +µ2(IH(T k+1 − (T + ϵT )), IH(w))

= (g, w).

5.1. Convergence of CDA-Picard for Boussinesq equation with noisy
partial solution data. We now we analyze CDA-Picard with noise (22) when
nudging both u and T . We begin by analyzing the convergence of the residual and
then the error.

Theorem 5.1. Let µ1 ≥ ν
4C2

IH
2 , µ2 ≥ κ

4C2
IH

2 , Ri ν−1C2
p < 1, C

−1/2
p

4
3 (CIH)1/2 < 1

and
4
3

√
CIH(α1 + α2) < 1. Then residual of CDA-Picard converges linearly with rate

at least
4
3

√
CIH(α1 + α2):

∥uk − uk+1∥∗ + (1− 4

3
ν−1RiC3/2

p (CIH)1/2)∥T k − T k+1∥∗

≤ 4

3
(CIH)1/2(α1 + α2)∥uk−1 − uk∥∗.

Remark. The sufficient conditions for convergence of the residual for CDA with
noisy partial solution data are the same as the sufficient conditions for convergence
of error for CDA using accurate partial solution data.

Proof. This proof follows analogously to Theorem 4.2 because the terms IH(ϵu)
and IH(ϵT ) in (22) at time k and k+ 1 cancel when subtracting these two systems
to form an error equation. �

Theorem 5.2. Let µ1 ≥ ν
4C2

IH
2 , µ2 ≥ κ

4C2
IH

2 , Ri ν−1C2
p < 1,

√
CIH ≤ 3

4Cp and
4
3

√
CIH(α1 + α2) < 1. Then the error in CDA-Picard satisfies

∥u− uk+1∥∗+(1− 4

3
ν−1RiC3/2

p (CIH)1/2)∥T − T k+1∥∗

≤(
4

3
(α1 + α2)(CIH)1/2)k+1∥u− u0∥∗

+C2
I

4
3 (CIH)1/2

1− 4
3 (α1 + α2)(CIH)1/2

(µ1∥ϵu∥+ µ2∥ϵT ∥).
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Proof. Let ek+1 = u− uk+1 and ek+1
T = T − T k+1. We subtract (9) from (22) and

set v = ek+1 and w = ek+1
T . Similarly to Theorem 4.1 we add and subtract terms

and using the skew symmetry of b and b̂ vanishes four terms, yielding
ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 = Ri(ek+1

T ēd, e
k+1)− b(ek, u, ek+1)

−µ1(IH(ϵu), IH(ek+1)),

κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 = −b̂(ek, T, ek+1
T )− µ2(IH(ϵT ), IH(ek+1

T )).

We use Lemma 4.1, (7), Lemma 2.1 to upper bound the right hand side as

(23)



ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 ≤ RiC
3/2
p (CIH)1/2∥ek+1

T ∥∗∥ek+1∥∗
+α1ν(CIH)1/2∥ek∥∗∥ek+1∥∗
+µ1∥IH(ϵu)∥∥IH(ek+1)∥,

κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 ≤ α2κ(CIH)1/2∥ek∥∗∥ek+1
T ∥∗

+µ2∥IH(ϵT )∥∥IH(ek+1
T )∥.

Using the interpolation bound and Lemma 4.1 we can upper bound the terms

∥IH(ϵu)∥∥IH(ek+1)∥ ≤ C2
I (CIH)1/2∥ϵu∥∥ek+1∥∗,

∥IH(ϵT )∥∥IH(ek+1
T )∥ ≤ C2

I (CIH)1/2∥ϵT ∥∥ek+1
T ∥∗.

Combining this with (23) gives

(24)



ν∥∇ek+1∥2 + µ1∥IH(ek+1)∥2 ≤ RiC
3/2
p (CIH)1/2∥ek+1

T ∥∗∥ek+1∥∗
+α1ν(CIH)1/2∥ek∥∗∥ek+1∥∗
+µ1C

2
I (CIH)1/2∥ϵu∥∥ek+1∥∗,

κ∥∇ek+1
T ∥2 + µ2∥IH(ek+1

T )∥2 ≤ α2κ(CIH)1/2∥ek∥∗∥ek+1
T ∥∗

+µ2C
2
I (CIH)1/2∥ϵT ∥∥ek+1

T ∥∗.

Next we lower bound the left hand sides using the interpolation bound and the
triangle inequality analogously to Theorem 4.1 and use this in (24) to get that

∥ek+1∥∗ ≤ 4
3ν

−1RiC
3/2
p (CIH)1/2∥ek+1

T ∥∗ + 4
3α1(CIH)1/2∥ek∥∗

+4
3ν

−1µ1C
2
I (CIH)1/2∥ϵu∥,

∥ek+1
T ∥∗ ≤ 4

3α2(CIH)1/2∥ek∥∗ + 4
3µ2κ

−1C2
I (CIH)1/2∥ϵT ∥.

Finally adding the equations gives

∥ek+1∥∗ + (1− 4

3
ν−1RiC3/2

p (CIH)1/2)∥ek+1
T ∥∗ ≤ 4

3
(α1 + α2)(CIH)1/2∥ek∥∗

+
4

3
C2

I (CIH)1/2(µ1ν
−1∥ϵu∥+ µ2κ

−1∥ϵT ∥).

Recall that 4
3 (α1 + α2)(CIH)1/2 < 1 therefore

∥ek+1∥∗ + (1− 4

3
ν−1RiC3/2

p (CIH)1/2)∥ek+1
T ∥∗ ≤ (

4

3
(α1 +α2)(CIH)1/2)k+1∥e0∥∗

+ C2
I

4
3 (CIH)1/2

1− 4
3 (α1 + α2)(CIH)1/2

(µ1ν
−1∥ϵu∥+ µ2κ

−1∥ϵT ∥),

which completes the proof.
�
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This result shows that the accuracy of the method depends on the noise of
the partial solution data given by ϵu and ϵT . If ϵu = 0 and ϵT = 0 then the result
reduces to Theorem 4.1. Furthermore, CDA-Picard with noise retains the improved
convergence rate of H

1
2 (α1 + α2), but only converges up to the level of the noise.

6. Numerical Results

We now give numerical results for CDA-Picard for differentially heated cavity
problems [5]. We consider (1) with f = 0, g = 0, ν = κ = 10−1, and Ri is varied
which varies Ra for the problems. We will consider two test problems. For the first
one, Ω = (0, 1)2 ⊂ R2, with boundary conditions

(25)


u = 0 on ∂Ω,

T (0, y) = 0,

T (1, y) = 1,

∇T · n = 0, on y = 0, y = 1.

We study the convergence of CDA-Picard for varying physical parameters. For
simplicity of presentation, we vary Ra only by fixing Pr and Re and varying Ri.
For CDA we will use partial solution data with and without noise.

The discretization for the first test problem is as follows. Let τh be a barycenter
refinement mesh of an h = 1/64 uniform triangulation, and note that all con-
vergence results are comparable for other choices of h that we tested. Solutions
to this system with Ra = 1000000 are shown in Figure 1. We define the spaces
Xh = P2(τh) ∩X, Qh = Pdisc

1 (τh)∩Q, and Dh = P2(τh) ∩D. The spaces (Xh, Qh)
satisfy an LBB condition and provide divergence free velocity solutions [1], therefore
all analytical results hold in the discrete spaces just as in (X,Q).

Figure 1. Shown above are the computed Boussinesq solution of
the differentially heated cavity problem (25) for velocity stream-
lines (left) and temperature contours (right) for Ra = 1000000.

For our second test, we consider the unit cube Ω ⊂ R3 with boundary conditions

(26)


u = 0 on ∂Ω,

T (0, y, z) = 0,

T (1, y, z) = 1,

∇T · n = 0, on y = 0, y = 1, z = 0, z = 1.
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We again study the convergence of CDA-Picard for varying Ra, H, and µ. For
CDA we will use partial solution data with and without noise. Solutions to this
system with Ra = 100000 are shown in Figure 2.

For this problem, the mesh is created by first dividing the box into sub-rectangles
using Chebychev points to weigh the degrees of freedom toward the boundary. Nex-
t, each box is split into 6 tetrahedra and finally, each of these tetrahedra are given
a barycenter refinement resulting in 124554 degrees of freedom (dof) for velocity,
82320 dof for pressure, and 41518 dof for temperature. We define Xh = P3(τh)∩X,
Qh = Pdisc

2 (τh) ∩ Q, and Dh = P3(τh) ∩ D. The spaces (Xh, Qh) satisfy an LBB
condition and provide divergence free velocity solutions [36], therefore all analyt-
ical results hold just as in (X,Q). We solve the velocity-pressure systems herein
using the preconditioner from [3], which we implement with grad-div stabilization
following [26].

For CDA, let τH be a mesh with max element diameter h < H whose nodes
represent collected partial solution data points. Let IH be the L2 projection oper-
ator from X onto XH . This choice of projector allows for CDA implementation by
algebraic nudging [34]. To implement data assimilation using algebraic nudging, we
use a diagonal matrix with ones located at coarse mesh nodes and zeros elsewhere.
The computation of this matrix is done offline i.e. prior to any iterations of the
method. Furthermore since it is a very sparse matrix, the additional computational
cost of incorporating this into the system is small. We will provide timings in one
of the following sections to demonstrate this.

The analysis shows convergence in a weighted H1×H1 norm that depends on H
which makes comparing the methods convergence at varying H difficult. Therefore,
for simplicity for computations we use the B-norm

∥(u, T )∥B :=
√
ν∥∇u∥2 + κ∥∇T∥2

in place of the ∗-norm, and note that in finite dimensional spaces all norms are
equivalent. Thus we use the residual as the stopping criteria

∥(uk, T k)− (uk−1, T k−1)∥B =
√

ν∥∇(uk − uk−1)∥2 + κ∥∇(T k − T k−1)∥2 < 10−8.

Figure 2. Shown above are the computed Boussinesq solution of
the differentially heated cavity problem (26) for velocity stream-
lines (left) and temperature contours (right) for Ra = 100000.
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6.1. CDA-Picard without noise. We begin with CDA-Picard without noise for
the heated cavity problem in 2D (25) and give results for Ra = 10000 and 100000
with varying H and µ1 = µ2 = 1000. For comparison, we also run Picard without
CDA. We note that we also performed this test with µ1 = µ2 = 1 and got very
similar results for low Ra. However, µ1 = µ2 = 1000 performs better for higher
Ra and is often necessary for convergence, hence we restrict our results to use only
µ1 = µ2 = 1000.

First, for Ra = 10000 we see in Figure 3 (left) that Picard converges but it does
so slowly. Immediately when we use CDA-Picard with H = 1

4 we see a dramatic
improvement in the convergence rate. The amount of partial solution data used is
relatively small compared to the degrees of freedom (DoF) for the problem. CDA-
Picard is further improved as H is decreased further. For Ra = 100000 in Figure 3
we see that CDA-Picard converges using H = 1

8 ,
1
16 , and 1

32 with iteration counts
decreasing as H decreases.

We also compare the effect of varying µ for both Ra = 10000 and 100000 with
H = 1

8 . In Figure 4, we see that for Ra = 10000, the convergence is improved
similarly for any µ. For Ra = 100000, we see that as µ decreases the iteration
count increases. Hence for CDA without noise, convergence is improved by larger
H.

We now provide the timings for Ra = 10000. We provide the average compu-
tational cost per iteration of Picard or CDA-Picard. This is because the reduced
iteration count for CDA-Picard will make the overall timings for CDA-Picard no-
ticeable faster. For Picard (no data assimilation), one iteration takes 27.9 seconds.
In table 2, we see that the timings of one iteration of CDA-Picard for vary H are
all approximately the same at around 33 seconds. This is about 6 seconds slower
than Picard. This additional cost doesn’t scale with increasing or decreasing H.
This is reasonable since the operations involving the implementation (the diagonal
matrix with zeros and ones as entries) does have some overhead, but CDA-Picard
is only 1.18 times slower.

We next provide some convergence results for CDA-Picard without noise for the
heated cavity problem in 3D (26) for Ra = 10000 and 100000 with varying H. For
comparison, we again run Picard without CDA and give its results in the figures.
For Ra = 10000 in Figure 5 (left) we observe that Picard, without CDA, does not
converge. In comparison, for CDA-Picard with H = 1

5 we get convergence. The
convergence rate is then improved as H decreases. For Ra = 100000 we see in
Figure 5 (right) the same behavior with convergence beginning when H = 1

15 .

Table 1. Shown above are the maximal H for which CDA-Picard
improves/enables convergence for Ra = 10000, 100000 and µ1 =
µ2 = 1000.

Ra Max H
10000 1

4
100000 1

8

6.2. 2D heated cavity with CDA using accurate partial solution data
from only velocity and only temperature. Next we repeat the same test prob-
lem for Ra = 10000 and 100000 with µ1 = 1000, µ2 = 0 (nudge velocity only) and
µ1 = 0, µ2 = 1000 (nudge temperature only). For Ra = 10000 with µ1 = 1000 and
µ2 = 0 we see in Figure 6 (left) that CDA Picard converges for H = 1

4 ,
1
8 ,

1
16 ,

1
32
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Table 2. Shown above are timings per iteration for Ra = 10000
with varying H and µ1 = µ2 = 1000.

H 1
4

1
8

1
16

1
32

Seconds 33.16 33.09 33.61 32.8

Figure 3. Shown above are the convergence plots for the 2D heat-
ed cavity problem for Ra = 10000 (left) and Ra = 100000 (right)
with varying H for µ1 = µ2 = 1000.
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Figure 4. Shown above are the convergence plots for the 2D heat-
ed cavity problem for Ra = 10000 (left) and Ra = 100000 (right)
with varying µ for H = 1

8 .

at approximately the same rate as µ1 = µ2 = 1000. This agrees with our theory. In
comparison, for µ1 = 0 and µ2 = 1000 in Figure 7 (left) we see convergence for the
same H but it converges slower. For Ra = 100000 with µ1 = 1000 and µ2 = 0 we
see in Figure 6 (right) that CDA Picard converges for H = 1

16 ,
1
32 at a similar rate

to µ1 = µ2 = 1000. In comparison, for µ1 = 0 and µ2 = 1000 in Figure 7 (right)
we see convergence for the same H but it converges slower.

6.3. CDA-Picard with noise. We now consider CDA-Picard where the partial
solution data has noise. Note that as µi increases the computed solution is in-
creasingly nudged towards the given partial solution data. In the case of accurate
partial solution data this is desirable but not necessarily for noisy partial solution
data. Therefore, we consider the case when µ1 = µ2 = 1. We will first consider
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Figure 5. Shown above are the convergence plots for the 3D heat-
ed cavity problem for Ra = 10000 (left) and Ra = 100000 (right)
with varying H for µ1 = µ2 = 1000.

Figure 6. Shown above are the convergence plots for Ra = 10000
(left) and Ra = 100000 (right) with varying H for µ1 = 1000, µ2 =
0.

Figure 7. Shown above are the convergence plots for Ra = 10000
(left) and Ra = 100000 (right) with varying H for µ1 = 0, µ2 =
1000.

the 2D heated cavity problem for Ra = 100000 with varying H and noise satis-
fying ∥ϵu∥, ∥ϵT ∥ = O(10−3). Noise is created at each point via scaling a uniform
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Figure 8. Shown above are the convergence plots for the residual
(left) and error (right) for the heated cavity problem in 2D for
Ra = 100000 with varying H, µ1 = µ2 = 1, and signal to noise
ratio 10−3.
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Figure 9. Shown above are the convergence plots for the residual
(left) and error (right) for heated cavity problem in 2D for Ra =
10000 with varying µ, H = 1

8 , and signal to noise ratio 10−3.

distribution on [0, 1] by the max element and 10−3, and then adding this to the
accurate partial solution data. For this benchmark test we will provide both error
and convergence plots.

Recall that for noisy partial solution data, our theory shows the error of the limit
solution remains at the same order as the noise. Therefore in order to attain better
accuracy using CDA with noisy partial solution data we must make an adjustment
to the algorithm. When the residual of the iteration is less than 10−3, CDA-Picard
is turned off and the remaining solutions are found using the Newton iteration
(without CDA). This is similar to the common method of using Picard to get an
initial guess for Newton. However, recall that for these Ra, both Picard and Newton
fail. Hence CDA-Picard enables Newton to be successful.

For Ra = 100000 in Figure 8 we see the residual steadily decreasing while us-
ing CDA-Picard. Concurrently, the error is decreasing until it is O(10−3) where it
levels off. When the solver is switched from CDA-Picard to Newton, the residual
increases at the first step but immediately decreases quadratically to the desired
accuracy. The error for the problem does the same and attains the desired accuracy.
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Figure 10. Shown above are the convergence plots for the residual
(left) and error (right) for the heated cavity problem in 3D for
Ra = 100000 with varying H, µ1 = µ2 = 1, and signal to noise
ratio 10−3.

We now repeat the same problem for heated cavity in R3 with Ra = 100000
with µ1 = µ2 = 1, varying H, and noise satisfying ∥ϵu∥, ∥ϵT ∥ = O(10−3). Similarly
to the 2D tests, we use CDA-Picard until the residual is less than 10−3 and then
switch to Newton (without CDA). We see in Figure 10 (left) that for Ra = 100000
CDA-Picard converges with H = 1

10 ,
1
15 ,

1
20 , and

1
25 . When the iterative method

changes from CDA-Picard to Newton there is an increase in the residual followed by
a decrease for the remainder of the iterations. We also see in Figure 10 (right) that
the errors for CDA-Picard level off at approximately O(10−3) for each H, which is
the same order as the noise.

We also compare the effect of varying µ1, µ2 for Ra = 100000 with H = 1
8 .

In figure 9 (left), we see that the convergence of the residual is improved for any
µ1, µ2, with greater improvement by the larger choices of µ1, µ2. However, the error
is adversely affected by the larger µ1, µ2 with the error for µ1, µ2 = 100, 1000 being
larger than the error for µ1, µ2 = 1. This matches the analysis given that the error
term resulting from the noise depends on µ1, µ2. We also see in Figure 9 (right) that
the error for µ1, µ2 = 100, 1000 levels off at O(101). This is 4 orders of magnitude
higher than the level off point for µ1, µ2 = 1. This further demonstrates the scaling
by µ1, µ2 in the error term.

7. Conclusion

The residual and error of CDA-Picard for the Boussinesq equations converges at
a faster rate compared to Picard, with speedup proportional to H

1
2 when nudging

both velocity and temperature, or velocity only. Moreover, CDA enables conver-
gence at higher Ra. The improved convergence using CDA with no noise on both u
and T is demonstrated in both the 2D and 3D tests where convergence is observed
for Ra that fail when using Picard alone. Furthermore the numerical tests in 2D
for CDA with no noise on only u or only T also showed improved convergence.

When the partial solution data includes noise, the results are similar with the
convergence rate of CDA-Picard containing a multiple of H

1
2 . However, the accu-

racy of solutions to CDA-Picard is limited by the noise, as one would expect, due
to an upper bound on the error containing a term which represents the accuracy of
the partial solution data. The numerical tests for CDA with noise in both 2D and
3D demonstrated that the error when using noisy partial solution data is limited to
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the accuracy of the partial solution data. This was resolved in the numerical tests
(achieved convergence) by changing the iteration to Newton once a chosen residual
accuracy is attained; this shows a possible a solution to the limited accuracy caused
by noisy partial solution data.
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Appendix

Lemma 7.1. Any solution to the Boussinesq equations (9) satisfies the a priori
estimate

∥∇T∥ ≤ ∥∇T∥ ≤ κ−1∥g∥D∗ =: M2,(A.1)

∥∇u∥ ≤ ∥∇u∥ ≤ ν−1∥f∥V ∗ +RiC2
pν

−1M2 =: M1.(A.2)

Proof. We let v = u and w = T in (9) then using skew-symmetry gives us

(A.3)

{
ν∥∇u∥2 = Ri((0 T )T , u) + (f, u),

κ∥∇T∥2 = (g, T ).

We upper bound the right hand side terms using the dual space norms, Cauchy-
Schwarz, and Poincaré which yields

Ri((0 T )T , u) ≤ C2
pRi∥∇T∥∥∇u∥,

(f, u) ≤ ∥f∥V ∗∥∇u∥,
(g, T ) ≤ ∥g∥D∗∥∇T∥.

Using these bounds in (A.3) and reducing provides us with{
∥∇u∥ ≤ ν−1∥f∥V ∗ +RiC2

pν
−1∥∇T∥,

∥∇T∥ ≤ κ−1∥g∥D∗ ,

and using the second of these bounds in the first,

∥∇u∥ ≤ ν−1∥f∥V ∗ +RiC2
pν

−1κ−1∥g∥D∗ .

This proves the result. �

Lemma 7.2. Let α1 = Csν
−1M1 and α2 = Csκ

−1M2. If C
2
pν

−1Ri,

C
1/2
p (α2 + α1) < 1, then the solutions to (9) are unique.

Proof. Supposing two solutions (u1, T1) and (u2, T2) to (9) exists, and define eu =
u1 − u2 and eT = T1 − T2. Now subtracting the systems with these two solutions
gives ∀v ∈ V,w ∈ D,{

b(u1, eu, v) + b(eu, u2, v) + ν(∇eu,∇v) = Ri((0 eT )
T , v),

b̂(u1, eT , w) + b̂(eu, T2, w) + κ(∇eT ,∇w) = 0.

Taking v = eu and w = eT vanishes two nonlinear terms and leaves

ν∥∇eu∥2 = Ri((0 eT )
T , eu)− b(eu, u2, eu)

≤ C2
pRi∥∇eT ∥∥∇eu∥+ CpCs∥∇eu∥2∥∇u2∥,

κ∥∇eT ∥2 = −b̂(eu, T2, eT )

≤ C
1/2
p Cs∥∇T2∥∥∇eu∥∥∇eT ∥.
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Next, using the bounds (A.2) and (A.1) and simplifying gives

(A.4)

{
∥∇eu∥ ≤ C2

pν
−1Ri∥∇eT ∥+ C

1/2
p α1∥∇eu∥,

∥∇eT ∥ ≤ C
1/2
p α2∥∇eu∥.

Adding these and simplifying results in

(1− C1/2
p α1 − C1/2

p α2)∥∇eu∥+ (1− C2
pν

−1Ri)∥∇eT ∥ ≤ 0.

This provides the uniqueness of the velocity due to the assumption on the problem
data. With this, uniqueness of the temperature follows immediately from the second
bound in (A.4). �

Lemma 7.3. Any solution to the Picard iteration for the Boussinesq equations
satisfies the a priori estimate: for any k = 0, 1, 2...,

∥∇T k+1∥ ≤ M2,

∥∇uk+1∥ ≤ M1,

Proof. These results are proved analogously to those of Lemma 2.1. �

Lemma 7.4. The Picard iteration (12) with problem data satisfying

min
{
1− ν−1C2

pRi

2 , 1− κ−1C2
pRi

2

}
> 0, admits a unique solution.

Remark. Note that (12) is linear. This combined with Lemma 2.3 immediately
gives uniqueness. Furthermore, if the domain Ω is finite dimensional then this also
implies existence of solutions.

Proof. Let Y = V ×D and at iteration k+1 define A : Y ×Y → R and F : Y → R
by

A((û, T̂ ), (v, w)) : = b(uk, û, v) + ν(∇û,∇v) + b̂(uk, T̂ , w) + κ(∇T̂ ,∇w)

−Ri((0 T̂ )T , v),

F ((v, w)) = (f, v) + (g, w),

so that the Picard iteration is given by A((û, T̂ ), (v, w)) = F ((v, w)). Consider

A((û, T̂ ), (v, w)). Using (7), Cauchy-Schwarz, and Young’s inequality we lower
bound the equation as

A((û, T̂ ), (û, T̂ )) = b(uk, û, û) + ν∥∇û∥2 + b̂(uk, T̂ , T̂ ) + κ∥∇T̂∥2 −Ri((0 T̂ )T , û)

≥ ν∥∇û∥2 + κ∥∇T̂∥2 −
C2

pRi

2
∥∇T̂∥2 −

C2
pRi

2
∥∇û∥2

≥ min

{
ν −

C2
pRi

2
, κ−

C2
pRi

2

}
∥(û, T̂ )∥2Y .

Hence A is coercive. Continuity of A and F follow easily using the bounds and
lemmas above. Thus Lax-Milgram applies and gives existence and uniqueness of
(12).

�

Lemma 7.5. Consider the Picard iteration (12) with problem data satisfying

C2
pν

−1Ri < 1 and C
1/2
p (α1 + α2) < 1. Then the iteration converges linearly with

rate C
1/2
p (α1 + α2). In particular we have

∥∇(T − T k+1)∥ ≤ C1/2
p α2∥∇(u− uk)∥,
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and

∥∇(u− uk+1)∥ ≤ C1/2
p (α1 + α2)∥∇(u− uk)∥.

Proof. Let ek+1 = u− uk+1 and ek+1
T = T − T k+1. We subtract (9) from (12) and

choose v = ek+1 and w = ek+1
T . Using skew-symmetry , vanishes two non-linear

terms and leaves the equality{
b(ek, u, ek+1) + ν∥∇ek+1∥2 = Ri(ek+1

T ē2, e
k+1),

b̂(ek, T, ek+1
T ) + κ∥∇ek+1

T ∥2 = 0.

Next we use Cauchy-Schwarz, Poincaré, and (7) to upper bound these equations as{
ν∥∇ek+1∥2 ≤ C2

pRi∥∇ek+1
T ∥∥∇ek+1∥+ CpCs∥∇ek∥∥∇u∥∥∇ek+1∥,

κ∥∇ek+1
T ∥2 ≤ CpCs∥∇ek∥∥∇T∥∥∇ek+1

T ∥.

Then we reduce and apply Lemma 2.1 to get{
∥∇ek+1∥ ≤ C2

pν
−1Ri∥∇ek+1

T ∥+ Cpα1∥∇ek∥,
∥∇ek+1

T ∥ ≤ Cpα2∥∇ek∥.

this gives the bound

∥∇ek+1
T ∥ ≤ Cpα2∥∇ek∥,

Adding the equations and reducing gives

∥∇ek+1∥+ (1− C2
pRi ν−1)∥∇ek+1

T ∥2 ≤ Cp(α1 + α2)∥∇ek∥.

Finally, using the assumptions on the problem data finishes the proof. �

References

[1] D. Arnold and J. Qin. Quadratic velocity/linear pressure Stokes elements. In R. Vichnevetsky,
D. Knight, and G. Richter, editors, Advances in Computer Methods for Partial Differential
Equations VII, pages 28–34. IMACS, 1992.

[2] A. Azouani, E. Olson, and E. S. Titi. Continuous data assimilation using general interpolant

observables. Journal of Nonlinear Science, 24:277–304, 2014.
[3] M. Benzi and M. Olshanskii. An augmented Lagrangian-based approach to the Oseen prob-

lem. SIAM J. Sci. Comput., 28:2095–2113, 2006.
[4] H. Bessaih, E. Olson, and E. S. Titi. Continuous data assimilation with stochastically noisy

data. Nonlinearity, 28(3):729–753, 2015.
[5] J. Boland and W. Layton. Error analysis for finite elements for steady natural convection

problems. Numerical Functional Analysis and Optimization, 11:449–483, 1990.
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