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Lecture 2: esting the implications of Dornbusch-Mundel-Fleming
Model
The essense of this model, that we covered in the previous lecture, is that

in response to shocks to the money supply, the nominal exchange rate changes
by more in the short run than in the long run. This property is dubbed ‘over-
shooting’. Is this a good model of exchange rates and the macroeconomy?
This next lecture will go deeply into one technique, and one famous applica-
tion, that asked just this question. It will take us a long way into matters of
time series econometrics. But this will be effort well spent, since there is a
deep and intimate connection between macroeconomics and time series econo-
metrics. Grasping just a few aspects of the work at the intersection of these
two apparently separate subjects will enable you to understand a lot of work
that has probed all kinds of macroeconomic models and to undertake your own
testing.
The technique we will discuss was devised by Blanchard and Qhah in 1989.

Blanchard has just stepped down as chief economist at the IMF and made many
founding contributions across macro and time series. Danny Quah is a Profes-
sor at the LSE, and nowadays thinks mostly about growth and development.
Their technique offers a way to impose certain simple properties we think ob-
tain in a macro model on the data that allows us to disentangle the effects of
different shocks on data that we see. The famous application of this technique
was by Clarida and Gali. They took certain properties of the DMF model,
imposed them on the data in a way that we will see in detail, and used that to
isolate (‘identify’) money shocks and then measure their effects on the nominal
exchange rate. They could then compare the effects in the data to those in the
model. They found what they referred to as ‘striking similarities’between the
data and the model, indicating that the DMF model is a good one.
Just as in the last lecture, there are going to be two parts to the material.

In one part, I will try to ‘tell the story’, intuitively, about what Clarida and Gali
do, and why they did it. And, I will put what they do into the context of the
history of time series econometrics and macro. In the second, part, the notes
will go into the formalities of what they do. Just as before, the first part is
what you really need to know and grasp. The second part will take you almost
to the frontier of modern macro. The class problems will take you through it
too. If you can grasp what is going on in the formal part of the derivation, it
will help you excel in the exam. But you can get by and do well without it too.

1 Story-telling approach to testing the DMF model
Looking back at the DMF model, what we are trying to test is what happens

when the central bank changes the money supply. We are interested in two
things. Is there overshooting? And to what extend do money stock changes
induce changes in the real exchange rate, which we decided could be costly.
[Rationale being: it’s surely a bad thing if a Big Mac costs me a different
amount of money in real terms in the UK and China?]. On the face of it, you

1



might think that in order to test this model, we could simply take a time series
for the changes in the money stock like this:

{m1,m2,m3......mT }

(where 1...T denotes the date of the money stock) and see whether they
cause changes in the real exchange rate, measured by a time series on the real
exchange rate, such as this:

{q1, q2, q3......}

. And, you might think that we could do this by simply regressing the real
exchange rate series on the money stock series, ie finding β̂ in a regression like
this:

qt = β̂mt + ẑt

In such a regression, of course, we would calculate the unknowns, β̂ and the
variance of the errors or shocks, σe using ordinary least squares [OLS]. If this
way of doing things worked, we could figure out a counterfactual series for the
real exchange rate in a world in which the money stock did not change (by using
our regression equation to figure out the q’s we would get if the mt’s were all
constant, and not varying like in the data. And we could also work out what
happens to qt when mt changes by some arbitary amount, eg what happens if
the money stock doubles.
In a similar fashion, if we wanted to know whether there was overshooting,

we would simply estimate an equation like this:

et = α̂1mt + α̂2et−1 + α̂3et−2 + ẑt

Notice that I put some lags of the money stock in this equation for the
nominal exchange rate et. Without lags, there could be no overshooting by
construction, because all of the effects of the money stock change would be felt
in the first period, straight away. So there would have to be lags in order to get
overshooting. And in order to figure out whether there was overshooting, we
would work out an ‘impulse response’. Suppose all variables start out at zero,
we would trace out the effect of a one period change in money on the exchange
rate as follows:

e1 = α̂1m1 + α̂2.0 + α̂3.0 + 0 = α̂1m1

e2 = α̂10 + α̂2e1 + α̂3.0 + 0 = α̂2e1

e3 = α̂10 + α̂2e2 + α̂3e1 = α̂2e2 + α̂3e1

e4 = ...

...

eT = E
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In the above, I’ve calculated only the first 3 periods, and just assumed an
answer for some final period value for the nominal exchange rate eT = E.
We would test overshooting by looking at whether any of e1....eT−1 > E or
e1....eT−1 < E.

However, macroeconomists concluded that you could not test a model like
this by simply running these single equation regressions and using them to do
calculations.
Why not? Because they believed, with very good reason, that the central

bank instrument mt was actually being moved around by the central bank in
response to all kinds of things it worried about, including, perhaps, the real ex-
change rate. This creates a problem for OLS, because mt cannot be considered
‘exogenous’to, ie not caused by, qt. In order to get the right estimates of the
unknowns in this equation, exogeneity has to hold. In reality, what econometri-
cians came to realise was that the economy looked more like a system of many
equations, for example, like this:

mt = a11mt−1 + a12qt−1 + a13yt−1 + a14et−1 + zmt

qt = a21mt−1 + a22qt−1 + a23yt−1 + a24et−1 + zqt

yt = a31mt−1 + a32qt−1 + a33yt−1 + a34et−1 + zyt

et = a41mt−1 + a42qt−1 + a43yt−1 + a44et−1 + zet

In this system, it’s not as simple as supposing that money causes changes
in the real exchange rates. This system says that everything causes everything
else. (And there might be more than 1 lag of each time series too). Or at
least that we have to allow for the possibility that everything seems to cause
everything else.
At this point, you might well say: if we want to test the DMF model,

why don’t we just write down the equations of the DMF model, collect all the
relevant data, and estimate it? There are two thing to say about this strategy.
First is that by estimating the model we are not testing it. We are just saying
‘if we assume the model is true in its basic features, what are the effects of
money stock changes on the nominal and real exchange rate?’. We are signing
up to the DMF model and just measuring the size of the unknown parameters.
Doing things this way allows us to answer a smaller question, about whether,
if the DMF model is true, those parameter conditions for overshooting that we
worked out in the ‘hard bit’of the last lecture actually hold or not. But, it
would not answer the bigger question, which is; is there overshooting? How
much of the volatility of the real exchange rate is determined by changes in the
money stock? We want answer to these questions that don’t depend crticially
on the DMF model being true in all its details. Because perhaps there are other
models that also generate overshooting, or a transmission of changes in money
into changes in the real exchange rate. If we assume DMF is true when we do
the testing, we don’t allow these other models to speak. We force our answer
to stand or fall by the truth of the DMF model that we started with, which is
not a good place to be in.

3



Let’s recap. We wanted to investigate some features of the DMF model.
Is it true that changes in the money stock causes changes in the real exchange
rate? If so, how much real exchange rate volatility is due to this source? And, is
it true that there is overshooting in the nominal exchange rate when we change
the money stock? And we though of two strategies to do this, both of which
econometricians decided would not work. Strategy 1 was simply to estimate a
regression equation relating the nominal exchange rate to the money stock, and
to estimate another equation relating the real exchange rate to the money stock.
Strategy 2 was to estimate all of the DMF model in all its detail, assuming it
was true.
How did econometricians decide to proceed?
Well, in this case, they decided on an identification strategy to isolate the

money shocks from the changes in money that we see in the data. They decided
to use the broad features of the DMF model and other similar models to do this.
What they did is to say that a money shock is something that we observe causes
a long run change in the nominal exchange rate, but does not change the real
exchange rate in the long run. (This is one facet of a common feature of
macro models called ‘long run money neutrality’). Things that did affect the
real exchange rate in the long run were called ‘real shocks’, or ‘shocks to the
equilibrium real exchange rate’.
They then did impulse response analysis similar to the kind we did above, but

where the impulses are to the identified shocks, not just to observed changes
in the money stock. And the constructed counterfactual series for the real
exchange rate in which there are no monetary shocks. And they found a lot
of support for the DMF model, or models like it. There WAS overshooting.
And quite a lot of variability in the real exchange rate was caused by monetary
shocks.
At this point, you might well ask, looking back at the system of equations

we wrote down, in which everything was determined by everything else: why
don’t we simply take the money shocks to be the time series we estimate for
z1m, z2m, .....zTm? Well, the answer is that we can’t be sure that these are
the true shocks to money that are hitting the system. Remember that the
problem we mentioned earlier was that central banks move the money supply
around in response to things they see going on in the economy. For example, if
there is a recession, something that causes output to fall, we’d probably see the
central banks try to increase money [or, in modern terms, reduce the central
bank interest rate]. And the opposite if there was a boom. So we really do
want to know the central banks’‘reaction function’- how it reacts to things -
to find out if we can see any changes in money that are not in response to other
things, but are truly exogenous.
To make that a bit more concrete, suppose that in reality the central bank

moves the money stock according to this equation:

mt = c1yt−1 + c2et−1 + c3yt + c4et + umt

Where the exogenous shocks to the money stock unrelated to anything, are
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umt.
Our agnostic vector autoregression strategy involves estimating, recall, the

following equation:

mt = a11mt−1 + a12qt−1 + a13yt−1 + a14et−1 + zmt

This is just an example, remember. A real life econometrics paper might
have many more lags, and many more variables.
Clearly, the residuals from this regression zmt will not equal the sructural

shocks to the true central bank reaction function, umt. In fact, we might well
find something like:

zmt = umt + c2et−1 + c3yt + c4et

And the true model is likely to be such that these extra variables et, et−1, yt
which contaminate the shocks are themselves driven by the other exogenous
shocks in the system, call them uit where the i label indicates that there could
be many [as many as there are relationships or equations in the model].
So, that’s the story telling version of how Clarida and Gali went about testing

implications of the DMF model. You will get through the exam ok by grasping
simply all of what we have discussed up to this point. To take things to the
next level, go through the rest.

If you want to get to the bottom of structural VAR modelling, these notes
can be read in conjunction with my Bristol lecture notes for MSc Time Series,
which are posted on my teaching homepage, lower down on the same page. Also
note the other reading suggested: Lutz Killian’s survey on SVARs. Or Karl
Whelan’s lecture slides.

2 The identification problem in multivariate empirical macroeco-
nomics
The starting point is the general identification problem in multivariate macro-

economic time series modelling. We want to disentangle the effects of the
economic - structural - shocks, but don’t observe them directly.
We imagine ourselves estimating a vector autoregression [VAR] in three vari-

ables articulated in the Dornbusch-Mundell-Fleming model, money, nominal
exchange rates and the real exchange rate.

Yt = AYt−1 + Zt

Where

Yt =

 mt

et
qt

 =

 y1t
y2t
y3t


Is a vector that collects together our time series variables that we have

collected and wish to study, A is a 3*3 coeffi cient matrix that we will estimate,
and Zt is given by:
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Zt =

 z1t
z2t
z3t


And these we will call the ‘reduced form shocks’or errors, and they will be

estimated as a bi-product of estimating the elements of A. In general, we would
include potentially many lags of Y in our model to be estimated, but here the
explanation is simpler if we imagine that one lag suffi ces.
If you are not used to seeing matrix representations of systems of equations,

fear not. It’s not really that complicated. The above matrix equation is just
a convenient way of representing:

y1t = a11y1t−1 + a12y2t−1 + a13y3t−1 + z1t

y2t = a21y1t−1 + a22y2t−1 + a23y3t−1 + z2t

y3t = a31y1t−1 + a32y2t−1 + a33y3t−1 + z3t

We suppose that we estimate this by OLS. In, fact, we can estimate it
equation by equation, exactly how you would have done it for undergraduate
econometrics.
You might well ask why are we estimating this model, when we have on the

table the Dornbusch-Mundell-Flemming model we went through in detail in the
previous lecture. There are several reasons, but the main one, the one that
led to VAR econometrics sweeping through macroeconomics, was articulated by
Sims in a famous paper ‘Macroeconomics and Reality’in 1982. This paper said,
in essence, that particular models like the DMF model we have gone through,
embodies too many incredible restrictions. Excluding variables that are proba-
bly part of the system; or making particular assumptions about lag structures
and exogeneity. For example, here we assumed that the money stock was a
purely exogenous variable. In reality, we might think of a central bank control-
ling the money stock, and using it to respond to events as they unfold. [Why
would a central bank introduce purely exogenous money disturbances?] Much
better, said Sims, to estimate a VAR, including a broad range of variables, and
making no assumptions directly about what causes what. Notice, for example,
that in the VAR above, we are supposing that money is affected by lags of the
nominal and real exchange rate, as well as itself driving changes in the nominal
and real exchange rates. This doesn’t happen in the particular version of the
DMF model we wrote down. But it’s easy to imagine small modifications -
central bank reaction functions being one we just noted - where causality is
multi-directional.
Yet, the ultimate purpose is to measure the structural shocks, which are not

the same as those reduced form shocks. The structural shocks drive the time
series through a structrual relationship as follows:

B0Yt = B1Yt−1 + Ut
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Notice that in the structural model, we allow for variables to affect each
other contemporaneously through the impact matrix B0.
This structural model could turn out to be the DMF model, or, more likely,

something more complicated, or entirely different. At any rate if the DMF
model was true, its coeffi cients would be recorded in the B matrices.
The purpose in general, and also in the Clarida-Gali paper in particular,

is to try to disentangle the Ut shocks, which are the true economic shocks
corresponding to things in economic theory, from the Zt shocks, the reduced
form shocks, which are just residuals in regressions that we run. And then to
figure out the impact of such shocks.
Now, pre-multiply both sides by the inverse of B0, which we denote B

−1
0 ,

first noting that B−10 B0 = I, the 3*3 matrix with 1s on the leading diagonal,
and 0s everywhere else. (Inverse of a matrix being the matrix equivalent of the
reciprocal for scalars.)
Thus:

Yt = B−10 B1Yt−1 +B−10 Ut

Something we we are concerned about is the impact of a hypothetical set of
structural shocks, whose values we can choose, but we’d likely set at unity, on
our observed variables. In period zero, this would be given by:

Y0 =

 0
0
0

+B−10

 1
1
1

 = B−10

Now notice that, comparing the reduced form and structural model:

Zt = B−10 Ut

The U ′ts, which we don’t observe, are the structural shocks, like the money
supply shocks. The Zts which we do observe [at least we can get estimates of
them from OLS], contain mixes of each shock in each row. However, if we only
knew B−10 we could unravel the Us from the Zs using this equation. Of course,
we don’t know B−10 . We don’t know the structural model, which is the whole
point of having to estimate the reduced form model. Recall, the reason for
VAR modelling was to find a way to ask questions about theories that didn’t
require pinning our hopes on any one very specific model. Otherwise, we’d just
go ahead and estimate the structural model in question - in our case the DMF
model.
However, consider the variance-covariance matrix of the reduced form resid-

uals:

[Z ′tZt] = [(B−10 Ut)
′(UtB

−1
0 )]

Back track a moment, and convince yourself that this is the variance-covariance
matrix of these residuals. For comparison, suppose we had a univariate time-
series model with 6 observations only, and we asked what the variance of those
residuals was.
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yt = ρyt−1 + et, t = 1...6

We would estimate the autoregressive parameter by OLS:

ρ̂ = (y′l ∗ y)−1(y′l ∗ y)

Where y = {y1, y2, ....y6}, yl = {y0, y1...y5}
Then compute estimates of the residual series e using:

êt = yt − ρ̂yt−1
And we would compute the average of the squares:

(1/n− 1)[[ê1, ê2....ê6]


ê1
ê2
...
ê6

]

This would give us σ̂e the OLS estimate of the variance of the residuals. By
analogy, this is what E[Z ′tZt] means.
To illustrate, in our case, it’s a symmetric 3 by 3 matrix, recording the

variance of the reduced form errors on the diagonal entries, and the correlations
between them on the off-diagonal entries.

Z ′tZt =

 σ2z1 σ12 σ13
σ12 σ2z2 σ23
σ13 σ23 σ2z3

 ,
σ12 = σ21, σ13 = σ31, σ23 = σ32

The second line in the above equations just emphasises why the matrix is
symmetric. The covariance between A and B is the same as the covariance
between B and A.
Going back to the formula for the reduced form residual variance-covariance

matrix, note that we typically assume that the structural shocks are mutually
uncorrelated, ie so that the elements of E[U ′tUt] off the leading diagonal are
zero; and without loss of generality we normalise their variances to 1.
Formally, this means:

U ′tUt =

 σ2u1 0 0
0 σ2u1 0
0 0 σ2u1

 =

 1 0 0
0 1 0
0 0 1

 = I,

This view about the structural shocks being uncorrelated is an almost uni-
versal feature of economic modelling. It’s a near philosophical position on what
constitutes a complete model. If an empirical researcher came to us and said
that she had estimated a structural model directly, and the structural shocks
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were correlated, we’d know that there must be some mechanism that drives and
produces the correlation, and would not be satisfied that this was just pure
chance. So we’d reply that the structural model she has presented us with
misses out this mechanism. And hence it was not a complete structural model,
and the shocks are not actually fundamental. Sims once opined on this topic
in one of his great discussions of a paper at a conference. Not everyone shares
this view, but almost everyone uses it in their modelling.
This assumption of uncorrelatedness of the structural shocks means that we

can observe that:

ΣZ = E[Z ′tZt] = E[(B−10 Ut)
′(UtB

−1
0 )] = E[B−10 IB−1′0 ] = B−10 B−1′0

Now we have a matrix that we can estimate, ΣZ in terms of the unknown
matrix we need to disentangle the structural shocks from the reduced form
shocks, B−10 .
Unfortunately, this only serves to highlight the identification problem. ΣZ

being a variance-covariance matrix, is symmetric about the leading diagonal, so
there are not as many independent elements as there are in B−10 , which, also a
square matrix, is not symmetric.
In our DMF example, we have 3 variables, so there are potentially 9 inde-

pendent elements of the unknown matrix B0. But ΣZ which we can estimate
only provides 6.

3 Resolving the identification problem using long run restrictions
The Blanchard-Quah method used by Clarida and Gali is a way to get round

this problem. But there are several others. My Bristol MSc lectures explain
many of them.
They suppose, at the outset, that we estimate a VAR in the changes in our

key variables.

Yt =

 ∆mt

∆et
∆qt

 = AYt−1 + Zt

We know that if only we had prior insight into that unknown contempora-
neous impact matrix B0, our VAR (take the example with 1 lag) can be written
as:

Yt = At−1Yt−1 +B−10 Ut

And we could compute the structural impulse responses to a vector of unit
shocks U = [1, 1, 1]′, say, as:
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impact period: B−10
1 period after: AB−10
2 periods after : A2B−10
n periods after : AnB−10

Here we are asking the question: if we start all variables out at rest, what is
the change in the variables in the VAR that comes about at subsequent periods
from having a one period shock vector equal to U .

The long run effects on the LEVELS of variables in our VAR is given by
summing up the impulse responses for the changes. Let the [currently unknown]
long run level effects of the structural shocks be summarised in the matrix D.
This matrix is given by summing up all these impulses from now until the end
of time.

D = B−10 +AB−10 +A2B−10 + ...+AnB−10
= (I +A+A2 + ...An)B−10

D = (I −A)−1B−10

This is actually computing the effects of unit sized structural shocks, ie
imagining that the economy is hit by:

U0 =

 u10
u20
u30

 =

 1
1
1


This formula for the convergent sum of an infinite matrix geometric series is

the matrix equivalent to something you should have met in high school maths,
but in the case of a scalar:

∞∑
i=0

ai =
1

1− a

Note that the scalar version only holds for |a| < 1, and for the matrix
version of this infinite sequence sum formula, we require a matrix equivalent of
this condition:

max
∣∣eig(B−10 )

∣∣ < 1

Now compute the (matrix) ‘square’of this long run impact D, and notice,
when we do, that the product in the middle of it is equal to the variance-
covariance matrix of the reduced form errors, that we estimate:

DD′ = (I −A)−1B−10 B−1′0

(
(I −A)−1

)′
= (I −A)−1ΣZ

(
(I −A)−1

)′
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Here we are saying: if we take the square of this hypothetical unknown
long run levels impact, we see that it’s equal to some things we know [involving
the reduced form VAR coeffi cients A] and some things we don’t [the structural
impact matrix B−10 . However, we also know from what we did before that that
‘square’of B−10 is equal to something we know, the variance covariance matrix
of reduced form VAR residuals, Σe.

Now, back to the formula for DD′. We can take this formula and compute
the Cholesky factor.
Note that the Cholesky factor is a lower triangular matrix [a matrix with

zeros above and to the right of the leading diagonal] such that:

chol(Q) ∗ chol(Q)′ = Q

Hence it is like the matrix equivalent of the square root.
Let’s call it Dk to remind ourselves that its a function of knowns.

Dk = chol((I −A)−1Σe
(
(I −A)−1

)′
)

There is a procedure for computing ‘chol’, the Cholesky factor, and you can
find it on Wikipedia, or in linear algebra textbooks. However, in real life, we
would just type ’chol’into a software package like Matlab and it would do the
calcualtions for us.
At the same time, we can recall a version of our expression for D in terms

of things we don’t know that we want to, the elements of the structural impact
matrix B−10 . Let’s call this version of D,Du for ‘unknown’:

Du = B−10 (I −A)−1

And we can rearrange it as:

B−10 = (I −A)Du

But then substitute in Dk = Du :

B−10 = (I −A)Dk

So we have found an expression for the structural impact matrix B−10 in
terms of something we know, the coeffi cient matrix A from estimating the re-
duced form VAR, and a cholesky factor Dk which is a function of A again,
and the variance-covariance matrix of reduced form residuals. The problem we
face now is establishing whether it’s acceptable for B−10 to be a cholesky factor,
which, remember, has zeros on the upper-RHS half. This won’t necessarily be
ok in general, but we might be able to assert that in our particular case under
review, that it is true.
Just as a reminder in our three variable case, what this means is that we

want our system to look like this:
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Yt =

 mt

qt
et

 = B−10 AYt−1 +B−10 Ut

=

 mt

qt
et

 =

 a11 a12 a13
a21 a22 a23
a31 a32 a33

 b11 0 0
b21 b22 0
b31 b32 b33

+

 b11 0 0
b21 b22 0
b31 b32 b33

 u1t
u2t
u3t


Clarida and Gali assert 3 zero restrictions on this Dk to make it possible.

First, the restriction that the sum of impulses of the real exchange rate to shocks
to the money supply are zero. This is an open economy money-neutrality, and
it was true of the original DMF model. Second, analogously, that the sum of the
effects of a disturbance to the nominal exchange rate on the real exchange rate
are zero, in the long run. This is another manifestation of money neutrality.
Third, it’s asserted that the sum of the effects of a disturbance to the real
exhange rate have no effect on the money stock. The version of the DMF
model we studied just asserted that the money stock was an exogenous thing
fixed by policymakers. More realistically it would be part of a reaction function,
so it would respond to things central banks care about. How it did this and to
what end would determine whether this third restriction holds or not.
That concludes the explanation of the method of long-run restrictions. As

we discussed in the ‘story telling’ bit of the lecture, the results Clarida and
Gali found were pretty supportive of the DMF model’s basic features. It’s an
exercise for you to explain how. Also see if you can find one or two studies for
different countries looking at different exchange rates.
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